
A

E
p
o
t
s
p
T
a
©

K

1

a
o
m
A
l
o
t
w
e
a
o
m
o
t
i
fi
a
z

a

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 1163–1170

Electrophoretic deposition as rapid prototyping method

A. Nold ∗, J. Zeiner, T. Assion, R. Clasen
Saarland University, Department of Powder Technology, Campus C6 3, 66123 Saarbruecken, Germany

Available online 9 May 2009

bstract

lectrophoretic deposition is a near-net shaping technique leading to excellent green body properties such as high green density and homogeneous
ore size distribution that also affect the features of the sintered sample. It has been used in a wide range of applications from optical to biomedical
nes. However, it was used as standardized method so that individually tailored geometries have not been fabricated yet. The present work modifies
his promising method so that a rapid prototyping process is possible. First of all, the local application of an electric field was investigated and

imulated in order to achieve a structure as fine as possible using commercially available coaxial cable. Afterwards, two different ways of fabricating
rototype structures with optimized parameters were investigated. The first one was the combination of the developed electrode with a CAM unit.
he second one was arranging 16 independent electrodes in a 4 × 4 array in order to parallelize deposition. In all cases, structural integrity as well
s height distribution and shape were studied.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Rapid prototyping (RP) methods were developed some years
go in order to fabricate prototypes or only a small number of
bjects.1,2 They are classified into additive, subtractive and for-
ative methods. An example for the latter one is nanoprinting.3

dditive RP means that an arbitrary geometry is built layer-by-
ayer. Examples are selective laser sintering (SLS)4 for ceramics
r selective laser melting (SLM)5 for metals. For both processes,
he basic material is powder. In case of a metal it is locally melted
ith a laser, so that hardening occurs. For ceramic systems,

ither a sintering process takes place or aluminum powder acts
s metal binder that is oxidized during sintering.6 Both meth-
ds are nowadays used for fabricating microstructures7 or for
anufacturing composites.8 A similar RP technique is stere-

lithography (SL).9 However, the basic material is a suspension
o which a photopolymer is added. The part of the suspension that
s irradiated by the laser polymerizes and acts as binder. After
nishing the process, the fabricated part needs to be debindered
nd sintered. This method was applied successfully to fabricate

irconia toughened alumina10 and for microstructuring.11

Inkjet printing as layer-by-layer process also became more
nd more important in the last years since a modification, the
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o-called 3D printing,12 was developed. This method is based on
lassical inkjet technology whereas an arbitrary structure is built
ayer-by-layer. It is used for ceramic system based on powder
echnology. The print head injects a binder so that the powder
ardens locally. As a final step, the structure is sintered after
ebindering. This method was applied successfully to fabricate
mplants13,14 and structural ceramic components.15 Neverthe-
ess, there is still some potential to improve this method.16

ome other, less known or recently developed RP methods are
used deposition modeling (FDM) that is used for 3D photonic
and gap structures17 or layer-wise slurry deposition (LSD) for
abricating complex shaped ceramics.18

Subtractive RP methods start with a bulk material that is
emoved step by step. Commercially available systems are used
n dental industry in order to fabricate individually tailored
ental restaurations.19 Laminated object manufacturing (LOM)
owever is a mixture between subtractive and additive meth-
ds because of its continuous cutting of geometries that are
aminated in a second step.20,21

Electrophoretic deposition is a suspension-based process for
haping ceramics. It is based on the motion of electrically
harged particles in an electric field.22–25 An advantage com-
ared to other shaping methods such as slip casting or centrifugal

asting is the independence of particle velocity from its size.26

t was successfully applied to fabricate coatings,27,28 function-
lly graded materials,29,30 composite structures31 and compacts
f nanotubes.32 However, organic suspensions were used and

mailto:a.nold@nanotech.uni-saarland.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.021
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600i (FANUC Inc., Japan).

The electrical field distribution between the major coaxial-
cable electrodes was simulated through finite element analysis
with the FlexPDE program. The generated mesh of the longi-
164 A. Nold et al. / Journal of the Europe

pecial precautions had to be taken. As a result, the presented
pplications were lab-scale experiments.

