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bstract

he electrophoretic deposition (EPD) is a well-suited process for shaping compacts of nanosized powders. Aqueous suspensions are favorable for
ndustrial application due to the high polarity of water enabling high solid loadings and for environmental reasons. Moreover, for many applications
local deposition is of interest. In this case the electric field has to be focused on a small point. This is a problematic issue when the aqueous

uspension has a high electrical conductivity.
The local resolution of the deposition was improved by moving both electrodes closer to each other. The limiting factor was the formation

f bubbles by water electrolysis, which disturb the electric field at the electrodes. Therefore the electric field distribution of several electrode-
onfigurations was calculated and the most suitable setup was selected. The formation of bubbles was suppressed by using unbalanced pulses

f alternating voltage. Point deposits with diameter smaller than 740 �m were obtained, which were only about 1.5 times larger than the point
lectrode diameter. Possible applications of this technique in the future are rapid prototyping or commercial manufacturing of individual structures
ike those required in the dental industry.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The electrophoretic deposition (EPD) is an interesting and
ersatile process for shaping compacts, especially for nano-
ized powders. Compacts of nanopowders can be completely
intered at much lower temperatures than those obtained with
onventional micron powders, if a comparable green density
s achieved. Aqueous suspensions are favorable for industrial
pplications due to the high polarity of water enabling high
olid loadings and for environmental reasons. For many appli-
ations a local deposition is of interest. For that the electric
eld has to be focused on a small point. This is a problematic

ssue when working with aqueous suspensions of high electrical
onductivity.

Our previous works1–4 showed the possibility of the EPD-
rocess as a rapid prototyping technique. However, the size of

he previous structured deposits was in the millimeter range.
ut for many applications smaller structures are of interest. In
rder to reduce the size of the deposit, the electric field must

∗ Corresponding author.
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e focused more closely. This can be achieved using finer point
lectrodes and reducing the distance between them. In aqueous
uspensions the problem of the bubble formation at the elec-
rodes due to the water decomposition has to be solved. In our
revious work, the EPD membrane configuration was used to
revent bubbles being incorporated into the deposit.5,6 As the
oint electrodes were farther apart from each other the gas bub-
les could freely rise towards the surface of the suspension.7

hus bubble-free deposits were obtained. But at a reduction
f the distance between the electrodes the formation of a gas
ubble on the surface of the point electrode disturbs the local
lectric field. Therefore a bubble formation has to be completely
uppressed at both electrodes.

The bubble formation can be reduced by applying chemical
dditives.8,9 However, such solutions do not work with point
lectrodes with high current densities. Furthermore, one addi-
ive can suppress the bubble formation only at one electrode. It
s well known, that water electrolysis is promoted whenever the
equired decomposition voltage is applied, leading to bubbles

ormation. More specifically, at the electrode surface occurs a
eterogeneous-nucleation and bubble-growth process. For the
atter, a critical concentration of bubble-forming precursors is
equired. Dinkelacker10 (Fig. 1) reported the required time as

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.005
mailto:a.nold@nanotech.uni-saarland.de
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.005
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Fig. 1. Time for bubbles formation as a function of current density.10

function of the current density for the formation of bubbles.
t low current densities no bubbles are produced, as the precur-

ors diffuse back into the bulk of the electrolyte. As the current
ensity is increased, the required time to bubbles formation is
onsequently reduced.

Alternative processes suppress the formation of bubbles by
eans of pulses or alternate currents/voltages. For example,
elvaganapathy et al.11 describes the electro-kinetic pumping
f species in aqueous-based solutions. He used an alternate
equence of positive and negative rectangular current pulses with
he same charge but different height and time. There is a net
isplacement with time although the species move in an oscil-
ating mode. Besra et al.12 was able to obtain dense bubble-free
eposits with EPD from an aqueous suspension. He used pos-
tive voltage pulses with the same on–off time. One year later,
eirinck et al.13 proposed a process similar to that of Selva-
anapathy et al.11 He used, however, triangular voltage pulses.
ukhin and Dukhin14 explained the reason for the suppression
f bubbles with alternate currents combined with a net displace-
ent of suspended particles. He described it as a non-linear

ependence of the electrophoretic velocity of the particles when
igh electric fields are applied. Stotz15 had already measured
his non-linear dependence of the particle velocity and related
t to the deformation of the particles double layer during their
isplacement.

