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bstract

n innovative approach for fabricating pillar arrays for ultrasonic transducer applications is disclosed. It involves the preparation of concentrated
iezoelectric lead zirconate titanate (PZT) suspensions in aqueous solutions of epoxy resin and its polymerization upon adding a polyamine based
ardener. Zeta potential and rheological measurements revealed that 1 wt.% dispersant, 20 wt.% of epoxy resin and a hardener/epoxy resin ratio
f 0.275 mL g−1, were the optimized contents to obtain strong PZT samples with high green strength (35.21 ±  0.39 MPa). Excellent ellipsoidal

nd semi-circle shaped pillar arrays presenting lateral dimensions lower than 10 �m and 100 �m height were successfully achieved. The organics
urning off was conducted at 500 ◦C for 2 h at a heating rate of 1 ◦C min−1. Sintering was then carried out in the same heating cycle at 1200 ◦C for

 h. The microstructures of the green and sintered ceramics were homogeneous and no large defects could be detected.
 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

1–3 piezocomposites with pillars of piezoelectric ceramic
urrounded by an epoxy matrix are the standard active materials
n ultrasonic transducers operating at conventional frequencies
<20 MHz). Higher frequency transducers are needed to improve
esolution in areas such as dermatology and ophthalmology, but
heir development is limited by the difficulty of fabricating fine
cale pillar arrays. Current fabrication techniques are incompat-
ble with both the dimensions and designs necessary for such
requencies, and although new instrumentation is emerging for
ltrahigh resolution biomedical imaging, practical devices are
till unavailable at such frequencies.1

Hence, one of the biggest challenges in developing sensitive

ransducers and arrays for real-time high frequency (>30 MHz)
iomedical ultrasound imaging lies in the fabrication of fine
cale pillar arrays for piezocomposites. Piezocomposites are
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ow made almost exclusively by the dice-and-fill technique,
hereby deep grooves are cut into a solid sintered ceramic
lock with a thin dicing blade to create a bristle-block com-
rising thin, tall square pillars upstanding from a support stock.
hen a polymer is cast into these grooves, and the resulting
omposite disk sliced off the ceramic base.2 While this tech-
ique is sufficient enough to make the standard medical imaging
ransducers operating up to 20 MHz,2 the fabrication of com-
osites for higher frequencies becomes very difficult because
f the ultrafine lateral features required for efficient operation.
herefore, other fabrication methods to make transducers that
an operate at higher frequencies must be sought. Some well-
nown general purpose alternatives to dice-and-fill are injection
oulding,3 laser micromachining,4 interdigital pair bonding5 or

iscous polymer processing (VPP).6

Gel casting (GC) is one of the best performing techniques
eveloped so far to fabricate complex-shaped ceramic bodies
rom low viscosity slurries that can be solidified by gelation
nce the mould is filled, thus facilitating mould removal prior
rying and sintering.7–11 A number of gelation systems, such as,

olysaccharides,12,13 monomers and crosslinkers,9–11,14–17 have
een already proposed. In the most common process, the ceramic
owders are dispersed in a pre-mixed solution of monomers,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.016
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immers and a cross linker to obtain a high solids loading slurry.
n initiator is then added and homogenised and the suspension

ast in a mould of the desired shape. The monomer and cross
inker polymerize and form a three-dimensional network struc-
ure, thus transforming the slurry into an in  situ  solidified green
ody under controlled atmosphere. Although GC has been suc-
essful in producing both large to small size components, it is not
uitable for the fabrication of micro-sized components because
he green strength is insufficient to withstand the high shear
tresses generated upon demoulding.10,15,16

Recently, a self-hardening gel-casting method based on
 thermosetting resin and hardener was reported by Mao
t al.,18,19 which could be carried out in an air atmosphere.
he main requirement for this processing is finding suitable
ater soluble epoxy resin and hardener that must be compat-

ble with the powder and dispersant. Different epoxy resins
ave been already used for consolidating alumina ceramics with
arge dimensions.18–20 However, the green strength achieved
as also too low to enable fabrication of micro components.
ence, developing a new colloidal approach to produce strong
iezoelectric micro components would have high scientific,
echnological, and economic impacts.

