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bstract

new three-ply structured multiferroic Sm0.88Nd0.12Fe1.93–Pb(Zr0.53Ti0.47)O3 (MS-PZT) ceramic composite has been developed successfully by
ofiring at 900 ◦C under argon atmosphere via a solid solution process. The magnetic and polarization hysteresis loops prove the coexistence of
he ferromagnetic and ferroelectric phases in the composites. TEM images show the alloy particles were dispersed uniformly and mainly located
t the PZT grain boundaries. The DC resistivity as high as 109–1010 �.cm was obtained and only varies slightly with the volume fraction of the
onductive phase Sm0.88Nd0.12Fe1.93. The composites can be poled under a high electric field strength at a temperature of 150–180 ◦C. The dielectric,
iezoelectric, and magnetic properties of the composites can be tailored according to the desirable requirement to meet designated application by a

imple, flexible, and reproducible route, providing a promising potential approach to a new class of electric circuit and significant miniaturization
f devices.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Multiferroic materials combining two or more primary fer-
oic order parameters (ferroelectricity, ferromagnetism and
erroelasticity) 1 have attracted considerable research activity
n recent years.2–8 Ferromagnetic and ferroelectric multifer-
oics are particularly appealing not only because they have the
roperties of both parent compounds, but also because interac-
ions between the magnetic and electric polarizations lead to
heir multifunctionality.9 As well known, the coupling interac-
ion between ferroelectric and ferromagnetic substances could
roduce an interesting effect: the magnetoelectric (ME) effect,

hich is characterized by an induced electric polarization in
material upon the application of a magnetic field, or by an

nduced magnetization in a material upon the application of an

∗ Corresponding author. Tel.: +852 2766 6690; fax: +852 2330 1544.
E-mail address: zhf057@gmail.com (H. Zhang).
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lectric field.10 Magnetoelectric materials are potentially use-
ul in magnetic field sensors and magnetoelectric transducers
ue to their intrinsic effect upon the conversion between mag-
etic and electric signals without the aid of any external sources
f power.11 Importantly, following the general tendency of the
icroelectronic industry towards miniaturizaton and integra-

ion, finding materials with best properties in smaller volumes
nd combining more than one function in the same structure
as become highly desirable. However, natural multiferroic
ingle-phase compounds are rare, and their magnetoelectric
esponses are either relatively weak or occurs at tempera-
ures too low for practical applications (i.e. ∼0.02 V/cm.Oe for
r2O3).12 The breakthrough in terms of the giant magnetoelec-

ric effect was achieved in composite materials, in which the
E effect is realized in composites on the concept of product

13
roperty. According to this principle, a suitable combina-
ion of two phases such as magnetostrictive and piezoelectric
hases, can yield a desirable ME property. For example, the
ultilayer structures [i.e. ferrite/lead zirconate titanate (PZT),
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erfenol-D/PZT, and Terfenol-D/Pb(Mg1/3Nb2/3)O3–PbTiO3
tc.] 14–18; co-sintering particulate composites [such as
obalt ferrite (CFO)/barium titanium (BaTiO3), nickel ferrite
NFO)/BaTiO3 etc.] with 0–3 connectivity patterns 19–21; and
olumn-structure composites [i.e. Terfenol-D/Epoxy and single
ZT rods] with 1–3 connectivity patterns 22 are reported to pos-
ess an increased magnetoelectric effect of 3–230 times that
n single-phase materials. The challenges of laminated com-
osites include the high eddy-current losses, high mechanical
rittleness and weak mechanical coefficients of the constituents.
uitable size and dimensional designs are essential to the
pplications in electric current sensors at high frequency and
n micro-ME devices. In 0–3 particulate ceramic composites,
tomic interfacial diffusion and/or reaction problems between
he two ceramic phases during high-temperature preparation
ill deteriorate the predicted properties.15 While in 1–3 type

omposites containing Terfenol-D/Epoxy and single PZT rods,
ood interfacial contact and low resistivity of Terfenol-D are
wo issues.

