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Calculations of giant magnetoelectric effects in ferroic composites of rare-earthiron alloys
and ferroelectric polymers

Ce Wen Nan and Ming Li
Department of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

Jin H. Huang
Department of Mechanical Engineering, Feng Chia University, Taichung 407, Taiwan
(Received 31 August 2000; published 19 March 2001

Coupled magnetic-mechanical-electric effects involving linearly and nonlinearly coupling interactions in
ferroic composites are investigated using a Green'’s function technique. We use the theory to suggest a possible
giant magnetoelectric effect in a ferroelectric p@inylidene fluoride-trifluorethylenecopolymer filled by
giant magnetostrictive rare-earth—iron alloy particles, which is markedly larger than that in the best known
magnetoelectric materials. The flexible composite is expected to exhibit large magnetostriction. Our results
show how to design such flexible polymer-matrix magnetoelectric composites with better performance and
may stimulate further interest in the areas of coupled multifield effects and magnetoelectric materials for
practical applications.

DOI: 10.1103/PhysRevB.63.144415 PACS nunier75.80+q, 77.65—j, 75.50.Bb, 81.05.Zx

[. INTRODUCTION problems> % such as interdiffusion during preparation.
In this article, we consider a novel ferroic composite of a

The magnetoelectri€ME) effect, a coupled magnetic- giant magnetostrictive rare-earth—iron allg.g., SmFe,
dielectric effect characterized by the appearance of an ele@bFe, or Th, _,Dy,Fe, (Terfenol-D] (Ref. 16 and a ferro-
tric polarization(ME outpubd on applying a magnetic field or electric polymer such as the p@Wnylidene fluoride-
by the appearance of a magnetization on applying an electrigifluorethylene copolymefP(VDF-TrFE)],}” which are, re-
field, was prophetically predicted first by Pierre Curie inspectively, the best known and most widely used
1894 on the basis of symmetry consideratibhintil 1960—  magnetostrictive alloy and ferroelectric polymer. This
1961, the linear ME effect was only experimentally observedpolymer-matrix composite is mechanically flexible and ex-
in an antiferromagnetic GO, crystal? Since then, ME ef- perimentally fabricated much more easily than the brittle
fects have been widely investigated in over ten differentferrite/piezoelectric ceramic composites. In the flexible
crystal families(e.g., yttrium iron garnets, boracites, rare- Terfenol-D/RVDF-TrFE) composite, the coupling interac-
earth ferrites, and phosphatésdue to their important ap- tion between magnetostrictiofa nonlinear magnetome-
plications in solid-state sciencésHowever, among these chanical effedtof the Terfenol-D particles and piezoelectric-
single-phase ME materialevhich are brittle, particularly ity (a linear electromechanical effecof the RVDF-TrFE)
strong ME effects, as initially envisioned, have not so farcan also result in an extrinsic ME effect. Here we generalize
been found, which is the reason that they have not yet founthe Green’s function technigtie'®=?°to treat the new type of
applications in technology.To be technologically viable, ME material from the Terfenol-D-filled (®DF-TrFE)-
ME materials must exhibit high ME coefficients. Important matrix composite involving botmonlinearly and linearly
applications include magnetic-electric sensors in radioeleceoupling interactions. We suggest that the flexible ferroic
tronics, optoelectronics, and microwave electronics andcomposite can exhibit a surprisingly large ME effect that is
transducers in instrumentation. markedly larger than that in the best known ME materials

In the single-phase ME crystals, the ME effect is intrinsic.(e.g., CsO3, phosphates, and ferrite/piezoelectric ceramic
However, ferrite/piezoelectric ceramic compogitéd such  composites In addition, the flexible composite also exhibits
as CoFg0Q,/BaTiO; and (Ni-Co-Mn)-ferrite/lead-zirconate- large magnetostriction as in the recently developed magne-
titanate (PZT) composites exhibit extrinsic ME effects, tostrictive composite$: This may open up a new promising
which is known as a “product property'® resulting from  territory for the applications of inorganic/organic hybrids and
the interaction between the ferrite and piezoelectric ceramicomposites with magnetic-mechanical-electric coupling in-
phases, since neither phase is magnetoelectric. That is, whégractions.
a magnetic field is applied to the composites, the ferrite par- The rest of this article is organized as follows. In Sec. I,
ticles change their shape magnetostrictively, and strain isve design a few possible composite Terfenol{VPF-
passed along to the piezoelectric phase, resulting in an ele@+FE) microstructures with a ME effect from a practical
tric polarization. The ferroic ceramic composites were con{oint of view. Section Il contains the theoretical framework
sidered to exhibit promising larger linear ME effects result-derived by the Green’s function technique and the general
ing from the coupled piezoelectric-piezomagneticsolution to the ME effect of such a magnetostrictive-
interaction?~® However, the ME effect so far observed in piezoelectric composite. For quantitative purposes, the nu-
such brittle composites is only about ten times or more lowemerical results for the ME effect and effective magnetostric-
than the predicted value due mainly to inherent preparatiotion of the novel Terfenol-D/®&DF-TrFE) composite are
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X3 ' X Terfenol-D particles are not in contact with each other while
T T 3 the polymer is self-connected, thus forming a 0-3 connectiv-
: ity of phases(in the terminology introduced by Newnham,
@X® @ ® ® [%ﬁ] @ Skinner, and Cro$3). The composite has@amm symmetry
@ @ ® @ ® with oo denoting theX; axis. Both higher particulate loading
® ® (e.g.,f=0.4) well dispersed in the polymer matrix and mag-
@ @ @ ® @ ® netically preferred orientation of the Terfenol-D particles can
@) ©) be achieved by current processing technidtissch as wet-