Inspired by previous studies, the aim of this work is to develop
 new consolidation process based on the curing of a high solids
oading slurry to obtain ultra-fine piezoelectric pillar arrays. For
hat, high concentrated suspensions were prepared by dispersing
ead zirconate titanate (PZT) powders in an aqueous solution
f an epoxy resin, dispersant and hardener. The results of the
haracterization of the suspensions and of the consolidated green
nd sintered samples are presented and discussed systematically.

. Experimental  procedure

.1.  Materials  and  reagents

A PZT powder (TRS 610C, TRS Technologies, USA)
ith 7.94 g cm−3 density, milled to an average particle size

50 = 0.49 �m (Coulter LS 230, Buckinghamshire, UK, Fraun-
ofer optical model) and BET specific surface area of
.76 m2 g−1 was used. Dispex A-40 (Allied Colloids, Brad-
ord, UK), an ammonium polyacrylate (NH4

+PAA, molecular
eight of 3500 g mol−1) solution was selected as dispersant.
n epoxy resin, ethylene glycol diglycidyl ether (EGDE,
igma–Aldrich, Germany, 1.152 g cm−3) soluble in aqueous
edia and, a polyamine hardener, bis(3-aminopropyl) amine

Sigma–Aldrich, Germany, 0.958 g cm−3) were employed as
onsolidating agents.

.2.  Suspensions  preparation  and  characterization

Preliminary tests were performed by dispersing 35 vol.% of
ZT powder into an aqueous solution containing 17.5 wt.% of
poxy resin and different added amounts of Dispex in order to

elect the most appropriate amount of dispersant (1 wt.% based
n dry solid matter). Then, the concentration of epoxy resin in
he dispersing solution was varied (10; 12.5; 17.5; and 20 wt.%)
nd flexural strength testing PZT bar shaped samples with

a
s
t
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0 ×  10 × 5 mm were consolidated aiming at green strength
aximization. Zeta-potential of PZT powder was measured

Malvern Zeta sizer, Nano ZS, Malvern, Worcestershire, UK)
n the absence and in the presence of dispersant and epoxy
esin using 1 mM KCl solution as background electrolyte.
H adjustments were performed by adding 0.1 M solutions
f either NH3 or HNO3. The viscosity of suspensions was
easured using a rotational rheometer (Bohlin Instruments,
-VOR, Worcestershire, UK) within the shear rate range of
.1–500 s−1 with a cone and plate (4, 40 mm, gap 150 �m)
easuring configuration. PZT samples in the absence and in

he presence of resin with or without dispersant were analyzed
y Fourier Transform Infrared spectroscopy (FT-IR, model
attson Galaxy S-7000, USA) and compared to the spectrum

f the resin alone in order to assess how the epoxy resin is
inked to the surface of PZT powder particles.

.3. Fabrication  of  pillar  arrays

Elastomeric soft moulds were fabricated by replication from
aster templates using PDMS – Sylgard Silicone Elastomer

84 and Sylgard Curing Agent 184 (Dow Corning Corporation
imited, Coventry, UK). Master templates of the appropriate
tructure were placed in a glass Petri dish; then a 10:1 weight
atio mixture of PDMS and curing agent was poured onto
he master template in a vacuum desiccator and de-aired. The
e-airing step is particularly important due to the small kerfs
etween the pillars. The PDMS was cured at 67 ◦C for 4 h. After
ooling to room temperature, the soft PDMS was peeled from
he master template and checked for defects under the micro-
cope. The ceramic suspension was then cast into the mould in a
acuum desiccator system for 1–2 min to aid full penetration of
he suspension into the moulded structures and assist further de-
iring. After 24 h consolidation at room temperature, the mould
as carefully peeled off to leave the patterned green pillar arrays
n a ceramic base or stock. The green bodies were then com-
letely dried in an air oven at 100 ◦C. The dried rectangular bars
ere used for linear shrinkage, the 3-point bend strength using

