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1. Introduction

Ferroelectric ceramics may be seen as the most important type of ferroelectric materials,
which have been used in a wide spectrum of electrical and microelectronic devices, includ-
ing underwater transducers, micro-pumps and valves, ultrasonic motors, thermal sensors,
probes for medical imaging and non-destructive testing, and accelerometers, etc (Cross LE,
1996; Setter et al., 2000).

Ferroelectric ceramics used in the devices have various shapes. A certain shape formation
technique is required to make ceramics with the desired shapes. Dry pressing is the most
commonly used ceramic forming technique. In this technique, dry powders containing or-
ganic binder are filled into a solid mold, then dry ceramic green bodies with the shape of the
mold cavity are formed under mechanical or hydraulic compacting presses selected for the
necessary force and powder fill depth. The pressure is around several tens of MPa or higher.
Therefore, large ceramic parts require a much higher compacting force. If the ceramic parts
are unable to have pressure transmit suitably for a uniform pressed density then isostatic
pressing may be used. One of the most serious disadvantages of dry pressing lies in the dif-
ficulty in fabricating high quality large and complex-shaped ceramics or ceramics with a
fine structure, which are required for various devices.

To resolve the problems associated with the conventional dry pressing, new wet forming
techniques, such as gelcasting (Omatete et al., 1991), electrophoretic casting (Biesheuvel et
al.,, 1999), hydrolysis assisted solidification (Novak et al., 2002), and direct coagulation cast-
ing (Graule et al., 1996), etc., are becoming increasingly attractive for advanced ceramic ma-
terials. Since in these techniques the ceramic powders are dispersed in a liquid medium and
thoroughly mixed, wet forming techniques have the advantages of reducing some structure
defects that are difficult to remove in dry pressed ceramic parts. Among the many wet form-
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210 Advances in Ferroelectrics

ing techniques, aqueous gelcasting represents the latest improvements. In the technique, a
high solids loading slurry obtained by dispersing the ceramic powders in the pre-mixed sol-
ution containing monomer and cross-linker is cast in a mold of the desired shape. When
heated, the monomer and cross-linker polymerize to form a three-dimensional network
structure, thus the slurry is solidified in situ and green bodies of the desired shape are ob-
tained, which consists mainly of ceramic powders with a low polymer content. Gelcasting
may be seen as a milestone in fabricating complex-shaped ceramic parts since it has initiated
a new branch of research in ceramic processing due to its intriguing properties of near-net-
shape forming, high green strength, and low binder concentration, etc. As a pressure free
method, it can also be used in fabricating large ceramic components that have simple
shapes. For example, to make a ceramic disc with a diameter of 20 cm by dry pressing, a
load of hundreds of tons is required. In contrast, such a ceramic disc can be easily made by
gelcasting via a simple ring-shaped mold at much less cost. Furthermore, gelcasting may be
developed to fabricate complex-shaped (Cai et al., 2003) or fine-structured (Guo et al., 2003)
ceramic parts that are rather difficult or even impossible to be formed by the conventional
dry pressing method.

Since its invention in 1991 gelcasting has been widely used for the fabrication of structural
ceramics, including Al,O; (Young et al., 1991), SiC (Zhou et al., 2000), and Si;N, (Huang et
al.,, 2000), etc. Later, it was applied to a number of functional ceramics in a number of ways
including LaGaO; (Zha et al., 2001), ZnO (Bell et al., 2004), and Sr,s;Ba,sNb,O, (Chen et al.,
2006), etc. The first journal report about the application of gelcasting to piezoelectric ceram-
ics appeared at 2002 (Guo et al., 2003). Compared to structural ceramics, much less research
about gelcasting of functional ceramics has been conducted so far.