chemical methods in an orientation magnetic fféld.
X3 [112] In the piezoelectric ceramic/epoxy compositesy., PZT/
@ % ® X: @ epoxy widely investigate® [and the magnetostrictive com-

posites (e.g., Terfenol-D/epoxy recently developed], a
% @ ® @ ® technologically important composite with better performance
(c) (d)

=

has a 1-3 connectivity of phases. The unidirectional continu-
ous piezoelectric ceramic rods are embedded in the epoxy
matrix and aligned parallel to the sample aXig However,
a 1-3 composite of Terfenol-D(FDF-TrFE) would not have
the extrinsic ME effect, since the unidirectionally aligned
Terfenol-D rods form low-resistance paths. If prolate-shaped
Terfenol-D particles are not in contact with each other but
@) well dispersed in the polymer matrfFigs. 1c) and 1d)],
the composite would have the ME effect. However, the geo-

FIG. 1. Schematic illustration of the(PDF-TrFE) matrix com- ~ Metric shape anisotropy of the Terfenol-D particles leads to
posites filled with (8) randomly and(b) magnetically oriented low allowable particulate loading to keep the 0-3 connectiv-
Terfenol-D spheregthe arrows represent their crystallographic ity, due to the low percolation threshdlti At the other ex-
X}-axis directiony (c) randomly and(d) magnetically oriented treme, a multilayer Terfenol-D(NDF-TrFE) composite
Terfenol-D ellipsoidal particle¢in the case ofd) their ellipsoidal  (i.e., with 2-2 connectivitylaminated along th&; axis[Fig.
symmetric axis growth along the crystallographid?] or [111]-  1(e)] should also have the ME effect. Next we quantitatively
direction (Refs. 16 and 20, and (e) the laminated Terfenol-D/ treat these possible composites with the extrinsic ME effect.
P(VDF-TrFE) composite. The polarization direction in(\EDF-
TrFE) is parallel to X5 axis of the composite, along which an
external magnetic fieldH5) is applied.

P(VDF-TrFE)

Terfenol-D
P(VDF-TrFE)

IIl. GENERAL FRAMEWORK

Consider the perfectly bonded Terfenol-IVBF-TrFE)
presented for various microstructural features in Sec. IV. Th€omposites, as shown in Fig. 1. For Terfenol-D with cubic
conclusions are summarized in Sec. V. symmetry, the magnetomechanical interaction ioalinear

coupling effect, namely,

II. DESIGNING THE MICROSTRUCTURE OF THE 0'=Cs—XTHH,
TERFENOL-D/P(VDF-TrFE ) COMPOSITE

As an external magnetic field is applied to the Terfenol- B=uH+xeH, @
D/P(VDF-TrFE) composite, the magnetostrictively induced where o, &, B, andH are the stress tensor, strain tensor,
strain of the Terfenol-D phase is passed along to (MDIF-  magnetic inductior(or flux density, and magnetic field, re-
TrFE) phase, resulting in an electric polarization. This meanspectively; y is the magnetostrictive coefficienty{ being
that the composite has to be electrically insulating, at leasge transpose of); c andu are, respectively, the stiffness at
along the applied magnetic field direction. Hence, it is re-constant field and permeability tensor at constant strain. For
quired that the low-resistance Terfenol-D particles should bererfenol-D, these three coefficient tensoxs €, andu) are

well dispersed in the polymer matrix to keep the compositemore or less dependent on the magnetic and stress flds.
insulating, since the low-resistance Terfenol-D particle pergquation(1) can simply be rewritten 3%