n Instron testing machine (Instron, Buckinghamshire, UK), and
ensity measurements according to the Archimedes principle.
hermal analysis (TG/DTA – Setaram, Labsys, Caluire, France)
as used to study burning off the resin and hardener through
eight loss and heat flow of the dried PZT samples in air atmo-

phere at a heating rate of 10 ◦C min−1 until 600 ◦C. Based on
hese results, the organics burning off was conducted at 500 ◦C
or 2 h at a heating rate of 1 ◦C min−1. Sintering was carried out
t 1200 ◦C for 1 h. Photographs of pillar arrays with different
hapes were taken in a Jeol 7000F SEM. The fracture surfaces
f green and sintered PZT samples were observed by scanning
lectron microscopy (Hitachi S-4100, Tokyo, Japan).

. Results  and  discussion
Fig. 1 shows the particle size distributions of PZT powders
s received and after 12 h of vibro milling in ethanol. It can be
een that the as received PZT powder presents a bimodal dis-
ribution, with a particle populations centred at ≈0.3 �m and
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Fig. 3. Zeta potential curves of PZT particles as a function of pH measured in
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ig. 1. Particle size distributions of PZT powders as received and after 12 h
ibro milling.

3 �m respectively. After milling, the volume fraction of the
rst population increased with a concomitant decrease of the
oarser one, resulting in an overall decrease of average size, d50,
rom 1.3 to ∼0.5 �m. The presence of two particle populations
ith different sizes is expected to increase the particle packing

bility in a slurry, since the smaller particles could occupy the
nterstitial spaces between the larger ones and release the liquid
mmobilised in void spaces.21 In this way, bimodal particle size
istributions enable a decrease in viscosity for a given solids
oading, or the use of a higher solids volume fraction while

aintaining a given viscosity level, a key point for success-
ully fabricating ceramics by direct consolidation techniques.
t is known that for a given dispersant there is an optimum
oncentration that minimises the viscosity of the suspension.
ower amounts are insufficient to cover all the available surface
rea of the particles and to shield the attractive Van der Waals
orces. On the other hand, if too much dispersant is added, the
xcess will remain in solution increasing the ionic strength and
he viscosity of the dispersing media.22 Therefore, evaluating
he influence of dispersant concentration on viscosity is of a
aramount importance.

Fig. 2 shows the effect of dispersant on the viscosity of PZT

uspensions containing 35 vol.% solids loading, measured at a
teady shear rate of 125 s−1, in the absence and in the presence
f 17.5 wt.% of resin. Viscosity decreases with increasing added

ig. 2. Viscosity measured at the steady shear rate of 125 s−1 of suspensions with
5 vol.% of milled PZT powder as a function of the added amount of dispersant,
n presence and in the absence of 17.5 wt.% epoxy resin.
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he absence of processing additives and in the presence of dispersant or resin or
oth.

mounts of dispersant achieving a minimum plateaux within the
ange of about 0.6–1.0 wt.% dispersant. Furthermore, viscosity
alues are systematically higher in the presence of epoxy, mean-
ng that the relative viscosity of dispersing medium (the ratio of
he viscosity of the resin solution to the viscosity of distilled
ater) has increased, therefore enhancing the resistance of the

uspension to flow. But the differences in viscosity levels along
he minimum plateaux are smaller than would be expected from
he enhanced viscosity of the resin solution, suggesting that the
esin has some synergetic effect on dispersing the PZT powder.

oreover, the variation of viscosity with increasing amounts
f dispersant is much sharper in the presence of epoxy resin.
his observation suggests that the adsorption of polyanions of
ispex A-40 at the surface of PZT particles is enhanced in the
resence of resin molecules. This could be understood if resin
pecies of cationic nature have been adsorbed at the surface of
ZT particles. In order to shed light on the specific interactions
f the different dissolved species on the solid/liquid interface,
eta potential measurements were performed as a function of
H in the absence of processing additives and in the presence of
ispersant or resin or both.