Among the many ferroelectric ceramic materials, lead zirconate titanate (PZT) is the most
widely used one owing to their superior piezoelectric, pyroelectric and dielectric properties.
A fascinating feature of multicomponent ferroelectric ceramics is that their electrical proper-
ties can be modified by doping with acceptors and donors (Shaw et al., 2000). As a result, a
series of PZT materials with tailored properties are commercially available. Unfortunately,
this feature also leads to the problem of high sensitivity of the electrical properties of PZT to
composition. In addition, PZT is commonly used with a composition close to the morpho-
tropic phase boundary (MPB) at a Zr/Ti ratio of about 52/48, where properties such as piezo-
electric coefficients, dielectric permittivity, and coupling factors are maximized and thus
may be more sensitive to the composition (Noheda et al., 2006). On the other hand, since
shape formation in gelcasting is achieved through in situ polymerization, organic additives
are used in the premix solution. Also, addition of commercial surfactants that may have a
complicated composition is indispensable, because successful fabrication of ceramics via gel-
casting or other colloidal methods requires to prepare high solids loading ceramic slurry
with still a low viscosity. Consequently, in order to apply gelcasting to the formation of fer-
roelectric ceramics such as PZT, it is necessary to remove the possible influence of the im-
purities introduced by the various additives on the electrical performance of the final
products. This makes the problems more complicated than that of structural ceramics.
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2. Colloidal chemistry and rheological properties of PZT suspensions

We first give a short introduction the gelcasting technique. The details are out of the focus of
this chapter, and interested readers can refer to other papers. According to the liquid medi-
um used, there are two types of gelcasting systems: aqueous and nonaqueous systems. In
aqueous gelcasting deionized water is used as the medium, and acrylamide (C,H,CONH,)
may be seen as a prototype monomer. Generally, N,N-methylenebisacrylamide
(C;H;CONH),CH,, MBAM) N,N,N,N;-Tetramethylethylenediamine (TEMED) and
(NH,),S,0O; are used as the cross-linker, the catalyst and the initiator, respectively. The gel-
casting process of PZT is similar to that of previous studies. The flowchart of the gelcasting
is shown in Figure 1. First, the PZT powders are added in the premix solution containing
AM and MBAM and thoroughly mixed. After addition of initiator and catalyst, the slurry is
de-aired in vacuum, then the slurry is cast into the mold with desired shape and heated
around 60-80°C in a oven for several hours for polymerizatoin and drying. After demolding
the green ceramic body is obtained.

Monomers and

Cross-linker Water

[%g(’eggf J [Dispersant

VARV,

Deairing
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7

Initiator and Catalyst

(il

Demould

i

Sintering

Figure 1. The flowchart of gelcasting
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The colloidal and rheological properties of the PZT suspension are important issues that
should be addressed first. Homogenous dispersion of the powder in the premix solution
and stability of the suspension are determined mainly by attractive and repulsive forces be-
tween the particles in the system. The former generally arises from the van der Waals forces
while the latter can arise from electrostatic repulsion or steric repulsion of surfactant materi-
als absorbed on the particle surfaces (Israelachvili, 1992). Magnitude of the van der Waals
forces is mainly determined by the nature of the particle surface and the solvent. While the

repulsive forces can be modified over a wide range by dispersants.

Commercial Name TAC JN281

SP2 SGA

Producer Beijing Chemical Beijing Pinbao Beijing Tongfang Chemical  Beijing Tongfang
Reagent Co. Chemical Co. Co. Chemical Co.
Composition Triammonium citrate Poly (acrylic acid), Poly (acrylic acid-co-maleic  Poly (acrylic acid), Na

NH, * salt solution

acid), Na* salt solution

Table 1. Composition and producer of the dispersants
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Figure 2. Effect of dispersants on the zeta potentials of the PZT suspensions at different pH values.

