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Dielectric, ferroelectric, magnetic, and magnetoelectric properties
of multiferroic laminated composites
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Multiferroic laminated composites consisting of lead-zirconate titan@gT)/polyvinylidene-fluoride
(PVDF) particulate composite layers and Tb-Dy-Fe all@erfenol-D/PVDF particulate composite layers,
prepared by a simple hot-molding technique, were reported. In the laminated composites, the polymer PVDF
is inert and used just as a binder. The measured dielectric, ferroelectric, magnetic, and magnetoelectric prop-
erties demonstrate strong dependence on volume frattdthe PVDF in the laminated composites. As
low (e.g.,f<0.3), a low concentration of binder leads to low quality of the composites and thus low perfor-
mance. Better performance of the composites appears in the intermediatge. Asf further increases, high
concentration of the inert PVDF results in weak dielectric, magnetostrictive, piezo- and magnetoelectric re-
sponses of the laminated composites. Our results illustrate that the three-phase laminated composites exhibit
remarkable magnetoelectric effect especially at high frequency at which the electromechanical resonance
appears.
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I. INTRODUCTION nylidene fluoride-trifluorethylene copolymer [P(VDF-
TrFE)] or piezoelectric ceramic matrix such as PZT and the
Multiferroic materials made by combining ferroelectric laminated composites of Terfenol-OWDF-TrFE) or
and ferromagnetic substances together have drawn signifferfenol-D/PZT can exhibit a giant magnetoelecti@VE)
cant interest in recent years due to their multifunctionality, inéffect which is markedly larger than that in the best known
which the coupling interaction between ferroelectric and ferME materials(e.g., CsO; and ferrite/piezoelectric ceramic
romagnetic substances could produce an interesting &ffecomposites® Subsequently, the laminated Terfenol-D/PZT
These multiferroic materials provide opportunities for poten-COmMPposite made by stacking and bonding together the PZT
tial applications as transducers, actuators, and sensors. TRBd Terfenol-D disks with silver epoXy and laminated
first kinds of such multiferroic composites are ferrite/ Terfenol.-D/ PVDF composne_made'by gluing t.he polarized
piezoelectric ceramic composites, such as GOEéBaTIO; PVDF film on Terfenol-D disks with conductive epdty

and ferrite/lead-zirconate-titanat®ZT) composites, made 23‘\’2 bgzn P;gisé[tézc?/\?rtlizr:ouontgr:':i)aﬁth;?;th:CshuEcihGn':AuIIEtifeer?-
by a solid-state sintering proceddrén addition to simulta- yasp ' P y

¢ lectricit df " in th .roic composites particularly attractive for technological ap-
nNeous ferroelectricity and terromagnetism in these ceramiy; »iions The ME response of the laminated composites is

composites, they have been found to exhibit an extrinsi trongly dependent on the interfacial bonding between two

magnetoelectri¢€ME) effect characterized by the appearance|ayers by gluing together. Among the multiferroic compos-
of an electric polarization (Mg outpud on applying a mag- jtes found so far, Terfenol-D/PZT and Terfenol-IVIF-
netic field. The ME response observed above room tem-TrFE) (or PVDP possess the highest ME sensitivity. How-
perature is known as a product property resulting from thesyer, the Terfenol-D/PZT cermet is very brittle and it is hard
interaction between the ferrite and piezoelectric ceramigo prepare the Terfenol-D/PZT composite by a conventional
phases, since neither phase is magnetoelectii@t is, when  sintering method. On the other hand, for the Terfenol-D/
a magnetic field is applied to the composites, the ferrite parP(VDF-TrFE) composite, PYDF-TrFE) is expensive and it
ticles change their shape magnetostrictively, and the strain is hard to polarize the Terfenol-DI?DF-TrFE) composite.
passed along to the piezoelectric phase, resulting in an eleGurthermore, there is a high eddy current loss in conductive
tric polarization. What is more important is that the ME Terfenol-D disk sticked above 1 kHz. To overcome these
response of these multiferroic ceramic composites is largedifficulties, we develop three-phase composites of Terfenol-
than that observed in ME crystal familfesurrently available  D/PZT/PVDF because of their low eddy current loss in the
(e.g., antiferromagnetic @0;,* yttrium iron garnets, borac- high-frequency range and toughnéss.
ites, rare-earth ferrites, and phosphates In the three-phase Terfenol-D/PZT/PVDF particulate
Recently, we have calculated the ME properties of thecomposites recently develop&dthe volume fraction of
composites containing a giant magnetostrictive rare-earthiferfenol-D particles allowed in the composites is quite low,
iron alloy [e.g., SmFeg, TbFe, or Tb_,Dy.Fe e.g., less than 0.08, due to the percolation effect, which
(Terfenol-D which is the most widely used magnetostrictive greatly limits ME response of the composites. To eliminate
alloy”] by developing the Green’s-function techniduéand  this limitation, in the present work, we report a different
predicted that both particulate composites with Terfenol-Dclass of multiferroic, laminated composites of Terfenol-D/
embedded in a piezoelectric polymer matrix such as(ely PVDF and PZT/PVDF, which is simply a combination of
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Polarized direction H magnetostrictive phase for the composites, since Terfenol-D
A is the currently best known and most widely used magneto-
P-layer e L 74 strictive alloy® The Terfenol-D powder with particle size of