Fig. 3 shows that the isoelectric point (IEP) for the PZT pow-
er is located at about pH 8. This means that in absence of
rocessing additives, a neutral or slightly alkaline environment
s not suitable for a good dispersion necessary for the preparation
f high solids loading suspensions. The presence of 17.5 wt.%
f resin had a negligible effect on zeta potential but the IEP was
hifted to about pH 8.4, suggesting that resin molecules have
een adsorbed at the surface of the PZT particles and possess

 slightly cationic nature. This would favour a more extensive
dsorption of the anionic dispersant, as hypothesised above, and
ontribute to the observed sharper decrease of viscosity with
ncreasing added amounts of dispersant (Fig. 2). Conversely, the
resence of 1 wt.% of Dispex A-40 alone caused a shift of the
EP to around pH 2.6 and negative zeta potential values as high
s −60 mV at the natural pH of the suspensions (≈pH 10–10.3).
his confirms the accentuated anionic nature of the dispersant

nd its suitability to prepare stable and concentrated aqueous
uspensions. In the presence of Dispex A-40 + 17.5 wt.% resin,
he isoelectric point is located at around pH 5.5, i.e., exactly at
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Fig. 5 shows a schematic representation of the molecular
structure of the resin in the solution (Fig. 5a), and adsorbed at
the surface of PZT particles in the absence (Fig. 5b), and in the

Table 1
Wave number picks of PZT and resin and the corresponding group
vibrations.29,30

Wave number (cm−1) Compound Vibrations assignment

575 PZT Ti–O and Zr–O
851.6 Resin C–H2 aromatic
904.6 Resin C–H aromatic

1085 Resin C–O aliphatic ether
1105 PZT Lead titanate29
070 S.M. Olhero et al. / Journal of the Euro

he intermediate position between the IEPs measured in the pres-
nce of each processing additive alone, 2.6 and 8.4, respectively.
he results shown in Fig. 3 reveal that electrostatic interactions
ecame weaker in the presence of resin, which also increases the
iscosity of the dispersion medium. Even though, the viscosity
evels along the minimum plateaux of the systems with and with-
ut resin do not differ so much, suggesting that the resin may be
ontributing to dispersion through other kind of interactions.

Colloidal stability is governed by the total interparticle poten-
ial energy, Vtotal, which can be expressed as:

total =  VvdW +  Velect +  Vsteric +  Vstructural (1)

here VvdW, is the attractive potential energy due to long-range
an der Waals interactions between particles, Velect, is the repul-
ive potential energy resulting from electrostatic interactions
etween like-charged particle surfaces, Vsteric, is the repul-
ive potential energy resulting from steric interactions between
article surfaces coated with adsorbed polymeric species, and
structural is the potential energy resulting from the presence of
on adsorbed species in solution that may either increase or
ecrease suspension stability. The attractive van der Waals forces
epend on the nature of the particles and of the solvent, while
epulsive electrostatic forces are directly dependent on the zeta
otential developed at the solid/liquid interface and can be mod-
fied by the presence of processing additives in solution,22,23 as
bserved in Fig. 3.

According to Derjaguin–Landau–Verwey–Overbeek
DLVO) theory,24–26 a high zeta potential of around 40 mV
s necessary to electrostatically stabilize aqueous high solids
oaded suspensions required for near-net shaping of ceramics.23

he establishment of repulsive interaction forces strong enough
o overcome the van der Waals attractive ones that tend to
old particles together is necessary. Fig. 3 shows that at the
atural pH of the suspensions (≈pH 10–10.3) the absolute
alues of zeta potential are enough high (∼40 mV) to promote
lectrostatic stabilization. Moreover, the other contributions to
tabilization predicted in Eq. (1) cannot be excluded.