colation path(especially along the applied magnetic field

direction can make it difficult to polarize the composite and o=c(e—&M9),
cause the charges developed in the piezoelectfitDP-
TrFE) phase to leak through this comparatively low- B=pu(e,H)H, 2)

resistance path. According to this, we now design a simple

particulate composite with a volume fractibrof equiaxial ~where the permeability depends o andH, ande™®is the
Terfenol-D microcrystallité® randomly or magnetically ori- magnetostrictively induced strain of Terfenol-D. The local
ented in the B/DF-TrFE) matrix without a Terfenol-D par- magnetostrictive strains{}‘s, along the crystallographic axes
ticle percolation path through the composite. We also let thef a Terfenol-D microcrystallite are related to the magnetic
P(VDF-TrFE) matrix be poled along th¥; axis of the com-  field dependent magnetostriction constantg,andA 44, of

posite specimen, as shown in Figs@land Xb). The the cubic microcrystallite. These constants are defined as the
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chang_e ir) no_rmal straiq in thel00] and [111] crystgllo- w(X)=pul+u' (%),
graphic directions resulting from the complete rotation of a i ,
fully random magnetization state into tH&00] and [111] where the first termg&enoted by superscrip) Gepresent the

directions, respectivelif The strains can be expressed as constitutive constants of a homogeneous reference medium
' and the second terms are the spatial fluctuations of the first.

3 , 1 o Now let the composite be subjected on its external surface
57\100( :83i_§> fori=] S to homogeneous mechanical-electric-magnetic boundary
ms_ (3y  conditions, i.e.,
£jj
2PaBsh fori#], u(S)=zlx=u’, G(S=-Ex=¢°,
where (B;;) is the matrix transforming the local crystallo- W(S)= —H?xi:¢°, (8)

graphic axeé(j’ to the material axeX;, in which an external
magnetic field H3) is applied along<; axis of the materials
specimer(Fig. 1), namely,X;= ;;X/ .*° Thuse{]"* is nonlin-
early dependent oHl.

On the other hand, for the piezoelectri¢VBF-TrFE)
phase, the electromechanical interaction Isyaar coupling 0 j(x)=0, D;;i(x)=0, B;;(x)=0, (9)
effect, namely,

whereu;, ¢, andy, respectively, denote the elastic displace-
ment, electric potentials and magnetic potential. Consider a
state of static equilibrium in the absence of body forces and
free electric charges so that

where the commas in the subscripts denote partial differen-

o=ce—¢€'E, tiation with respect tox; [e.g., gij j(X) =dajj(X)/9x;=0].
(4) These are nonlinearly coupling equilibrium equations.
D=es+ «E, Further, by solving the equilibrium equatio®) under

the boundary condition&) in terms of the Green’s function
whereD andE are the electric displacement and field ten-techniquet®*®-2°the local fields within the composite can be

sors, respectivelye is the piezoelectric coefficient tens@'(  optained as
being the transpose @); « is the dielectric constant tensor

at constant strain. The response of their composite involving e=8%+G%c—c’)e—G'"e'E-G'c™,
thenonlinearandlinear couplingeffects can be described by o o
the combination of Eq92) and(4), as E=E%+G%es+G%(k—k°)E+G%aH, (10
o=ce—e'E—ce™s H=H+G%(u—u°)H,
whereGY, G¢, andG" are the modified displacement, elec-
D=es+«E+aH, ® e potential, and magnetic potential Green’s functions for
the homogeneous mediuthlterative solutions of Eq(10)
B:ILL(SIEaH)HI y|e|d
where the permeabilityy depends ore and electric and o= T66:0_ T63E0_ T66GUCeMS_ T63G o T33MHO

magnetic fieldsy is the ME coefficient. For the composite,
all these tensors are local quantities depending on the spatial 36,0, 330 360 s, 3% AN
positionx. The effective properties of the composite can be =~ E=T7e "+ T**E°=T>G"ce "+ T**G?aT>"H",

defined in terms of the averaged fields, namely, (12)
H=T3"H,
— % EPNE _ R~k . Mmsk
(oy=c*(e)—e *(E)—c* &M%, with
<D>=e*<8>+K*<E>+a*<H>, (6) T66={|_GU(C_CO)+GueT[I_Gzﬁ(K_KO)*lG(()e}*l,
(By=wu*((£).(E),(H))(H), T3%={] - G%(k— k%) + G| —GY(c—c?) ] 1GUe"} 1,

where angular brackets denote the microstructural average 63_ T66USTI | _ (b o .0\1—1
and quantities with asterisks represent those of the compos- =TGR =G r )] (12
ite. Therefore, the problem o_f evaluati_ng the effective re- T36=T3%Goe | — GY(c—c)] L,
sponse of the material essentially consists of the determina-
tion of the field variables within it under certain specified T3M=[ = G u— 0] L,
boundary conditions, followed by the performance of the av- _ . o _
erages. wherel is the unit tensor. Substitution of E¢L1) into Eq.

