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bstract

he electrophoretic deposition (EPD) is used to serve as rapid prototyping technology (RPT) to manufacture ceramic mini-devices containing
nternal channels or asymmetrical contour patterns to overcome the technical obstacles by conventional ceramic forming techniques. The spacing
nd geometry of such internal channels, either liner, curvilinear, symmetrical or asymmetrical, can be considered at the preliminary design stage to
repare the fugitive inactive inserts to be involved in EPD operations. Such inserts are limited to any undesirable chemical reaction with the EPD
uspension and of easy elimination from EPD-formed ceramic green body followed by pyrolysis or solvent dissolution to remove from embedment.
n this study, ferroelectric ceramic mini-devices based on barium titanate with the pattern containing internal channels was deposited via EPD
oute unto electrically conducting or non-conducting inserts buried in the ceramic laminates. The inserts can be removed after drying step. Effects
f EPD conditions on shape integrity of internal channel in the mini-devices were examined. This novel ceramic shaping technique enables us

o produce the ceramic mini-devices in terms of formation of desirable array patterns for the unique prototype of ceramic components such as
ielectric resonators, waveguide or mini-actuators.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In past two decades, electrophoretic deposition (EPD)
echniques1–5 has been applied in numerous technological and
ndustrial aspects including thin or thick film formation and
eposition using the aqueous6 or non-aqueous7 suspension of
etal powders, oxides, carbides, fluorescent materials, cermets,

olymers, paints, organic photoresists, glass powders under
n applied direct current electrical field. The EPD method is
racticed rather commonly in pursuing the fundamental require-
ents of product manufacturing in a wide range of industrial

roducts with dimensions from the gigantic size of steel frame-
ork for the building construction, car bodies or metallic utensils

o the miniature size of mechanical parts such as screws and
olts.8
Previously we have already used the EPD process to deal with
arious thicknesses of deposited films or dense layers of ceramic,
etallic or polymeric materials on the electrically conductive
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E-mail address: rflouh@fcu.edu.tw (R.F. Louh).

s
g
t
o
k
e
n

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.02.018
ubstrates. In particular, the EPD process is an acceptable and
ffective manufacturing method for advanced ceramic compo-
ents and electrical ceramic devices by offering several technical
erits such as easy hardware setting and process simplicity, low

quipment investment, viability to form ceramic bodies onto the
ubstrates of complex geometries, better control of layer thick-
ess, better sintering performance of ceramic bodies by using
one or minimal use of organic binders or plasticizers, suitable
or fabrication of oxide and non-oxide materials as well as com-
osite, and higher deposition rate as compared to other film or
ayer manufacturing route such as physical vapor deposition,
hemical vapor deposition and electrochemical deposition.

In addition, the functionally gradient materials (FGMs) such
s ZrO2–Al2O3 or BaTiO3–SrTiO3 multilayer devices can be
roduced by EPD means with outstanding properties as well as
ophisticate material and structural designs.9–11 In this study, our
oal in introducing new engineering aspects and functionalities
o be incorporated into EPD process is to gain greater control

f EPD colloidal stability, electrophoretic mobility and electro-
inetic behaviors of ceramic particles, establishment of desirable
lectrical field strength and distribution in order to achieve
ovel forming or shaping of ceramic materials by attempting

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.018
mailto:rflouh@fcu.edu.tw
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Fig. 1. Processing schematic of rapid prototyping technology (RPT) for man-
ufacturing ceramic mini-devices containing internal channels: (a) preparation
o
(
fi

o
t
a
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reliable and easy process to form miniature ceramic devices
ontaining internal channels with symmetrical or asymmetrical
ontour. At present the above-mentioned ceramic mini-device
ould pose some technical challenges and restrictions through

he conventional forming techniques such as pressing, cold
sostatic pressing, extrusion, slip casting or tape casting asso-
iated with mutilayer lamination. When we want to produce
he ceramic components with embedded openings or internal
hannels with asymmetrical or symmetrical geometry during the
arly design or pre-production stage, normally the rapid proto-
yping technology (RPT) is called upon to serve as the function
r performance validation of new ceramic component design.
he spacing and geometry of such internal channels, either liner,
urvilinear, symmetrical or asymmetrical, can be designed via
he preliminary stage of computer-aided design to prepare the
ugitive inactive inserts such as graphite, polymer, wood, or non-
bsorbing paper, which are positioned with a desired distance
n front of working electrode in the EPD operational environ-

ent. Noting that such inserts should avoid any undesirable
hemical reaction with the EPD suspension and are of easy
limination from EPD-formed ceramic green body followed
y pyrolysis or solvent dissolution to remove these embedded
nserts.