Polyelectrolyte dispersants are well known to be effective for various ceramic slurries due to
both electrostatic and steric repulsions of the macromolecules. Here we show the effects of
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typical polyelectrolyte dispersants and a widely used organic surfactant triammonium cit-
rate (TAC). The details are listed in Table 1. Electrostatic repulsion is dependent on the zeta
potential (C) of the powders. The higher this value with the same polarity, the stronger the
electrostatic repulsion between the particles. When close to the isoelectric point (IEP), the
particles tend to flocculate. Zeta potentials of various PZT aqueous suspensions (0.06 vol %
solids) at different pH values are shown in Figure 2. The zeta potential of pure PZT suspen-
sion changes from 33 mV at pH =1.7 to - 35.1 mV at pH = 11.9 with an IEP at about pH =7.2,
suggesting that neutral environment is disadvantageous for good dispersion. Addition of
monomer only slightly decreases the relative value of the potential and has little effect on
IEP, indicating that the uncharged AM molecules screen the charge of the PZT particles.
With the addition of TAC, JN281 and SGA the IEP is moved to pH = 2.5, 2.1 and 2.3, respec-
tively. In the range of neutral environment to pH = 12, the zeta potential is almost constant.
The higher absolute potential values of suspensions with JN281 and SGA than that with
TAC imply that polyelectrolyte dispersants are more effective as far as the electrostatic re-
pulsion is concerned.

Figure 3 shows the viscosity as a function of the shear rate for different PZT slurries solids
loading. Adjustment of pH values to either acid or basic conditions has little effect, while
addition of dispersants can greatly decrease the viscosity. The high viscosities at the begin-
ning indicate a ‘Bingham’ type behavior, which is followed by a shear thinning at low shear
rates. Shear-thinning behavior can be attributed to a certain kind of rearrangement of the
relative spatial disposition of the particles. For concentrated suspensions of hard solid parti-
cles in Newtonian liquids, a flow-induced layered structure has been verified (Ackerson,
1990). Such a structure can provide a low resistance of the particle movement between dif-
ferent layers under the shear flow. For the systems containing dispersants, when the shear
rates increase to a critical value (y.) a shear-thickening behavior appears, indicating that the
flow-induced structure is destroyed. It is clear that the polyelectrolyte dispersants are much
more effective than TAC. In addition, PZT slurries in the premix solution have almost the
same viscosity values as those in the pure water, suggesting that addition of AM (15 wt.%)
has little effect on the viscosity. These and the zeta potential results indicate that the polye-
lectrolyte dispersants work by both electrostatic and steric stabilization mechanism.

Generally, there is a complex nonlinear relationship between viscosity and solids volume
fraction, which is closely related to many factors, including the continuous phase viscosity,
particle-size distribution, and particle shape, etc. Influence of solids loading on the apparent
viscosity is shown in Figure 4. At low solids loading the slurries show a low viscosity. The
continuous addition of particles finally three-dimensional contact throughout the suspen-
sion, making flow impossible. The particular solid phase volume at which this happens is
called the maximum packing fraction @, (Barnes & Hutton, 1989). Before adding dispersant
the PZT suspension has a measurable viscosity at a solids loading slightly smaller than 32
vol.%. Adding a little more PZT powders leads to a ‘solidified” slurry whose viscosity is im-
possible to be measured by the normal rheometer. The @, is thus determined to be 32 vol.%.
Adding 0.8 and 1.5 wt.% of TAC increase @, to about 47 and 53 vol.%, respectively. The
lower @, for a TAC concentration of 2.2 wt.% indicates that excess dispersant is harmful.
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The relationship between the viscosity and the solids volume fraction for monodispersed
suspension can be explained by the Krieger-Dougherty (K-D) model:
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Figure 3. Influence of dispersants and pH value on the viscosity of the PZT suspensions
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Figure 4. Influence of solids loading on the viscosities of the PZT suspensions
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n=n,1-¢ /)" (1)