Because of spatial variations in the constitutive behaviof5) directly gives explicit SO'éJtiOQS for thoe local field, D,
in the composite with position, the local constitutive coeffi-andB, also as a function of~, E*, andH".

cients can be written as a variation about a mean value, e.g., By averaging these solutions for local field quantities and
eliminating £, E°, andH® from them, and further by con-

c(x)=c’+c'(x), k(X)=r+«k'(X), (7)  sidering thate (e) =0 for the Terfenol-D phase™S=0 for

144415-3



CE WEN NAN, MING LI, AND JIN H. HUANG PHYSICAL REVIEW B 63 144415

the RVDF-TrFE) phase, andv=0 for both phases, we ob- Depending on the choice made for the propertees.,c°,
tain the general solutions to overall effective properties of«®, and u°) of the homogeneous reference medium, two
the composite different approximate schemes pertain and can be easily ob-
tained from the general solutions above. One is that the poly-
c* =(cT®— e T3 A+ (cTH+e'T3%)B, (13)  mer matrix phase is taken as the homogeneous reference me-
dium, e.g.,c’=c™, k%= «™ and u°= ™. This choice leads
e =((c—c*)TO3+elT3%¥)(T3%) 1, (14 to a simple non-self-consistent approximat®NSCA)
schem&®19of the theory. In essence it is generally valid for
K* =((&* — ) TO3 xT3%)(T3%)~ 1 (15) ~ matrix-based composites with a particulate microstructure,
such as those shown in Figs(al and Xb). Another is to
¥ = (T3 (TIm) -1 (16) consider the constituent phases embedded in an effective me-
dium that corresponds to the overall composite itself but with
the moduli that must be determined self-consistently, and
thus a generalized self-consistent effective medium approxi-
mation (SCA) is realized. Phenomenologically, this SCA
a*(H)=e*(T*G"ce™), (18) corresponds to the Bruggeman-Landauer self-consistent ap-
with A=[(T00)+(T63)(T3%)~1(T36 1 and B Proximation for transport problem or the Krer-Hill-

—(T3%®) - LT3 A These results are quite general and inde_Budiansky self-consistent approximation for elastic

pendent of the models assumed for the topology of thé® | fthe G s f ion-based th d ;
phases in the composite. These complicated, coupled expr -tS.O t F reen Sd unction- ased theory anéﬁ_e%ép:rlment
sions lack closed form solutions, but their convenient matrix©" P1€Zoelectric and magnetostrictive composites” has

formulations are particularly suited for easily numerical cal-demonstrated the predictive power of the theoretical ap-
culations of the overall effective properties. Equati¢hd— proach. Next we mainly predict the extrinsic ME response of

(16) recover the expressions previously used for these effec,l—he Terfeno!—D/K’\/DF—TrFE) composites(Fig._ 1), since the_

tive coefficient tensor® and Eq.(17) is similar to the Terfenol-D _|s.the best known and most widely used giant
previous expression for the effective magnetostrictively in-nagnetostrictive ‘."‘”OV and the !P\_/DF-TrFE) polymer has
duced straif but contains the effect of piezoelectricity of a'9€r piezoelectric stress coefficigsbmparable to that for

the RVDF-TrFE) phase throughe*. Equation(18) is the a plezoglectrlc ceram)é In addition, the polymer-matrix
desired formula for the composite ME coefficient resultingco.mpc’Sltes can be easily processed and conformed to com-
from the coupling interactions between thenlinear mag- plicated shapes and surfaces, and thg coupling t_)etween two
netostrictiveandlinear piezoelectrieffects and clearly dem- phases may b_e enhanced _by the |mproveq c_hsplacement
onstrates that the ME coefficient of such a composite doe";‘fanSfer capability of the flexible polymer matrix itself.

not disappear though neither phase is magnetoelectric.

