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a b s t r a c t

Layered magnetoelectric (ME) composite structures of varying geometry consisting of PZT and Ni layers
were prepared by electrodeposition. Trilayered plate, bilayered and trilayered cylindrical structures’ ME
ccepted 24 May 2009

eywords:
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performance was compared. The ME voltage coefficient increased with Ni layer thickness. Cylindrical
composites show better ME performance than the plate structures with the same magnetostrictive-
piezoelectric phase thickness ratio under high applied magnetic fields at resonant frequencies. Bilayered
cylindrical Ni/PZT structure has the best performance in axial mode under high magnetic field, exhibit-
ing linear ME voltage coefficient dependence on the applied magnetic field, which makes it a promising

eld s
e.
ibration
agnetoelectric properties

candidate for magnetic fi
decreased its performanc

. Introduction

Layered multiferroic materials are candidates for the next-
eneration multifunctional devices [1–6]. In these structures, the
nteraction between ferroelectric and ferromagnetic layers pro-
uces new coupled magnetoelectric (ME) effect [7,8]. The ME
esponse appears as an electric polarization upon applying mag-
etic fields and/or a magnetization upon applying electric fields,
nd has been observed in some single-phase materials [9,10],
ncluding BiFeO3 and BaMnF4 [11,12]. The ME effect comes from
he local exchange between the internal orderly magnetic struc-
ure and ferroelectric sub-lattice [13]. Unfortunately, single-phase

aterials exhibit weak ME effect, which explains their limited
pplication. Magnetoelectric layered composite structures provide
n alternative, exhibiting higher ME effect due to mechanical cou-
ling between piezoelectric and ferromagnetic layers [14]. When
agnetic filed is applied to the ferromagnetic layer, it deforms,

ransporting mechanical strain onto the piezoelectric layer, thus
enerating an electric potential. The magnetoelectric coefficient
s the voltage generated in the piezoelectric due to the applied

agnetic field per piezoelectric thickness, and has the units of
/(cm Oe). Ferroelectric and ferromagnetic layered materials have
urie and Neil temperatures above room temperature, and exhibit
arger piezoelectric and piezomagnetic effects compared with tra-
itional single-phase ME materials.

There are two major types of synthesized ME composites: par-
iculate and layered composites. Particulate composites include

∗ Corresponding author. Tel.: +86 10 82376835; fax: +86 10 62333375.
E-mail address: pandean@mater.ustb.edu.cn (D.A. Pan).
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ensor applications. Cutting the ring along the axial direction drastically

© 2009 Elsevier B.V. All rights reserved.

sintered and organic solidified composites [15–20]. The ME effect is
weak in these sintered structures because of the diffusion between
phases and the seepage phenomenon. The same problem exists
with organic solidified composites made by hot pressing of piezo-
electric and piezomagnetic granular materials.

Layering has become a popular method for synthesizing ME
composites. This is especially true for joining together piezoelec-
tric and piezomagnetic phases by bonding or hot pressing [21–28].
The ME effect in layered composites is much higher compared with
the particulate composites made from the same materials [29].
However, interfacial effects in laminate composites are inevitable,
and constrain the improvement and applications of ME laminate
composites due to ageing and fatigue.

Liu and co-workers made layered composites with improved
ME effect by bonding layers of varying geometry [30]. However,
based on the limitation of the gluing method, only simple pla-
nar shapes could be produced, including laminated squares and
disks [31,32]. Laletin et al. reported the giant ME effect in layered
transition metal/PZT samples synthesized by bonding thin disks of
PZT and Fe, Co or Ni with an adhesive [33]. As for more complex
shapes, such as cylinders, new techniques had to be developed. It
is possible to improve the ME layered composite performance by
depositing each layer directly, without the use of a bonding agent,
which provides much better mechanical coupling and can produce
more complex shapes that will help improve the ME effect.

Electrodeposition is widely used for making composite func-

tional materials with good interfacial adhesion. Electrodeposition
process has the ability to coat complex shapes, while controlling
coating thickness and composition [34–36]. Magnetic materials,
including Fe, Co, Ni and their alloys can be deposited by elec-
trodeposition from the corresponding salt solutions. Moreover, the

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:pandean@mater.ustb.edu.cn
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onding glue layer can be avoided with this method. We utilized
lectrodeposition to make layered ME composites with complex
hapes and improved ME properties, which are discussed later.