In the present work, inspired by building materials
three-ply wood”, we have successfully developed a new three-
ly structured multiferroic ferromagnetic-ferroelectric ceramic
omposite by a conventional solid solution process. In this
ovel structure, in order to reduce the eddy current losses,
ner-grained magnetostrictive Sm0.88Nd0.12Fe1.93 (denoted as
S) powders are dispersed into micro-sized Pb(Zr0.53Ti0.47)O3

PZT) powders thoroughly to form a homogeneous 0–3 con-
ectivity pattern as the interlayer. Then, layers formed by the
lass-coated nano-sized PZT are applied onto the two sides
f the interlayer as the insulating layers to solve the leak-
ge current problem. Subsequently, the pellets are pressed and
ofired at 900 ◦C in argon for 4 h. A dense, smooth, and flat
hree-ply structured ceramic composite (similar to the three-
ly wood) was obtained with good interfacial contacts between
ayers.

To the best of our knowledge, this is the first report on
ultiferroic ceramic composites combining magnetostrictive

lloy and ferroelectric materials cofired by the conventional
eramics processing, and the composites have excellent sum
roperties of the parent phases. For example, one advantage
f the new structure is cofiring at a low sintering temperature
f 900 ◦C, avoiding the use of polymer binder. A magneto-
lectric coupling could be achieved 23 without voltage loss
nduced in the interlayer. Moreover, bulk ceramic composites
re desirable over layered samples due to superior mechani-
al strength.24 The geometric configurations and dimensions
an be tailored to suit specific design requirements. One
ould also easily control the dielectric, magnetic, electrical
nd ME parameters with proper choice in the two phases
nd their volume fractions, presenting a simple, flexible and
eproducible process. Also, it is interesting to find that a DC
esistivity as high as 109–1010 �.cm was obtained despite
he composites contain various volume fraction of the con-

uctive phase (Sm0.88Nd0.12Fe1.93). Finally, the new three-ply
tructure provides a promising potential of using the cross-
orrelation between the magnetic and electric properties in
lectronic devices. The processing route, sintering behavior
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nd microstructures, dielectric and magnetic properties, and
iezoelectricity are presented in more details in the following
ections.

. Experimental procedure

.1. Processing route for preparing the three-ply structured
eramic composites

.1.1. Preparation of glass-coated nano-sized PZT
owders by a modified hybrid process

In this work, a modified hybrid process is introduced to pre-
are glass-coated nano-sized PZT powders. Firstly, nano-sized
olycrystalline PZT powders were prepared by a sol-gel method
sing a polymer-assisted polyvinylpyrrolidone (PVP- K30
ith number-average molecular weight of 10,000). PZT sol
recursor was prepared from solutions of molar compositions,
b(CH3COO)2:Zr[CH3C(O)CHC(O)CH3]4:Ti(OC4H9)4:PVP:
3H7

iOH = 1:0.53:0.47:1:20, where moles of PVP represent
hose of the monomer (polymerizing repeating unit) of PVP.
he concentration of the PZT sol precursor is 0.4 M. The PZT
ol was dried at 120 ◦C for 10 h, resulting in a dried gel-PVP
recursor. The gel was heat treated in a muffle furnace and
ingle phase PZT nano-sized powders were obtained at 800 ◦C
or 2 h. Secondly, in this investigation, PbO–B2O3–SiO2 (PBS)
ernary phase with the molar ratio of 40:40:20 is selected and
sed in the crystallization of Pb(Zr,Ti)O3. The concentration
f the PBS glass solution was adjusted to 1 M, 100 ml with the
olvent ethanol. Then, the solution was poured into glass vessel
nd covered for three days at room temperature to form a gel.
he translucent gel was dried at a temperature of 120 ◦C for
0 h for further processes.

Finally, the nano-sized PZT powders were dispersed into
he PBS gel solution dissolved in solvent ethanol (instead of
BS sol precursor), and mixed thoroughly to form PZT-PBS
owder-solution suspension/slurry by conventional ball milling
or 2 h. The mass ratio of the PBS gel powders to the nano-
ized PZT particles was 5 wt% to give a balance between the
rocessing behavior and properties of the resulting ceramics.
he as-prepared uniformly distributed PZT-PBS slurry was dried
t 120 ◦C, calcined at 450 ◦C for 2 h, and granulated to obtain
he glass coated nano-sized PZT ceramic powders which subse-
uently can be sintered at low temperature.