In the case of Besra et al.12 there is a resulting electric field,
hich is responsible for the particles movement. During the
ulse off-time the bubble-formation precursors move back into
he bulk of the electrolyte and their concentration is thus kept
nder the critical value. But only low deposition rates were
ttained in the pioneering works of Neirinck et al.13 and Besra et
l.12 Furthermore, the Neirinck method requires high voltages
o achieve a non-linear effect. But for suspensions with high
lectrical conductivity the high, dissipated power leads to an
verheating of the suspension. Due to the high current density
t point electrodes and, consequently, a high concentration of
ons at the surface of the electrode, the Besra method can also

ot be applied.

In this work, a combination of both Besra and Neirinck meth-
ds was used. Thus it was possible to place the electrodes closer
o each other and a better focusing of the electric field was

B
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d
o

Fig. 2. Setup for simulating electric fields.

chieved. Consequently, deposits with increased spatial reso-
ution were obtained. To optimize the electrodes setup, model
alculations of the local electric field distribution were per-
ormed.

. Experimental setup

.1. Simulation of electric fields

To achieve a small local deposit it is necessary to get a narrow
lectric field distribution. For that simulations (Comsol Multi-
hysics 3.5) of the electric field for different electrode setups
ere performed. Fig. 2 shows the plate and point electrodes

etup (point electrode Ø = 500 �m, conductivity of both elec-
rodes = 6 × 1017 S/m). In all cases, insulating boundaries were
onsidered. A porous membrane (height 6 mm and 90 �m thick)
as positioned in front of the plate electrode. The suspension is

ble to penetrate the pores. For simulation purposes, this changes
he effective value of the membrane conductivity. An average
2.5 × 10−3 S/m) between the dry membrane conductivity (∼0)
nd the suspension conductivity (5 × 10−3 S/m) was assumed.
he distance d between the membrane and the point electrode
as also varied.

.2. Electrophoretic shaping process

The experimental setup with a plate and a point electrode
Ø = 500 �m) is shown in Fig. 3. A stainless steel plate elec-
rode and a point electrode (90% Pt, 10% Rh) were used.
he point electrode was covered with an electrically insulating
oating, only the face section was not coated. As it was impos-
ible to deposit directly on the stainless steel plate electrode,
porous membrane (Nadir, Carl Roth GmbH, Karlsruhe, Ger-
any) or a graphite foil (Carbofles 98, 0.38 mm thick, Carbon

ndustrie-Produkte GmbH, Germany) were set in front of the
late electrode.

For the shaping process, a suspension consisting of 200 ml
eionised water (σ = 0.9 �S/cm) and 40 g Al2O3-powder (SM8,

aikalox, d50 = 300 nm, BET = 10 m /g) was prepared. The con-
uctivity and pH were adjusted adding 0.1 g of HNO3 (6.5%
iluted). The powder was dispersed in three steps: first, by means
f a mini dissolver (Dispermat N1-SIP, VMA-GETZMANN
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In our case three different deposition times were applied: 7,
4 and 1 min, respectively. The employed frequencies were 150,
300 and 450 Hz. The distance d was 700, 400 and 200 �m and
ig. 3. Experimental setup with plate and point electrode for local deposition
rom Al2O3-suspension.

mbH, Germany, disc diameter 32 mm) for 5 min at 30% of
ax. power, then with an ultrasonic dissolver (Sonifier W-450 D,
. HEINEMANN, Germany) for 15 min (pulse configuration:

on = 0.5 s, toff = 0.5 s, pulse amplitude = 20%) and, finally, again
ith the mini dissolver for 3 min at 30% of max. power. The dis-
ersed suspension had a solid content of 16.6 wt.%, a pH of 5.8
nd conductivity of 36 �S/cm. The suspended Al2O3-particles
ave a positive surface charge and therefore move towards the
egative electrode.