. Experimental procedures

Three different structure types were made, and include planar
rilayered Ni/PZT/Ni, cylindrical trilayered Ni/PZT/Ni, and cylindri-
al bilayered Ni/PZT composites, presented schematically in Fig. 1.
ommercial PZT-5H ceramic (Pb(Zr0.52Ti0.48)O3 supplied by the

nstitute of Acoustics, Chinese Academy of Sciences) was utilized
s the piezoelectric layer and electrodeposited pure nickel (Ni) was
tilized as the magnetic layer, which had good piezoelectric prop-
rties. The main performance parameters of PZT-5H are shown in
able 1.

Sample preparation consisted of the following steps: first, the
ZT was mechanically cut into desired shape, then polarized (vec-
or P shows the polarization direction in Fig. 1), and then bathed
n a plating solution to electrodeposit Ni. The thickness of Ni was
ontrolled by the deposition time. For a plate layered ME compos-
te, shown schematically in Fig. 1(a), the dimensions of PZT center
ayer are W × L × tPZT = 10 mm × 20 mm × 0.25 mm, where tPZT is the
hickness of PZT. Varying thickness Ni layers were electro-plated
n both sides of the PZT samples. The deposition times were 1,
and 4 h, which resulted in 0.1, 0.2 and 0.4 mm thick Ni layers,

espectively.
For the cylindrical trilayered ME composite, shown schemat-

cally in Fig. 1(b), the dimensions of PZT are R1 × R2 × h mm3,
here R1 = 9 mm is the inner radius, R2 = 10 mm is the outer

adius, h = 8 mm is the PZT cylinders height and tPZT = (R2 − R1). Ni

as deposited on both inner and outer PZT cylinder surfaces for

0 h, which resulted in total 1 mm Ni layer thickness (0.5 mm on
ach side of the cylinder). For the cylindrical bilayered structure,
hown schematically in Fig. 1(c), the PZT cylinder height is 3 mm
h = 3 mm), and the other two dimensions are the same as for the

ig. 1. Schematic of (a) planar trilayered Ni/PZT/Ni and (b) cylindrical trilayered Ni/PZT/Ni
irection. Other vectors identify the direction of applied magnetic field, and correspondin

able 1
he main performance parameters of PZT-5H.

33 (×10−12 C/N) d31 (×10−12 C/N) ˛ (×10−6 ◦C−1) TC (◦C)

00 −175 10 300
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trilayered cylindrical structure (R1 = 9 mm R2 = 10 mm). The corre-
sponding PZT radii are R1 and R2 shown in Fig. 1(c). Besides having
smaller height compared with the trilayered cylindrical structure,
Ni was only deposited on the outer PZT cylinder surface for 20 h,
resulting in 1 mm Ni layer thickness. For both cylindrical samples,
PZT was polarized in the radial directions (P in Fig. 1(b) and (c)).

Ni electrodeposition process is described in detail elsewhere
[37]. Nickel aminosulfonate plating solution (concentration of
600 g/L) was used due to its stability, rapid plating speed and small
film residual stresses. Nickel chloride (20 g/L) was added to the plat-
ing bath to help the anode dissolution. Boric acid (20 g/L) acted
as a buffer to stabilize the plating solution pH. The pH value was
adjusted to 4 by using sulfamic acid and sodium hydroxide. Surfac-
tant of sodium lauryl sulfate (0.1 g/L) was added to prevent pinholes
on the film surface. The total volume of the electro-plating solution
was about 1 L, and plating occurred at 60 ◦C with 5 A/dm2 current
density.

The magnetoelectric measurement system is described in detail
elsewhere [38]. The ME voltage coefficient was calculated based
on ˛E = �V/(tPZT·�H), where �H is the amplitude of the sinusoidal
magnetic field generated by Helmholtz coils. For the plate sample,
the polarization direction is along the PZT thickness (transverse
direction), denoted as P in Fig. 1(a). We can obtain ME voltage coef-
ficients effect of ˛T–L

E and ˛T–T
E when the magnetic fields are applied

in the longitudinal and transverse directions, respectively. Magne-
toelectric voltage coefficient ˛T–L

E direction notation used in this
paper is the following: the first superscript T denotes the transverse
PZT polarization direction and L denotes the longitudinal magnetic
applied direction. Similarly, ˛T–T

E assumes that the PZT thickness is
taken along the transverse plate direction, and the magnetic field

is applied in the same plate transverse direction.