A more environmental-friendly approach is to use aque-
us suspensions. With water the highest green densities can be
chieved and the deposition rate is increased due to the high per-
ittivity of water. As voltages above the decomposition voltage

f water have to be applied, problems arise with the formation of
as bubbles at the electrodes. Compared to classical EPD from
rganic suspensions, it cannot be deposited on the electrodes.
herefore, three different solutions were suggested.33 First of
ll, a zinc electrode can be used. In this case, Zn2+ is formed
nstead of bubbles. This was industrially realized with the ELE-
HANT process.34 Secondly, bromide–bromate transition using
n electrolyte oxidation might have the same effect. However,
igh-purity materials cannot be shaped by this modification. The
hird one is EPD membrane method where the cell in which EPD
s carried out is subdivided into 2 chambers by an ion-permeable

embrane.35 The deposition takes place on the membrane so
hat gas formation and forming of green body are locally sep-
rate. This setup was successfully used to fabricate high-purity
ilica crucibles whereas both the high deposition rate as well
s the purity were outlined.36,37 It was also shown that dental
eramics made from zirconia were fabricated by this method.38

n this case, expansion gypsum was used as membrane system to
ompensate sintering shrinkage. The high green density and the
ossibility to use powder mixtures from nano- and microsized
owder to improve mechanical properties were emphasized.
urthermore, optoceramics were fabricated by EPD because of

ts optimum properties to shape nanosized powder building the
ase for these ceramic materials.39–41 These materials are used
n microsystem technology such as high-refractive lenses for
ameras in cellular phones.

Another advantage of membrane method is the possibility
o use a structured membrane that is fabricated by a casting
rocess.42 In this work, copies of a Euro coin made from nano-
ized silica powder are presented. Apart from these geometrical
arameters, the chemical composition of EPD during depo-
ition can be optimized. This modification is called reactive
lectrophoretic deposition (REPD). It is based on the manip-
lation of ion double layer in order to incorporate doping ions
nto the green body. By doing so, a homogeneous distribution is
ealized. This method was used to fabricate ruby red glasses43

s well as coloring glass by incorporating Co2+-ions into the
ample.44

Apart from the wide range of applications, the green bodies
re characterized by its homogeneous pore size distribution45

s well as the high green density and its homogeneous
istribution.46 As a matter of fact, these properties in combina-
ion with the opportunities EPD offer the development of EPD as
dditive rapid prototyping method is a logical step. Therefore a
ethod was developed, where the deposition is limited to a small

pot. Furthermore, it was the objective to get a more homoge-
eous deposition in comparison to classical RP methods with a

ayer-wise structuring. This layered structure limits the mechani-
al properties. A local deposition requires a concentrated electric
eld, which is a problem in an electrically conducting suspension
nd needs a special design of the electrodes. A first introduction F
ramic Society 30 (2010) 1163–1170

o this subject with theoretical predictions of electric field dis-
ribution simulations was given in Ref.47 Here this method was
pplied to the construction of point electrodes.

. Experimental setup

The powder used was nanoscaled fumed silica powder Evonik
egussa OX50 with a mean particle size of 40 nm and a specific
ET surface area of 50 m2/g. The suspensions were prepared by

tirring OX50 into purified water and a solid content of 40 wt.%
as achieved. The pH was adjusted to 12 by adding tetramethyl-

mmoniumhydroxide (TMAH). The suspension composition
as kept constant for all experiments.
Electrophoretic deposition was carried out according to the

embrane method in a cell as shown in Fig. 1. Two cathodes and
wo anodes were mounted whereas the major ones controlled the
eposition. The membrane was prepared from a solution con-
isting of 30 parts poly(methyl methacrylate), 6 parts MMA
methyl methacrylate), 3 parts Tergitol NP-9 and 12 parts bidis-
illed water. The membrane was formed by pouring the solution
n a mold with the desired form. Afterwards, the solid membrane
as immersed in the electrolyte and left there to soak. The elec-

rolyte in the compensation chamber had an electric conductivity
hat was 10 times that of the suspension. Thus the counter elec-
rodes reduced deposition caused by the concentration gradient
etween both chambers. The suspension chamber had a length
f 30 mm and the compensation chamber 22.5 mm. In order
o investigate the possibility to apply an electric field locally,
pot-wise deposits were fabricated whereas parameters such as
pplied voltage U and deposition time t were varied. The used
lectrodes were modified coaxial cables with an inner copper
ore and a shielding to focus the electric field. The dimensions
f the major electrodes are shown in Fig. 2. The experiments
ere performed with the coaxial-cables-shield ground poten-