where 1n and 1), are the viscosity of the suspension and the solvent, respectively. The true
volume fraction of the powder in the suspension is represented by f. The intrinsic viscosity
[] is a function of particle geometry; a value of 2.5 is suitable for spherical particles. A maxi-
mum packing fraction of 0.63+0.002 is suitable for random close packing at low shear rate.
The K-D model curve with [] = 2.5 and ®,=0.63 is plotted in the Figure. Although the ex-
perimental curves are somewhat deviated from the K-D model, they still show a similar
shape: low viscosity at low solids loading and sharp increase at high solids loading. The dis-
crepancy may partly be ascribed to the inhomogeneity of the particle size. In addition, parti-
cle flocculation will lead to a lower @, because the flocs themselves are not close-packed
(Starov et al., 2002) and they can trap part of the liquid phase, thus, leading to higher “effec-
tive phase volume’ and viscosity than those of the primary particles. The results clearly
show the remarkable effect of dispersants in getting low viscosity ceramic slurry.

3. Electrical characterization and analysis of the doping effects

3.1. Electrical characterization for identifying the doping type

The piezoelectricity of PZT type materials originates from the displacement of Zr and Ti
sublattices and the electrical properties of the materials can be dramastically affected by
doping atoms. There are primarily two types of dopants for PZT, i.e. the donor type (soft
type), and the acceptor type (hard type) (Jaffe et al., 1971). The former is mainly caused by
substitution of higher valence ions for the A site Pb or B site Zr and Ti, and correspondingly
higher piezoelectric coefficient (d;;), planar electromechanical coupling factor (K,), relative
permittivity (¢,), loss tangent (tg0), P, values and a lower mechanical quality factor (Q,,) val-
ue are obtained. The latter, which is caused by substitution of lower valence ions for the A
or B site atoms, has contrary effects.

Sample Average d; €, tgd Ky

Dry pressed 469 pC/N 1430 0.0311 0.621
G-TAC 468 pC/N 1369 0.0325 0.633
G-JN281 479 pC/N 1352 0.0401 0.675
G-SP2 403 pC/N 1285 0.0250 0.591
G-SGA 330 pC/N 1244 0.0202 0.541

Table 2. Comparison of densities and some electrical parameters of dry pressed and gelcast PZT samples.
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Some electrical parameters of different soft-doped PZT samples are compared in Table 2,
where G-TAC, G-JN281, G-SP2 and G-SGA represent the best available gelcast PZT sam-
ples with TAC, JN281, SP2 and SGA as the dispersants, respectively. The ¢ and tg6 are 1
kHz data under room temperature. The dry pressed sample is obtained under a pressure
of ~ 80MPa. G-TAC shows similar electrical properties with those of the dry pressed one.
This indicates that the organic species used in gelcasting, including the dispersant TAC,
the monomer and the cross-linker, etc., have almost no doping effects. Compared to the
dry pressed sample, G-SP2 and G-SGA show higher Q,, and decreased d;;, K, ¢, tg6 and
P, values, while change of these parameters for G-JN281 is to the contrary. Thus, the data
in reveal that SP2 and SGA induced evident ‘hard’ doped characteristics, while JN281 in-
duced ‘soft’” doped characteristics. Except for the dispersant species, the samples were pre-
pared under the same conditions. Hence, the different properties should be mainly
attributed to the dispersants used. A ‘fingerpint’ of hard doping effect is the increased Q,,
(Damjanovic, 1998). Since Na* is the main metal cation in SP2 and SGA, we neglect other
difference and check the correlation between Na concentration (inspected by X-ray Fluo-
rescence) and Q,. As shown in Figure 5, Q,, roughly shows an increasing trend with Na
mole fraction except for G-JN281. Then we intentionally introduced Na into the G-JN281
by adding NaOH to the corresponding slurry to increase its pH value to ~13. As expect-
ed, a higher Q,, is indeed obtained after adding Na to G-JN281. These reveal that the Na*
ion introduced by the dispersants has a stronge doping effect for gelcast PZT. From the
valence and diameter (1.02A) of Na*, we deduce that it should substitute for the A site
Pb* (1.18A) as an acceptor dopant.

