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Characterization of FGM monomorph actuators

fabricated using EPD
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Piezoelectric FGM monomorph actuators fabricated using electrophoretic deposition (EPD)
were investigated. Both the physical and electromechanical properties were examined. The
high voltage performance of the actuator in both static and dynamic state was focused. It
was found that the monomorph exhibits tetragonal phase perovskite structure and the
gradient variation of microstructure was observed over the cross section. The displacement
keeps a wide range of linearity in the static state. In the dynamic state, the vibration
displacement is both frequency and voltage dependent. The resonant frequency shifts to
lower frequency range due to the higher vibration loss at higher voltages. This results in
the frequency dependence of the vibration limitations. The vibration limitation is also
voltage dependent. Above a cutoff voltage, the displacement may not increase. To obtain a
higher resonant displacement or velocity, the frequency and voltage should match well.
Temperature rise or heat generation is caused by vibration loss. The maximum
temperature happens at the clamped end of the monomorph.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Piezoelectric bimorph and unimorph actuators are im-
portant for bending actuations. They are able to pro-
duce a relative large displacement compared with the
piezo stack or multilayer actuators [1]. Application of
the bimorph actuator covers a wide range, including
positioners, microphones, piezo pumps and ultrasonic
motors. However, the bimorph or unimorph actuator is
usually fabricated by bonding piezoelectric plates with
elastic layers. This reduces the reliability, limits the
performance and discourages applications of the actu-
ators because the actuator may delaminate at the contact
bonding surface [2].

To avoid or minimize such a problem, actuators
without bonding layers, called monomorph, has been
proposed and developed. One such actuator is the
functional gradient materials (FGM) monomorph fab-
ricated using electrophoretic deposition (EPD) [3–6].
This actuator exhibits compositional, microstructural
and functional gradient over the cross section. A good-
ness of this configuration is the smooth stress distri-
bution, which is supposed to be able to increase the
reliability and life span of the actuator. The actuator
was fabricated by depositing different compositional
layers on the substrate and then cosintering. An impor-
tant feature of EPD is that a miniaturized actuator can
be fabricated.

The fabrication, modeling and parts of the work on
characterization of the monomorph actuator have been
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introduced in the papers published earlier [3–6]. How-
ever, the work mainly focused on the static and low
voltage situations. In this paper, a more complete study
was carried out. The purpose is to investigate the perfor-
mance of the actuator both at static and dynamic state.
The high voltage range properties were focused. The
physical properties were also examined.

2. Experimental
Two starting piezoelectric materials Pb(Zr0.52
Ti0.48)O3 (PZT0) and 0.95Pb(Zr0.52Ti0.48)O3·0.03
BiFeO3·0.02Ba(Cu0.5W0.5)O3+0.5 wt%MnO2(PZT1)
prepared using the conventional oxide mixing tech-
nique were applied to fabricate the monomorph
actuator. Six suspensions with composition
xPZT1 + (1 − x)PZT0 (x = 0.1 − 0.6) were pre-
pared. The powder concentration was 50 kg/m3 and
the suspension pH was controlled to be 4.6. The
suspension was stirred for 3 to 6 h to make sure the
complete dissolution and dispersion of the powders
in the medium. Then six suspensions were deposited
on the substrate consecutively. After drying, the
deposition was sintered at 1100◦C for 1 h. Finally, the
sintered product was cut into the rectangular shape,
coated with silver electrode and poled in silicone oil at
100◦C for 30 min under 2 kV/mm.

The physical properties, phase and microstructure,
were examined using XRD (Rigaku dmax2200, Cu Kα
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Figure 1 Characterization setup of the monomorph actuator.

radiation, λ = 0.154 nm) and SEM (Jeol JSM 5410LV),
respectively. The electromechanical properties, static
and dynamic bending displacement, were measured
using the setup as shown in Fig. 1. It consists of
RT6000HVS ferroelectric tester (Radiant Technolo-
gies, Inc.), Vibraplane (RS Kinetic Systems, Inc.), MTI-
2000 photonic sensor (probe: MTI2032RX, MTI In-
struments), FG3000 function generator (Yokogawa),
PZD2000 high voltage amplifier (Trek) and DL1640L
oscilloscope (Yokogawa). The sample to be measured
was clamped to the vibraplane at one end and free at the
other end. The photonic sensor was used to measure the
displacement. RT6000HVS ferroelectric tester was uti-
lized for static displacement measurement. A triangle
signal was generated and applied to the sample by the
tester. The measurement frequency is 2.5 Hz. The dis-
placement data from the photonic sensor were recorded
by the tester. In the dynamic measurement, the ferro-
electric tester was replaced with the function generator,
high voltage amplifier and oscilloscope. Function gen-
erator and voltage amplifier are the driving system and
provide sinusoidal signal. The displacement data were
read from the oscilloscope. Finally, the temperature dis-
tribution was measured using IRISYS thermal imager
(Charslton Technologies Pte Ltd).

