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Tunable characteristics of bending resonance frequency in
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As the magnetoelectric (ME) effect in piezoelectric/magnetostrictive laminated composites is mediated by mechanical
deformation, the ME effect is significantly enhanced in the vicinity of resonance frequency. The bending resonance fre-
quency ( fr) of bilayered Terfenol-D/PZT (MP) laminated composites is studied, and our analysis predicts that (i) the bend-
ing resonance frequency of an MP laminated composite can be tuned by an applied dc magnetic bias (Hdc) due to the ∆E
effect; (ii) the bending resonance frequency of the MP laminated composite can be controlled by incorporating FeCuNbSiB
layers with different thicknesses. The experimental results show that with Hdc increasing from 0 Oe (1 Oe=79.5775 A/m)
to 700 Oe, the bending resonance frequency can be shifted in a range of 32.68 kHz 6 fr 6 33.96 kHz. In addition, with the
thickness of the FeCuNbSiB layer increasing from 0 µm to 90 µm, the bending resonance frequency of the MP laminated
composite gradually increases from 33.66 kHz to 39.18 kHz. This study offers a method of adjusting the strength of dc
magnetic bias or the thicknesses of the FeCuNbSiB layer to tune the bending resonance frequency for ME composite, which
plays a guiding role in the ME composite design for real applications.
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1. Introduction
In a magnetostrictive/piezoelectric composite, the magne-

toelectric (ME) effect is the result of a “product property”, i.e.,
the mechanical deformation due to magnetostriction results
in a dielectric polarization due to the piezoelectric effect.[1]

Such an ME effect is dependent on the frequency of the ap-
plied ac magnetic field.[2–5] Recent research on the frequency-
dependent ME response in the ME composite revealed that the
value of the ME voltage coefficient (MEVC) at resonance ex-
ceeds the low-frequency value by a factor from several tens
to hundreds due to magnetomechanical or electromechanical
resonance.[6–10] It has been proved that the large MEVC at the
resonance frequency makes the ME composites suitable for
applications in magnetic field sensors, transformers, actuators,
and transducers.[11–16]

However, for the usual ME laminated composite, the res-
onance bandwidth is narrow, and the resonant peak is sharp
and fixed. Any small deviation from the resonance point will
cause a remarkable decrease of the ME voltage coefficient
and a corresponding severe degradation of the ME compos-
ite’s performance. This fact restricts wider applications of ME
resonant mode devices. Typically, by selecting materials with
a lower mechanical quality factor, a wide-band frequency re-
sponse can be obtained. Unfortunately, this will result in a
notable decrease in the maximum ME voltage. Furthermore,
Yu et al.[17] have demonstrated the wide-band ME response
by combining several Terfenol-D/epoxy-Pb(Zr,Ti)O3 bilayers

in parallel and series electrical connections. However, the
overall magnitude of the MEVC at the resonance frequency
decreases significantly, and the effective peak is not smooth.
Wang et al.[18] have studied piezoelectric frequency-tunable
transducer. Due to the effect of electric load on the character-
istics of piezoelectric vibration system, the frequency-tuning
is achieved by adjusting the electric load. Similarly, the reso-
nance frequency for an ME composite strongly depends on the
average sound velocity of the composite. The average sound
velocity changes continually with the size of ME composite
and the applied dc bias magnetic field. Correspondingly, its
resonance frequency can be tuned. To date, studies have fo-
cused on the tunable characteristics of resonance frequency
in ME composites.[19–21] Bi et al.[19,20] have reported that the
resonance frequency can be controlled by varying the length
of a rectangular Ni–PZT–Ni layered composite and the di-
ameter of a cylindrical Ni–PZT–Ni layered composite. This
characteristic widens the application scope of ME composites.
However, quite a low magnetostriction (λs ≈ 2.7 ppm) of Ni
results in a small ME voltage coefficient for the Ni–PZT–Ni
layered composite. Zhao et al.[21] have found that for a tri-
layered Terfenol-D/PZT/Terfenol-D laminated composite, the
resonance frequency can be shifted with the increase of state
magnetic field (i.e., dc-bias magnetic field) and a high MEVC
can be obtained. However, a disadvantage of the trilayered
Terfenol-D/PZT/Terfenol-D laminated composite is that the
resonance frequency in the length vibration mode is usually
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quite high, which could bring about significant eddy current
loss for the large magnetostrictive earth rare alloy Terfenol-
D, correspondingly reducing the conversion efficiency of the
magnetoelectric energy severely.[22] In fact, an alternative so-
lution is to reduce the operating frequency by using an ME
composite with an asymmetrical structure.