Further, Eqs(18) and(17) can be rewritten as IV. ME EFFECT OF TERFENOL-D /P(VDF-TrFE )
COMPOSITES AND DISCUSSION

eM* =(c*) " H[(c—cH) TG +1]ce™), (17

roblem!® The good quantitative agreement of previous re-

* — fpx U ~_ )T 1UAM .
a*(H)=fe*([1-G¥c—c)] "G "ce™)orient,  (19) On applying an external magnetic figlti;) alone along

_ _ the symmetricX; axis of the composite speciméRig. 1),
msx _ *)—1 _* Y ~_0 1 _

¢ fe) Hl(e=ell =Ge=cD] the ME output voltageE; developed across the specimen

X GY+17ce™) orient (200  along theXj direction is

where ( )orient denotes averaging over all possible orienta- E3:a§3<H3>/K§3= agaxHa) (23)
tions of the Terfenol-D microcrystallites in the composite
andc is the stiffness tensor of Terfenol-D particles. From Eq.from Eqg. (21), where ag33 is the ME sensitivity along the

(19), the primary ME output voltageE induced by the (Hsg) direction, which is the figure of merit used to assess the
magnetostrictive-piezoelectric coupling interaction is givenperformance of a ME material for a magnetic device. The
as effective engineering magnetostrictith, Ne=5(e3s*
o —e'™), can directly be obtained from E¢0).2° Now for
E=«*"la*(H)=af(H) (21)  quantitative purposes, numerical calculations are performed
for the Terfenol-D/PVDF-TrFE) composite. The properties
=fth*([1-=GY%(c—c®)] G ™) orients (22 of these phases used for calculations are given in Table I. We
consider three different orientations of Terfenol-D micro-
where h* (=«*"1e*) is the effective piezoelectric stress crystallites in the P/DF-TrFE) matrix, i.e., random orienta-
coefficient tensor andvg is the ME voltage coefficient or tion, partly magnetid112] orientation, and optimally mag-
ME sensitivity tensor. Equatiof22) shows that a strong ME netic [111] orientation (i.e., all [112] or [111] crystallo-
response of the composites could be achieved with the larggraphic directions of the microcrystallites being parallel to
magnetostrictively induced strain, high piezoelectric stresshe X5 axis).*6:%°
coefficients, and the perfect coupling between the phases For illustrative purposes, Fig. 2 shows the numerical re-
(i.e., transferring elastic strains without appreciable Igsses sults in the high-magnetic-field saturation in the whole vol-

144415-4



CALCULATIONS OF GIANT MAGNETOELECTRLC.. .. PHYSICAL REVIEW B 63 144415

TABLE I. Properties of Terfenol-D and (WDF-TrFE) and 15 T T r T
PZT-5A used in the present numerical calculations. (@)
—~Random NSCA .-~
-’. \-
Properties Terfenol-B  P(VDF-TrFE)®  PZT-5A° 10 ----[112] -~ “
STOT emm111] PO
c11 (GPa 82 4.84 121 g o S
¢y, (GPa 40 2.72 75.4 e P W
& e : ]
cq3 (GPa 40 2.22 75.2 8 5F g5 . “!‘-
Cs3 (GPA 82 4.63 111 s '“\Q:. -\
44 (GPaA 38 0.526 21.1 s scA SN
633/60 6 8 830 1 1 1 ! .
asl o 5 1 1 0.0 0.2 0.4 06 0.8 1.0
ez, (C/mP) 0 0.0043 -5.4
€33 (C/mP) 0 -0.11 15.8 15 - . .
ey (C/mP) 0 -0.015 12.3 ()
has (10° V/m) 0 -1.55 2.15 s
N 121 (ppm) 1700 0 0 _10} NSCA ]
100 (PPM) 100 0 0 S JTA i
< VYR ]
[v] s 4 ' 1
aTerfenol-D exhibits a cubic symmetry, and its properties are taken 53 SCA - -7 L ~ 1
by referring to Refs. 16 and 2.3/ 1o="5 at zero magnetic field S5 27 e ‘-\!| i
and decreases almost linearly with increasing magnetic field to 1.8 57. \; §
in the saturation; the magnetic field dependencke @f and\ 1ggis ll “
H H H 1 1 1 [}
bshown in thg right part of Fig. (). . 00 500 _ 1000 1500 2000
For convenience, the symmetry properties ¢¥IPF-TrFE) are A, (ppm)

considered to belong to the point gro6mmdue to only slight

differences between its;; andes,, €5 andey,, €1 andcyy, Cq3 FIG. 2. ME sensitivityagzz and engineering magnetostriction

and c,3, C44 andcss, and ey and e,,; we take these property )\, of the RVDF-TrFE) matrix composit¢Figs. 1a) and Xb)] filled

values mainly by referring to Ref. 28. with random, partly magneticl12], and optimally magneti¢111]

‘Reference 29. oriented of Terfenol-D particles, in the whole volume fraction range
at the high magnetic field saturation predicted by using the NSCA

ume fraction range. As in the ferrite/piezoceramicanOI SCA schemes of theory.

