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Piezoelectric bimorph based on k32 mode of ternary 0.24Pb-
(In1/2Nb1/2)O3–0.46Pb(Mg1/3Nb2/3)O3–0.30PbTiO3 (0.24PIN–-
0.46PMN–-0.30PT) single crystal poled along [011]c has
been fabricated and tested. The bimorph features very large
electromechanical coupling factor (0.80) and very low working

frequency (less than half of PZT based bimorph for the same
dimensions) owing to the super large lateral extensional
piezoelectric constant d32 and large elastic compliances sE22 of
the crystal. The bimorph design can be used for miniaturized
low-frequency electromechanical sensors and actuators.
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1 Introduction Piezoelectric unimorphs and bimorphs
have been widely used for actuators and sensors as well as
in energy harvesters due to their strong capability to
convert electric energy into mechanical energy or vice
verse [1–4]. Various types of unimorphs or bimorphs have
been constructed using piezoelectric length-extensional
bars as basic constituents [5]. For a piezoelectric ceramic
PZT beam with l >> w, t and w > t (l, w, t are length,
width, and thickness of the beam, respectively), if being
poled along its thickness direction, it is a k31-mode
resonator. When an electric field is applied to a free beam
along its thickness direction, it will extend or contract
along its length direction through piezoelectric d31 effect.
For a bimorph, two PZT beams with the same dimensions
but oppositely polarized are bonded together along
their length direction. When an electric field is applied
to the two beams, one of them extends while the other
contracts or vice versa, resulting in the bending of the
whole assembly.

The electromechanical properties of bimorphs are
characterized by the relationship between the response
parameters (such as beam tip rotation a, tip deflection d,
volume displacement v, and electric charge Q on the
electrodes for a bimorph) and driving parameters
(including the bent moment M at the tip, force F at the
tip, uniform body pressure p, or electric voltage V on

electrodes) [5]. Based on the constituent equations, the
electromechanical coupling factor for a bimorphs (kb) can
be written as [6]

k2b ¼
9
4

k231
4� k231

 !
: ð1Þ

The electromechanical properties of this bending mode
are determined by the active excitation mode. It will reach a
large value when either the piezoelectric material has large
k31 or when the orientation of the beam is designed in such a
way that it coincides with a direction having an effective
larger k31.

PZT ceramics, BaTiO3 and ZnO have been used
in unimorphs and bimorphs. For those materials, the
electromechanical coupling factors kb are around 0.3. In
past two decades, relaxor-PbTiO3 solid solution single
crystals, including binary (1 � x)Pb(Mg1/3Nb2/3)O3–xPbTiO3

(PMN-PT), (1 � x)Pb(Zn1/3Nb2/3)O3–xPbTiO3 (PZN-PT),
and ternary (1 � x � y)Pb(In1/2Nb1/2)O3–yPb(Mg1/3Nb2/3)-
O3–xPbTiO3 (PIN-PMN-PT) single crystals have attracted
considerable attention due to their outstanding electrome-
chanical coupling properties. Ogawa used 0.91PZN-0.09PT
single crystal in unimorphs and bimorphs [7] utilizing
the large k31 (¼0.86) of this crystal. The corresponding kb
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estimated from Eq. (1) is 0.72, which is in fairly good
agreement with the measured value (kb ¼ 0.70).

2 Theoretical calculations In order to search for the
direction having the maximum k31, the orientation depen-
dence of elastic compliance sE11, piezoelectric constant d31
and free dielectric permittivity eT11 are calculated for relaxor-
PbTiO3 single crystal and PZT ceramics through tensor
transformation. It is known that when the PMN-PT or PIN-
PMN-PT single crystals in the rhombohedral phase are
poled along pseudo-cubic [011]c direction (the subscript c
denotes the pseudo-cubic coordinates) the domain engi-
neered crystals will have orthorhombic mm2 averaged
macroscopic symmetry with x, y, and z axes along
½0�11�c; ½100�c; and ½011�c, respectively. The orientation
dependence of elastic compliance constant sE11, piezoelectric
constant d31 and free dielectric permittivity eT11 in the
plane of x–y plane can be calculated by [8]

sE
0

11 ¼ sE11cos
4u þ sE22sin

4u þ ð2sE12 þ sE66Þsin2ucos2u; ð2Þ

d031 ¼ d31cos
2u þ d32sin

2u; ð3Þ

eT
0

33 ¼ eT33; ð4Þ

where u is the angle between the rotated x0-axis with respect
to the original x ¼ ½0�11�c direction. The calculated d031 for
both PZT-5H piezoceramic and 0.24PIN–-0.46PMN-
0.30PT single crystal poled along [011]c are shown in
Fig. 1. The material constants used in the calculation are
listed in Table 1. It is seen that d031 of PZT-5H exhibits an
isotropic characteristic attributed to its averaged 1mm
symmetry. It is known that the material constant tensors
for 1mm symmetry are the same as those for 6mm crystals.
Thus, for PZT-5H ceramic, we have: sE11 ¼ sE22,
sE66 ¼ 2ðsE11 � sE12Þ, d31 ¼ d32, which makes sE