Due to the asymmetrical stress distributions in the mag-
netostrictive and piezoelectric layers, flexural deformation will
occur when an external magnetic field is applied to the bilay-
ered magnetostrictive/piezoelectric composite. A bending vi-
bration is also observed in a bilayered ME composite besides
the length vibration mode that usually exists in the symmet-
rical composites such as trilayered and multilayered compos-
ites. The bilayer composite operating in the bending vibra-
tion mode has lower resonance frequency and stronger ME
coupling compared with operating only in the length vibration
mode, which enables a tuning frequency with large an MEVC
and quite lower eddy current loss.

In this paper, we report on the tunability of the bending
resonant frequency of bilayered Terfenol-D/PZT (MP) lami-
nated composite by an applied dc magnetic bias and control-
ling the frequency shift for an MP laminated composite by in-
corporating a soft magnetic amorphous alloy FeCuNbSiB. The
MP laminated composite with an FeCuNbSiB layer not only
yields a giant ME output, but also keeps its size small. It makes
these ME composites suitable for practical applications.

Figures 1(a) and 1(b) show the two configurations of
the MP and Terfenol-D/PZT/FeCuNbSiB (MPF) laminated
composites, respectively. The sizes of Terfenol-D and PZT
are 12 mm × 6 mm × 1 mm and 12 mm × 6 mm × 0.8 mm
respectively. The dimensions of FeCuNbSiB ribbon (Inter-
national standard trademark 1K107) are 12 mm in length,
6 mm in width and 30 µm in thickness. Figures 1(c) and 1(d)
show the definitions of local coordinates in PZT and Terfenol-
D. The PZT plate is polarized in the thickness direction
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Fig. 1. (a) Configurations of Terfenol-D/PZT laminated composite, (b)
Terfenol-D/PZT/FeCuNbSiB laminated composite, and definitions of
local coordinates in (c) Terfenol-D and (d) PZT8, respectively.

(direction 3). The Terfenol-D plates are magnetized along the
longitudinal direction (direction 3).

2. Theoretical analysis
The bending resonance frequency of the bilayered ME

laminated composite is given by[22]

f B
n =

πd
2
√

12l2
V β

2
n , (1)

where βn ≈ n+ 1/2, V is the average sound velocity, d is the
thickness, and l is the length, n is the order bending vibra-
tion mode. When n = 1, it is the first-order bending vibration
mode.

The average sound velocity V of the ME laminated com-
posite can be derived from the classical plate theory combined
with a simple composite principle[22]

V =

√
Ē
ρ̄
, (2)

where ρ̄ and Ē are the average density and the average Young’s
modulus of the ME laminated composite, respectively.

Substituting Eq. (2) into Eq. (1) yields

f B
n =

πd
2
√

12l2

√
Ē
ρ̄

β
2
n . (3)

According to Eq. (3), the bending resonance frequency of
the ME composites depends on the Young’s modulus E. For
the magnetostrictive material, the Young’s modulus E varies
with applied dc magnetic field. Clark and Savage[23] have re-
ported that the largest ∆E/E for Terfenol-D reaches 161% at
a dc magnetic field of 4.3 kOe. The fact is that the depen-
dence of Young’s modulus on Hdc is related to the different
domain magnetizing behaviors under various values of the ap-
plied dc magnetic field. The ∆E effect of magnetostrictive
material (∆E) in an applied dc magnetic bias Hdc is expressed
as[24]

∆E
Em

=
9M2

s λ 2
s

8K3
u

H2
dcEm, (4)

where Em, Ms, and λs are Young’s modulus, saturation mag-
netization, and saturation magnetostriction constant, respec-
tively, and Ku is the uniaxial anisotropy with the easy axis ver-
tical to Hdc.

For the MP composite, the equivalent Young’s modulus
Ē and the average density ρ̄ are respectively determined by

Ē = nmEm +npEp, (5)

and
ρ̄ = nmρm +npρp, (6)

where Ep and Em are the Young’s moduli of PZT and Terfenol-
D, respectively, ρp and ρm are the densities of PZT and
Terfenol-D, respectively, nm and np are the geometrical factors
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describing the cross-sectional area ratios (or volume fraction)
of PZT and Terfenol-D, respectively.

The dependence of Hdc on Em results in the dependence
of Hdc on Ē according to Eqs. (4) and (5). Correspond-
ingly, the bending resonance frequency of the ME composite
strongly depends on the dc magnetic field.