In an attempt to get evidences about the specific interactions
f resin molecules with the surface of PZT particles, FT-IR anal-
sis of the resin and of PZT alone, and of different combinations
f PZT and the processing additives as follows: (i) PZT + resin;
ii) PZT + dispersant; (iii) PZT + resin + dispersant before resin
ure; (iv) PZT + resin + dispersant after resin cure, were carried
ut. The results are presented in Fig. 4. The characteristic bands
f PZT perovskite structure could be witnessed at around the
ollowing wave numbers:27–29 (i) 575 cm−1, accounting for the
tretching vibrational mode of Ti–O and Zr–O bonds; (ii) 1150
nd 1395 cm−1 attributed to lead titanate. The spectrum of resin
resents characteristic bands at 851.6, 904.6, 1085, 1245, 1612
nd 2868 cm−1, corresponding to the vibration of the several
hemical bonds in the structure as assigned in Table 1.29,30 The

esin picks corresponding to the aromatic connections, namely at
51.6, 904.6, and 1245 cm−1, for C–H2, C–H and C–O, respec-
ively, disappeared after cure, while the intensities of the picks
t 1085 and 1385 cm−1 decreased. These observations suggest

1
1
2

ig. 4. FT-IR analysis of resin molecules and PZT in presence and in absence
f resin and dispersant.

hat some changes in the resin molecule occurred in presence of
he hardener originating a different structure.

But the main aim of FT-IR analysis was to shed some light
n the specific interactions between the resin molecules and
he surface of PZT particles. The transmittance bands show
hat the presence of dispersant does not affect the PZT spec-
rum, meaning that it is adsorbed at the surface of PZT particles
hrough small intermolecular forces. However, the intensities of
he adsorption picks corresponding to the resin in the system
ZT + resin + dispersant, namely at 851.6, 904.6, 1085 cm−1,
re lower when compared with those observed in the PZT + resin.
he differences observed emphasise the competitive adsorption
f both processing additives at the surface of PZT particles,
n close agreement with the zeta potential data reported in
ig. 3. These specific interactions can be understood based on

he molecular structure of the resin and its dependence on the
hemical environment, as discussed below.
245 Resin C–O aromatic ether
395 PZT Lead titanate29

868 Resin C–H aliphatic symmetric
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Fig. 5. Schematic representation of the: (a) molecular structure of the ethylene glycol diglycidyl ether, the unlocking of the epoxy groups at the edges under alkaline
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nvironment and in the presence of hydrated surfaces creating dipoles in the v
lectrosteric stabilization of PZT particles in presence of resin and dispersant.

resence of dispersant (Fig. 5c). The epoxy groups at the edges
f the molecule become very unstable due to the high stresses
ithin the ring connections. Under alkaline conditions and in the
resence of hydrated surfaces/ammonium groups (NH4

+PAA)
erived from the dispersant or amines, these rings are suscep-
ible to unlock and give rise to the formation of two hydroxide
roups, consequently distorting the electrical charge and creat-
ng dipoles in the vicinity as suggested in the right hand side
f Fig. 5a. These polarized species are prone to readily absorb
nto hydrated surfaces through the OH groups as suggested in

ig. 5b. This would explain the slight cationic character of the
esin by shifting the IEP towards the alkaline pH region (Fig. 3).
he positive dipoles at the outer surface of the adsorbed resin

f
t
a

y; (b) adsorption of the epoxy resin onto the surface of the PZT particles; (c)