0
11 ¼ sE11,

d031 ¼ d31, independent of u. This means that the properties
of piezoelectric lateral extensional bar, hence, the fabricated
bimorph using PZT-5H will be the same regardless of the
cutting direction. But for single crystal PIN-PMN-PT poled
along [011]c, a strong anisotropy of d031 can be observed in
the [0�11]c–[100]c plane. It reaches the maximum value at
u ¼ 908, as indicated in Fig. 1(b), i.e., maximum (d031) ¼
d32 ¼ 1520 pC N�1. The corresponding electromechanical
coupling coefficient k32 reaches as high as 0.94. Thus, it is
expected from Eq. (1) that ½100�c�½0�11�c�½011�c (length
� width � thickness) are the optimum cutting directions
for the domain engineered PIN-PMN-PT single crystal
bender.

3 Experimental procedure The ternary 0.24PIN-
0.46PMN-0.30PT single crystal is in the rhombohedral
phase at room temperature. The natural spontaneous
polarizations are along crystallographic directions <111>c,
as shown in Fig. 2, “2R” engineered domain state with
macroscopic mm2 symmetry will be induced when being

poled along [011]c. Compared to PMN-PT, ternary PIN-
PMN-PT crystals has much higher coercive field, lower loss
and improved fatigue behavior without sacrificing electro-
mechanical performance [9–12]. Furthermore, it has been
demonstrated that 0.24PIN-0.46PMN-0.30PT single crystals
have higher depoling temperature, making them more
temperature stable [13].

The ternary 0.24PIN-0.46PMN-0.30PT single crystals
used in this investigation are grown by the modified
Bridgman method (H. C. Materials, Inc., Bolingbrook,

Figure 1 The orientation dependence of extensional piezoelectric
constant for (a) PZT-5H piezoceramic in xy plane and (b) 0.24PIN-
0.46PMN-0.30PT single crystals poled along [011]c in [100]–[0�11]
plane.

Table 1 Material constants for 0.24PIN-0.46PMN-0.30PT single
crystal poled along [011]c and PZT-5H.

materials r
(kg m�3)

eT33 sE11
(pm2 N�1)

sE22
(pm2 N�1)

PIN-PMN-PT 8100 4170 15.76 70.57
PZT-5H 7600 3130 16.29 16.29

materials k31 k32 d31 (pC N�1) d32 (pC N�1)

PIN-PMN-PT 0.74 0.94 565 �1520
PZT-5H 0.46 0.46 �274 �274
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Illinois, USA). The sample is cut and polished into a
parallelepiped beam with rectangular cross-section. All
orientations were checked by a Laue X-ray machine with an
accuracy of �0.58. Gold electrodes were sputtered onto the
(011)c faces of the samples, and the samples were poled
under a 10 kV cm�1

field at room temperature. Two beams
are glued together using Ag conductive adhesive to form a
bimorph in parallel configuration.

For comparison, two other bimorphs are fabricated by
similar process. One is made of 0.24PIN-0.46PMN-0.30PT
single crystal but the thickness, width and length are
oriented along ½011�c, ½100�c, and ½0�11�c, respectively.
Another one is made of PZT-5H ceramic. The three
bimorphs are named: k32_PIN-PMN-PT, k31_PIN-PMN-PT,
and PZT-5H bimorphs. The schematic of the k32-type PIN-
PMN-PT bimorph is shown in Fig. 3.

4 Results and discussion The impedance spectra of
the three bimorphs were measured by using HP4294A
impedance–phase gain analyzer and shown in Fig. 4. It is
seen that the resonance frequency of k32_PIN-PMN-PT
bimorph is only 12.0 kHz, which is much lower than that
of k31_PIN-PMN-PT bimorph (25.1 kHz) and PZT-5H
bimorph (26.2 kHz) with the same dimensions: 10.6 mm �
1.6 mm � 1.0 mm (length � width � thickness). This
unique feature makes k32_PIN-PMN-PT bimorph superior
for low frequency applications. Low frequency miniaturized
devices are highly demanded in many fields, such as

underwater acoustic sensors and ultra-sensitive magnetic
field sensors [14, 15].

It is know that the resonance frequency of free bimorph
can be calculated by [16]

f r ¼
1:0279t

l2

ffiffiffiffiffiffiffi
1
rsEii

s
; ð5Þ

when the effect of the bonding layer between the two beams

Figure 2 (a) Schematic of the unit cell of PIN-PMN-PT crystals;
(b) spontaneous polarization directions in rhombohedral PIN-
PMN-PT crystals; (c) “2R” engineered domain configuration after
poling along crystallographic [011]c direction.