Based on the progressive modification of prior device design
s witnessed by rapid prototyping technology, one can simply
egin with the intended pattern design of internal channels in
eramic mini-devices to select the particular specification of
nserts such as material type (graphite, wood, plastic or metal),
imensions, shape (wire, thread, rod or mesh), position with
espect to working electrode, and pitch between inserts. As the
eramic green body is completely formed after EPD process,
hese fugitive inserts embedded in the ceramic body will be
ventually removed either by a simple mechanical separation
r direct elimination of inserts from green body followed by
yrolysis during the binder burn-off stage or solvent dissolu-
ion to remove these inserts. Furthermore, it is interesting for
s to examine the effect of EPD suspension stability on final
icrostructure and properties of deposited ceramic layers. The

ovel ceramic shaping technique via EPD is capable of making
he ceramic mini-devices with array patterns of ceramic compo-
ents such as dielectric resonators, waveguide or mini-actuators,
hich can be obtained by subsequent dicing the desirable array
f green or sintered bodies during the prototyping stage. In this
tudy, we selected barium titanate as experimental subject since
t is widely applied for ceramic dielectric resonator design and

anufacturing.

. Experimental

To realize a novel idea of rapid prototyping technology (RPT)
or those ceramic mini-devices containing internal channels with
pecial geometrical shapes including symmetrical or asymmet-
ical contours and linear or curvilinear passage layouts, thus we

se the experimental procedure schematic depicted in Fig. 1 via
he EPD route. A batch of micron-sized barium titanate powder
avg. size of 1.21 �m) of 3–20 g was weighed and tested for
ryness before preparing the EPD suspension. Different amount

2
o
i
a

f inserts and holding base as the mold of internal channels, (b) EPD process,
c) formation of mini-device green body onto the working electrode, and (d)
nished mini-device through drying, sintering and machining.

f BaTiO3 powder, which was completely blended in the mix-
ure of 75 ml ethanol and 75 ml acetyl acetone with ultrasonic
gitation, to obtain different barium titanate solid content of

0 g/L, 100 g/L and 133.3 g/L of EPD suspension. A number
f pH controlling chemical agents such as ammonium hydrox-
de, acetic acid and sulfuric acid and organic dispersants such
s polyvinyl alcohol (PVA) or polyvinyl butyral (PVB)12 were
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deposition time within 5 min and EPD suspension concentra-
tion of 133.3 g/L. Our results clearly suggest that EPD method
offers an effective route to manufacture ceramic thick films or
stand-alone ceramic slabs and multilayer devices. For the con-
R.F. Louh et al. / Journal of the Europ

pplied to alter the surface charge situation of BaTiO3 particles
n the suspension to acquire its better colloidal stability.

As for entering the RPT phase, the inserts to be embedded
nside of mini-devices can be either conductive materials such as

etal objects or non-conducting like wood or polymer parts and
hey would act as the subjects to occupy the designated volume of
eramic openings or channels inside the mini-devices, however,
here are a few measures that we have to take into considerations:
a) the inserts should not cause any chemical reaction with the
uspension before or during the EPD process, (b) the removal
f inserts from the green body after EPD process can be easily
chieved by mechanical or thermal means, and (c) the size of
nserts and the distance between the center of insert and the front
urface of working electrode are strictly determined by the size
f ceramic mini-devices and relative positions of internal chan-
els to assure the damage-free deposit after insert retreat and
nal integrity of ceramic green body. During the EPD process,

he suspended ceramic particles would electrophoretically move
owards onto the surface of working electrode and continuously
eposit and pack densely such that the inserts are completely sur-
ounded and covered with deposited powders until the ceramic
ody is eventually built up to firmly embed the inserts inside. The
PD process is terminated as the desired size of the ceramic body

s eventually achieved. There was a separation between inserts
nd the surrounding material due to the presence of slight shrink-
ge (<0.2%) at the circumference of internal channels inside the
eramic body after the drying step at 75–85 ◦C for 3–6 h. Thus
he inserts were easily removed before or during successive sin-
ering and densification step. Fig. 2 depicts the individual step
nd the entire process flow based on the RPT concept for pro-
ucing BaTiO3 ferroelectric mini-devices with internal channel
atterns.