.1.2. Formation of the new three-ply structured ceramic
omposites

The schematic illustration of processing procedure of the
hree-ply structured ceramic composites is shown in Fig. 1.
irst of all, finer-sized magnetostrictive Sm0.88Nd0.12Fe1.93
Shenyang National Laboratory for Materials Science, Chinese
cademy of Sciences) powders were prepared by a high-energy
lanetary ball-milling machine (Frisch Pulverisette 5) with stain-
ess milling jar and tungsten carbide milling medium, a solvent

thanol was employed during the ball milling course. Next, the
ner-sized MS particles (as the filler) were well dispersed into

he granulated commercial micro-sized PZT (53/47) (APC-850,
merican Piezoceramics, Inc., PA) powders (as the matrix),
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ig. 1. Schematic diagram of the fabrication of three-ply-structured multiferroic
eramic composites.

nd formed the 0–3 connectivity pattern as an interlayer of
he three-ply structure. Then, layers formed by the glass-coated
ano-sized PZT powders were applied onto the two sides of the
nterlayer as insulating layers. The mass ratio of MS particles to
ZT powders is defined in Eq. (1):

MS(wt%) = WMS

WPZTTotal

× 100%, WPZTTotal = WPZTlayers + WPZTinterlayer (1)

hat is, for the interlayer MS-PZT, the MS content shown in Eq.
1) is equal to Eq. (2):

MS(wt%) = WMS

WPZTinterlayer + WMS
× 100% (2)

Here, WMS is the weight of Sm0.88Nd0.12Fe1.93 particles;
PZTTotal denotes the total weight of PZT powders used in

he structure, and WPZTlayers is the total weight of PZT pow-
ers used in the top and bottom insulating layers, WPZTinterlayer

s the weight of PZT (APC-850) powders forming the inter-
ayer. Three-ply structured composites with various WMS(wt%)
ompositions: 1 wt% [for the interlayer WPZTinterlayer , the MS
ontent is equal to 2.4 wt% (1.87% volume fraction of MS
ontent)], 3 wt% [for WPZTinterlayer , that is equal to 7.5 wt%
7.03 vol%)], 5 wt% [for WPZTinterlayer , that is equal to 11.62 wt%
10.69 vol%)], 7 wt% [for WPZTinterlayer , that is equal to 15.82 wt%
14.69 vol%)], and 10 wt% [for WPZTinterlayer , that is equal to
1.73 wt% (20.16 vol%)], have been investigated in the present
xperiment. Briefly, the MS content is denoted as 1 ∼10 wt%
iscussed as follows.

Finally, the powders composed of the interlayer, insulating
ayers, were uniaxially pressed into pellets with a diameter of
3 mm and a thickness of 1–2 mm at a pressure of 4 MPa in a
tainless steel die. The pressed pellets were cofired at 900 ◦C
nder argon atmosphere for 4 h.

The process route is simple, flexible, reproducible, and can be
pplied to synthesize different ceramic materials varying from
ingle-phase ceramics to multiphase ceramics, depending on
ow the insulating layers (i.e. PZT) are combined with the inter-
ayer with low resistivity (i.e. highly conductive alloy particles).
n addition, to solve the thermal expansion mismatch during the
intering process is a key factor to produce a dense, smooth, and

at ceramic material. Owing to the cofiring via the solid solution
rocess, the three-structures (three layers: insulting layers and
nterlayer) can be adjusted to meet the various design require-

ents, such as capacitance, piezoelectricity, or ferromagnetism

n
i
n
h
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nd so on. Moreover, as to the three-structures, combining the
erits of the two technologies: the insulating layers with a finer

rain size of composition by a modified hybrid process; while
he well crystallized powders as the interlayer contributing to
he good physical properties, can be expected to produce high-
erformance ceramics at low sintering temperatures.