composites?!3 the ME sensitivity of the composite in-

creases from zero to the maxima with increasﬁrm]d then [111] orientation of Terfenol-D partiCleS, which are mark-
approach zero dt=1. The NSCA and SCA predict different edly larger than the maximunagss values for the best
maximum ME sensitivities at different volume fractions known ME materials at room temperature, i@g5;~0.038
(e.g., atf~0.85 and 0.55 for NSCA and SCA, respectiyely V/A (at above 200 kA/mfor the antiferromagnetic GO,
and different results at high concentration, but they give vengrystaP and af23~0.15 V/A (at 72 kA/m) measured for the
close results in the volume fraction rangefef 0.4 of inter-  ferrite/PZT ceramic composife’ In the meantime, this flex-
est, within which both approximations are considered to béble composite can exhibit large saturation magnetostriction,
valid and the polymer-matrix composite as shown in Figse.g.,\ ;=460 ppm for the randomly oriented Terfenol-D par-
1(a) and Xb) can be easily fabricated. The results of the twoticle (f=0.3) case.

approximation schemes being almost the same <a0.4 For comparison, we hypothesize an idealized PZT ce-
mean also that the theoretical predictions in this volume fracramic matrix composite consisting of perfectly bonded
tion range of interest are reasonal@/e will use the sim-  Terfenol-D particles without interdiffusion between
pler NSCA scheme of theory in the following calculations. Terfenol-D particles and PZT matrix. Figure 3 illustrates the
As shown previously for other magnetostrictive comparison between the results for the flexible Terfenol-D/
composite<® the effective saturation magnetostriction of the P(VDF-TrFE) composite and brittle Terfenol-D/PZT ceramic
composite monotonically increases with the volume fractioncomposite(the properties of the PZT-5A used for calcula-
f (not presented here As with the effective mag- tions are also listed in Table.lAlthough the predicted ME
netostrictior’ the ME sensitivity of the composite is larger coefficientas, [Fig. 3(b)] of the brittle Terfenol-DIPZT ce-

in the magnetically preferred orientation cases of theamic composite is roughly 80—100 times larger than that of
Terfenol-D particles than in the random orientation caseihe flexible Terfenol-D/RVDF-TrFE) composite due to
Figure 2b) shows dependence of the ME sensitivity on the|gywer piezoelectric coefficient®; (see Table )l of the
effective magnetostriction. It can be seen thags is propor-  p(\/DF-TrFE) than PZT, the ME sensitivityrgss and the
tional toA] with n=1—2 at the rangé <0.4 of interest. Of  effective magnetostrictiofiFig. 3@)] of the RVDF-TrFE)-
particular interest is that a surprisingly large ME effect ismatrix composite are larger than those of the brittle PZT
obtained in the composite. Thes; values atf =0.3 are 2.2, ceramic matrix composite. This is due to the improved dis-
2.9, and 3.8 V/A, respectively, for the randofi,12], and placement transfer capability of the flexible polymer matrix,
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4 . . 800 6 ————900
@ Randomly oriented (@) N P
Terfenol-D particles =03 Tl
3 , P 1600 5 RSP m
| ~4r FemTaAl_eeT TN 600 o
@ r'd 7 -
< 20 . < ,' e a P .g-
S 2 v {4003 38 Ve T g
9 / \3/ w ,' I’ /‘ 7 < wrnl
R L 2 - 0 ——Random 1=
IR/ Terfenol-D/P(VDF-TrFE) {200 A -—--[112] 5
1’ - - - -Terfenol-D/PZT-5A 7 G —mm[111] =
) T T T T 0 0o 5'0 160 150 260 258
0.0 0.2 0.4 . 0.6 0.8 1.0 Magnetic Field (kA/m)
15 1800 " . ; Y —
b T
(b) - i
. , ’ Polycrystals
E10F 1 1200 , ]
£ . = JoE
3} .2 T, /100 g 3
c v’ ~ /]
= / < i -
sl i 600 P 1
1 R —_——
Terfenol-D/P(VDF-TrFE) if o ees
- - - -Terfenol-D/PZT-5A J 7 =03 Moo
0 . . . . o= . . — b
0.0 0.2 0.4 0.6 0.8 1.0 0 50 100 150 200 O 100 200

f Magnetic Field (kA/m)

FIG. 3. Comgarison of the predicted ME effect and engineering FIG. 4. (a
magnetostriction\ ¢ of the flexible FVDF-TrFE)-matrix composite
and brittle PZT ceramic matrix compositthe sign of itsa3; and
agas being negativefilled with randomly oriented Terfenol-D par-
ticles[Fig. 1(a)].