Figure 3 Schematic of the k32-type PIN-PMN-PT bimorph.

Figure 4 Amplitude/phase spectra measured by resonance
method for (a) traditional PZT-5H type, (b) k31_PIN-PMN-PT
type and (c) k32_PIN-PMN-PT type bimorphs.
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can be ignored. Here l and t are the length and thickness of
the beams, sEii ¼ sE22 for k32_PIN-PMN-PT and sEii ¼ sE11 for
k31_PIN-PMN-PT and PZT-5H bimorphs. From the material
constants listed in Table 1, it is seen that sE22 of 0.24PIN-
0.46PMN-0.30PT signal crystal is much larger than its sE11
and the sE11 of PZT-5H. The estimated resonance frequencies
by using Eq. (5) and the constants of Table 1 are 12.1 , 25.6 ,
and 26.0 kHz, respectively, for k32_PIN-PMN-PT, k31_PIN-
PMN-PT, and PZT-5H bimorphs, which agree well with the
experimentally measured values.

From the measured resonance (fr) and anti-resonance (fa)
frequencies, the electromechanical coupling factors are
calculated by using [7]

k2b ¼
p

2
f a
f r
tan

p

2
Df

f r

� �

1þ p

2
f a
f r
tan

p

2
Df

f r

� � ; ð6Þ

Here, Df ¼ f a � f r. The calculated coupling factors are:
kb ¼ 0.80, 0.65, and 0.35, respectively, for k32_PIN-PMN-
PT, k31_PIN-PMN-PT, and PZT-5H bimorphs, which are
very near those values estimated from the quasi-static Eq. (1).

As free cantilever beams, the tip displacements under the
action of a dc electric field are simulated by the finite element

software package ANSYS 14.1 (3D FEM) for the three
bimorphs. The results are shown in Fig. 5. As expected,
k32_PIN-PMN-PT bimorph exhibited the largest electric
field-induced displacement among all three bimorphs. It was
found that the maximum displacement for k32_PIN-PMN-PT
bimorph is �2.5 times and �3.7 times, respectively, of
those from k31_PIN-PMN-PT and PZT-5H bimorphs. It is
interesting to note that k32_PIN-PMN-PT and PZT-5H
bimorphs bend upward while k31_PIN-PMN-PT bimorph
bends downward. This is because d31 of PIN-PMN-PT poled
along [011]c has opposite sign from that of its d32.

Table 2 summarizes the resonance frequencies, electro-
mechanical coupling factors and tip displacement of the
low frequency modes for different piezoelectric materials
with the almost same dimensions. One can see clearly the
superior electromechanical coupling properties (kb � 0.8) of
k32_PIN-PMN-PT bimorph and its low-frequency charac-
teristic. Its resonance frequency is only 12 kHz, which is
less than half of that of PZT-5H bimorph with the same
dimensions.

5 Conclusions In conclusion, the electromechanical
properties of three different piezoelectric bimorphs were
investigated by resonance measurements and finite element
simulations. The k32_PIN-PMN-PT type bimorph exhibited
superior electromechanical performance with very large
electromechanical coupling factor of 0.80. The maximum
electric field-induced displacement is 3.7 times of the
bimorph made of PZT-5H piezoceramic. These superior
properties plus the much lower resonance frequency make
the k32_PIN-PMN-PT type bimorph an excellent candidate
for next generation low-frequency miniaturized actuators
and sensors.
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Figure 5 The deformation shapes of (a) traditional PZT-5H
type, (b) k31_PIN-PMN-PT type and (c) k32_PIN-PMN-PT type
bimorphs under constant external electric field, simulated by FEM.

Table 2 Comparison of the resonance frequencies and electrome-
chanical coupling factors of bimorphs and other low-frequency
resonators made of different piezoelectric materials.

materials and resonator size (mm) f
(kHz)

k

PZT-5H (k31 bar) 10.6 � 1.6 � 1.0 134.1 0.46
PZT-5H (bimorph) 10.6 � 1.6 � 1.0 26.2 0.35
PINT30 (k31 bar) 10.6 � 1.6 � 1.0 132.1 0.74
PINT30 (k31_bimorph) 10.6 � 1.6 � 1.0 25.1 0.56
PINT30 (k32 bar) 10.6 � 1.6 � 1.0 62.2 0.93
PINT30 (k32_bimorph) 10.6 � 1.6 � 1.0 12.0 0.80
PMNT29* (k36 plate) 10.0 � 10.0 � 0.5 57.0 0.81

PINT30: 0.24PIN-0.46PMN-0.30PT single crystals; PMNT29: 0.71PMN-
0.29PT single crystals; * after Ref. [17].
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