ial. The copper core and shielding at the outer edge were both
ither 1 mm retracted from the electrode end or not retracted at
ll. These electrodes were controlled by a CAM unit RoboMate
ig. 1. EPD cell, major anode and cathode were moved by the CAM unit.
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Fig. 2. Relative dimensions of the major anode (and cathode) employed in the
experimental setup shown in Fig. 1.
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defects. Fig. 6c shows the result if deposition time is decreased
from 4 min to 30 s while keeping U constant at 200 V. This image
confirms the aforementioned explanation for this case, where
ig. 3. Generated mesh of the longitudinal cut of both coaxial electrodes. (1)
etallic core, (2) insulating material, (3) metallic shielding, which can be

rounded.

udinal cut of both coaxial electrodes is presented in Fig. 3. A
oltage of 150 V was applied between the electrodes. In order
o fabricate prototype structures such as lines with a length
f 1 cm and perpendicular lines with a basis length of 1 cm.
otion speed was between 1 and 1.33 cm/min.
The developed electrode array is presented in Fig. 4a. The

lectrode dimensions are shown in Fig. 5. The electrodes are

wice smaller than the ones used with the CAM unit and the
istance between two inner cores is 4.5 mm in each direction.
hey can be switched on and off separately according to the

ig. 4. (a) 4 × 4 array consisting of 16 independently switchable electrodes as
hown in (b).

t

F

ig. 5. Relative dimensions of the switchable electrodes employed in the exper-
mental setup shown in setup of Fig. 4.

implified circuit diagram in Fig. 4b. In some experiments, a
ounter voltage was applied to the shielding of deposition and
ounter electrode in order to study if the spot-wise deposits can
e reduced in diameter. Furthermore, there were two distances
1 and d2, whereas d1 was the one between array and membrane
n the suspension and d2 the one between membrane and array
n the compensation chamber. The height profile of the deposits
green bodies) was determined using a Denta-Scope scanner
ith the software ScanOS (BEGO Bremer Goldschlaegerei,
ermany).

. Results and discussion

.1. CAM approach

The results for the non-retracted copper-core experiments are
hown in Fig. 6. A significant influence of applied voltage is
ound if deposition time is kept constant. Increasing U by factor
wo leads to different shapes and sizes. For 100 V, a disc shape is
ound with a maximum height in the middle of the green body as
isible in Fig. 6b. For 200 V, the shape remains the same even if
he maximum in height is not found in the middle any longer. For
his case given in Fig. 6a, ascending bubbles were stopped by
he deposit growth and included into the green body leading to
he growth of the deposit was less fast so that the bubbles were

ig. 6. Fabricated spot-wise deposits by locally applying an electric field.
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F lic shielding available and cable core is not retracted. (b) Metallic shielding available
a ore retracted.
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distribution is much more important. Its homogeneity becomes
evident by the grey surface representing the highest part. Further-
more, it can be observed that height decreases down to zero along
ig. 7. Potential distribution between two coaxial cable electrodes. (a) No metal
nd grounded, core is not retracted. (c) Metallic shielding grounded and cable c

ot included. Furthermore, the diameter is about the same as
n Fig. 6b whereas the maximum in height is less distinct. A
nal result is given in Fig. 6d. Here, t = 4 min and U = 50 V were

he deposition parameters. The shape is still disc-like. However,
oth diameter and height are smaller. With this investigation,
he influence of different parameters was shown. It was found
hat high voltages combined with small deposition times lead
o similar results as small voltages with high deposition times.
owever, a growth in diameter with time and applied voltage
as also investigated. With increasing time, diameter growth is
uch faster than height growth. At a certain point, the latter

s limited by bubble formation leading to big pores inside the
ample.

