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Introduction

Magnetoelectric materials possess coupling between the

ferroic properties polarization, and magnetization [1–4].

The interrelation between ferroelectricity and magnetiza-

tion allows the magnetic control of ferroelectric properties

and vice versa. Single phase magnetoelectric (ME) mate-

rials (such as Cr2O3, BiFeO3, YMnO3, etc.) suffer from the

drawback that ME effect is weak [5–7]. Better alternatives

are ME composites that have higher magnitudes of the ME

voltage coefficient exploiting the product property of the

materials [8–10]. Magnetoelectric (ME) effect in a partic-

ulate sintered composite was obtained by combining

magnetostrictive and piezoelectric phases [11–15]. Sintered

composites have many advantages, such as simplicity in

synthesis, cost-effective materials and fabrication process,

and better control of desired geometry. However, the ME

response is low of the order of 100 mV/cm Oe. Recently,

laminated magnetoelectric (ME) composites synthesized by

using giant piezoelectric and magnetostrictive materials

have gained attention because they exhibit superior ME

response [16–19]. Dong et al. [20] have reported a com-

posite where piezofiber is laminated between the high

permeability magnetostrictive FeBSiC alloy using epoxy

and found a large response of 22 V/cm Oe at 1 Hz.

The research on sintered composites has shown that

corfiring multiple layers can provide higher ME coeffi-

cients. However, the drawback is that tape-casting process

for synthesizing multilayers of heterogeneous materials is

complex. Further, in order to improve the property of the

sintered ME composites, the other variables such as com-

position, microstructure, geometry, texture, and post sinter

heat treatment needs to be optimized. In our previous

studies, it has been shown that soft piezoelectric phase

(high dielectric and piezoelectric constant), soft magnetic

phase (high permeability and low coercivity) [21], large

piezoelectric grain size ([1 lm) [22], layered structure

(bilayer/trilayer) [23] and post-sintering thermal treatment

(annealing and aging) [24] improve the magnetoelectric

property. In order to combine all the parameters together,

the challenge is to develop a unique fabrication process, in

which layers of piezoelectric and magnetostrictive can be

cofired together. Moreover the poling process of the pie-

zoelectric phase requires high resistivity, and thus

electrodes have to be preserved during sintering.

We found that pressure assisted sintering can produce

trilayer composites with any desired dimensions. Further,

we designed the compositions such that sintering could be

done at low temperatures of 900 �C which results in stable

electrodes. The objective of this letter is to analyze the

microstructural, piezoelectric, dielectric, and magneto-

electric properties of this trilayer sintered ME composite.

Experimental

Powders of 0.9 Pb (Zr0.52Ti0.48)O3–0.1 Pb (Zn1/3Nb2/3)O3

[0.9 PZT–0.1 PZN] and Ni0.6Cu0.2Zn0.2Fe2O4 [NCZF]

were synthesized using conventional mixed oxide method.

In order to fabricate a trilayer sample, at first a layer of
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NCZF powder (no binder was used) was pressed uniaxially

at 5 MPa pressure inside a hardened steel die of diameter

12.5 mm and then Ag–Pd (DuPont 6160 conductor paste)

electrode was printed. The second layer of 0.9 PZT–0.1

PZN was pressed on top of Ag–Pd under 5 MPa pressure

inside the same die and then the electrode was applied

again. The third and the final layer of NCZF layer was

pressed on top of second electrode layer. The five-layer

structure NCZF/Ag–Pd/PZT–PZN/Ag–Pd/NCZF was then

pressed under 20 MPa followed by cold isostatic press

(CIP) under 207 MPa.

Figure 1a shows the schematic representation of trilayer

sample where piezoelectric phase is sandwiched between

magnetostrictive phases. The pressed pellet was dried at

100 �C for 10 min and then placed inside a Lyndberg BlueM

furnace according to the set up shown in Fig. 1b. The sin-

tering was done at 900 �C under a pressure of 30 kPa with

very slow heating and cooling rate (*1�C/min). Figure 1c

shows the sintered trilayer sample with dimensions of

3.25 mm in thickness and 11 mm in diameter. Annealing

was done after sintering at 800 �C for 10 h under load. In

order to polarize the samples, Ag–Pd electrode (DuPont

7714 conductor paste) was applied on top and bottom of the

sample. The top electrode layer of the composite was then

connected to the top of the PZT as shown in Fig. 1a, b.

Similarly, bottom electrode of the composite was connected

to the bottom electrode of the PZT using same Ag–Pd elec-

trode. The poling was done at 110 �C for 20 min under

2.2 kV/mm electric field. Microstructural analysis of the

sintered samples was done by a Zeiss Leo Smart SEM using

polished and thermally etched samples. Dielectric constant

measurements were performed using a HP 4284 LCR meter;

and the ME voltage coefficient by a lock-in amplifier

method.

Results and discussion

Figure 2a shows the low magnification SEM image of the

sintered sample. The interface electrode layers are 10 lm

thick; center layer is 0.9 PZT–0.1 PZN, whereas outside

layers are NCZF. There were some micro and macrocracks

formed during the sintering which could be related to the

thermal mismatch between these three layers and insuffi-

cient homogenization. Figure 2b shows the magnified view

of the interface. The microstructure is dense in both the

phases with excellent adherence with the Ag–Pd electrode.

Figure 2c and d shows the low magnification image and

interface microstructure of the annealed samples. The

annealing treatment resulted in the homogenization at the

interface reducing the porosity and microcrack density. The

macrocracks were still present in the structure. Figure 2e, f

shows the high magnification grain structure of the sintered

0.9 PZT–0.1 PZN and NCZF. The grain size observed in

0.9 PZT–0.1 PZN was more than 1 lm and that in NCZF in

the range of 3–5 lm.