3. Results and discussions
3.1. Phase and microstructure
Fig. 2 illustrates the X-ray diffraction patterns of the sin-
tered monomorph. The tetragonal phase of perovskite

Figure 2 XRD patterns of the monomorph actuator.

structures can be identified from the figure. This is the
usual phase structure of the PZT materials. Fig. 3 shows
the microstructure of the monomorph. A gradient vari-
ation of the grain size can be observed from the left to
the right side of the cross section. The compositional
and microstructural gradient induced variation in piezo-
electric properties over the cross section is the driving
source of the monomorph actuator.

3.2. Static bending displacement
The static displacement was measured from low volt-
age to high voltage using a sample with a dimension
15.97 mm in length, 2.94 mm in width and 0.37 mm
in thickness (15.97-2.94-0.37). Fig. 4b illustrates the
displacement-voltage hysteresis loop. It can be seen
that the displacement remains linear in a wide range
from 0 to 1000 V (2.7 kV/mm). However, as the volt-
age increases, the hysteresis becomes large indicating
the higher loss at higher voltages. The loss is the re-
sult of domain wall motion and domain switching [7].
Fig. 4a shows the maximum displacement obtained in
each hysteresis loop at the respective set voltage in
Fig. 4b. The displacement increases linearly and mono-
tonically. At 1000 V, a displacement of 16.69 µm has
been achieved.

3.3. Resonant displacement and velocity
The displacement near the resonant frequency was mea-
sured at different voltages as shown in Fig. 5b. As the
voltage increases, the displacement increases accord-
ingly in the measurement range. However, the resonant
frequency shifts to the lower voltage side. This is due to
the increase of the losses at higher voltages as discussed
earlier.

The root-mean-square (rms) vibration velocity at the
free end of the actuator was also measured as shown
in Fig. 5a. Rms vibration velocity is a universal param-
eter, which measures the motional speed of the actua-
tor. High power applications such as ultrasonic motor
and piezoelectric fans, prefer a high vibration veloc-
ity to obtain high performance of the device. The rms
vibration velocity is a function of both displacement
and excitation frequency. Under harmonic excitation,
the instantaneous displacement u of the actuator can be
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Figure 3 Microstructure of the monomorph actuator.

Figure 4 Static displacement of the monomorph actuator 15.97-2.94-
0.37.

expressed as:

u = U sin(ωt) (1)

where U is the vibration amplitude, ω is the frequency
and t is the time. The instantaneous velocity of the
actuator is the derivative of the displacement:

v = du/dt = ωU cos(ωt) (2)

The rms vibration velocity in a cycle T can then be
obtained as:

vrms =
√

1/T
∫ T

0
ν2dt = ωU/

√
2 (3)

Figure 5 Dynamic displacement and rms vibration velocity of the
monomorph actuator 15.97-2.94-0.37.

The rms vibration velocity, resonance frequency and
vibration amplitude as a function of applied voltage
have been listed in Table I. Fig. 5a and Table I show
that the velocity increases linearly in the studied range.
The rms vibration velocity 0.31 m/s has been achieved
at 500 Vp−p.

Fig. 5c is the voltage scan of the displacement. The
voltage increases linearly from 0 to 500 Vp−p. The
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TABL E I Resonant frequency, vibration amplitude and rms vibration
velocity of the monomorph actuator 15.97-2.94-0.37

Applied Resonant Vibration Rms
voltage frequency amplitude velocity
(Vp−p) (Hz) (µmp−p) (m/s)

50 892 12 0.02
100 892 26 0.05
150 890 41 0.08
200 887 57 0.11
250 883 76 0.15
300 881 92 0.18
350 876 109 0.21
400 872 123 0.24
450 865 150 0.29
500 860 165 0.31

Figure 6 Vibration limitation of the monomorph actuator 9.44-2.88-
0.45.

measurement was performed at different fixed frequen-
cies. It can be seen that both the slope and maximum
value of the displacements curve at different frequen-
cies are largely different. This can be explained using
Fig. 5b. At a higher frequency above the resonance (no
loss natural frequency), such as 920 Hz, the displace-
ment cannot achieve a large value even a high voltage
is applied due to the fact that there exists no resonance.