ME response an¢b) engineering magnetostriction
\ of the RVDF-TrFE) matrix compositéFigs. 1a) and Xb)] filled

with three different orientations of Terfenol-D particlesfat0.3 as

a function of the magnetic field. The calculated engineering mag-
netostriction of Terfenol-D polycrystalsd €1) and the magnetic-
field-dependent magnetostriction constams,{ and\ 149 used for
which leads to higher magnetostriction of the flexible com-the present numerical calculations are also reportet)ifor com-
posites and a piezoelectric stress coefficlet(see Table)l  parison.

of P(VDF-TrFE) comparable to that of PZT.

Due to the nonlinear dependence of the magnetostrictiogame dependence on particle orientation as the effective
of Terfenol-D on the applied magnetic f'éialh? effective  agnetostriction. Obviously, only whdd11] directions of
magnetostriction of the composite nonlinearly increases withy| microcrystallites are identically aligned parallel to the
the magnetic field as in the Terfenol-D polycrys{#ig. sampleXs axis, i.e.,d=55° (or 145°) for the identical ori-
4(b)]. The ME sensitivitygs nonmonotonically depends on entation case do the magnetostrictiog and thus the ME

(H3) with a maximum value[Fig. 4(a)] appearing at the o ) .
magnetic field where the effective magnetostriction begins tS ensitivity aggs reach ? maximum, and t,hey decrease with a
deviation ofé from 55°. When all locaX; axes are aligned

approach its saturation. At high magnetic fields the magne- . o -
tostriction becomes saturated, producing a nearly constaf@rallel to the appzlloed magnetic fielde., =0 or m), A
electric field in RVDF-TIFE), thereby decreasinggs; with ~ —~e33" —~\100,~ and thus this leads to a low ME effect.

increasing(H3). The maximumagss values(at (H3)=90

kA/m) are 3.1, 4.1, and 5.4 V/A, respectively, for the ran- 5 . . - . . 1000
dom, [112], and [111] orientation of Terfenol-D particles =03
(f=0.3), which are also markedly larger than those for the 4r SN N 1800
best-known ME materials at room temperature. The ME 4 4 ' |
voltage E; monotonically increases with the magnetic field § 8 6ooi
[Fig. 4@)] as does the effective magnetostrictidtig. 4(b)]. = o 4oo§
Hence, the flexible composite would be tuned to a desired & =~
sensitivity to detect either small or very large magnetic 1 200
fields. it S

Figure 5 more clearly shows orientation effects by con- 0 o, . identical 0
sidering two different orientation casg4) a uniform orien- 0 3 60 9 120 150 180

. o D
tation distribution betwee@=0 and 6., of the localX} ®uuon O7 @ (Degree)

axes with respect to the sampig axis, and(2) an identical FIG. 5. Effect of the two types of particle orientation distribu-
orientation at some angle of all local X; axes with respect  tions (uniform and identical orientation®n the ME sensitivity of
to the sampleX; axis. The ME sensitivityrgs; exhibits the  the 30 vol % Terfenol-D/®/DF-TrFE) composite[Fig. 1(a)].
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FIG. 6. Effect of the aspect ratio of Terfenol-D particles on the
ME sensitivity of the 10 vol % Terfenol-D{RDF-TrFE) composite

[Figs. 1c) and 1d)].

As shown, the orientation distribution of the particles also
affects the ME sensitivitywgs3. In the case of a uniform
orientation distribution betweef=0 and 6.0, @gas (aS

\g) reaches a maximum at abo@t,,;s=65°. The uniform
distribution shifts the angle of the maximuags; from the
standard 55° to 65° due to interactions between various ori-
ented particles. Similarlyg s in this uniform distribution
case increases With. o1t 8S Ocuto1+<65°, and decreases as
Ocutofi=65°%; but O.,1017>90°, agaz Somewhat fluctuates
about the ME sensitivity for the completely random case.

For the microstructure shown in Figs(cl and Xd), the
shape anisotropy of the Terfenol-D particles limits low al-
lowable particulate loading in the 0-3 connectivity case due
to the low percolation threshofd. For illustration, Fig. 6
reports the calculated results from the oblate-shaped particles
(aspect ratiop<<1) to prolate-shaped particlep¥ 1) at f

=0.1. aggz is not very sensitive to the aspect ratio in the
case of lowf and small deviation gb from 1. Figure 7 shows
the predictions for the 2-2 type laminated Terfenol-D/
P(VDF-TrFE) compositd Fig. 1(e)]. It also demonstrates the

large ME effect of the laminated composite.