For these cylindrical layered samples, two ME voltage coef-
ficients ˛R–A

E and ˛R–V
E were obtained corresponding to two

conditions where HDC and �H were applied along the cylinder axis,
or in the vertical direction along its diameter, respectively. For ˛R–A

E

and (c) cylindrical bilayered Ni/PZT ME composite. Vector P shows PZT polarization
g ME voltage coefficients.

ε K tgı � (kg/m3) Qm

1750 0.65 0.02 7.5 × 103 50
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nd ˛R–V
E , R denotes radial polarization direction, while A and V

enote axial and vertical axis along which direction the magnetic
eld is applied.

. Results and discussion

.1. ME effect in the plate layered composites

Three plate structures with varying Ni layer thickness, shown
chematically in Fig. 1(a), were tested in both longitudinal and
ransverse modes as a function of applied magnetic field ampli-
ude and frequency. At 1 kHz magnetic field frequency it was found
hat the transverse ME voltage coefficient reaches a sharp peak at
.5 kOe, while in the transverse mode the maximum was reached
t 0.16 kOe [39].

Fig. 2 shows the magnetoelectric voltage coefficients of the
0 mm × 20 mm × 0.65 mm Ni/PZT/Ni composite structure shown
chematically in Fig. 1(a) as a function of the applied magnetic field,
DC in transverse (˛T–T

E ) and longitudinal (˛T–L
E ) directions. The

otal thickness of top and bottom Ni layers is 0.4 mm, and the data
as obtained at 1 kHz magnetic field oscillation frequency. With the
agnetic filed amplitude increase, the longitudinal ˛T–L

E shows a
harp peak, reaching a maximum of 0.5 V/(cm Oe) at Hm = 0.16 kOe,
hen decreases rapidly to zero at 3 kOe. In contrast, the transverse
T–T
E has two peaks, one at low HDC, and a second maximum of
.13 V/(cm Oe) at Hm = 4.5 kOe.

Fig. 3 compares the ME voltage coefficients frequency
ependence of the trilayered Ni/PZT/Ni composite structure in

ongitudinal, ˛T–L
E and transverse, ˛T–T

E , directions obtained at
orresponding optimized magnetic fields of 0.16 kOe and 4.5 kOe,
espectively. The longitudinal ˛T–L

E is much larger than the trans-
erse ˛T–T

E , although both peaks occur at the same resonant
requency. This means that regardless of the magnetic field appli-
ation direction, the sandwich structure vibrates at its natural
lectromechanical resonance (EMR) frequency of 90 kHz. ME volt-
ge coefficient magnitude and the field dependence are related to a

ariation of the demagnetization effect [40]. The magnetostrictive
ayer plate geometry dictates that the longitudinal line magne-
ostriction will be much higher than the transverse one, so the

aximum of ˛E is larger and the corresponding DC magnetic field

ig. 2. Magnetoelectric voltage coefficient in transverse ˛T–T
E and longitudinal ˛L–T

E
irections at room temperature for Ni–PZT–Ni trilayered composites with Ni layers
hickness of 0.4 mm.
Fig. 3. Frequency dependence of the longitudinal and the transverse ME voltage
coefficients for the Ni–PZT–Ni trilayered composite with 0.2 mm Ni layer thickness
at Hm corresponding to the maximum ME coupling [39].

is lower. Srinivasan et al. also obtained a similar result [40]. PZT is
not constrained in the transverse direction due to the layered plate
structure geometry, thus it is under plane stress conditions.

We also measured the dielectric constant and the dielectric loss
of the laminated Ni–PZT–Ni composite as a function of frequency,
and found that the dielectric constant discontinuity happens at
the resonance frequency of 90 kHz [39,41]. Fig. 4 shows the lon-
gitudinal ME coefficient, ˛T–L

E , as a function of frequency for three
samples with different Ni layer thicknesses, tNi. The EMR frequency
shifts towards higher values with increasing Ni thickness due to the
fact that thicker Ni is more efficient in straining PZT and the struc-
ture becomes stiffer [30]. According to Bichurin’s theoretical model
of the magnetoelectric resonance effect, the ME coefficient peak
value is determined by the effective piezomagnetic and piezoelec-

tric coefficients, compliance and permittivity [42]. HDC curves of a
plate layered ME composite shown in Fig. 2 indicate that the main
difference between ˛T–T

E and ˛T–L
E is that while there is a sharp

peak at low magnetic field for ˛T–L
E , there is a broader peak at high

Fig. 4. Ni layer thickness effect on the ME voltage coefficient of the plate structure
in the longitudinal mode [39].
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The ME effect for the cylindrical composites at low magnetic
fields (<0.16 kOe) in the vertical mode is similar to that of the
plate composites in the longitudinal mode, but it is similar to that
of the transverse mode in high magnetic fields (>4.1 kOe). For a
D.A. Pan et al. / Materials Science

eld only for ˛T–T
E . Dong et al. also obtained similar results for a

late structure [43]. As HDC and �H are applied along the longitu-
inal direction, a sharp peak of ˛E always appears at the low field.
owever, as HDC and �H are applied along the transverse direction,
flat peak of ˛E appears at the high field.