Figure 7 Temperature rise and distribution of the monomorph actuator 10.72-2.56-0.37.

However, at a lower frequency, such as 880 Hz, much
larger displacement can be achieved. This is due to the
reason that 880 Hz is roughly the resonance of 300 Vp−p
as seen in Fig. 5b. Above 300 Vp−p, the displacement
may still increase a little as seen in Fig. 5c. But, too high
a voltage may drop the displacement at this frequency
due to the shift of the resonance at higher voltages as
mentioned earlier. However, also due to this shift, an
even higher displacement can be achieved at a lower
frequency, for example 860 Hz. Further reducing the
frequency, to reach a large displacement, a higher volt-
age may be required. So the displacement at 820 Hz is
not large because that 500 Vp−p is not enough to excite
resonance at this frequency. The above analysis shows
that displacement is both frequency and voltage de-
pendent. In the frequency above the resonance (natural
frequency), a large displacement cannot be achieved.
While, in a certain range lower than the resonance, a
large displacement can be achieved by increasing the
voltage and reducing the frequency simultaneously. So,
the frequency and voltage should match well to obtain
the large displacement.

3.4. Vibration limitation
For high power application, it is essential to identify the
vibration limitation of the actuators. In the static case,
the limitation has been widely accepted as the coercive
field of the actuator. However, in the dynamic resonance
state, the answer is not such clear so far. Several effects,
including mechanical strength, magnitude of electric
field, temperature rise, crack generation, breakdown or
burnout, may affect the results [8–15]. To find the vi-
bration limitation, the displacement of a monomorph
(9.44-2.88-0.45) as a function of frequency and volt-
age near the resonance was measured. The obtained
result has been shown in Fig. 6. It is observed that there
is a cutoff voltage of 600 Vp−p where the maximum dis-
placement was found. Below 600 Vp−p, the vibration
displacement increases with the voltage. In contrast,
above 600 Vp−p, the displacement never increases but
decreases with the applied voltage. The reason may be
the higher losses at the higher voltages as mentioned
earlier. From this result, also considering Fig. 5c, it
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can be concluded that that the vibration limitation is
both frequency and voltage dependant.

3.5. Temperature distribution
The temperature distribution of a monomorph (10.72-
2.56-0.37) at the resonance condition was also ob-
served. The temperature rise or heat generation is
caused by the mechanical vibration losses [9–12]. As
a result, parts of the input power won’t convert to me-
chanical vibration but dissipates as heat [9, 10]. The
maximum temperature was observed near the position
of the fixed end as shown in Fig. 7a. It is consistent
with the position of maximum stress, due to the fact
that the vibration loss is proportional to the square of
mechanical stress [11]. The maximum temperature rise
is around 5◦C. It saturates within 2 min as shown in
Fig. 7b. The monomorph has a thin structure with high
surface area (dissipate heat) to volume ratio (generate
heat). This may help to prevent the heat generation or
reduce the temperature rise. The monolithic structure
may also be advantageous for reducing the vibration
losses because the losses may still like to happen at the
joints, connections and interfaces.

4. Conclusions
In this paper, the FGM monomorph fabricated using
EPD was characterized. Important conclusions are:

(a) The fabricated monomorph shows perovskite
structure with tetragonal phase. The gradient variation
of microstructure due to the compositional gradient was
observed over the cross section.

(b) The static displacement keeps a wide range of lin-
earity (up to 1000 V in the studied case). However, the
hysteresis becomes large at higher voltage due to higher
losses.

(c) The vibration displacement near the resonant fre-
quency is both frequency and voltage dependent. The
resonant frequency shifts to lower frequency range at

higher voltage. This results in the frequency depen-
dence of the vibration limitations. At different frequen-
cies, the obtained maximum displacement is differ-
ent. The vibration limitation is also voltage dependent.
There is a cutoff voltage. Above it, the displacement
will not increase. The maximum displacement or vibra-
tion velocity can be obtained by lowering the frequency
and meanwhile increasing the voltage in a certain fre-
quency range. The frequency and voltage should match
well.

(d) The maximum temperature happens at the maxi-
mum stress position (clamped end) of the monomorph
actuator. The thin and monolithic structure of the
monomorph may help to suppress heat generation.
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