The simulated electric field distributions are shown in Fig. 7.
he first simulations were performed with the coaxial-cables-
hield ungrounded (a), afterwards the cables shields were
rounded (b) and finally the copper core was 1 mm inside the
nsulating material retracted (c). The borders projected on the
ottom plane of Fig. 7a, b and c show the configuration of each
lectrode setup employed. The results show how the electric
eld lines propagate widely outside the electrode surfaces when
o shielding is employed (Fig. 7a). As the electric field is not
ocused, only point deposits with relatively larger diameter can
e obtained. By grounding the electrode shielding, the focaliza-
ion of the electric field becomes stronger. This effect is observed
n Fig. 7b, where less changes appear on the edges of the surface
epresenting the simulated potential distribution. By retracting
he copper core (and keeping the shielding grounded), the change
n the potential-distribution-surface edges of Fig. 7c disappears.
hat is, the electric field is well-focused and therefore success-

ully suppressed at the electrode edges.
The simulation results were experimentally controlled as

hown in Figs. 8 and 9. Point deposits were produced under
voltage of 100 V and the deposition time was varied. One of

he experiment series was performed with coaxial-electrodes-
hield grounding only; the other one was performed with shields
rounding and also the depositing electrode copper core was

mm retracted. It is clear that the latter case point deposits were
round 2 times smaller in heights and diameters. These exper-
mental results confirm the behavior expected according to the
imulations performed.

F
a

ig. 8. Point deposit height as function of deposition time. Deposition volt-
ge = 100 V.

Fig. 10 shows two samples prepared with the same motion
elocities and the same distances, d1 = d2 = 2 mm, but different
pplied voltage. The length of the path to be gone was 1 cm in
ach case whereas the applied voltages were different with 100 V
Fig. 10a) and 200 V (Fig. 10b). In Fig. 10a, the final length
nd width are 11.5 and 6.4 mm respectively. However, height
ig. 9. Point deposit diameter as function of deposition time. Deposition volt-
ge = 100 V.
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Fig. 10. (a) Line deposits, fabricated with U = 100

ll sides. This decrease is also homogeneous. The grey parts of
he sample could not be scanned. For the sample shown in 10b,

otion velocity was also 1.0 mm/min but the applied voltage
as 200 V. Its width is 6.6 mm and length 12.8 mm. Again, a

imilar homogeneity is found with a maximum in height in the
iddle of the top surface whereas height decreases to the edges

s seen before. The visible crack occurred while preparing the
ample for the 3D scan and is therefore not caused by the process.
part from the height profile, microstructural homogeneity was

onfirmed by SEM investigations. No lamination or shell-like
tructures were found in the EPD samples.
As the used CAM unit offers two control modes, joint and lin-
ar , their influence on deposit geometry was also studied. The
esult is given in Fig. 11 where two perpendicular lines were
abricated staring in point 1, moving over 2 where the mode

3

a

Fig. 11. Perpendicular lines, fabricated by motion of CA
v = 1.0 cm/min, b) U = 200 V and v = 1.0 cm/min.

as changed from joint to linear. The end of deposition was in
oint 3. The better mode for RP-EPD is obviously linear because
f the homogeneous height profile. For linear moving, motion
olerances are increased so that the electrodes are sometimes
loser to the membrane and sometimes further away. Thus the
istance is not supposed to be constant at all the times. In the
tarting point 1, the best height is located due to the beginning
otion. Along the first leg, an inhomogeneous height distribu-

ion is found. This is as aforementioned caused by the increased
olerance values for the motion.
.2. Array approach

Using an array consisting of 4 × 4 electrodes represents an
lternative to the presented CAM controlled motion. In this case,

M unit in two different modes (joint and linear).
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ig. 12. Aspect ratios for d1 = 3 mm and d2 = 2 mm for different applied voltages
s function of deposition time.

he shape of spot-wise deposits was the same as for the electrode
sed in the CAM approach. However, for this investigation, both
he evolution of aspect ratio (ratio of height and width, in this
ase diameter) for different applied voltages at constant dis-
ance d between the arrays in both chambers as well as constant
oltage for different distances d were studied. Fig. 12 presents
he achieved aspect ratio for constant voltages of 20, 100 and
00 V for different deposition times t ranging between 3 and
5 min. Only for the smallest investigated voltage of 20 V, a lin-
ar increase in aspect ratio is found. For the last two, 100 and
00 V, a maximum at 5 min is observed. It is between 0.14 and
.18. However, it decreases to a constant value of about 0.137
fter 15 min for both applied voltages. In contradiction to this
esult, an aspect ratio of 0.17 is found for 20 V. This example
larifies the influence of deposition time and applied voltage.
rom a certain time on – in the present case for t > 5 min – the
eposit grows faster in diameter than in height so that the aspect
atio decreases. This is due to the fact that a growing deposit
eakens the electric field so that new particles are rather accu-

ulated at the edges than at the top. As a result, an optimum

ime for an optimized aspect ratio exists.
Compared to the result just presented, the influence of dif-

erent distances between the electrodes is also an important

m
s
t

Fig. 14. Prototype structures fabricated using the 4 ×
ig. 13. Aspect ratios for U = 20 V for different array distances as function of
eposition time.