140 |
" GsGA
O
G-TAC
100
g | G-JN281+Na
gol U
i |
G-JN281
60 | Dry pressed
40 2 | 2 | L 1 ' 1 L 1 ! |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Na Content (mol%)

Figure 5. lllustration of the relationship between Na concentration (mole percentage in total metal elements) and Q,,
of various PZT samples.
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3.2. Complex impedance spectra

Figure 6(a), 6(b), 6(c) and 6(d) show the complex impedance spectra in the temperature
range of 300~540 °C of the dry pressed sample, G-JN281, G-JN281+Na and G-SP2, respective-
ly. The spectra of G-TAC is very similar with those of the dry pressed sample and thus not
shown. The complex impedance spectra of all samples show only one Cole-Cole semicircle
crossing the origin, which can be assigned with an equivalent circuit composed of a simple
parallel RC element with a impedance that can be expressed as equation (2):

R

“ TR @)

where the parameter n characterizes the distribution width of the relaxation times around a
meanvaluet=RC (Westetal.,1997). The semicircles of the samples showno obvious depression,
i.e. the depression angle (3 (=n7t/2) between the real axis and the line from the high frequency in-
tercept to the centre of the circleis close to 0. Thus, nis close to 0, indicating a debye-like behavior
withasinglerelaxation time (West, 1997; Cao, 1990). Thenbased on equation (2) the following re-
lationship aboutthereal (Z’)and imaginary (Z") parts of theimpedance canbe derived:

(z-Rj2)" + 27 =(R/2)" (3)

The resistance R derived from the diameter of the semicircle, and the capacitance C can be
derived from the angular frequency w at the peak of the circular arc based on the relation-
ship wRC=1. The C values of the samples are in the order of 10"°-10® F, which can be associ-
ated with the intrinsic ferroelectric bulk (or grain) response.

Using the R values, the logarithm of conductivity of different samples as a function of recip-
rocal temperature is plotted in Figure 6(e). The conductivity o of the ferroelectric bulk phase
shows an Arrhenius type behavior that can be described by equation (4):

-E
o =0, exp(2) (4)

where o, E,, k and T are the pre-exponential factor, the activation energy, the Boltzmann’s
constant and the absolute temperature, respectively. The logarithm of equation (4) gives
equation (5):

E 1
Ino; =Ino, - ?(?) =-2.3025%1og p;. (5)

where p; is the resistivity. Based on the sample geometry, the E, values associated with the
intrinsic bulk phase conduction of the samples were derived by using equation (5). The data
are compared in Table 3.
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Figure 6. Complex impedance spectra of different PZT samples. (a) Dry pressed. (b). G-JIN281. (c) G-JN281+Na. (d) G-
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Sample

Dry pressed

G-JN281

G-JN281+Na

G-SP2

G-SGA

1.24 eV

1.48 eV

1.14 eV

1.08 eV

1.07 eV

Table 3. Comparison of the conductivity activation energies of different PZT samples.
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Figure 7. (a) Complex impedance spectra of G-SGA. The inset shows the magnified 375,Cand 418,C curves. (b) Arrhe-
nius plot of the ferroelectric bulk phase resistivity of the sample derived from the grain response of its impedance
spectra.

The spectra of G-SGA shown in Figure 7(a), particularly the high temperature curves shown
in the inset, consist of two semicircles, which can be assigned with an equivalent circuit
composed of two parallel RC elements. This indicates the much different ‘electrical micro-
structure’'* of G-SGA, which has the highest Na concentration. The capacitance obtained by
titting the first semicircle can also be attributed to the ferroelectric bulk response, while the
second semicircle may be attributed to the grain boundary response due to the higher capac-
itance. Actually, one semicircle spectrum may also appear if different responses in a sample
overlap as a result of their similar relaxation time. A closer check of Figure 6(d) indicates
that the one semicircle impedance spectra of G-SP2 have a slightly higher depression angle
than other spectra in Figure 6, consistent with its higher Na concentration (see Figure 5).
These imply that the grain boundary response is gradually magnified with increasing Na
concentration. The Arrhenius plot of the conductivity of the bulk phase response of G-SGA
is shown in Figure 7 (b). The derived E, value is also listed in Table 3.