On the other hand, the bending resonance frequency can
be shifted by changing the average Young’s modulus Ē of the
ME composite. The equivalent Young’s modulus Ē and the
average density ρ̄ for the MPF composite, are respectively de-
termined by

Ē = nmEm +npEp +(1−nm−np)Ef, (7)

and

ρ̄ = nmρm +npρp +(1−nm−np)ρf, (8)

where Ef is the Young’s modulus of FeCuNbSiB, and ρf is the
density of FeCuNbSiB.

Because the Young’s modulus of FeCuNbSiB is higher
than the Young’s moduli of PZT and Terfenol-D, by incor-
porating a soft magnetic amorphous alloy FeCuNbSiB, the Ē
of Terfenol-D/PZT composite increases. Moreover, the ρ̄ of
Terfenol-D/PZT composite decreases due to the small den-
sity of FeCuNbSiB. Consequently, the bending resonance fre-
quency increases with the thickness of the FeCuNbSiB layer
increasing according to Eq. (3).

Substituting the parameters in Table 1 into Eq. (3), the
bending resonance frequencies in MPF and MP laminated
composites are calculated to be 33.754 kHz and 32.9 kHz, re-
spectively. By incorporating an FeCuNbSiB layer, the bend-
ing resonant frequency of MP laminated composite increases
0.854 kHz.

Table 1. Material performances of PZT, Terfenol-D, and FeCuNbSiB.

Material Density/kg·m−3 Young’s modulus/GPa

PZT 7600 90.9

Terfenol-D 9200 29

FeCuNbSiB 7250 110

The calculated bending resonant frequencies for MPF
laminated composites at different thicknesses of FeCuNbSiB
layer are also shown in Fig. 2. The resonant frequency of lay-
ered MPF composite strongly depends on the thickness of Fe-
CuNbSiB layer. It increases almost linearly with the thickness
of FeCuNbSiB increasing from 0 µm to 120 µm.

Obviously, the bending resonant frequency of the MP
laminated composite can be controlled by incorporating Fe-
CuNbSiB layer and be tunable by an applied dc magnetic bias.

0 20 40 60 80 100 120
32.5

33.0

33.5

34.0

34.5

35.0

35.5

36.0

36.5

d/mm

f
r/
k
H
z

Fig. 2. Calculated bending resonant frequencies fr at different thick-
nesses d of FeCuNbSiB.

3. Experiment
The MP and MPF composites were fabricated by the fol-

lowing steps. First, the Terfenol-D plate, PZT plate, and mul-
tiple FeCuNbSiB ribbon plates were dipped in an organic im-
pregnant to clean them. After that, the samples were prepared
by stacking and then bonding the multiple plates with epoxy
(as shown in Figs. 1(a) and 1(b). The samples were cured at
80 ◦C for 1 h for good mechanical coupling.

When the Terfenol-D plate was vibrating, as induced by
ac magnetic field, it would force PZT to vibrate. Conse-
quently, the ME laminate composites would generate an out-
put voltage. The electric current in the coil was monitored
by measuring the voltage across the resistor which was con-
nected in series with the long straight solenoid. The bias dc
magnetic field applied to the ME laminated composite was
generated by using a pair of annular permanent magnets (Nd–
Fe–B), and measured by a Gauss meter. Both the ac magnetic
field and the dc magnetic bias were parallel to the longitudi-
nal direction of the device. For detecting the ME voltage, the
ac magnetic field was generated by applying a sine signal to
the solenoid. The induced ME voltage dV across the two elec-
trodes of the PZT plate was measured by an oscilloscope (Tek-
tronix, TDS2022B). The MEVC was calculated according to
α = dV/dH, where dH is kept as 1 Oe. All the experiments
were carried out at room temperature and ambient pressure.

4. Results and discussion
The variations in the MEVC with the bending resonance

frequency fr for different values of dc magnetic bias are dis-
played in Fig. 3. A sharp resonance peak is observed for each
Hdc. In the resonant peak there occurs a shift with the magnetic
field increasing from 0 Oe to 700 Oe. The resonant frequency
fr and resonant MEVC exhibit a significant dependence on dc
magnetic bias as shown in Fig. 4. It is seen that as applied bias
field increases, fr first goes down quickly to a critical value
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fmin (32.68 kHz) and then slightly increases. As mentioned
previously, the value of fr varies with dc bias increasing due
to the change of elastic stiffness induced by magnetostriction.
The experimental result is in agreement with the theoretical
prediction. Figure 4 demonstrates a pronounced shifting of
the resonance frequency from fr = 33.96 kHz for Hdc =0 Oe
to fr = 32.68 kHz for Hdc = 373 Oe. This means that fr is
adjustable by simply changing the dc magnetic bias. Further-
more, the resonant MEVC increases with applied bias field
increasing up to 700 Oe. And the maximum resonant MEVC
achieves 1.85 V/Oe [23.125 V/(cm·Oe)] under Hdc = 700 Oe.
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Fig. 3. (color online) Variations of MEVC for Terfenol-D/PZT lami-
nated composite with bending resonant frequency fr at several different
values of Hdc ranging from 0 Oe to 700 Oe.
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Fig. 4. (color online) Bending resonant frequency and resonant MEVC
for the Terfenol-D/PZT laminated composite versus Hdc ranging from
0 Oe to 700 Oe.