.2. Property measurements

The phase composition of the powders and the composites
as examined by X-ray diffraction (XRD, Philips X’Pert-Pro
PD) with CuKα1 radiation (1.5406 Å, 40 kV, 30 mA) at scan

tep of 0.05◦ under room temperature. The morphology of the
omposites and powder was observed by field emission scanning
lectron microscopy (SEM, JEOL JSM-6335F) and transmis-
ion electron microscopy (TEM, Philips CM20) working at
00 kV, respectively. The elemental analysis was done by energy
ispersive X-ray spectroscopy (EDS) during the SEM and TEM
easurements. Magnetization measurements were performed

n a vibrating sample magnetometer (VSM, Lakeshore 7300
eries, USA) at room temperature.

To study the dielectric and piezoelectric behaviors, low tem-
erature silver paste was applied onto both sides of the ceramic
omposites, and heat treated at 600 ◦C for 30 min to form silver
lectrodes. The dielectric spectrum was measured with an Agi-
ent 4294A impedance analyzer. The DC resistivity was acquired
sing an electrometer (Keithley 6517A) at room temperature.

The polarization–electric field (P–E) hysteresis loop mea-
urements for the composite ceramics were carried out using a
odified Sawyer Tower circuit at a frequency of 100 Hz at room

emperature. The piezoelectric constant d33 was measured by a
tandard piezo d33 meter.

. Results and discussion

.1. Sintering behavior and microstructure

Fig. 2 shows the X-ray diffraction (XRD) patterns: (a)
he commercial micro-sized PZT (APC 850) powders, (b) the
ano-sized PZT powder sintered at 800 ◦C for 2 h in air, (c)
nd (d) the glass-coated nano-sized PZT powders sintered at
00–000 ◦C for 2 h in argon, respectively, (e) the finer-sized
m0.88Nd0.12Fe1.93 powders, together with (f) a typical three-ply
tructured ceramic composite with 5 wt% MS content sintered
t 900 ◦C in argon.

As shown in Fig. 2(a), the XRD pattern indicates the presence
f highly crystalline perovskite structure in commercial PZT
owders, showing the micro-sized PZT is in a tetragonal phase.
he XRD pattern in Fig. 2(b) exhibits a pure perovskite phase in

he nano-sized PZT powders prepared by the polymer-assistant
ol–gel technique. While, in Fig. 2(c) and (d) of the glass-coated
ano-sized PZT powders, all the PZT peaks are identified with

o detection of intermediate or interfacial phases. The results
ndicate the success in synthesizing low temperature sintering
ano-sized PZT powders coated by glass using the modified
ybrid processing route.



1756 H. Zhang et al. / Journal of the European C

Fig. 2. The X-ray diffraction (XRD) patterns: (a) the commercial micro-sized
PZT (APC 850) powders, (b) the nano-sized PZT powder by sol–gel technique
sintering at 800 ◦C for 2 h in air, (c) and (d) the glass-coated nano-sized PZT pow-
ders sintered at 800–1000 ◦C for 2 h in argon, respectively, (e) the finer-grained
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m0.88Nd0.12Fe1.93 powders, together with (f) the typical three-ply structured
eramic composite for 5 wt% MS content sintered at 900 ◦C in argon.

In Fig. 2(e), all the peaks are consistent with those of poly-
rystalline Sm1−xNdxFe1.93 (x = 0–0.36) compounds, which can
e fitted by a profile by assuming a cubic MgCu2-type Laves
hase structure. 25 As shown in Fig. 2(f), the XRD pat-
ern of composite ceramics does not show the peak of the
m0.88Nd0.12Fe1.93 phase. This may be due to two main rea-
ons, one is because the thickness of the PZT insulating layers
s between 0.3 and 0.5 mm, the intensity of the XRD cannot
enetrate the insulators (usually below 40 �m). The other is
he scan step at 0.05◦ which is too fast to detect the minute-
hase due to the sensitivity of XRD used at present. However,
he ferromagnetic phase (Sm0.88Nd0.12Fe1.93) coexisting with
ZT in the three-ply structured composites can be proved and
onfirmed by using the TEM, EDS analysis and magnetic prop-
rty (magnetic-hysteresis loops) measurement presented in the
ollowing sections, respectively.