The loss of PbO through its volatility causes oxygen vacancies in PZT, leading to a p-type
conductivity (Barranco et al., 1999). The acceptor Na* incorporated by the dispersants can
substitute for Pb**, which can be expressed as following:

Na20=2Napb +O,+V, (6)

Thus, Na* ions replace Pb* ions and more oxygen vacancies are simultaneously created for
charge compensation. Oxygen vacancies are the only lattice defects in the perovskite oxides
that have a significant mobility, and the conductivity should be improved by the oxygen va-
cancy conduction mechanism via hopping of atoms in the oxygen octahedral network (Ray-
mond & Smyth, 1996). This well explains the lower E, data of G-SP2 and G-SGA than that of
the dry pressed sample (Table 3), revealing again the hard doping effect of the Na-contain-
ing dispersants. The relatively higher activation energy of G-JN281 implies the presence of a
certain donor-type impurity in G-JN281. Addition of NaOH into G-JN281 leads to a lower E,
value and further confirms the doping effect of Na.
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3.3. Ferroelectric hysteresis loops

The ferroelectric (polarization-electric field) hysteresis loops of the PZT samples are shown
in Figure 8. In Figure 8(a), G-SP2 and G-SGA show remnant polarization (P,) of 32.7 uC/cm?
and 16.7 pC/cm?, respectively. Both values are smaller than the value of 39.8 uC/cm? of the
dry pressed sample. The difference can also be interpreted by increased oxygen vacancies
due to doping of Na. As afore mentioned, oxygen vacancies can move in the oxygen octahe-
dral network. This may lead to a low stability of the 2Na,,’-V,, defect dipoles. The defect di-
poles tend to orient themselves along the polarization direction, resulting in stabilized
ferroelectric domains. A stabilized domain wall structure in turn give rise to more difficult
poling and depoling (switching) and a smaller P, (Warren, et al., 1996; Lambeck & Jonker,
1978). The round open loop of G-SP2 implies a higher leakage current. The hysteresis loops
of G-JN281 and G-JN281+Na in Figure 8 (b) also clearly demonstrates the effect of Na: de-
creased P, and a loop with a rounder shape.
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Figure 8. Ferroelectric hysteresis loops of the PZT samples.

4. Microstructural characterization

The XRD spectra of All samples (Figure 9) show typical perovskite structures (Soares et al.,
2000; Hammer et al., 1998). The XRD patterns of G-TAC, G-SP2 and G-SGA are very similar
to that of the dry pressed sample. While the peaks of the XRD pattern of G-JN281 shift very
slightly to higher diffraction angles, indicating a contracted lattice cell. Considering the soft
doped characteristics of G-JN281, the change in its XRD pattern may again be attributed to a
certain unknown donor impurity ion introduced by the dispersant.
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Figure 9. XRD patterns of different PZT samples.

As shown in Figure 10, although sintered under the same procedure, the samples exhibit
rather different morphologies. SEM image of G-JN281+Na is not illustrated since it is very
similar to that of G-JN281. Dry pressed sample shows an intergranular fracture surface and
relative uniform grains with a diameter of 3~5 um. G-JN281 shows a morphology very simi-
lar to that of the dry pressed one. G-SP2 also shows a basically intergranular fracture sur-
face, but the grains are much larger with a diameter of 6~10 um. Much different from other
samples, G-SGA shows a transgranular fracture surface with the largest grains with a diam-
eter of about 12 um. Such a transgranular growth may result from chemical inhomogeneity
and presence of intergranular phases or expanded grain boundary region. This is consistent
with the two semicircle impedance spectra of G-SGA shown in Figure 7 (a).