For the trilayered plate ˛T–L
E measurement, the magnetic field

irection is applied along the composite plate length (in-plane
irection), but it is along the PZT thickness direction (out of plane)
or ˛T–T

E , which is aligned with the PZT polarization direction. Ni
hrinks in the direction of the applied magnetic field. Absolute
imension change (shrinkage) due to the magnetostrictive effect

s larger in the plane of the plate composite structure (when the
agnetic filed is applied in the longitudinal direction) than in the

ransverse out-of-plane direction, since the in-plane dimension is
arger in this case. That is why there is a sharp peak at HDC applied in
ZT polarization direction, while there is a broad peak in the direc-
ion perpendicular to the PZT polarization for the plate structure.

For the magnetoelectric layered structure, the interfacial bond-
ng between magnetostrictive and piezoelectric layers is important
o their ME performance. Liu et al. theoretically predicted the influ-
nce of interfacial bonding layer thickness and its shear modulus
n the magnetoelectric effect [44]. With the interfacial binding
ayer thickness increase and its shear modulus decrease, the ME
esponse will rapidly decrease. It is worth to note that the mag-
etostriction of Ni is two orders of magnitude smaller than that
f the Terfenol–D, but the ME voltage coefficient of the laminated
i–PZT–Ni composite synthesized by electrodeposition is compa-

able with that of the Terfenol–D/PVDF/PZT bulk samples because
he adhesive Polyvinylidene Fluoride (PVDF) interfacial layer in
he Terfenol–D/PVDF/PZT system is eliminated in the electrode-
osited Ni–PZT–Ni system [29,45]. The shear modulus of metal is
uch higher than that of PVDF, and the metal layer bonds directly
ith PZT, without the need for adhesive PVDF bonding. Hence,

etter interfacial coupling between PZT and Ni layers offsets Ni’s
maller magnetostriction compared with Terfenol-D. It is possi-
le to enhance the ME coefficient further by polarizing PZT in the

ongitudinal direction and electrodepositing thicker metals with
igher magnetostriction coefficient. We showed that thicker Ni lay-
rs results in higher ME voltage coefficient. The possible reason is
hat Ni has lower demagnetization factor than the Terfenol-D [46].

.2. ME effect in cylindrical layered composites

Fig. 5 compares the ME voltage coefficients for trilayered
nd bilayered cylindrical composites obtained at 1 kHz applied
agnetic field frequency. For the Ni/PZT/Ni cylindrical trilayered

omposite the PZT dimension are Ø 18 mm × Ø 20 mm × 8 mm. The
rilayered cylinder axial HDC curve is similar to that of a plate lay-
red ME composites when the magnetic fields are applied in the
ongitudinal direction. There is a sharp peak at low field (below
.5 kOe) in both axial and vertical modes observed in Fig. 5 for the
rilayered cylinder. With the increased bias magnetic field the ME
oltage coefficient decreases in the vertical mode, but there is a
econd wide maximum peak at 4.1 kOe [47].

Similar to the trilayered plate structure in the vertical direction,
here are two peaks observed for the trilayered cylinder, one at low,
nd one at higher magnetic fields. The cylindrical ME composite
an be divided into a series of infinitely small vertical units. In the
xial mode, the fields are applied along the axis of each infinitesimal
ylindrical unit, so a sharp ˛R–A

E peak appears at low magnetic field,

imilar to the plate longitudinal mode. When the magnetic fields
re applied perpendicular to the cylinder axis (vertical mode), the
ituation is more complex. In this condition, each infinitesimal unit
lopes with the fields, and can be treated as a combination of two
late units, one parallel and another one normal to the fields. As a
Fig. 5. Dependence of vertical trilayered cylinder, axial trilayered and bilayered
cylinder ME voltage coefficients on the bias magnetic field HDC at f = 1 kHz of AC
field �H for the Ni-PZT cylindrical layered composites [37,39,41].

result, a sharp peak of ˛R–V
E appears at a low applied magnetic field

and a flat peak appears at a high field, similar to the sloping or the
parallel combination of two plate structures.