. Results and discussion

Fig. 3 shows that specific deposited weight of BaTiO3 per
nit area depends on the applied electrical field (200–500 V/cm)
nder various BaTiO3 suspension concentrations. As the
aTiO3 concentration of EPD suspension was 33.3 g/L, the

pecific deposition weight per unit area was ranging from
67.3 to 617.1 mg/cm2 under E-field of 200–500 V/cm for
eposition time of 5 min. Furthermore the specific deposition
eight became 2123.6 mg/cm2 when the EPD concentration of
33.3 g/L and E-field of 500 V/cm were employed. Apparently
he applicable EPD efficiency was determined by suspension
oncentration and electrical field strength in the EPD process;
owever, the case of higher specific deposition weight did not
lways guarantee better surface smoothness of deposited layers.

It is interesting to realize that mixed solvent systems
sed for EPD suspension such as isopropyl alcohol/ethanol,
cetyl acid/ethanol, isopropyl alcohol/toluene, isopropyl alco-
ol/acetone, which are prepared with optimized volume ratio
arying from 50/50 to 60/40, would give rise to a better deposi-

ion efficiency as compared to using strictly one single kind
f organic solvent system. Among the various concentration
onditions of EPD suspension (33.3–133.3 g/L), an increased
hickness of deposited layer was obviously conjunction with

F
fi

ig. 2. Process flow based on the RPT concept for the fabrication of BaTiO3,
rTiO3 and (Ba1−xSrx)TiO3 ceramic mini-devices with internal channel pat-

erns.

ncreasing applied electrical field, as shown in Fig. 4. A rela-
ively ceramic layer thickness approximately 4–5 mm could be
btained by EPD process under electrical field of 500 V/cm and
ig. 3. Specific deposited weight per unit area varies with the applied electrical
eld strength (200–500 V/cm) using various BaTiO3 suspension concentrations.
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Fig. 6. Specific deposited weight per unit area varies with the deposition time
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ig. 4. Thickness of BaTiO3 green bodies varies with applied electrical field
trength and concentrations of EPD suspension.

entration of EPD suspension of 20 g/L, the specific deposition
eight per unit area changes under different solvent mixture

atios of isopropyl alcohol/toluene along with deposition time
f 30–300 s is shown in Fig. 5, which depicts the ceramic deposit
ith a maximum EPD efficiency was obtained at isopropyl alco-
ol to toluene volume ratio of 50/50 at deposition time of 300 s.
evertheless, such a green body prepared under a faster depo-

ition rate turned out to have less uniform surfaces and minor
racking at surface after drying step. Our result implies that the
ptimized isopropyl alcohol and toluene solvent ratio was 60/40
o assure the evenly distributed green density along the direc-
ion from the working electrode side, location around the holes
reated by inserts, to the suspension side.
When adding different polyvinyl alcohol (PVA) binder
mount of 0.1–1.0 wt% in solvent mixture of isopropyl alco-
ol/toluene with optimized volume ratio of 60/40, Fig. 6 shows
pecific deposited weight per unit area varying with the depo-

ig. 5. Change of specific deposited weight per unit area against various sol-
ent mixture ratios of isopropyl alcohol/toluene at different deposition time
30–300 s).

b
t
B
w
s

F
(
f
a

30–300 s) at the applied electrical field strength of 120 V/cm by using dif-
erent PVA binder amount of 0.1–1.0 wt% in solvent mixture of isopropyl
lcohol/toluene (60/40).