T-layer [ 4774 | L about 50um was obtained by crushing bulk JaDy, e
P-layer e single crystal in an argon atmosphere. As for the piezoelec-
tric phase, PZT synthesized by a conventional solid-state
Electrode procedure was chosen due to its high piezoelectricity. The

FIG. 1. Schematic illustration of the laminated P-T-P compositegN€an particle size of PZT powder is abouién. PVDF was

with tp /ty /tp=1/1.5/1. employed as a binder to bind these two components.

PZT or Terfenol-D powders were first mixed with PVDF

Terfenol-D and PZT particles embedded in a PVDF matrixto get PZTfPVDF or Terfenol-Df PVDF mixtures, respec-
by laminating the Terfenol-D/PVDF and the PZT/PVDF par- tively, wheref denotes the volume fraction of the PVDF.
ticulate composite layers and then simply hot pressing theséhese mixed powders were then set in a mold by turns of
layers together. The motivation is to investigate the overalPZT/fPVDF (denoted as P laykrTerfenol-Df PVDF (de-
dielectric-magnetic properties of such a laminated compositgoted as T laygrand PZTfPVDF (P laye). The sample
prepared via a simple, common hot-pressing procedurgallets with 15 mm in diameter and about 2 mm in thickness
which ensures a good interfacial bonding between compositas shown in Fig. 1 were obtained by hot pressing the three
layers. In the laminated composites, the PVDF polymer idaminated layers of mixtures at 180 °C and 10 MPa for 30
used just as a matrix binder and thus can be replaced by othgtin. The laminated composite has a sandwich structure of
polymers. The coupling interaction between magnetostrictiofP-layer/T-layer/P-layetabbreviated as the P-T-P composite
of the Terfenol-D/PVDF composite layer and piezoelectricitybelow). Figure 2 shows a typical micrograph of the fractured
of the PZT/PVDF composite layer can also result in an ex-surface of the P-T-P composite wit=0.4, which was ex-
trinsic ME effect. amined by scanning electron microscopy. There are no obvi-
ous interfaces between these three lay€ig. 2(a)], and a
good interface bondingFig. 2(b)] between the P layer and
the T layer forms by this hot pressing procedure. In the P
As for magnetostrictive material in our multiferroic com- layer [Fig. 2(c)], small PZT particles and their clusters are
posites, high magnetostriction under a low magnetic-fieldsurrounded by the PVDF matrix and are bonded with the
bias is preferred. Thus Terfenol-D alloy was employed as th&®VDF. In the T layer[Fig. 2(d)], large and irregular

II. EXPERIMENT

FIG. 2. A typical micrograph
of the fractured surface of the
P-T-P composite withf =0.4: (a)
sandwiched P-T-P structurgp)
interface between two layer$c)
the P layer, andd) the T layer.
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o P-T-F; composlites Z=27p+ 7y, (1)
10° O P-layer ] .
Maxwell-Garnett EMA whereZp, andZ; are the impedances of the P layer and the T

layer, respectively. Becaugg: of the T layer with conduct-
ing Terfenol-D particles is quite small in comparison with
Zp, the dielectric constant of the P-T-P composite can be
simply expressed as