In summary, electrical and structural characterization indicate that the Na* ion, which is the
main cation in many widely used commercial dispersants (Xu et al., 1996; Tomasik et al.,
2003), shows detrimental hard doping effects, leading to deteriorated electrical performance.
Also, the impurity species introduced by dispersants or other additives may have a compli-
cated influence on the electrical properties and microstructure of gelcast PZT samples. The
results indicate that the specific doping effect, e.g. the change in electrical performance by
the additives during processing, is a critical issue that should be paid special attention when
applying gelcasting to the formation of electronic ceramics.
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Figure 10. SEM images of the fracture surfaces of different PZT samples. (a) Dry pressed sample; (b) G-JN281; (c) G-
SP2; (d) G-SGA.

5. Development of gelcasting for special-shaped PZT ceramics

Application of gelcasting to ferroelectric ceramics is not a mechanical copy of the technique
to a different powder material. In addition to the demonstrated doping effect of the necessa-
ry additives, there are many other specific issues deserving further investigation. The many
devices require the ferroelectric ceramic components to have various specific shapes (Scott,
2007). The shapes of the gelcast bodies are formed during gelation and drying process with
the confinement of the molds. The two most critical issues about shape formation that have
attracted more and more attention are probably the fracture (or crack growth) and deforma-
tion of the ceramics. No doubt that the former should be avoided, however, what is interest-
ing is that the latter may even be used to form shapes that are difficult to formed by the
molds. The two issues are briefly discussed in the following.
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5.1. Factors affecting fracture and crack growth

Fracture or crack growth results from the competition of the strength of the gelcast body and
the stress developed during gelation and drying. Many factors can affect fracture or crack
growth, including the monomer concentration, monomer/cross-linker ratio, initiator concen-
tration, initiator/catalyst ratio, gelation temperature and drying condition (humidity), etc (Ma
et al., 2006). It is easy to be understood that too low a monomer concentration is insufficient to
keep the three dimensional polymer network structure. A suitable monomer/cross-linker ratio
is necessary to keep a strong gelcast body with still controllable stresses. Compared to other
factors, initiator and catalyst seem to be more critical in controlling the gelcast body strength
and stresses, since they can determine the ‘joints” of the gel network. As shown in Figure 11. A
slight decrease of the (NH,),S,04 concentration from the normal level causes a seriously broken
green body. In addition to use of optimized premix solution, drying is a complicated process
that should be carried out under contolled humidity (Barati et al., 2003).

Fracture or crack growth may also appear after sintering (Zheng et al., 2008), even if the
shapes of the ceramics are well preserved after drying. During sintering the macromolecular
gel network is destroyed and the stresses developed due to material densification may give
rise to fracture or cracks in the ceramic body with decreased strength.

(2/3 of the normal level)
20 wt.% AM solution

Figure 11. A fractured PZT-4 type green body caused by a lower initiator concentration
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5.2. Deformation controllable gelcasting

Factors that affect crack growth discussed in the forgoing section also affect deformation. In
most cases, deformation should be kept as smaller as possible. However, well controlled defor-
mation can also be used to fabricate certain devices that use specially-shaped PZT as the active
components. Here we show two examples: spherical PZT shell vibrator and PZT minitube.