olecules will act as an additional driving force for the adsorp-
ion of anionic species from the dispersant. Therefore, a more
xtensive adsorption of the dispersant is expected in the pres-
nce of resin molecules. At the natural pH of the suspensions, the
unctional groups along the polyelectrolyte chains of the disper-
ant will be fully dissociated as suggested in Fig. 5c. However,
he partial neutralization effect exerted by the positive dipoles of
he resin molecules results in a decrease of electrostatic repul-
ive forces as deduced from the zeta potential measurements. But
his does not necessarily mean an overall decrease of repulsive

orces among the particles since the fully dissociated polyelec-
rolyte chains repelling each other and extending to the solution
re likely to exert a steric hindrance. Due to the overall charge
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eutralization effect exerted by resin molecules, the stretching
f the dissociated polyelectrolyte chains to the solution will be
nhanced when resin is absent. This is to say that the apparent
adius (hard radius + add layer thickness) of the PZT particles
ispersed is expected to be higher in the absence than in the
resence of resin. This means that the interaction distance, i.e.,
he distance at which particles start to feel the presence of their
eighbours might be larger in the absence of resin. In other
ords, the effective volume fraction of solids, φeff, can be given
y the relation below, where δ  is the ad layer thickness, a  is the
article radius, and φ  is the solids volume fraction:

eff =  φ

(
1 + δ

a

)3

(2)

Under these circumstances, the increase of the relative vis-
osity of the resin solution can be mitigated by a decrease of
he ad layer thickness and a synergetic steric contribution for
ispersing the PZT particles. The range of steric interactions is
horter in comparison to electrostatic ones, contributing to the
ecrease in the viscosity of the suspensions. This is beneficial
or increasing solids loading, the homogeneity of the slurries,
nd for casting them into moulds with small features such as
ltra-fine piezoelectric ultrasonic pillar arrays.

According to Mao et al.19 the polymerization between the
poxy group of the resin and the active hydrogen of the amine is a
ucleophilic addition reaction rather than a free radical reaction,
nd is therefore not inhibited by oxygen from the air atmosphere.
ence, the processing of the microstructures can be carried out
nder environmental temperature and humidity conditions. The
olymerization of the suspensions with different added amounts
f epoxy resin and respective hardener was monitored by reg-
stering the changes of storage modulus (G′) and loss modulus
G′′) at room temperature (RT) and at 40 ◦C, to study the effects
f resin content and temperature on the gelation behaviour. At
T both the parameters G′ and G′′ increased with time increas-

ng, with predominance of G′′ up to the crossover point where
he situation was reversed. The crossover of G′ and G′′ curves
s conventionally taken as the gelation point from which the
lastic modulus, G′, increases faster than the loss modulus, G′′,
nd the elastic character predominates for the remaining gela-
ion process leading to formation of a rigid gel. The gelation time
ecreased from > 80 min to, 35, 19 and 17 min for added amounts
f resin of 10, 12.5, 17.5 and 20 wt.%, respectively, while the
el strength increased with increasing amounts of added epoxy
esin, giving a good prediction trend for the green strength of cast
amples. For the suspension with 10 wt.% resin, the gelation time
as shortened from >80 min at 20 ◦C to 2 min at 40 ◦C, being

urther accelerated with increasing added amounts of resin. For
he two higher amounts of resin the crossover point could not be
nambiguously detected at 40 ◦C since gelation occurred within
he time period required to set up the experiment. Based on these
esults, room temperature was selected to consolidate the green

ars and pillar arrays.