Fig. 3(a) shows the photograph of a typical three-ply struc-
ured composite with 5 wt% MS content sintered at 900 ◦C for
h; (b) and (c) show the highly magnified cross-sectional images
f the insulating layer and interlayer, respectively. In Fig. 3(a),
smooth and flat surface was observed with a well-controlled

hree layers. In Fig. 3(b), a dense, well-developed, and fine-
rain PZT phase (∼0.5 �m in size) was uniformly dispersed in
he glass matrix sintered at 900 ◦C using the modified hybrid
rocess, forming as the PZT insulating layer. The EDS analysis
not shown) indicated that the composition of the crystal grain
as only Pb, Ti, Zr and O element, and the Si element appears

n the grain boundary. However, in Fig. 3(c), it is difficult to
istinguish Sm0.88Nd0.12Fe1.93 particles from the PZT matrix
∼1 �m in size).

Fig. 4(a)–(e) show the TEM micrographs together with ele-
ental analysis used to analyze the metal particle distribution
n the interlayer of the composite in Fig. 3(c). To keep the
riginal morphology of the composite, the TEM specimens
ere prepared by depositing the particles (scraping the sur-

c
i
c
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ace of the interlayer) onto a TEM copper grid coated with
acey carbon, and then ethanol solution was sprayed on the
eposited particles, and dried in air. In Fig. 4(a) and (b), fine
S particles (marked with grain number 1 and 2 about 200 nm

nd 3–5 about 50–500 nm in size, respectively) are mainly
ocated at the PZT grain boundaries. The EDS analysis shown
n Fig. 4(c)–(e) reveals the marked grain number 1–5 is the Fe-
ontaining Sm0.88Nd0.12Fe1.93 phase (the other elements will be
onfirmed by following EDS analysis during the FE-SEM mea-
urement), and the grain number 6–7 is the composition of PZT
hase element, respectively. For the MS alloy powders, the par-
icle size distribution was approximately 50–500 nm, which is
haracteristic of the high-energy ball-milling technique. 26 Also,
he highly interfacial contact between the bi-phase particles is
bserved in the interlayer.

We also investigate the element distribution in the three-
tructures. Fig. 5(a) shows the typical backscattering of the
ractured surface of the composite for 5 wt% MS content (a
roken sample was selected for examination); and Fig. 5(b)
hows the EDS analysis of the marked district (spectrum 3) in
he interlayer. Fig. 5(c) displays the elemental analysis curve of
he marked districts in Fig. 5(a), which proves the coexistence
f magnetic alloy elements and ferroelectric phase elements
imultaneously in the interlayer.

The hybrid process has been developed by us in previous
eports. 20,21,27–28 The main feature is to combine the merits
f high crystallinity and high performance of nanocrystalline
articles with those of low sintering temperature such as the
ol–gel wet chemistry process, and it is easy to achieve a modi-
cation of the processing behaviors of ceramics, which is useful

o produce fine-grained and high-performance ceramics at low
intering temperatures.

It is well known that it is difficult to fabricate particulate
omposite ceramics combining with the conductive magne-
ostrictive alloy and PZT powders by the conventional ceramic
rocess. This is because the stress developed during the sintering
nd cooling processes causes large expansion and contrac-
ion, and metal usually has a much higher thermal expansion
oefficient than the ceramics.29 Therefore, thermal expansion
ompatibility is a big challenge for preparation of this new
tructure by cofiring. Fractured and cracked surfaces of the
omposite would easily occur. In this work, we successfully
et over the difficulties attributing to the flexible process
sed. For example, different grain sizes have been selected
nd used in the new structure. As for the insulating layers,
ano-sized PZT powders are used, and for the interlayer, the
icro-sized PZT powders (APC-850) are selected. A modi-
ed hybrid process is introduced to produce the low sintering