The voltage pulses were programmed with an arbitrary wave-
orm generator (33210A, Agilent Technologies). This generator
llows for free programmable pulses with frequencies up to
0 MHz. An AC-amplifier (PAS 1000, Spitzenberger & Spies
mbH, Viechtach, Germany) was coupled to the generator. The

mplifier maximum adjustable voltage is ±382 VDC, with a rise
ime >52 V/�s. The amplifier operates in DC and in AC mode
p to a frequency of 5 kHz.

The applied voltage and resulting current were acquired with
DAQ Card (NI-6009 USB, National Instruments) and a Lab-
iew program. For long time observations, a sample rate of
.25 kHz and a total of 135,000 samples (60 s) were used. When
higher resolution was required, a sample rate of 15 kHz and a

otal of 150,000 samples were recorded (10 s).

. Results and discussion

.1. Simulation of electric fields

The vertical dashed line in Fig. 2 marks the location lying
0 �m in front of the point electrode, along which the distribu-
ion of the electric-field-vector x-component for three different
etups is plotted in Fig. 4. Here the dotted line corresponds
o a plate and point electrode setup with a separation distance
= 100 �m between the membrane and the point electrode. This
onfiguration presents the highest electric field peak favoring the
est deposition rate.

The dashed line corresponds to a two point-electrodes config-

ration (both with diameter of 500 �m). A membrane of 90 �m
hickness, onto which the powder was deposited, was placed
etween the point electrodes (this case is not shown in Fig. 2).
ach electrode was positioned 100 �m away from the mem-

F
t

Fig. 4. Simulation results for three different electrode setups.

rane. This setup has a lower electric field peak, but narrower
istribution (better focusing) away from the point-electrode
ymmetry axis.

For manufacturing multilayer deposits, it is necessary to
ncrease the distance between the electrodes. This scenario is
hown with the continuous line (both plate and point electrodes
re 500 �m away from each other) in Fig. 4. The electric field
istribution has smaller peak value but, on the other hand, is nar-
ower. Hence, it should allow the manufacturing of multilayer
icro deposits.

.2. Electrophoretic shaping process

The applied voltage pulse-shape is shown in Fig. 5. The areas
nder the positive and negative pulses are different. The ratio
etween V2 and V1 is 9 and t1/t2 is 4. As the negative pulse area
2 is 2.5 times bigger than A1, the particles move effectively

owards the plate electrode instead of only oscillating about their
est positions. Due to the alternating voltage, the polarity of the
lectrodes is continuously varied and the concentration of react-
ng ions at the electrode surface is kept under the critical value
eeded for bubbles formation. Fig. 1 (Dinckelacker10) shows
he dependence of the bubbles-formation time with the applied
urrent density. Accordingly, to avoid generation of bubbles in
ur experimental setup, an increase in current density must be
atched to an increase in applied pulse frequency.
ig. 5. Applied voltage signal in order to suppress bubbles formation, V2/V1 = 9,

1/t2 = 4, A2/A1 = 2.5.
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ig. 6. Local deposit on a graphite foil, t = 1 min, f = 450 Hz, V1 = 1.929 V, V2 = −
icture after drying and sputtering with gold.

he voltages were V1 = 7.68, 3.858 and 1.929 V and V2 = −69.12,
34.722 and −17.361 V, respectively. The smallest bubble-

ree deposit obtained on a graphite foil (t = 1 min, V1 = 1.929 V,
2 = −17.361 V, d = 200 �m and f = 450 Hz) is shown in Fig. 6.
ig. 6(a) presents the wet deposit directly after the deposi-

ion. The deposit was dried in air, sputtered with gold and was
bserved in a SEM. The SEM micrograph in Fig. 6(b) shows
everal agglomerates on the deposit surface but no bubble chan-
els can be seen. The diameter of the dried deposit varies from
70 to 736 �m, that is, only about 1.5 times bigger than the point
lectrode diameter.