Dielectric Constant

L

@ 1 kHz
10'f Eeff™=Epor s 2
1 1 1 1 p
00 02 04 06 08 1.0
Volume fraction fof the PVDF wheree, is the dielectric constant of the P lay@&ZT/PVDF

compositel andt,/L=2/7 (see Fig. 1 For comparison, the
FIG. 3. Dielectric constants of the laminated P-T-P compositesneasured dielectric constants for the PEHYDE compos-
and PZTfPVDF particulate compositdse., the P-laygras afunc-  jtes j.e., the P layer, are also shown in Fig. 3. It is clear that
tion of the volume fractiorf of the PVDF. The solid line is the ot measured dielectric constants exhibit quite similar be-
f:alculated dielectric constant of the PZIPA/DF composites by us- havior, as described by E). The dielectric constants de-
ing Maxwell-Garnett EMA. crease with increasinfj as expected.
For such a two-phase composite as the FPMDF com-
Terfenol-D particles are also randomly bonded with theposite, the effective dielectric constant can be well described
PVDF. by effective-medium approadfEMA).*® For illustration, the
In order to perform the electrical measurements, thecalculations are performed by using a simple Maxwell-
samples were polished, and electroded by silver p@d. Garnett EMA, i.e.,
1). Then the samples were electrically polarized in silicon oil
under a poling field of about 3 kV/mm and at poling tem- epz1t2emt+2(1—f)(epzr—em)
pe_rature of 70°C. [_)lelectrlc properties were mgasured b_y €p=E&m epgrt 26— (1—F)(epgr—em) '
using a HP4194A impedance analyzer. The piezoelectric
constant was measured by a standard pigoneter. Polar-  with £p,7=1900 for the PZT anc,,=10 for the PVDF
ization hysteresis loops were measured by Radiant RT 600@atrix, respectively. The dielectric constant increases with
(American Radiant Co. Magnetic hysteresis was measuredthe decrease ify as shown in Fig. 3. In highrange, i.e., at
by VSM-7307 (American Lakeshore Cp.Magnetostriction low concentration of PZT, the measured dielectric constant
measures were performed by the standard strain-gauge teabf-the PVDF matrix composites is in good agreement with
nigue. Metal strain gauges with a maximum measurement uMaxwell-Garnett model. In the intermediateange, the di-
to 5% and the highly elastic epoxy resin were utilized toelectric constant measured is higher than the calculated,
ensure measurement reliability and avoid gauge debondingsince high concentration of PZT particles become aggregated
The ME response was measured in terms of the variatioto form large clusters. But in the lofrange, the dielectric
of the ME coefficient as a function of dc magnetic field. An constant of the composites does not further increase. This is
electromagnet was used for generating the dc magnetic fieldecause the high concentration of the PZT particles atflow
up to 0.4 T(4 kOe. The ac magnetic field of about 2 Oe was makes it difficult to fabricate dense composite samples.
applied superimposed on the dc magnetic field, both parallel Figure 4 shows the frequency dependence of the dielectric
to the sample thickness axis. A signal generator was used tonstant and loss of the P-T-P composites. The dielectric
drive the Helmotz coils and generate the ac magnetic fieldonstants are independent of frequency in the range of
with frequency varing from 100 to 210° Hz. The mea- 10°—1CF Hz. The dielectric loss has no big difference for
sured voltage represents the electric charge from the piezalifferent f. Above 1§ Hz, there is a dielectric relaxation
electric layers under a short-circuit condition. The outputwhich is associated with the dielectric relaxation in the PZT.
voltage was obtained from the char@Qeand the capacitance
C of the composite by usiny=Q/C. The output voltage B. Piezoelectric behavior

divided by the sample thickness and the ac magnetic field o ] i
gave the ME responseyzss—dEs/dH; (i.e., the ME, sen- The polarization-field hysteresis loops of the P-T-P com-

sitivity), of the composites. All measurements were perposites with various fractions of the PVDF are shown ip Fig.
formed at room temperature. 5. The loops show quite small remanence and saturation po-

larization in comparison with that for the PZT ceranisee
the inset in Fig. B which is due to the dilution effect of the
[ll. RESULTS AND DISCUSSIONS inert PVDF matrix and the T layer.
Figure 6 shows the effective piezoelectric constant mea-
sured for the P-T-P composites. In the composites, the poly-
Figure 3 illustrates the dielectric constant of the laminatedner PVDF is used just as a matrix binder. High concentra-
P-T-P composites. For such a laminated composite, the intion of the inert PVDF would lead to weak piezoelectric
pedanceZ can be expressed by using the series-mixture rul@roperties(see Fig. & because the higher concentration of
as PVDF must lead to lower concentration of PZT, and, on the

()

A. Dielectric properties
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FIG. 6. The volume fraction dependence of the piezoelectric
constant for the laminated P-T-P composites. The solid line is guide
for the eye.

were used as the T layer in the P-T-P composites. Their loops
are symmetrical and display small coercivity and remanence.
From the initial magnetization slopes in Figay, the initial
permeability of the Terfenol-O0/PVDF composites are ob-
tained, as shown in Fig.(8). Also shown in Fig. t) is the
saturation magnetization. With decreasiig.e., increasing
the concentration of the Terfenol-D, the saturation magneti-
zation of the composites increases linearly. The initial per-
meability u; of the composites also increases about linearly
with the increase in the volume fraction of the Terfenol-D.