Fig. 6 shows cylindrical trilayered structure’s ˛R–A
E and ˛R–V

E as
functions of frequency measured at fixed bias fields. A sharp reso-
nance peak at f ≈ 63.8 kHz was detected for both directions, where
the large ME coefficient is associated with the EMR [43]. A similar
resonance was already analyzed in the plate trilayered compos-
ites. For the cylindrical ME composite with the thickness ratio of
tNi/(tNi + tPZT) = 1/2, the maximum ME voltage coefficient is ˛R–V

E =
35 V/(cm Oe) at 0.16 kOe, which is about two times larger than that
of a plate trilayered composite with the same magnetostrictive-
piezoelectric phase ratio, ˛T–L

E = 16 V/(cm Oe).
Fig. 6. Frequency dependence of the ME voltage coefficient for Ni–PZT–Ni cylindri-
cal trilayered composite measured at different applied magnetic fields in axial and
vertical directions [41].
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For a plate or disc trilayered composites, there is no constraint on
the boundary of the ferromagnetic phase, and then no ˛E(ω) appears
under high field, i.e. ˛E = ˛E(�). For the ring bilayered composite
illustrated in Fig. 1(c), ˛E = ˛E = ˛E(�) + ˛E(ω) and ˛E(�) plays the main
18 D.A. Pan et al. / Materials Science

late composite, the longitudinal ME voltage coefficient is an order
f magnitude larger than the transverse one [36]. The same rea-
on is for the cylindrical structure vertical ME voltage coefficient
t HDC = 0.16 kOe being an order of magnitude lager than that at
DC = 4.1 kOe in the vertical mode. However, for the axial, ˛R–A

E , and
he vertical, ˛R–V

E , modes the different ME effects originate from the
hape demagnetization influence on the magnetostrictive layers
40].

In our previous study, the cylinder can be simplified as an
nfinitesimally plate layered structure, the boundary conditions of
he cylinder are not the same as those of the plate layered struc-
ure [48]. Both outer Ni layers of the plate structure are under plane
tress conditions and are not constrained in the vertical direction
the free vertical state), while the cylinder outer and inner faces
re constrained in the axial, radial and circumferential directions
the self-bound state). When the Ni ring shrinks (or expands) in
he magnetic fields, not only does its circumference decrease (or
ncrease) but also its diameter and height decrease (or increase)
t the same time due to the self-bound effect. Then each PZT
nfinitesimal unit will suffer radial and tangential forces simulta-
eously due to the change in the shape of the NI layers. Two PZT
odes of d33 and d31 contribute to the ME coefficient at the same

ime. Hence, the cylindrical layered ME composite can be simpli-
ed as a plate trilayered ME composite in the self-bound state
49].

The self-bound state can promote the ME effect in layered
omposites, which strongly depends on the mechanical coupling
etween the layers. Guo et al. reported that the clamped ME com-
osites had a larger ME voltage coefficient than those in the free
tate [49]. The cylindrical shape forces its infinitesimal elements
n the self-bound state naturally, therefore, we predicted that the
ylinder would have a much larger ME voltage coefficient than the
late. The maximum of ˛T–L

E was about 16 V/(cm Oe) for the plate
ample, while the maximum of ˛R–V

E is about 35 V/(cm Oe) for the
ylindrical sample with the same magnetostrictive–piezoelectric
hases thickness ratio [39,47]. Our experimental results are in good
greement with the theoretical predictions.

The dependence of ˛R–A
E on bias magnetic field HDC at f = 1 kHz

or �H of a Ni/PZT cylindrical bilayered ME composite presented
chematically in Fig. 1(c) with the dimension of Ø 18 mm × Ø
0 mm × 3 mm is shown in Fig. 5. It can be seen that ˛R–A

E at
kHz has a maximum value at Hm = 0.6 kOe, and then continues

o increase with increasing HDC > 3 kOe.
The bilayered cylinder ME composite frequency dependence of

R–A
E was measured at the bias field of HDC = 0.6 kOe and HDC = 6 kOe,
espectively, shown in Fig. 7. For both HDC = 0.6 kOe and HDC = 6 kOe,
here are sharp peaks at 60 kHz. The electromechanical resonance
eak under high field of HDC = 6 kOe is ˛R–A