In comparison to Fig. 6, where the deposit was obtained
hrough application of a pulsed voltage, Fig. 7 presents the
eposit obtained by applying a direct voltage. The same experi-
ental parameters were used as for the deposit shown in Fig. 6,

xcept for the application of a direct voltage of −17.3 V for 12 s.
his time is the exact sum of the negative-peaks time within
min of the pulsed voltage experiment. The diameter of the
btained deposit (larger than 3 mm, see Fig. 7(a)) is clearly larger
han the 736 �m obtained with the pulsed experiment. In an area
rom the middle of the deposit to the top of it, no deposition took
lace due to bubbles formation and their rising to the surface of
he suspension. The zoom-in in Fig. 7(b) shows clearly the pore-
hannels formed by the bubbles generation. In comparison to the

irect voltage deposition, the use of voltage pulses suppresses
he formation of bubbles and reduces the deposit diameter.

The deposit pictured in Fig. 6 confirms the narrow distribu-
ion of the electric field as calculated in Fig. 4. The shape of the

n
i
d
p

ig. 7. Local deposit on a graphite foil, t = 12 s, constant voltage −17.361 V, d = 200
ores.
61 V, d = 200 �m: (a) microscope photo in wet condition, (b) SEM topographic

easured voltage pulses (Fig. 8(a)) differs slightly from the pro-
rammed one (Fig. 5) which means, that every third peak on the
ositive and negative pulse, there can be seen a supplementary
eak that was not in the programmed voltage function. This is
aused by the particles’ inertia. During the fast voltage switch
rom negative to positive or vice versa the particles are acceler-
ted very strongly so that as a consequence they are not able to
low down immediately during the constant voltage stage. This
articles inertia leads to the current peaks observed in Fig. 8(b).
uch peaks, according to the Ohm’s law, must be followed by
orresponding voltage peaks (Fig. 8(a)). This peaks should be
een on each pulse but appear only every third pulse due to the
ow sampling rate, which was limited by the DAQ Card. The
urrent-to-voltage ratio is not linear. The voltage presents a con-
tant value at the pulse plateau but the current decays slowly and
oes not show a pulse plateau.

The reason why deposition may be effected on a porous sub-
trate (in this case membrane) and not on the non-porous steel
lectrode is still not clear in the EPD field. Our hypothesis is that
uring the deposition peak “A2” the powder is still not strongly
dsorbed to the non-porous substrate surface and then, during
he peak “A1” is desorbed again. In the case of the porous mem-
rane, the powder particles may find suitable sites in the pores
o anchor themselves strongly so that during the peak “A1” will

ot be directed again into the suspension. After the first layer
s successfully built, adsorption of a second layer is promoted
ue to the adsorption surface having now the same nature as the
owder.

�m: (a) macro-photography of total deposit, (b) detailed cut-out with bubble
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Fig. 8. Measured voltage (a) and current (b) durin

. Conclusions

In this work a new method to perform bubble-free local
eposition from aqueous suspensions was demonstrated. To
elect the most suitable electrodes configuration, the electri-
al field distribution was simulated. An experimental setup was
hen arranged. The application of voltage pulses during depo-
ition allowed to control the concentration of gas-producing
ons at the electrode surface and thus to prevent the forma-
ion of bubbles. The different total area under the pulses caused
he directional particle movement. The smallest bubble-free
eposit was obtained on a graphite foil. Its diameter is only
bout 1.5 times bigger than the point electrode diameter. It is
xpected that deposits with even smaller dimensions should be
btained if smaller point electrodes and a closer configuration
s used.
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