actor that needs to be taken into account if applying EPD as
P method. The results of this study are given in Fig. 13 for a
onstant major voltage of 20 V.

Fig. 14 shows the results of the fabricated letters “L”, “P”
nd “T”. In (a), both the single dots looking similar to the spot-
ise deposits as well as the position of the electrodes during
eposition can be easily recognized. There is a small distance
etween them so that the resolution limit has not been reached
et. In Fig. 14b, a “P” structure was fabricated. Here, the prob-
em to be investigated was the closed structure in the middle.
gain, it is clearly recognizable whereas the distances between

ingle dots disappeared and overlapped. Nevertheless, the posi-
ion of the deposition electrodes can still be found. Moreover, it
ecame evident that inclusion of bubbles in the middle of “P”
s avoided by this optimum choice of deposition parameters. A
ess optimum set of parameters is presented in Fig. 14c. The
etter “T” shows defects and channels where the bubbles were
rained. This structure was deposited upside-down in order to
educe structural impurities caused by bubble formation.
In order to focus the field even more than in these experi-
ents, a counter voltage was applied to the shielding. Fig. 15

hows the aspect ratios (height/diameter) of spot-wise deposits
hat were prepared by applying different counter voltages to the

4 array: (a) letter L, (b) letter P and (c) letter T.



A. Nold et al. / Journal of the European Ce

F
a

s
r
1
w
1
v
i
A
f
w
w
e
b

4

m
t
l
o
e

l
e
d
s
m
w
t
u
t
c
m
e
p
p
i

w
s

A

F
n

D
m
a

R

1

1

1

1

1

1

1

1

1

1

ig. 15. Aspect ratio of spot-wise deposits as function of applied counter field
t the shielding.

hielding. For a major electric field of 20 V, the aspect ratio
emains constant until a counter voltage of 5 V. Increasing it to
0 V decreases the aspect ratio by factor 2 whereas no deposition
as found for values larger than 10 V. For an applied voltage of
00 V, all aspect ratios remain constant at about 0.12 for counter
oltages between 0 and 30 V. Larger counter fields were not stud-
ed because of an increasing deposition on the counter electrode.

constant value of 0.16 is found for a major voltage of 60 V
or all applied counter voltages whereas values larger than 30 V
ere not investigated for aforementioned reasons. As a result, it
as found that the use of counter voltages does not lead to the

ffect that was expected. The shape of the deposits was modified
ut a decrease in diameter was not observed.

. Conclusions

The present work introduced EPD as rapid prototyping
ethod. Two approaches were chosen whereas the first one was

he use of a shielded electrode that was combined with a trans-
ational motion. The second one was a parallelization of the first
ne by developing an electrode array consisting of 4 × 4 shielded
lectrodes.

First of all, spot-wise deposits were fabricated to study the
ocalization of the electric field in the CAM approach. A small
lectric field (=applied voltage) combined with an optimized
eposition time led to the best results. Furthermore, prototype
tructures such as lines and letters were fabricated. For the line
ade using the CAM unit, a homogeneous height distribution
as observed. The formation of layers or a shell-like microstruc-

ure did not occur. The letters “L”, “P” and “T” were deposited
sing the array approach. In this case, both the asymmetric dis-
ance between the array in the suspension and compensation
hamber as well as the process time t and applied voltage U
ainly influenced the structural integrity. The position of the

lectrode was recognized in the fabricated samples due to the
eaks in height. Furthermore, the structure limits of the array

rocess have not yet been found. The resolution will be enhanced
n future work.

As a final conclusion, the high potential of EPD as RP method
as emphasized whereas further developments are still neces-

ary. Especially the size of the structures needs to be downscaled.
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