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Abstract

The fabrication process of FGM monomorph actuator fabricated by the EPD technique is described in detail as well as its graded microstruc-
ture. The principle of the monomorph is discussed and the expression for the theoretical bending displacement is derived. Good agreement is
observed between the theoretical predictions and the experimental results.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Piezoelectric ceramics such as lead zirconate-titanate
(PZT) are widely used in applications such as actuators,
transducers, and micropositioners[1]. Piezoelectric bi-
morph is a typical piezoelectric device that can produce
relatively large displacement[2]. In general, it consists of
two piezoelectric ceramic plates bonded together. Appli-
cation of an external electric field across the piezoelectric
plates can then result in a transverse deflection due to the
axial contraction of one plate and extension of the other
plate. However, severe disadvantages such as low relia-
bility and poor interfacial bonding conditions have been
limiting the use of the bimorph. It is therefore desirable to
develop a monomorph with minimized internal stress peaks
when voltage is applied and also with minimum structural
dissimilarities that can cause failure with cyclic strains.

Recently, the concept of “Functionally Gradient” has been
proposed for such monomorph[3–6]. In this paper, an im-
proved FGM monomorph is introduced and characterized.
The component has a functionally gradient composition over
the cross section. This structure is found to optimize the
stress distribution and hence increase the reliability of the
component.
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The current FGM monomorph is fabricated using elec-
trophoretic deposition (EPD) technique, which is a promis-
ing and useful preparation method for functionally gradient
and multilayer composites. The advantages of the EPD tech-
nique are[7–9]: (1) the process is simple and low cost, (2)
it is possible to deposit various oxides on conductive sub-
strates which have detailed and complex shapes and (3) it is
a flexible method for the production of both thin and thick
coatings.

In this paper, the aims are to introduce the fabrication
process of the monomorph using EPD technique; establish
the constitutive relationships between the bending displace-
ment and related parameters; and finally conduct experimen-
tal verification.

2. Theoretical displacement

To derive the theoretical bending displacement of the
FGM monomorph actuator, its structure is assumed to con-
sist ofn equal layers with functional gradient over the cross
section. The dimension of this actuator isl in length,w in
width andh in thickness. As shown inFig. 1, the origin of
the coordinate system is positioned at the bottom surface of
the actuator. Thex-, y- andz-axis are along the length, width
and thickness direction, respectively.

In the present work, we adopt the conventional approxi-
mation[10], i.e., (1) the total thickness and the widthw are
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Fig. 1. Structure and composition profile of PZT–PZT1 FGM monomorph actuator.

negligibly small compared with the lengthl, thus the deflec-
tion in thickness and width are neglected; and (2) the cross
section of a beam remains plane after deflection and the ra-
dius of curvature of a bend beam is large compared with the
beam’s thickness.

The tensile stress and strain in the FGM monomorph along
the x-axis are denoted asT1 and S1, respectively, and the
electric field along thez-axis in the FGM monomorph is
denoted asE3, the elastic compliance constant is denoted
as sE11 (1/Y, Y is Young’s modulus) and the piezoelectric
constant is denoted asd31. The longitudinal strainS1 at a
distancez from the neutral planed0 in the direction ofx-axis
can be expressed as[10]

S1 = −z − d0

ρ
(1)

whereρ is the radius of curvature.
Using the constitutive piezoelectric relations, the stress in

the ith layer can be expressed as

T1(i) = Y(i)S1(i) − Y(i)d31(i)E3(i) (2)

The total summation ofT1 over they–z plane vanishes as
the external force vanishes at the free end surface. Thus, the
x component of the plane forceNx is

Nx =
∫

A

T1 dA = w

n∑
i=1

∫ ih/n

((i−1)/h)/n

×
(

−z − d0

ρ
Y(i) − Y(i)d31(i)E3(i)

)
dz = 0 (3)

Hence, the position of the neutral planed0 can be found to
be

d0 = ρ
∑n

i=1Y(i)d31(i)E3(i) + (h/2n)
∑n

i=1Y(i)(2i − 1)∑n
i=1Y(i)

(4)

Since there is no external force or moment exerted on the
monomorph, the plane torque vanishes, giving

Mx =
∫

A

T1z dA = w

n∑
i=1

∫ ih/n

((i−1)/h)/n

×
(

−z − d0

ρ
Y(i) − Y(i)d31(i)E3(i)

)
z dz = 0 (5)

Solving Eqs. (4) and (5), the curvature of the monomorph
can be obtained as

1

ρ
=

6
[∑n

i=1d31(i)E3(i)Y(i)

∑n
i=1(2i − 1)Y(i)

− ∑n
i=1d31(i)E3(i)Y(i)(2i − 1)

∑n
i=1Y(i)

]
(4h/n)

∑n
i=1(3i2 − 3i + 1)Y(i)

∑n
i=1Y(i)

− (3h/n)
[∑n

i=1(2i − 1)Y(i)

]2

(6)

In Eq. (6), E3(i) is the electric field in theith layer. It is de-
pendent on dielectric constantεT

33 and according to Gauss’s
law [11], the electric displacements in the adjacent layer (i
andi + 1) are equal, thus we have

εT
33(1)E3(1) = εT

33(2)E3(2) = · · · = εT
33(i)E3(i) = · · ·

= εT
33(n)E3(n) (7)

If a voltage ofV is applied over the cross section, the fol-
lowing relation exists
n∑
1

E3(i)

h

n
= V (8)

CombiningEqs. (7) and (8), the electric field in theith layer
can be obtained as

E3(i) = nV

hεT
33(i)

∑n
1(1/εT

33(i))
(9)

Following the theory of strength of the materials[12], the
displacementδ at the free end of the cantilever beam can be
expressed as

δ = 1

2

l2

ρ
(10)

As a result, combiningEqs. (6), (9) and (10), the bending
displacement for the FGM monomorph actuator can be ob-
tained.