Table 1 compares the piezoelectric and dielectric proper-

ties of sintered and annealed samples. A significant increase in

piezoelectric and dielectric properties was observed after

annealing which is consistent with our previous results. The

magnitude of the electromechanical coefficients d33, g33, er/eo

increased from 204 pC/N, 20.4 9 10-3 Vm/N, and 1,132 to

250 pC/N, 22.4 9 10-3 Vm/N, and 1,257. The magnitude

of the loss factor (tan d) decreased from 5.08% to 3.45% at

room temperature. The loss factor increased sharply at high

temperature which could be related to space charge polari-

zation. At 100 kHz, the Curie temperature observed was
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Fig. 1 (a) Schematic representation of the trilayer composites, (b)

schematic diagram of sintering set up and (c) optical image of sintered

sample (inset—cross-section)
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around 330 �C. Figure 3 shows the resonance spectrum of

the sintered and annealed samples. Interestingly, the spec-

trum for annealed sample has less spurious and lower

impedance at the resonance indicating high mechanical

quality factor.

Figure 4 shows the magnetoelectric behavior of trilayer

composite. The magnitude of the ME coefficient for

sintered sample was of the order of 412 mV/cm Oe with

saturation field near 400 Oe. Annealed samples showed

improved ME coefficient of 494 mV/cm Oe about 20%

higher than sintered ones. This magnitude is quite high

from that previously reported for sintered composites.

Srinivasan et al. [25] have derived the transverse ME

coefficient for the layered composite as following:
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(a)Fig. 2 SEM micrographs. (a)

Low magnification image of

sintered trilayer sample, (b)

interface microstructure, (c) low

magnification image of sintered

and annealed sample, (d)

interface microstructure of

sintered and annealed trilayer

sample, (e) grain structure of

PZT side and (f) grain structure

of NZF side

Table 1 Piezoelectric

properties of NCZF–(0.9 PZT–

0.1 PZN)–NCZF trilayer after

different thermal treatment

Sintered Sintered and annealed

Piezoelectric constant, d33 204 pC/N 250 pC/N

Dielectric constant, er/eo (at 1 kHz) 1,132 1,257

Dielectric loss, tan d (at 1 kHz) 5.08% 3.45%

Piezoelectric voltage constant, g33 20.4 9 10-3 Vm/N 22.46 9 10-3 Vm/N

Coupling coefficient, kp 0.14% 0.1638%

Resonance frequency, fs 258 kHz 255 kHz

Antiresonance frequency, fa 261 kHz 258 kHz
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where dp
31 is the piezoelectric coefficient, vm and vp are the

volume of magnetic and piezoelectric phase, tm and tp are

the thickness of magnetic and piezoelectric phase, s
p
11; s

p
12

are the elastic compliances for piezoelectric phase, sm
11; s

m
12

are the elastic compliances for magnetostrictive phase, q11

is the piezomagnetic coefficient of the magnetic phase and

eT;P
33 is the permittivity of the piezoelectric phase. For a

radial mode disk, sp
11 can be calculated as following:

sp
11 ¼

g2
1

qð2 p fsaÞ2½1� ðrpÞ2�
ð3Þ

where g1 is the frequency constant, rp is the planar

Poison’s ratio, fs is the resonance frequency, a is the radius

and q is the density (*7.52 g/cc). The coefficients g1 and

rp can be found by measuring ratio of first overtone

(*670 kHz for sintered samples) to fundamental

resonance frequency (258 kHz) [26]. For the ratio of

2.602, g1 and rp values were found to be 2.074 and 0.341,

respectively, from IEEE standards. Using these values sp
11

can be calculated as 8.66 9 10-12 m2/N. The transverse

mode coupling constant k31 can be calculated by using the

following expression [26]:

k2
31 ¼ k2

p

ð1� rpÞ
2

ð4Þ

The values of planar coupling constant kp are listed in

Table 1. Using these values the magnitude of k31 is found

to be 0.0803%. If k31 and sE
11 are known, then d31 can be

calculated as following

k2
31 ¼

d2
31

ðsE
11e

T
33Þ

ð5Þ

The magnitude of d31 was found to be as 23.66 9 10-12 C/N.

The magnitude of sE
12 was found to be—2.96 9 10-12 m2/N

using the following expression [27]:

k2
p ¼

2d2
31

½ðsE
11 þ sE

12ÞeT
33�

ð6Þ

Using the values of sm
11; s

m
12 as 6.5 9 10-12 m2/N and

-2.4 9 10-12 m2/N [25], q11 as -65 9 10-9 Oe (at

400 Oe field), tm
tmþtp

and
tp

tmþtp
as 0.7 and 0.3, respectively, the

magnitude of the ME coefficient computed from Eq. 2 was

found to be 437.1 mV/cm Oe. This calculated value is close

to the experimentally measured value of 412 mV/cm Oe.

The calculated magnitude of the ME coefficient for the

annealed samples was of the order of 468 mV/cm Oe.

Conclusion

In summary, NCZF–(0.9 PZT–0.1 PZN)–NCZF trilayer

was fabricated using pressure assisted sintering. In the

sintered sample, piezoelectric phase had grain size of more

than 1 lm, while magnetostrictive phase had grain size of

3–5 lm. Sintered and annealed samples showed ME

coefficient of *494 mV/cm Oe, which is quite large

compared to the previously reported values for particulate

sintered composites. This magnitude can be further
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enhanced by reducing the macrodefects and optimization

of ferrite to PZT thickness.
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