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In this paper, a FGM monomorph actuator was fabricated and its properties were also
investigated. The procedure of fabricating such an actuator using electrophoretic
deposition (EPD) was first established. The important processing parameters, such as zeta
potential, were determined. The phase composition and microstructure of the deposits
were examined using XRD and SEM. Smooth gradient microstructure was observed over
the cross section and no significant defects and sharp interface was observed. The
displacement of a monomorph, with dimension of 15.0 mm in length, 3.0 mm in width and
0.3 mm in thickness, was measured to be 4.16 µm under 100 V with low loss using photonic
sensor. Both the microstructure and the electromechanical properties of the FGM
monomorph actuator have indicated that EPD technique is a promising fabrication method
for high performance components. C© 2003 Kluwer Academic Publishers

1. Introduction
Piezoelectric ceramics such as lead zirconate-titanate
(PZT) are widely used in applications such as actua-
tors, transducers, and micropositioners [1]. Piezoelec-
tric bimorphs are a typical type of piezoelectric device
which can produce relatively large displacement [2].
They consist of two piezoelectric ceramic sheets which
are bonded over their entire long faces and suitably cov-
ered with electrodes. Application of an external elec-
tric field across the piezoelectric sheets then results in
a transverse deflection at the tip due to the axial con-
traction of one sheet and extension of the other sheet.
However, it is noted that there exists severe disadvan-
tages such as low reliability and poor interfacial bond-
ing conditions in these layered structures. Thus, it is
desirable to develop a monomorph with lower or no
internal stress peaks when voltage is applied to and
minimize structural discontinuity that can result in the
failure of devices under cyclic loading. Recently, the
concept of “Functionally Gradient” has been proposed
to form monomorph [3–6]. Nevertheless, it is noted that
the monomorphs proposed still exist sharp transitions
due to limitations in the fabricating process.

In this report, a new FGM is proposed and the
schematic structure is shown in Fig. 1. The proposed
FGM actuator is designed to have a compositional gra-
dient over the cross section. To achieve this, Elec-
trophoretic deposition (EPD) technique was applied.
EPD is a relatively new and effective method for the
forming of functionally gradient and multilayer ce-
ramic composites [7–9]. It is also observed that EPD
technique is able to form both thick and thin smooth
transition oxide components with complex shapes.
Apart from the establishment of the fabrication proce-

dures of the FGM monomorph actuator using EPD tech-
nique, the deposited component microstructural mor-
phology and the bending displacement over a range of
voltages are investigated.

2. Fabrication of FGM monomorph
In this section, the EPD process to form the FGM
monomorphs with functionally gradients is described.
The initial powders involve two kinds of PZT
materials: 0.95Pb(Zr0.52Ti0.48)O3·0.03BiFeO3·0.02Ba
(Cu0.5W0.5)O3 + 0.5 wt%MnO2 (PZT1) and Pb(Zr0.52
Ti0.48)O3 (PZT). The main advantage of selecting these
two compositional materials is that they have similar
sintering shrinkage at the same temperature.

Both PZT and PZT1 powders were prepared by
conventional oxide mixing method. First, the raw
oxide powders of PbO(>99.9%), ZrO2(>99.9%),
TiO2(>99.9%), Bi2O3(>99.99%), Fe2O3(>99%),
BaO(>99%), CuO(>99.99%), WO2(>99%) and
MnO2(>99.99%) were weighed and mixed with the
desired stoichiometrical composition. Considering the
volatility of PbO during calcination and sintering,
3% excess of PbO was added into the raw pow-
ders. After ball milling for 24 h, the mixed oxides
were calcined at 750◦C and 800◦C for 2 h for PZT1
and PZT respectively. Then, the calcined powders
were smashed and ground by planetary ball milling
at the speed of 150 rpm in ethanol for 20 h. Finally,
the powders were passed through a 100-mesh sieve to
remove the big agglomerations.

The particle size of PZT and PZT1 powders were
then measured using an Acoustic Spectrometer DT-
1200 (Dispersion Technology, Inc.) and confirmed by
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Figure 1 Schematic structure of FGM monomorph actuator: (a)
schematic structure and (b) composition profile of PZT-PZT1 FGM.
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Figure 2 Particle size distributions of PZT and PZT1 powders.

SEM observation. The distributions of particle size for
both powders are shown in Fig. 2. The mean particle
size of the PZT and PZT1 powders was noted to be
1.12 µm and 0.81 µm, respectively. The presence of
particle size distributions in both powders can also be
seen from the SEM images shown in Fig. 3. It is be-
lieved that such distribution improves the deposition
density [10] as the smaller particles could insert into
the pores formed between the bigger particles during
deposition.

After measuring the particle size, the measure-
ment of zeta potential was carried out using ZetaPlus
(Brookhaven Instruments, USA). The measured zeta
potential values at various pH are shown in Fig. 4. It is
noted that the zeta potential of both suspensions reach
maximum around pH 4.6, implying that both PZT and
PZT1 are most stable at pH = 4.6, which is the desired
condition for the EPD process.

Next, five suspensions for EPD were prepared by
adding the prepared powders with composition as

Figure 3 SEM image of the PZT powders after deposition.
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Figure 4 Zeta potential vs. pH value of PZT and PZT1 suspensions.

shown in Fig. 1b in ethanol and then subjected to ultra-
sonic agitation for 10 min. The powder concentration
in the suspension was 50 g/l and the suspension pH
was controlled to be 4.6 by adding 10% HNO3 at room
temperature. The suspension was stirred for 3 to 6 h to
make sure the complete dispersion of the powders in
the medium.