emperature PZT glass-ceramic keeping the highly crystalline
ZT phase content, which is one merit of the process. There-
ore, during the cooling process, these achievements can ease
he trouble of thermal expansion coefficient efficiently, and a
ell-developed composite with dense, smooth, and flat surface

s obtained. Lastly, the low sintering temperature of 900 ◦C

an suppress metal Sm0.88Nd0.12Fe1.93 particles diffusion, mit-
gate the elements Pb, and Sm evaporation, and retard the
hemical reaction between the constituents, which ensures the
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Fig. 3. (a) Photograph of the typical three-ply structured composite with 5 wt% MS content sintered at 900 ◦C for 4 h, and (b) and (c) show the highly magnified
cross-sectional SEM micrographs of the insulating layer and interlayer, respectively.

Fig. 4. (a) TEM images of the interlayer corresponding to Fig. 3(c). EDS spectra in Fig. 4(c)–(e) respectively correspond to the analytical points marked “1–7” in
Fig. 4(a) and (b).
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Fig. 5. (a) Typical backscattering of the fractured surface of the composite with
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layers (PZT) and the interlayer consisting of conducting grains of
wt% MS content, together with (b), and (c) elemental distribution analysis of
he marked districts.

oexistence of the ferromagnetic and ferroelectric phases simul-
aneously.

.2. Magnetic properties

Fig. 6(a) shows the room temperature magnetic hysteresis
oops of the 1–10 wt% composites sintered at 900 ◦C for 4 h in
rgon, and (b) the hysteresis loop for the typical 3 wt% sample
oated by silver electrode, along with their saturation magneti-
ations and coercive fields in Fig. 6(c).
In Fig. 6(a), all the composites exhibit typical ferromagnetic
ysteresis loops (the enlarged loop of 1 wt% sample is shown in
he inset), as well as remanent magnetization, thus indicating the

(
(
e

eramic Society 31 (2011) 1753–1761

resence of a spontaneous magnetic property. The M–H loops
rove and confirm the existence of Sm0.88Nd0.12Fe1.93 phase in
ll the three-ply structured ceramic composites. For example, in
he 5 wt% composite the saturation and remanent magnetizations
re found to be 2.1407 emu/g and 1.0085 emu/g, respectively. To
onfirm that ferromagnetism exists in the composite coated with
he silver electrode at 600 ◦C at air, in Fig. 6(b), it is clear that
he M–H hysteresis loop of the typical 3 wt% sample also is
bserved in the composite. However, compared with the coun-
erpart of the composite without the electrode, the remanent and
aturation magnetization is a little bit lower, the reason is uncer-
ain and will be further studied in future work. But the present
ork has proved that the novel three-ply structured composite

ndeed can be cofired in air or argon in spite of the composites
ontaining a metal alloy powder.

From Fig. 6(c), it is clear that the remanent and sat-
ration magnetizations both increase with the increase in
m0.88Nd0.12Fe1.93 content. This indicates that the spontaneous
agnetization of the composites originates from the align-
ent of ionic magnetic moments in domain structures. We also

ound that the intrinsic coercivity (Hci) increases with increasing
m0.88Nd0.12Fe1.93 content, for instance, in the composite with
wt% of Sm0.88Nd0.12Fe1.93, the Hci is about 1376 Oe, while for

he sample with 10 wt% of content, the Hci is round 1990 Oe. It
eveals that the maximum energy product [(BH)max, B denotes
agnetic induction, and H denotes magnetic field intensity]

an be obtained due to the finer-grained microstructure in the
m0.88Nd0.12Fe1.93 particles by the high-energy ball milling,30

nd the ferromagnetic properties of Sm0.88Nd0.12Fe1.93 phase
an be retained, which is an important advantage of the com-
osites.