As an effective non-invasive surgical tool, High intensity Focused sound (HIFU) has been
used for the treatment of human tissues such as liver, kidney, breast, uterus and pancreas,
and it is receiving growing interest (Wan, et al., 2008; Davies et al., 1998). As shown in Fig-
ure 12, some therapeutic HIFU transducers require to use spherical piezoelectric PZT shells
as the active components (Saletes et al., 2011). Conventionally, such a spherical plate is fabri-
cated by grinding both sides of a cylindrical plate. The mechanical method is time-consum-
ing and wastes a lot of PZT material. Gelcasting of flat PZT plates generally uses a
cylindrical ring mold and a flat bottom plate. During drying, the upper surface of the gelcast
body is exposed to atmosphere while the other side is still berried until the whole body sol-
idifies. Then we found an interesting phenomenon: the upper part of the gelcast body might
dry and shrink first and a spherical plate was formed. By using suitable premix solution and
under well controlled temperature and humidity, the plate edge bends up and a rather ideal
spherically shaped PZT green plate can be formed. After sintering a spherical PZT plate was
formed, which only needs to be grinded slightly to produce a homogenous spherical vibra-
tor. Furthermore, because a lower humidity and a higher temperature can give rise to a larg-
er deformation, the curvature radius can be controlled in a certain range under well
controlled experimental conditions. So far the smallest focal length obtained for a plate with
a diameter of 10 cm without further machining is around 15 cm. A PZT-8 plate with a diam-
eter of 12 cm is shown in Figure 13.

Transducer
spherical-shaped ‘Lesion’ of coagulative necrosis at foucus

PZT vibrator /Tumour

Target organ
Skin ———1 (e.g. liver)

Undamaged tissue in front of focus

Figure 12. Schematic illustration of the therapeutic effect of a HIFU transducer
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5.3. Fabrication of hollow spherical PZT shell

Thin-walled hollow sphere Omnidirectional Transducer has been used in hydrophones for
many years (Li et al., 2010), which uses a hollow spherical PZT shell as the active compo-
nent. Hollow spherical PZT shell is generally fabricated by Cold isostatic pressing, which re-
quires complicated facilities. We show here that gelcasting can be developed to fabricate
such Hollow spherical PZT shells by using a ball-shaped removable polymeric mold. First,
the polymeric ball mold is fixed in a normal metal mold with a large spherical cavity, then
the aqueous PZT premix slurry is poured into the mold. After gelation and drying, the
whole mold containing the PZT green body and polymeric ball is removed by a careful ther-
mal treatment. The most critical step in this method is thermal treatment, which solidifies
the PZT slurry and melt the polymeric ball in due time. A PZT-4 hollow spherical shell with
a focal length of ~ 200 mm, a diameter of ~ 120 mm and a wall thickness of 2 mm is also
show in Figure 13.

Figure 13. Illustration of special-shaped gelcast PZT ceramics: spherical PZT plate and hollow spherical PZT shell.

In addition to the above mentioned advanced techniques, other gelcasting based ceramic
fabrication or processing techniques have been developed in the authors’ group, including
spatter laser drilling techniques (Guo, 2004), and Rapid Prototyping of PZT bodies by com-
bining gelcasting and Selective Laser Sintering (Guo, 2003), etc.

6. Conclusions

Comparison of various electrical properties and microstructures of various gelcast soft PZT
samples with those of the dry pressed PZT one suggests that the Na* ion, which is the main
cation in many widely used commercial dispersants, shows detrimental hard doping effects,
leading to deteriorated electrical performance. The conclusion may be transferable to other
doping ions like K*, which is also contained in many commercial dispersants. Also due to
the doping ions introduced by dispersants, the performance of the glecast PZT sample may
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also be improved as well. Considering that dispersants are indispensible in getting concen-
trated low viscosity ceramic slurries, the possible doping effect of metal ions or impurities
introduced by the dispersants or other additives should be generally considered when ap-
plying gelcasting to forming multicomponent electronic ceramic materials whose electrical
properties are sensitive to the composition.

In addition, we also demonstrate some advanced gelcasting techniques, including deforma-
tion controllable gelcasting of spherical PZT disc and gelcasting based hollow spherical PZT
fabrication technique, etc. Application of gelcasting to PZT is not a mechanical copy of the
technique to a different powder material. The results show that successful application of gel-
casting to ferroelectric ceramics is not a mechanical copy of the technique to a different pow-
der material.
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