ition time up to 300 s at the applied electrical field strength
f 120 V/cm indicates that PVA binder additive did facilitate
he BaTiO3 powder packing in the deposited layer via EPD,
hereby, the case with higher concentration of PVA additive
n EPD suspension give rise to a better deposition efficiency.
he microstructural analysis of sintered body involving with
VA binder suggests that the effect of PVA binder would aid
article contact intimacy in the green body, which leads to
nhanced necking during densification and higher sintered den-
ity of 5.50 g/cm3, as compared to 4.13 g/cm3 for those BaTiO3
amples without using PVA binder. In contrast, use of polyvinyl
utyral (PVB) binder of 0.1–1.0 wt% in the same solvent mix-

ure of isopropyl alcohol/toluene (60/40), the specific deposited
aTiO3 weight per unit area varying with the deposition time
ent in almost opposite trend as compared to the PVA case, as

hown in Fig. 7. The very small amount of PVB binder (0.1 wt%)

ig. 7. Specific deposited weight per unit area varies with the deposition time
30–300 s) at the applied electrical field strength of 120 V/cm by using dif-
erent PVB binder amount of 0.1–1.0 wt% in solvent mixture of isopropyl
lcohol/toluene (60/40).
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ig. 8. Specific deposited weight per unit area varies with the deposition time
60–300 s) at the applied electrical field strength of 120 V/cm by using conduc-
ive and insulating insert materials.

rovides a good stability and a lower viscosity of EPD suspen-
ion. However, the higher amount of PVB additive (>0.3 wt%)
ould offer a satisfactory dispersion due to the steric hindrance

ffect in conjunction with the formation of hydrogen bonding by
ydroxyl groups of PVB molecules to be adsorbed onto the sur-
aces of barium titanate particles. The sintered density of EPD
eposit sample with PVB binder is relatively lower (5.07 g/cm3)
han the previous sample.

To take technical advantage of an outstanding controllability
f deposition thickness and deposition rate where ceramic thick
lms or multilayer devices made by EPD process, we would
urther apply the same technique to fabricate ceramic contain-
ng special hollow pattern or structure internally based on the
emands of rapid prototyping technology. Fig. 8 illustrates that
pecific deposition weight of BaTiO3 mini-devices using dif-
erent inserts changes with deposition time (30–300 s) at the
lectrical field of 120 V/cm. In this case, the inserts such as elec-
rically conductive steel-needles or activated carbon fiber/textile
nd non-conducting linen thread or plastic mesh were positioned
n front of platinum working electrode. For deposition time of
0 s, barium titanate particles were not transported fast enough in

he EPD suspension under a relatively weak electrical field and
low electrophoretic mobility were involved. It implies that the
PT function was hindered by shorter deposition time, where

he deposited ceramic powder had substantial difficulty to com-

e
w
d
w

ig. 9. Ceramic green body by EPD process using non-conductive linen thread as
lectrode side.
eramic Society 30 (2010) 2841–2847 2845

letely surround the inserts inside the ceramic body as the EPD
rocess underwent. The average thickness of ceramic deposited
ody would increase as the deposition time was increased to
e 300 s. In a special account of using non-conductive inserts,
he deposited ceramic particles could not be packed densely to
mbed the inserts entirely, when shorter deposition time or lower
lectrical field was selected. In contrast to the instance above, the
esults of EPD efficiency and deposition rate were substantially
mproved as the electrically conductive inserts such as metal
ires or carbon fiber or textile were employed due to the estab-

ishment of electrostatic force associated with the inserts would
ttract the moving particles in the EPD tank. Unfortunately it
as found that the conductive inserts will induce the density
radient along the direction normal to the surface of working
lectrode and have less uniform density distribution between
he circumference of the hole defined by inserts and slightly far-
way neighborhood. This result has a propensity to encounter
he densification defects attributed to pronounced stresses in the
eramic body throughout firing shrinkage.