.3. Ferroelectric properties

Fig. 7(a)–(d) show the polarization-field hysteresis loops of
he composite ceramics containing (a) 1 wt%, (b) 3 wt%, (c)
wt%, and (d) 7 wt% of Sm0.88Nd0.12Fe1.93 content at the fre-
uency of 100 Hz, respectively. In Fig. 7(a) and (b), apparent
–E loops were observed indicating that the composites are fer-
oelectric. For the1 wt% and 3 wt% composites, the remanent
olarization (Pr) is 1.67 �C/cm2, and 0.78 �C/cm2, respectively,
hile the coercive field (Ec) is 0.81 kV/mm and 0.99 kV/mm,

espectively. However, with increasing Sm0.88Nd0.12Fe1.93 con-
ent, the conduction contribution increases, the shape of the
erroelectric hysteresis loops [in Fig. 7(c) and (d)] becomes ellip-
ical. 31 The coercive field (Ec) and saturation polarization (Ps)
re affected and enhanced in the course of the dielectric polariza-
ion process. However, these results confirm that the composites
ossess ferroelectric properties.

Also, it is seen in Fig. 7 that the polarization hysteresis loops
re slightly shifted to the right, which is presumably attributed
o the space charge at low-frequency due to the characteristics
f three-ply structured composite, arising from the insulating
Sm0.88Nd0.12Fe1.93) separated by insulating intergrain barriers
PZT), some related results will be discussed in more details
lsewhere.
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ig. 6. (a) Room-temperature magnetic-hysteresis loops of composites with va
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.4. Dielectric properties and DC resistivity
The variations of dielectric constant and loss tangent with
requency are shown in Fig. 8(a) and (b), together with (c) DC
esistivity for the composites with the Sm0.88Nd0.12Fe1.93 con-
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00 Hz, respectively.

ig. 8. Frequency dependence of dielectric constant (a), loss tangent (b) respectively
et of equivalent LC circuit.
MS contents sintered at 900 ◦C in argon, (b) the magnetic-hysteresis loop of a
ith (c) their saturation magnetizations and coercive fields.

ent of 1–10 wt%, respectively, at room temperature, a set of

quivalent LC circuit is shown inside Fig. 8(c). In Fig. 8(a),
ith increasing MS content, the dielectric constant decreases

xcept for the 10 wt% composite. For instance, at 100 Hz, in the
wt% composite, the dielectric constant is ∼333, and the 7 wt%

1 wt%, (b) 3 wt%, (c) 5 wt%, and (d) 7 wt% MS contents at the frequency of

, together with (c) the DC resistivity as a function of the MS content, inside a
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the same time, the low temperature sintering can ease the
unction of wt% of MS content, besides the relative permittivity εT
33 between

kHz and 10 kHz at room temperature shown in the inset.

omposite has a dielectric constant of ∼247. The fall in dielec-
ric constant is attributed to the fact that the interlayer in which
erroelectric regions (PZT) are surrounded by nonferroelectric
egions (Sm0.88Nd0.12Fe1.93) similar to the relaxor ferroelectric
aterials. At lower frequencies (100 Hz), a slightly larger value

f dielectric constant is observed attributed to the features of
he new structure as mentioned above, and the dielectric disper-
ion is due to interfacial polarization in agreement with Koop’s
henomenological theory.32 The variation of loss tangent with
requency is shown in Fig. 8(b). Similarly, at lower frequen-
ies, with increasing MS content, the loss tangent increases.
or instance, at 100 Hz, in the 1 wt% and 7 wt% composite,

oss tangent is ∼0.016, and ∼0.05, respectively; while in the
0 wt% composite, loss tangent is ∼0.14 at 100 Hz. Loss tan-
ent is proportional to the ‘loss’ of energy from the applied field
n the sample (in fact this energy is dissipated into heat) and
herefore denoted as dielectric loss. At low frequency, space
harge polarization and AC conductivity (electrical leakage)
ontribute to the dielectric loss. And at higher frequencies, the
osses are reduced and the dipoles contributed to the polarization.
n Fig. 8(c), the DC resistivity as high as 109–1010 �.cm was
bserved indicating a full dense three-ply-structured compos-
tes is a nonconductive materials. It is noted the DC resistivity
nly decreases slightly (by a factor of 10) as the MS content
ncreases from 2.4 to 21.73 wt% in the interlayer, which is
ue to the new three-ply structure. Because the result can be
pproximately described by a set of LC equivalent circuit that
onsists of one self-inductance, three capacitors (C1, C2, and
3) in series (Q1 = Q2 = Q3, where Q is charge), as shown in the