3. Experimental procedure

The initial powders used for fabricating the monomorph
actuator by the EPD technique were two kinds of PZT ma-
terials: Pb(Zr0.52Ti0.48)O3 (PZT) and 0.95Pb(Zr0.52Ti0.48)
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O3·0.03BiFeO3·0.02Ba(Cu0.5W0.5)O3 + 0.5 wt.% MnO2
(PZT1). The main advantage of this combination is that the
two compositions have similar shrinkage during sintering.

The PZT and PZT1 powders were prepared by conven-
tional 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. Con-
sidering the volatility of PbO during calcination and sinter-
ing, 3% excess of PbO was added into the raw powders.
After ball milling for 24 h, the mixed oxides were calcined
at 750 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.

Five suspensions for EPD were prepared by adding pre-
pared powders in ethanol with composition as shown in
Fig. 1. The suspensions were then subjected to ultrasonic
agitation for 10 min. The powder concentration in the sus-
pension was 50 g/l and the suspension pH was controlled
to be 4.6 by adding drops of 10% HNO3 at room tempera-
ture. The suspension was stirred for 3–6 h to make sure the

Fig. 2. Gradient variation of microstructure of FGM monomorph along cross section.

complete dissolution and dispersion of the powders in the
medium.

The electrophoretic deposition was carried out in an elec-
trophoretic cell, which includes a cathodic conductive foil
and a stainless steel counter-electrode. Multilayer deposi-
tion technique was adopted. Five suspensions were utilized
for deposition consecutively. Each suspension was deposited
for five times, with each time last for 1 min. The interval be-
tween each deposition was controlled to be 10 min. The time
control is important as that the deposit will crack or peel
off. The initial applied voltage was 25 V. The voltage was
increased by 25 V while changing the suspension since the
resistance will increase with the thickness of the deposits.
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. Then they were cut into rectangular-shaped
piezoelectric plates and then coated with silver electrode and
poled in silicone oil at 100◦C for 2 h under 2 kV/mm. After
poling, the fabrication of the FGM piezoelectric monomorph
actuator was completed.

The microstructure along the cross section of the FGM
actuator was examined using scanning electron micro-
scope (SEM). The displacements were measured using a
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Fig. 3. Comparison of theoretical and experimentally measured displacement as a function of applied voltages of FGM monomorph actuators (lines 1,
3, 5, measured value; lines 2, 4, 6, theoretical value; lines 1 and 2, lines 3 and 4, lines 5 and 6 are for monomorphs A, B and C, respectively).

RT6000HVS ferroelectric tester (Radiant Technologies,
Inc.) and an MTI-2000 fotonic sensor (MTI2032RX, MTI
Instruments).

4. Results and discussion

Fig. 2shows the cross section of a FGM plate after sinter-
ing at 1100◦C. The cross section has a thickness of approx-
imately 270�m measured fromFig. 2(a). Over this cross
section, the gradient change in microstructure can be ob-
served. From the PZT side (left) to the PZT1 side (right),
it can be seen that the grain size gradually increases. This
is due to the compositional gradient over the cross section.
Fig. 2(b)–(d)shows the left, middle and right side of the
cross section with higher magnification, respectively. The
variation of piezoelectric properties over the cross section
induced by compositional and microstructural gradient is the
driving source to actuate the monomorph. The observed im-
age in microstructure gradient also confirms the effective-

Table 1
Dimensions of the FGM monomorphs for displacement measurement

Monomorph Width,w (mm) Thickness,h (mm) Length,l (mm)

A 3.40 0.14 10.00
B 2.91 0.30 10.00
C 3.00 0.30 15.00

Table 2
Piezoelectric properties of the materials applied in each layer

Properties 1 2 3 4 5

Y (×1010 Pa) 7.49 6.94 7.21 7.21 7.91
d31 (×10−10 m/V) −0.84 −0.77 −0.90 −0.79 −0.30
εT

33 (×10−8 F/m) 1.05 1.10 1.09 0.94 0.76

ness of our procedure to fabricate FGM monomorph actua-
tor.

The bending displacements of three actuators listed in
Table 1with properties inTable 2were experimentally mea-
sured at different voltages and theoretically calculated by
combiningEqs. (6), (9) and (10). The results are shown in
Fig. 3. It can be found that the bending displacement lin-
early increases with the applied voltage. The experimentally
measured displacements are reasonably close to the theo-
retical values for all the three actuators. It implies that the
derived equations provide good predictions on the bending
displacement of a FGM actuator. It is also observed that
the thinner and longer actuators give larger displacement.
This is because the displacement parabolically increases
with the length to thickness ratio (l/h) as seen fromEqs. (6),
(9) and (10). Hence, either increasing the length or thin-
ning the thickness can increase the bending displacement.
However, thinning of the thickness is more advantageous in
device miniaturization because the total dimension can be
reduced.

5. Conclusions

A FGM monomorph fabricated by the EPD technique is
introduced in this paper. It utilizes a built-in functional gradi-
ent that is obtained by aligning gradient compositions along
the thickness of the monomorph actuator. After sintering,
the gradient change in microstructure was observed over the
cross section. The expression for the bending displacement
of the actuator was derived, which relates the bending dis-
placement to the geometrical properties (l, w, h andn), ma-
terial properties (Y, d31 andεT

33) and the applied voltageV.
The experimental results have shown good consistency with
the theoretical predictions.
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