Table 2 shows the strong influence of resin content on the
uspension properties and on the characteristics of green and
intered bodies consolidated by the new aqueous gel casting

c

s
r
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echnique. Increasing the amount of resin has the following con-
equences: (i) the gelation time decreases; (ii) green density,
ercentage of linear shrinkage upon drying and green strength
re all enhanced; (iii) sintered density tends to decrease. The
ffects of resin content on green properties can be understood
y considering that the in  situ  gelation creates a 3D network of
ne pores that exert a high suction pressure upon drying, making

he gelcast samples to shrink. The fineness of the 3-dimensional
orous network structure is exacerbated with increasing resin
ontent. To prove this, homogeneous solutions containing 10
nd 20 wt.% of epoxy resin + polyamine hardener in water were
llowed to cure in cylindrical rubber moulds. Their measured
pparent density and linear shrinkage are reported in Table 3.
onsidering that the theoretical density (TD) of the resin sys-

em is 1.11 g cm−3, the percentages of TD (%TD) were 10.5%
nd 10.9% for 10 wt.% and 20 wt.% resin, respectively, meaning
hat these resin specimens consist of porosity fractions of 89.5%
nd 89.1%, respectively. The anchorage of resin molecules onto
he surface of the particles, as sketched in Fig. 5b and c, and
he enhanced fineness of the 3D network pores with increas-
ng resin concentrations make the particles approach each other
ore upon drying under the stronger capillary forces gener-

ted. This explains the increase of drying shrinkage. The resin
ompletely filling the interstitial pores among the PZT particles
lso accounts for the enhancement of the green density with
ncreasing resin contents (Table 2).

The SEM micrographs of fracture surfaces of the PZT green
amples consolidated from suspensions with different epoxy
esin contents presented in Fig. 6 support this interpretation. At a
rst glance it seems that no remarkable differences exist among

he samples. However, a more detailed analysis reveals that par-
icles appear embedded in a kind of film that tends to fill the
nterstitial spaces among them, especially for the higher added
mounts (17.5 and 20 wt.%) of resin. The noticeable roughness
bserved is not considered to be a result of porosity, but is typ-
cal of non-catastrophic failure due to pullout effects and to the
esilience conferred on the samples by the cross linked polymer.

Enhanced particle packing together with the higher fractions
f reinforcing cross linked polymer completely filling the inter-
tices among the PZT particles are the responsible factors for
he observed increase in green strength from about 15 to 35 MPa
or epoxy resin contents increasing from 10 to 20 wt.%, respec-
ively (Table 2). The flexural strength of 35 MPa is twice that

easured for components consolidated by the traditional gel-
asting process (18 MPa). Such high strength values allowed the
ltra fine scale PZT pillar arrays with ellipsoidal and semicircle
hapes having lateral dimensions lower than 10 �m and more
han 100 �m height to be easily de-moulded as can be seen in
he micrographs presented in Fig. 7. We have found that green
odies are resilient and can be significantly deflected before
reaking, which is a key advantage for a successful de-moulding
rocess. These results prove the suitability of the new aqueous
elcasting system for fabricating high green strength PZT micro

omponents and microelectromechanical systems (MEMS).

However, the results of sintered density reported in Table 2
hown a clear decreasing trend with increasing amounts of added
esin, suggesting that the relics of resin burning off have a
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Table 2
Gelation time and properties of green and sintered PZT ceramics consolidated at room temperature by the new gelcasting process.

Sample Gelation time (min) Green density (g cm−3) Linear shrinkage (%) Green strength (MPa) Sintered density (g cm−3) Sintered TD (%)

PZT-10 >80 4.74 ± 0.09 2.84 ± 0.11 15.02 ± 0.79 7.89 ± 0.02 99.3 ± 0.3
PZT-12.5 35 4.94 ± 0.24 4.82 ± 0.16 25.13 ± 0.54 7.74 ± 0.01 96.7 ± 0.1
PZT-17.5 19 5.29 ± 0.23 5.86 ± 0.16 29.15 ± 0.25 7.42 ± 0.03 92.7 ± 0.4
PZT-20 17 5.28 ± 0.08 6.10 ± 0.09 35.21 ± 0.39 7.38 ± 0.02 92.2 ± 0.1

Fig. 6. SEM micrographs of PZT green samples obtained by the new gel casting technique with different added amounts of epoxy resin: (a) 10%; (b) 12.5%; (c)
17.5%; (d) and 20%.

