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a b s t r a c t

Ni/Pb(Zr,Ti)O3/Ni, Ni/Pb(Zr,Ti)O3 and Pb(Zr,Ti)O3/Ni cylindrical layered magnetoelectric (ME) composites
with different Ni layer thickness were prepared by electrodeposition. The resonant ME effect was studied
in both axial and vertical modes. The optimal DC magnetic field increases with Ni layer thickness and
resonant ME voltage coefficients are maximum at intermediate Ni layer thickness for all cases. The re-
sonant ME effect is also influenced by magnetostrictive and piezoelectric layer sequence. The Pb(Zr,Ti)O3/
Ni cylinder has the best ME performance because of the highest axial ME voltage coefficient, almost
highest vertical ME voltage coefficient and lowest optimal DC magnetic field in both modes. This work
provides guidance to optimize ME performance in cylindrical layered ME composites.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetoelectric (ME) effect is the coupling between electric
polarization and magnetization. In magnetostrictive-piezoelectric
composite, the ME effect is dominated by the strain transfer at
phase interfaces [1,2]. Layered ME composites show the strongest
ME effect and have been utilized for many device technologies,
including ME sensors, energy harvesters and so on [3–6]. Com-
pared with plate composites, cylindrical layered ME composites
have more compact structure, which is beneficial for device min-
iaturization. On the other hand, due to the self-bound effect of the
cylindrical structure, both the piezoelectric (PE) modes of d31 and
d33 of the PE phase combine together to induce better ME coupling
[7]. It has been demonstrated that Ni and Pb(Zr,Ti)O3 (PZT) cy-
lindrical layered composites made by electrodeposition have giant
ME coupling due to rigid and direct contact at interfaces without
the use of adhesives [8,9].

A few studies have investigated the influence of various factors,
such as geometry, boundary conditions and imperfect interface of
cylindrical layered ME composites on the ME effect [7–14]. Wu
et al. [7] presented the theoretical model of long trilayer and bi-
layer cylindrical ME composites to predict the resonant ME re-
sponse. For the finite length ME composite cylinder, a three-
dimensional exact solution under simply-supported boundary
conditions was obtained [10]. However, this work only discussed
the axial ME effect related to length and curvature. Wang et al.
[11,12] applied uniform radial magnetic field to derive an analy-
tical solution for the ME effect in bilayer cylinder. However, uni-
form radial magnetic field is uncommon in ME device applications.
Other experimental studies have reported the diameter and length
effects on the ME properties of cylindrical composites [13,14].
However, only a few experiments have focused on the layer se-
quence of the PE and magnetostrictive (MS) layers and the MS
layer thickness effects.

In this work, Ni/PZT/Ni, Ni/PZT and PZT/Ni cylindrical layered
ME composites are electrodeposited for comparison. The ME effect
can be amplified in resonance by the quality factor Q, which im-
proves ME devices performance [5]. Moreover, static and resonant
ME responses of ME composites do not always have identical
trends with changing parameters [11–14]. Given these, the re-
sonant frequency and corresponding resonant ME effect depen-
dence on the MS Ni layer thickness are investigated. The effect of
the layer sequence is also discussed.
2. Experiment

Three samples with the abovementioned layer sequences were
prepared by electrodeposition, as shown schematically in Fig. 1.
The three PZT ceramic rings with the Φ20�Φ18�10 mm3
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Fig. 1. Schematics of: (a) Ni/PZT/Ni, (b) Ni/PZT and (c) PZT/Ni cylindrical layered ME composites.
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dimensions were radially polarized. First, Ni was electrodeposited
on each PZT sample for four hours. Ni electrodeposition bath
composition and conditions are described elsewhere [8]. With the
same electrodeposition time, all Ni layers thickness, tm, was ap-
proximately 200 mm. Then for each sample, the ME properties
were characterized. The four-hour electrodeposition and ME
measurements were continued for the three samples three more
times. The corresponding successive tm was about 400 mm, 600 mm
and 800 mm. The ME characterization was performed in the ME
measurement system. With both DC (HDC) and alternating (δH)
magnetic field applied parallel (axial mode) or perpendicular
(vertical mode) to the cylinder axis, two corresponding ME voltage
coefficients, αE,A and αE,V, were obtained. The ME voltage coeffi-
cient was calculated as αE¼δV/(tPZT �δH), where tPZT is the PZT
thickness and δH is the amplitude of the AC magnetic field gen-
erated by the Helmholtz coils.
3. Results and discussion

Fig. 2 shows the AC magnetic field frequency, f, dependence of
αE,A for the Ni/PZT/Ni, Ni/PZT and PZT/Ni cylinders in axial mode
with increasing Ni layer thickness tm¼200, 400, 600 and 800 mm.
For all cases, the samples were measured under their corre-
sponding optimal DC magnetic field Hm. Obviously, the ME voltage
output is analogous for all three samples with different tm. There
are two resonant peaks in all cases, even though the second peaks
for the PZT/Ni cylinder are rather weak (see Fig. 2(c)).