nset of Fig. 8(c). With an increase in the conductive phase, the
nterlayer can be regarded as a conductive layer with low resis-
ivity; however, there is a slight impact on the insulating layers
that is, C1 and C3), thus the leakage current depends mainly on
he insulating layers. This is one significant feature of the new
tructure composites. The critical volume fraction, i.e. percola-
ion threshold limits (causing the dynamic properties variance

uch as low resistivity which restricts with the application in
etal-insulator composite materials) is less than that of other
aterials 33 (the look-alike phenomena were reported in Yoon
eramic Society 31 (2011) 1753–1761

t al’s 34).

.5. Piezoelectric behavior

All the samples are electrically polarized in silicone oil
nder a poling field of 3–4 kV/mm and at temperature around
50–180 ◦C for 30 min. The piezoelectric characteristics were
easured 24 h after poling. The piezoelectric characteris-

ics of the composites containing 1, 3, 5, 7 and 10 wt% of
m0.88Nd0.12Fe1.93 content are investigated briefly in this work
nd shown in Fig. 9, together with the room-temperature relative
ermittivity εT

33 at 1–10 kHz shown in the inset. Interestingly,
he piezoelectric constant d33 (piezoelectric charge coefficient)
s between 55 and 40 pC/N, and the kp (planar electromechanical
oupling factor) by means of the standard resonance method 35

sing the same impedance analyzer is between 0.14 and 0.18. As
hown in the inset, the relative permittivity εT

33 is almost constant
etween 1 kHz and 10 kHz, the g33 (piezoelectric voltage coef-
cient, εT

33 at 1 kHz) varies slightly from 18 to 22 mVm/N for
omposites with different amounts of highly conductive phase
Sm0.88Nd0.12Fe1.93). With increasing in the ferromagnetic con-
ent, piezoelectricity of the composites depends mainly on the
nsulating layer, which is one of the advantages of using the novel
tructure in the multiferroic composite materials. This implies
hat desired piezoelectricity of the composites can be obtained
y adjusting the piezoelectric properties of the insulating layers
ia a simple, easy, and flexible way.

. Conclusions

Multiferroic ceramic composites combining
m0.88Nd0.12Fe1.93 and PZT with a novel three-ply struc-

ure have been successfully synthesized by conventional
eramics process. TEM images show homogeneity of the
etal particle dispersion and a good interfacial contact

etween bi-phase powders in the composite. The coexistence
f ferromagnetism and ferroelectricity has been confirmed
y means of P–E and M–H curve measurements at room
emperature. The breakthrough of the novel structure in term of
he described above includes:

1) Cofiring can avoid the polymer binder used in composite
materials, and the three-structures (three layers: insulting
layers and interlayer) can be flexibly adjusted to meet the
various design requirements, such as capacitance, piezo-
electricity, or ferromagnetism and so on.

2) Low temperature sintering, ensuring a highly dense, smooth
and flat insulating layer, can mitigate the element and chem-
icals evaporation, also suppress the diffusion of the highly
conductive phase and prevent interfacial diffusion or chem-
ical reaction between the constituents in the composites. At
trouble of thermal expansion during the sintering course,
or cofiring is an impossible mission in preparation of the
composites consisting of the highly conductive phase (such
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as Sm0.88Nd0.12Fe1.93) and insulator phase (i.e. PZT). The
success is attributed to the modified hybrid process.

3) Low temperature silver paste can be coated on the two sides
of the composite and fired-on in air. Poling can be acted at
high electric field strength at high temperature. This implies
that the three-ply structured composite can be heated under
ambient air condition without having effect on the magnetic
properties of the magnetostrictive phase.

4) The DC resistivity as high as 109–1010 �.cm was observed
despite the composites have a high wt% of conductive alloy
content, the piezoelectric properties mainly depend on the
properties of the insulating layers. Thus, the novel structure
provides a great room for the composite to be tailored by
adjusting the piezoelectric properties of the insulating layers
via a simple, easy, and flexible way.
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