E = 21 V/(cm Oe) and is
uch larger than that under low field of Hm = 0.6 kOe.
A linear relationship between the ME voltage coefficient and the

agnitude of applied magnetic field at resonance frequency was
bserved [37]. Fig. 8 shows the bias field dependence of ˛R–A

E at
esonance frequency of 60 kHz for the bilayered cylindrical ME com-
osite. It can be seen that the ˛R–A

E increases linearly with increasing
ias field above 1 kOe. This result was unexpected because the HDC
urve linearity does not exist in conventional (plate) layered com-
osites whose ME voltage coefficient approaches zero at high bias
agnetic fields. Therefore, we could not use the traditional theory

o explain this phenomenon.
For ferromagnetic materials, like Ni, line magnetostriction

= �l/l increases with increasing bias magnetic field, HDC, then it

eaches a saturation value �s at Hs. The volume magnetostriction
hanged with HDC, when HDC > Hs, the volume magnetostriction
ncreased with increasing field HDC when HDC < Hs, the volume
hange ω = �V/V is too small to be measured [50]. Under low mag-
etic field, i.e. HDC < Hs, the field dependence of the ME voltage
Fig. 7. Frequency dependence of the axial ME voltage coefficient, ˛R–A
E , at 0.6 kOe

and 6 kOe for Ni-PZT cylindrical bilayered composite.

coefficient is determined by the variation of the piezomagnetic cou-
pling q with the field HDC, and ˛E is proportional to q, i.e. to ��/�H,
where �� is the differential magnetostriction. When HDC = Hs, � = �s

and then ��/�H = 0, therefore, the ˛E(ω) caused by the line mag-
netostriction is equal to zero under high bias field. The volume
magnetostriction of ferromagnetic Ni phase under high bias field of
HDC > Hs can also generate strain in the PZT, resulting in increasing
the voltage of �V across the PZT. Thus, ˛E(ω) induced by the volume
magnetostriction appears under high bias field, which increases
with bias magnetic field. The total ME effect is the sum of ˛E(�)
caused by line magnetostriction under low fields and ˛E(ω) induced
by volume magnetostriction under high fields, i.e. ˛ = ˛ + ˛ .
Fig. 8. Bias field HDC dependence of the axial ME voltage coefficient, ˛R–A
E , at 60 kHz

resonance frequency for the intact and cut Ni-PZT cylindrical bilayered composite
[37].
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ole under low bias fields, while ˛E(ω) plays the main role under high
elds.

As shown in Fig. 8, the linearity of ˛E and the bias magnetic
eld is 0.997 in the 2–8 kOe range. This result is unique because in
revious reports the ˛E decreased significantly when the external
agnetic field was larger than 1 kOe for most conventional high-

eld magnetic sensors [51]. Based on these results, we can predict
hat the range of high linearity of the ˛E and bias magnetic field
n cylindrical composite should be wider, so the cylindrical com-
osite will achieve a potential application in new generation of
igh-field magnetic sensors. As an additional proof that the cylin-
er bilayered structure exhibits giant ME effect due to its geometry,
e cut the cylinder along its axial direction, which significantly

educed the circumferential and radial stresses in the structure.
hile the 60 kHz resonance frequency remained in the cut cylinder,

he cut added other resonance frequencies of 60.5 kHz and 63.9 kHz,
hich correspond to other vibration modes. At the similar reso-
ance magnetic field frequency of 60 kHz the ME voltage coefficient
ecreased orders of magnitude in high magnetic field, as seen in
ig. 8.

. Conclusions

The method of electrodeposition was used to make layered mag-
etoelectric composites of varying geometry. The disadvantages
f using an intermediate binder layer (nonrigid contact, fatigue
nd aging) were eliminated, which enhanced the magnetoelectric
ffect. Electrodeposited plate Ni/PZT/Ni layered composites have
E properties comparable with bounded Terfenol-D/PZT struc-

ures. Electrodeposition provides means for synthesizing various
E composites with complex geometries, so that better ME prop-

rties can be obtained though structural design.
Cylindrical layered composites have larger ME voltage coef-

cient compared to the plate layered composites due to their
omplex geometry. The longitudinal model of the plate structure
s similar to the axial mode of the cylindrical composite. The lin-
ar relationship between ˛R–A

E and HDC after 1 kOe in cylindrical
ilayered ME composite can be utilized in high magnetic field sen-
or applications. The improvement of preparation method may
romote the development of ME composite towards practical appli-
ations.
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