FIG. 4. Frequency dependence(af the dielectric constant and

(b) dielectric loss for the laminated P-T-P composites at various

fraction of the PVDF.

other hand, low volume fraction of PVDF would produce

weak bonding in the composites. Thus there must be a inter-
mediatef range where piezoelectric properties can be opti-
mized. The measured piezoelectric constant in Fig. 6 illus-

trates such an optimized range aroun€0.5.

C. Magnetic properties

Figure 1a) shows theM —H hysteresis loops measured
for the Terfenol-Df PVDF particulate composites which

0.2 T T
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FIG. 7. (a) Magnetic hysteresis loops afig) initial permeability
i and saturation magnetizatidng of the Terfenol-Df PVDF com-
posites(i.e., T layey with various fractionf of the PVDF. The data

FIG. 5. Polarization-electrical field hysteresis of the laminatedfor f=0 were obtained by measuring the pure Terfenol-D powder.
P-T-P composites. Shown in the inset is the hysteresis loop for th&he dash line is guide for the eye. The solid line is the calculated

pure PZT ceramic.

from Eq. (4).
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FIG. 9. Comparison between for the Terfenol-D/0.5PVDF
500 composite and the effective longitudinal magnetostricti@nmea-
(b) A sured for the laminated P-T-P composite with 0.5. The solid line
400} ',""'r =, is the calculated\f from Eq. (5).
A |
T 300 K
g % ezoelectric constant shown in Fig. 6, there is an optimal
<200 LN range around =0.5 where the magnetostriction of the com-
@ 15 kOe N posites is maximum.
100 S The effective magnetostriction of the P-T-P composites is
b further lower than that for the Terfenol-D/PVDF composites,
0 : : : : since those two P layers are not magnetostrictive. Figure 9

00 02 04 06 08 1.0 .
f shows such a comparison betwegp for the Terfenol-D/

0.5PVDF composite and the effective longitudinal magneto-
striction A measured for the P-T-P composite witk0.5.
Because both the P layer and the T layer exhibit similar
elastic properties, to the first-order approximatinfi, of the
P-T-P composite can be simply expressel as

FIG. 8. The longitudinal magnetostrictioyy measured for the
Terfenol-D/PVDF(T layer composites as a function ¢ the ap-
plied magnetic field an¢b) the volume fraction of the PVDF. The
dash line is guide for the eye.

* tT
Similarly to the dielectric constant shown in Fig. 3, this de- A %)‘”f’ ®)
pendence of:; onf can also be described by using a simple
EMA similar to Eq.(3),%i.e., wheret;/L=3/7 (see Fig. 1 As can be seen in Fig. 9, the
calculatedkﬁ‘ (the solid line in this figurkis in reasonable
agreement with the experimeanT values.
_Rot2+2(1-f)(uo—1)

M et 2= (1 D 1) | @

D. Magnetoelectric response

Figure 10 shows the ME sensitivity agz; of the P-T-P

where u,=5 is the initial permeability of the Terfenol-D, compositesagss nonlinearly increases with bias fie[éFig.
and the initial permeability of the PVDF is taken as 1. ThelO(@] due to the nonlinear dependence of the magnetostric-
calculations[the solid line in Fig. )] from this simple tion (see Figs. 8 and)®n the applied magnetic field. In the
EMA equation reasonably match the experimenptabata. high bias field range where the effective magnetostriction

Figure 8 shows the longitudinal magnetostrictiopmea- approaches its saturationgs; is expected to slightly change
sured for the Terfenol-OPVDF composites. As expected, with the magnetic field. The behavior of the magnetic-field
with the increase in the applied field, the magnetostrictiordependence adgs; is similar to that for the magnetostrictive
increases sharply in low-field range ef5 kOe. At high  behavior, and Fig. 1®) further illustratesaggz= A\, as
magnetic field range of-5 kOe, \| goes up steadily to ap- predicted’
proach its saturation, especially fo+=0.8 and 0.9. The lon- The ME, sensitivity strongly depends din as shown in
gitudinal maximum magnetostriction value of the compositesFig. 10(c). As f<0.3, the low quality of the samples due to
is about 470 ppm at 15 kOe. Due to the dilution effect of thelow concentration of the PVDF binder leads to the large loss
nonmagnetic phase PVDF, the magnetostriction of the comef stress/strain transfer from the T layer to the P layer and
posites is smaller than that of the Terfenol-D crystal undethus low ME, response. A$>0.5, the ME; sensitivity also
use. The magnetostriction of the composites is strongly dedeclines with the increase iin This decrease imgs; is at-
pendent on the volume fraction of the PVDF binder in thetributed to the decrease in piezoelectric phase and magneto-
compositedFig. 8b)]. Similarly to the variation of the pi- strictive phase concentrations, which lead to low magneto-
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FIG. 11. Frequency dependence of the \MEensitivity ags;