Figures 5(a)–5(c) show the variations of bending resonant
frequencies for the MPF laminated composites with three dif-
ferent thickness values of FeCuNbSiB (t) with dc magnetic
field. In all cases, the bending resonant frequency strongly de-
pends on Hdc. As Hdc increases, bending resonant frequency
first increases until it reaches a maximum value, and then goes
down quickly to a minimum value, and next slightly increases
as the field increases. It can be seen from Figs. 4 and 5 that
there are some discrepancies in the change tendency of bend-
ing resonant frequencies for the MP and MPF laminated com-
posites. It is mainly because the Young’s modulus E for the

FeCuNbSiB material varies with the applied dc magnetic field.
By incorporating FeCuNbSiB ribbon, the Ē for the MPF com-
posite changes. Correspondingly, there is a change in sound
velocity inside the MPF composite. Furthermore, the bend-
ing resonant frequency can be seen to notably increase with
the thickness of FeCuNbSiB increasing. The maximum bend-
ing resonant frequency of the MP laminated composite after
incorporating FeCuNbSiB layer increases to 39.227 kHz at
t = 90 µm.
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Fig. 5. Variations of bending resonant frequencies for the MPF lami-
nated composites with three different thickness values of FeCuNbSiB
with Hdc ranging from 0 Oe to 700 Oe: (a) 30 µm, (b) 60 µm, and (c)
90 µm.

For comparison, the dependence of the MEVC on ac mag-
netic field frequency fr at Hdc = 105 Oe for the MPF lami-
nated composites with four different thickness values of Fe-
CuNbSiB layer are shown in Fig. 6. One observes that the
bending resonance frequency and MEVC of the MP laminated
composite depend strongly on the thickness of FeCuNbSiB
layer. With the thicknesses of FeCuNbSiB layer increasing
from 0 µm to 90 µm, the bending resonance frequencies of the
MP laminated composites gradually increase from 33.66 kHz
to 39.18 kHz. Such a variation essentially can be attributed
to the changing of the average Young’s modulus Ē of the
MPF composite. It results in a relatively large frequency shift.
Equation (3) gives better physical explanations to the variation
in bending resonant frequency. Furthermore, figure 7 shows
that resonant frequency for the laminated composite exhibits
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a good linearity in the whole range of measurement for all
thickness values, which indicates that the resonance frequency
of MP laminated composite can be controlled by changing the
thickness of the FeCuNbSiB layer. The calculated value is
slightly lower than the experimental value. The discrepancy
results from the glue plate, which increases the average sound
velocity of the laminate. The deviation of the predicted value
from the experimental value may result from the bonding ef-
fect.
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Fig. 6. Variations of ME voltage coefficients for the MPF laminated
composites with four different the thickness values of FeCuNbSiB layer
with frequency at Hdc = 105 Oe.
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Fig. 7. (color online) Dependence of the bending resonance frequency
fr and the maximum of MEVC on the thickness of FeCuNbSiB d.

The maximum of the MEVC of the composite in-
creases until it reaches a certain maximum value 1.855 V/Oe
(23.1875 V/(cm·Oe)) and then decreases (shown in Fig. 7).

5. Conclusion
The bending resonance frequency of Terfenol-D/PZT

(MP) laminated composite is investigated. The study demon-

strates that (i) the Hdc dependence of the Young’s modulus
results in the Hdc dependence of the bending resonance fre-
quency. The bending resonance frequency of an MP laminate
can be continuously tuned by an applied dc magnetic field in
a wide range from 32.68 kHz to 33.96 kHz; (ii) by incorporat-
ing an FeCuNbSiB layer, the bending resonant frequency of
the MP laminated composite increases. It increases almost lin-
early with the thickness of FeCuNbSiB layer increasing. Thus,
one can control the bending resonance frequency by changing
the strength of Hdc and the thickness of the FeCuNbSiB layer,
which makes these layered ME composites suitable for prac-
tical applications in multifunctional devices such as electro-
magnetic sensors and transducer devices.
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