For the three samples with various tm in the vertical mode, the
αE,V dependence on f is presented in Fig. 3. The ME voltage output
shows similar trends with the axial mode. Both the maximum αE,A

and αE,V are observed at the first resonant peak, which will be
discussed further. As shown in Figs. 2 and 3, the first peaks of
tm¼200 mm samples are quite close to 50 kHz. Meanwhile, the
resonant αE peak of an ME composite is at the electromechanical
anti-resonance frequency (fa) of the piezoelectric layer [15–17].
Anti-resonance frequencies of the radial vibration mode of the
three PZT rings were provided by the manufacturer as 49.5, 48.6
and 49.1 kHz, respectively. It can be inferred that the first resonant
peaks correspond to the radial extension vibration modes of the
three cylinders.

To better understand the resonant ME effect, Fig. 4 shows the
Ni layer thickness tm dependence of the maximum resonant ME
voltage coefficient αE,max and the optimal DC magnetic field Hm for
the three samples in both axial and vertical modes. Both αE,max

and Hm strongly depend on tm. Therefore, proper tm is essential for
the ME performance. Hm monotonously increases with tm in all
cases. In the axial mode, the three samples exhibit the best ME
voltage outputs when tm ranges from 200 mm to 400 mm. The
maximum resonant αE,A of the PZT/Ni cylinder with various tm are
higher than the Ni/PZT/Ni and Ni/PZT cylinders, while Hm is the
lowest. Since the magnetostrictive coefficient of the Ni layer is
negative, it shrinks along the axial direction and expands along the
circumferential direction when the external magnetic field is ap-
plied in the axial mode. Note that the Ni ring thickness is much
less than the radius, so the stress and strain in the radial direction
can be ignored. Thus, axial compressive and circumferential tensile
stresses are transformed to the PZT ring [18]. For the radial ex-
tension vibration mode, the Ni layer on the inner surface of the
PZT ring is superior to the outer surface, since Ni layer on the outer
surface can hinder radial extension. Since the outer surface of the
PZT ring in the PZT/Ni cylinder is free, the ME coupling is more
efficient in the PZT/Ni cylinder. These results suggest that in the
axial mode the PZT/Ni cylinder would have the best ME
performance.

In the vertical mode, the optimal tm of αE,V for the three sam-
ples ranges from 400 mm to 600 mm. When external magnetic field
is applied in the vertical mode, radial and circumferential stresses
are present in the PZT rings. When tmo600 mm, the maximum αE,

V of the Ni/PZT/Ni cylinder is the highest. This can be attributed to
the fact that the radial stresses of the inner and outer Ni layers can
cancel each other, while both circumferential stresses of the two
layers contribute to the ME effect. However, the maximum αE,V of
the PZT/Ni cylinder is higher than the Ni/PZT/Ni cylinder at
tmZ600 mm. This phenomenon is mainly due to the large enough
radial compressive stress for thicker tm. The appearance of dual
peak for the Ni/PZT cylinder can be attributed to flexural strain
induced by the asymmetric structure of the bilayer composite [7].
In view of the above, the PZT/Ni cylinder is most suitable for
practical applications according to its advantages in reducing
weight, but having nearly the highest ME output. On the other
hand, Hm of the PZT/Ni cylinder is also the lowest in the vertical
mode, which reinforces the previous statement.
4. Conclusions

In conclusion, the resonant magnetoelectric effect in three
different layer sequenced Ni and Pb(Zr,Ti)O3 cylindrical layered
composites with different Ni layer thickness, prepared by elec-
trodeposition, was investigated. Experimental results indicate that
the optimal DC magnetic field increases with Ni layer thickness,
while resonant ME voltage coefficients achieve maximum value
with intermediate Ni layer thickness for all three Ni/PZT/Ni, Ni/PZT
and PZT/Ni cylinders. The ME effect in the PZT/Ni cylinder is better
when both the ME voltage coefficient and optimal DC magnetic
field are considered. This work provides guidance for designing
cylindrical layered ME composites.



Fig. 2. The ME voltage coefficient αE,A dependence on the AC magnetic field fre-
quency f for: (a) Ni/PZT/Ni, (b) Ni/PZT and (c) PZT/Ni cylinders with various Ni layer
thickness. Fig. 3. The ME voltage coefficient αE,V dependence on the AC magnetic field fre-

quency f for: (a) Ni/PZT/Ni, (b) Ni/PZT and (c) PZT/Ni cylinders with various Ni layer
thickness.
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Fig. 4. The maximum resonant ME voltage coefficient αE,max and the optimal DC
magnetic field Hm dependence on the Ni layer thickness for Ni/PZT/Ni, Ni/PZT and
PZT/Ni cylinders in axial and vertical modes.
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