100 : . : measured at 4000 Oe for the laminated P-T-P composite fvith
(b) =0.5. The inset showag,; at 16 Hz of the composites as a func-
80- i tion of the volume fractiorf of PVDF.
= f=0.5
2 60 l
2 MEy sensitivity ag35 Of the laminated P-T-P composite with
E 404 1 f=0.5. In the frequency range below about 85 khzg;
dﬁ 2 almost keeps constant. But of interest to note is thag of
i i the composites demonstrate a peak at abouHi) at which
0 the dielectric measurement of thelarizedcomposites dem-
0 40 . 80 120 160 onstrated a resonan¢eot presented hereThis resonance is
A, (ppm) associated with the electromechanical reson4ringhe thin
disk-shaped piezoelectric layer, since fhadarizedPZT ce-
ramic disk-shaped pellet with the similar sizes also showed
100 i i i such a thickness electromechanical resonance. The peak
@ 4 kOe MEy response is attributed to enhanced coupling elastic in-
. 80 teraction between PZT/PVDF and Terfenol-D/PVDF com-
3 — posite layers at the resonance. The values of the pegk ME
E 60f response also depends b(see the inset of Fig. },land the
% maximum «agz3 value for the composite witf=0.5 can
= 40r reach up to as high as over 3000 mV/cm Oe. This GME
3 effect at high frequency demonstrates that the three-phase
20} Terfenol-D/PZT/PVDF composites can be used for high-
(© frequency applications at least up to 200 kHz, since the prob-
e oz o7  os o8 lem of high eddy current loss for Terfenol-D over the high-
Volume fraction fof the PVDF frequency range has been overcome in the composites.

FIG. 10. The ME; sensitivity ags; measured for the laminated
P-T-P composites as a function @) the dc bias magnetic fieldb) IV. CONCLUSIONS

* — i
Aj atf=0.5, and(c) the volume fractiorf of PVDF, at 1 kHz. Multiferroic laminated composites by sandwiching

Terfenol-D/PVDF particulate composite layer between two
PZT/PVDF particulate composite layers have been prepared

strictively induced straifiFig. 8b)] and low piezoelectricity by a simple hot-molding technique. The dielectric behavior
(Fig. 6) of the composites. The maximumz; value of the  of the P-T-P composites is dominated by the PZT/PVDF lay-
P-T-P composites appears in the intermediate volume fracers, since the Terfenol-D/PVDF layer sandwiched is conduct-
tion range off =0.3-0.5. Thewgs; value of about 80 mV/ ing. The inert polymer PVDF used as a binder in the com-
cm Oe at 1 kHz and 4 kOe fdr=0.5 is comparable to those posites has a significant effect on the properties of the
for the PZT/ferrite ceramic compositésnd higher than that composites, e.g., leading to small remanence and coercivity,
for recently reported three-phase Terfenol-D/PZT/PVDF paras well as small remanence and saturation polarization of the
ticulate compositdd due to higher magnetostriction laminated composites. The piezoelectric, magnetostrictive,
achieved in the P-T-P composites than in the particulate comand magnetoelectric properties of the laminated composites
posites. The ME response observed in the P-T-P compositese quite sensitive to the concentration of the PVDF binder.

was found to be quite stable, as evidenced by the sequentiAllow concentration of the PVDF binder leads to low quality
measurements conducted over six months. of the laminated composites and thus low performance. On
Figure 11 shows a typical frequency dependence of théhe other hand, high concentration of the inert PVDF results
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also in low piezoelectric, magnetostrictive, and magnetoelecmization of composites processing, and in designing
tric responses of the laminated composites. In particular, thgeometry of the laminated composites.

composites exhibit giant magnetoelectric sensitivity at high

frequency. Bet_ter performance_ of the Iamlnat'ed composites ACKNOWLEDGMENTS
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