Fig. 7. SEM micrographs of green pillars arrays with different shapes: (a) view of half-circle pillars; (b) close-up of (a); (c) view of ellipse-shaped pillars.
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ig. 8. SEM microstructures of PZT sintered samples obtained by the new gel 

c) 17.5%; (d) and 20%.

eleterious effect on densification of PZT bodies. The burn off
ehaviour of the organic component was studied by thermal
nalysis in air atmosphere at the heating rates of 1 ◦C min−1 and
0 ◦C min−1 using very thin slices cut from the PZT sample con-
aining 20 wt.% epoxy resin (results not shown). It was found
hat at the lower heating rate all the organics burnout up to about
00 ◦C, while the DTA signal was relatively weak. Increasing
he heating rate to 10 ◦C min−1 caused an expected shift of the
eight loss curve to higher temperatures and a constant weight
as only achieved at about 500 ◦C. There was an initial slow
eight loss step observed until ≈200 ◦C, corresponding to an

ndothermic effect, attributed to the release of free and adsorbed
ater. A second weight loss starting at ≈200 ◦C, corresponding

o an overall exothermic effect, was due to the degradation of the
rganic additives, epoxy resin, hardener and dispersant, being
n good agreement with the results obtained by other authors
or similar organic compounds.19,31 It is worthy to note that the
otal weight loss was between 9 and 10 wt.%, i.e., about dou-
le of that expected when considering only the added organic
omponents (the percent of added resin is relative to the liquid
edia). This means that water is strongly retained in the cured
esin. Based on these results, and considering the bulky features
f the bars consolidated for flexural strength measurements, de-
inding experiments aimed at evaluating the influence of organic

able 3
pparent density and linear shrinkage of resin specimens consolidated at room

emperature from solutions with different contents of resin.

oncentration of resin
queous solution

Resin specimens

Apparent density (g cm−3) Linear shrinkage (%)

0-wt.% resin 0.117 ± 0.004 39.10
0-wt.% resin 0.121 ± 0.006 23.20

D
a
s
s
o
l
r
s
i
h
t
m
t

g technique with different added amounts of epoxy resin: (a) 10%; (b) 12.5%;

dditives on the sintering process were conducted at 1 ◦C min−1

p to 500 ◦C, thus assuring a complete burnout of the organic
ubstances before the sintering process starts.

Fig. 8 shows the SEM micrographs of fracture surfaces of
intered samples. A gradual increase of porosity with increasing
mounts of resin is clearly noticed from these micrographs, in
lose agreement with the concomitant decrease in sintered densi-
ies (Table 2). These results support the hypothesis raised above
hat the burn off relics of resin have a deleterious effect on sin-
ering ability, since the green packing efficiency was enhanced
ith increasing resin contents.

. Conclusions

A new gelcasting process was successfully used to fabri-
ate fine scale and high green strength piezoelectric pillar arrays
hrough a soft moulding technique using epoxy resin and hard-
ner as gelling system. Relatively low viscous PZT suspensions
ith solids loading as high as 45 vol.% were electrosterically sta-
ilized based on a synergetic effect between the adsorbed resin
olecules having cationic features and an anionic dispersant,
ispex A 40. Pillars with lateral features lower than 10 �m and

spect ratios higher than 10:1 could be easily fabricated using
oft reusable PDMS moulds. The flexural strength of the con-
olidated green bodies increased with increasing added amount
f resin in the range of 10–20 wt.% relative to the amount of
iquid, achieving a value of 35 MPa for 20 wt.% of added epoxy
esin. The sintered PZT ceramics consolidated by this technique
how relatively dense and homogeneous microstructures, mak-
ng the new gelcasting process an attractive choice for fabricating

igh frequency transducers. The near net shaping capabilities of
his new gelcasting process enables elimination of expensive

icromachining, therefore decreasing the production costs of
he ceramic components. These features represent a huge step
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