In the calculations abovéFigs. 2—7, we have used the
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FIG. 8. (a) ME response andb) engineering magnetostriction

\s and secant piezomagnetic coefficied§s=\s/(Hz) of the

mate”"?‘ls_ parametefsee Table | and the_rlght part Of_F'g' P(VDF-TrFE) matrix composite[Fig. 1(a)] filled with randomly
4(b)] similar to those of the Terfenol-D single crystal itself iented Terfenol-D particles #t=0.3 as a function of the mag-
netic field, calculated by assuming three different behaviars,
and C curves shown ifr)] of the magnetic-field-dependent mag-
netostriction constants\¢;; and\ 149 for Terfenol-D.

10 T T T T
[111]-layer 2-2
8l i
< 6f :
b .
< [ Random particles [112]-layer 2-2
58 41 o~ .
o
2}
0 n 1 2 ] 1 1 n 1
0.0 0.2 0.4 ¢ 0.6 0.8 1.0

D/P(VDF-TrFE) composite[Fig. 1(e)] for [111] and[112] growth

directions of Terfenol-D layers with an aspect ratio of 0.1.

for the Terfenol-D microcrystallites in the composite. This
is, in general, reasonable for the large grain size of
Terfenol-D in the composites, as shown in previous calcula-
tions for magnetostrictive composit#sHowever, the mate-
rials parameters of the Terfenol-D microcrystallites in the
composites might be different from the Terfenol-D single
crystal itself. The Terfenol-D in the composites is under con-
straint by the surrounding polymer matrix, i.e., is somewhat
under a prestress state. In the absence of any intrinsic mate-
rials parameters for the Terfenol-D microcrystallites in the
FIG. 7. The ME sensitivity of the 2-2 type laminated Terfenol- composites, we assume three different dependences of the
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magnetostriction constants;;; and \ 1o [See Fig. &)] on
the magnetic field to illustrate the influence of the magneto-
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strictive behavior of the Terfenol-D microcrystallites on the V. CONCLUSIONS

ME response of th_e composites. For convenience, we sill The effective coupling properties of the flexible Terfenol-
use those values in Table | far;, £g3, and uss Of. the .D/P(VDF-TrFE) composite have been expressed in a conve-
Terfenol-D. The calculated ME response and effective engipient matrix formulation by using the successful Green's
neering magnetostrictions and “secant piezomagnetic co- function technique. Although the Terfenol-D andVDF-
efficient” dgz (=\¢/(H3)) of the composites are shown in TrFE) phases exhibit no magnetoelectric effect, our results
Figs. §a) and 8b), respectively. Comparison of Fig. 8 dem- suggest that the Terfenol-D-particle-filled(MDF-TrFE)-
onstrates that the ME response of the composites is closefatrix composite and laminated Terfenol-DV®F-TrFE)
related to the magnetostrictive behavior of Terfenol-D. AsCOmposite may be a type of giant ME material. The large

. — ME response of the Terfenol-DI¥?DF-TrFE) composites is
already ShOWﬂEbO\,{§Igi 4b) and 4 the ME outpuEs; is due to the giant magnetostriction of Terfenol-D and large

proportional toAs, i.e., Eg3*\s, and thusagss is propor-  piezoelectric stress coefficients of théVBF-TrFE) poly-
tional to ds3, i.e., ag3z*das. As expected, large magneto- mer, as well as the coupling between two phases enhanced
strictive coefficients lead to large ME sensitivity of the com- py the improved displacement transfer capability of the flex-
posites. ible polymer matrix itself. The ferroic composite can be me-
Finally we would like to address that our model hypoth- chanically flexible and fabricated easily in a variety of forms
esizes a perfectly bonded Terfenol-D particle/polymer intersuch as large flexible thin sheets, extruded bars, and molded
face, which ensures the perfect coupling between these twshapes. Like the technologically important piezoelectric and
phases(i.e., transferring elastic strains without appreciablemagnetostrictive composites extensively investigdtédthe
losses to obtain exceptional control of the predictability of Terfenol-D/RVDF-TrFE) composite could be an important
the ME composites. Any imperfect interfaces will more or Material for magnetic-electric devic&This may open up
less decrease the displacement transfer capability, therefygw promising territory for the applications of inorganic/
leading to a decrease in the ME response of the composite@fganic hybrids and composites with magnetic-mechanical-
Especially when the particle sizes are small, say nanoscaflectric coupling interactions.
sized, the effect of the imperfect interface will be more pro-
nounced due to a large amount of interfaces in the compos- ACKNOWLEDGMENTS
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