The electrophoretic deposition system is schemat-
ically shown in Fig. 5. The electrophoretic cell in-
cludes a conductive foil as cathode and a stainless steel
anode.

Multilayer deposition technique was adopted. The
five suspensions described earlier were utilized for de-
positing consecutively in the designed order. Each sus-
pension was deposited for 5 times, with each time last
for 1 min. The interval between each deposition was
controlled to be 10 min. The time control is important as
otherwise the deposit will crack or peel off. The initial
applied voltage was 25 V. The voltage was increased by
25 V each time when changing the suspension, since
the resistance increases with the thickness of the de-
posits. After deposition, the deposits were dried in a
dry keeper for 12 h.

The obtained FGM plates were sintered in a furnace
at 1100◦C for 1 h. They were then cut into rectangular-
shaped piezoelectric plates and then coated with sil-
ver electrode and poled in silicone oil at 100◦C for
two hours under 2 kV/mm. After poling, the fabrica-
tion of the FGM piezoelectric monomorph actuator was
completed.
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Figure 5 Schematic drawing of electrophoretic deposition system.

3. Study of microstructure
In this section, the phase composition and microstruc-
ture of the deposits were examined using SEM and
XRD.

The phase composition of the material in sintered
plate was measured using XRD to ensure the formation
of perovskite structure. Fig. 6 shows the XRD patterns
of the materials. The single-phase perovskite structure
was observed. From the small figure, it also can be
determined that the materials is tetragonal phase [11].
The single tetragonal phase perovskite structure is the
basis of FGM monomorph actuator to achieve good
electromechanical performance.

Fig. 7a shows a cross section of the deposit observed
using SEM. It can be seen that the structure is uniform
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Figure 6 XRD patterns of a FGM monomorph actuator sample.

Figure 7 Microstructure of the cross section of FGM deposit.

and has even thickness. The experimental results shows
that the thickness of the deposits after sintering can be
as thin as 0.13 mm or as thick as 0.33 mm, which is diffi-
cult to be obtained by applying the normally FGM fabri-
cation method such as tape casting, centrifugal casting
or diffusion casting [5]. It can be also observed that
no discrete interface and defects can be found, imply-
ing the good adhesion between each layer. This indi-
cates that the current EPD technique can successfully
produce miniaturized monomorph actuator with differ-
ent size. Fig. 7b is a high magnification SEM micro-
graph. This area covers the gradient materials of 3 lay-
ers and the powders are observed to be homogeneously
distributed.

Fig. 8 shows the cross section of the FGM plate
after sintering at 1100◦C. For this sample, the cross
section has a thickness of approximately 0.27 mm mea-
sured from Fig. 8a. Over this cross section, the gradi-
ent change in microstructure can be observed. From
the PZT side (left) to the PZT1 side (right), the grain
size gradually increases. This is due to the composi-
tional gradient over the cross section. Fig. 8b, c and d
show the left, middle and right side of the cross section
with higher magnification, respectively. The variation
of piezoelectric properties over the cross section in-
duced by compositional and microstructural gradient
is the driving source to actuate the monomorph. The
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Figure 8 Gradient variation of microstructure of FGM monomorph along cross section.

observed image in microstructure gradient also con-
firms the effectiveness of our procedure to fabricate
FGM monomorph actuator.

4. Performance of FGM monomorph
In this section, one of the important parameters, bend-
ing displacement, of a fabricated FGM monomorph
actuator was measured using a system consisting of
RT6000HVS (Radiant Technologies, Inc.), a Vibra-
plane (RS Kinetic Systems, Inc.) and a MTI-2000 pho-
tonic sensor (probe: MTI2032RX. MTI Instruments).
In the measurement, the monomorph was clamped to
the vibraplane. A step voltage (0 to V to −V to 0) was
applied to the monomorph via RT6000HVS. Then, the
tip displacement of the monomorph at the free end was
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Figure 9 Bending displacement of the FGM monomorph actuator in
response to applied voltage.

measured using the photonic sensor and the data was
stored by the RT6000HVS.

The measured monomorph has a dimension of
15.0 mm in length, 3.0 mm in width and 0.3 mm in
thickness. The hysteresis loop of the measured dis-
placements versus applied voltage is shown in Fig. 9.
A maximum displacement of 4.16 µm was obtained
at applied voltage 100 V. It is also observed that the
hysteresis of the loop is small indicating the good lin-
ear properties of the monomorph actuator and the low
piezoelectric loss induced by the domain wall motion
[12]. The displacement also suggests that the EPD pre-
pared FGM monomorph can provide good electrome-
chanically properties.

5. Conclusions
EPD has been proven to be a good method to fabri-
cate miniaturized FGM monomorph actuator via mul-
tilayer deposition technique. The obtained monomorph
has a single-tetragonal-phase perovskite structure and
fine gradient microstructure. No significant defects and
very sharp interface can be observed over the cross sec-
tion of the monomorph which is advantage in avoiding
failures from internal debonding or from stress peaks
developed in conventional bimorphs. The EPD pre-
pared FGM monomorph provides good electromechan-
ical properties with low loss.
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