Under the situation that the positions of counter-electrode
nd working electrode were placed horizontally, the deposited
eramic body resulted in smooth and flat surfaces and the
eposited ceramic particles were densely packed and surrounded
he whole body of inserts with a longer deposition time of
h. Nevertheless, the ceramic part experienced cracking at its

urface immediately after the moment when the ceramic was
etrieved from the EPD tank. The potential causes for defects
nduced in the ceramic body may result from the uneven inter-
al stress distribution in the vertical direction along the interface
etween insert and ceramic green body for longer deposition
uration and the presence of unbalanced capillary forces among
eposited particles during the drying step; therefore, cracking
as thus generated through the stress relaxation. When both

ounter-electrode and working electrode were placed vertically
n EPD tank, we observed that the electrical field lines can
istribute evenly across the spacing between these electrodes
nd gives rise to a complete embedment of inserts by deposited
eramic powders. Fig. 9 illustrates ceramic green body by EPD
rocess using non-conductive linen thread as insert by deposi-
ion of 20 min where even deposit surface was viewed at working

lectrode side and the wavy surface with some mild ripples
as observed at the suspension side. The various sizes of con-
ucting and non-conducting inserts (diameter of 0.1–2.0 mm)
ere tested. For the cases using non-conducting inserts such as

insert by deposition of 20 min viewed at (a) suspension side and (b) working
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ig. 10. (a) Top view and side view of sintered body by EPD process with a
eposition time of 8 min and (b) top view and side view of ceramic body after s

eflon® thread, plastic mesh, cotton thread or linen thread, we
ound the result of powder packing around the insert was better
or the thin inserts because of the minor shielding effect regard-
ng to the electrical field lines; therefore, the average surface
oughness (Ra) of ceramic deposit and its green density were
mproved. As for the cases involved with conducting inserts
uch as carbon fiber, sliver wire, tin wire or graphite rod, the
reater size of inserts renders poor powder packing uniformity
t the circumferential region of the insert due to interference of
lectrical field line distribution, which led to a few instances of
racking defects associated with EPD deposits. It is worth noting
hat the geometrical arrangement of inserts ultimately affect the

icrostructure of deposits, namely the plastic mesh insert had a
ifficulty to completely avoid the substantial density gradient in
he green body and resultant cracking defect after sintering step
ecause the height of knots, horizontal lines, and vertical lines
n the mesh are not on the identical level. On the other hand, the
nserts such as threads, wires or rods being positioned in parallel
an be immune of green density gradient issues.

Both platinum foil as working electrode and titanium-plated
ollow platinum cylinder as counter-electrode were placed
nside of the EPD tank made of polytetrafluoroethylene (PTFE)

old. The EPD procedure was preceded for 6 min under an elec-
rical field of 500 V/cm before placing inserts in front of working
lectrode to prevent influence or disturbance of electrical lines

f force. Subsequently the EPD procedure was conducted for
dditional 2 min by introducing two pieces of steel needles
s electrically conductive inserts to be associated with work-
ng electrode, where the inserts were successfully covered by

A

w

nsion concentration of 100 g/L and use of conductive steel needle inserts for
e machining.

eposited ceramic particles by means of the EPD process. Fur-
hermore, the counter-electrode with different geometry such as
itanium-plated hollow platinum box or rectangular metal mesh
age could also ensure a uniform distribution of electrical lines
f force to improve the better dense packing of ceramic par-
icles in the green body. Fig. 10a shows that holes of 1 mm
ize with pitch of 3.5 mm appeared in the sintered body of
0 mm × 8 mm × 5 mm was formed by using conductive steel
eedle inserts with deposition time of 8 min and electrical field
f 500 V/cm. Furthermore, Fig. 10b illustrates the ceramic body
ith smoother surfaces after it was polished and finished with
1500 mesh silicon carbide sand paper and fine abrasive slurry.
egarding the ratio of insert diameter (d = 0.1–2.0 mm) to the

hickness of ceramic prototype (h = 0.75–5.0 mm), it is found
hat the workable ratio of d/h through our EPD process for form-
ng ceramic min-device should be constrained not more than
.4. When the height from insert center to level of working elec-
rode (h′) can be adjusted with respect to the total thickness of
eposit (h), the accessible h′/h value of 0.2–0.5 is recommended
ith our rapid prototyping technique. Our experimental results
ould support the idea that use of EPD technique associated
ith appropriate inserts would offer a feasible route to obtain

he ceramic objects based on the concept of rapid prototyping
echnology or manufacturing.
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