PHYSICAL REVIEW B VOLUME 60, NUMBER 9 1 SEPTEMBER 1999-1

Influence of microstructural features on the effective magnetostriction of composite materials
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Recently developed magnetostrictive composites of a giant magnetostrictive alloy and an inactive matrix
have opened up a promising territory for the application of materials with magnetic-mechanical coupling
interactions. In this article an effective-medium method is developed for the effective magnetostrictive behav-
ior of such composite materials based on a Green’s-function technique. Explicit relations for determining the
effective magnetostriction of the spherical particulate and fibrous composites with elastically isotropic mag-
netostrictive crystallites are derived. Two extreme bounds—the Reuss and Voigt-type bounds—are also given.
To illustrate the technique, numerical calculations for the effective saturation magnetostriction of
SmFe/epoxy or aluminum and Terfenol-D/epoxy or aluminum composites with various phase compositions,
particle shapes and orientation, and crystallite growth directions, are performed. The theoretical estimates are
found to be in agreement with available experimental results, and they also show the interesting magnetostric-
tive behavior of the compositegS0163-182609)01933-3

[. INTRODUCTION tion of a simple isotropic polycrystal consisting of cubic mi-
crocrystals were derivet® ' The most commonly used for-
Magnetostrictive materials whereby magnetization pro-mula for estimating the effective saturation magnetostriction
duces deformation and, conversely, deformation affects magk, of such an isotropic polycrystal is a Reuss-type approxi-

netization, have received much attention in recent years. Qf,ation by Whichfs is obtained as a linear function of the

particular interest because of its comparatively large magnesingle-crystal magnetostriction constanks gy, A119), %2 i.€.,
tostriction is the rare-earth-iron alloys such as Terfenol-D,

the ma_gnetostriction of which unclier the influen_ce of even a Ne=ak ot (1—a)h 111 1)
small field can be as much as 10" These materials can be
used in sensors and actuators in state-of-the-art technologwjth a= 2/5 for elastically isotropic microcrystats’
such as ultrasound devices, automobiles, and aircrafts. How- For magnetostrictive composites recently developed,
ever, these materials having giant magnetostriction are botHerbst, Capehart, and Pinkerfohave proposed a simple
expensive and brittle. On the other hand, stronger angingle-sphere model, i.e., an idealized single-particle prob-
tougher magnetostrictive metals.g., Nj have very small lem for elastically isotropic magnetostrictive composites, in
magnetostrictiori~30 ppm.1? An effective way to combine  which an elastically isotropic magnetostrictive particle is em-
large magnetostriction with good mechanical properties idbedded in an isotropic nonmagnetostrictive matrix. They
the fabrication of machinable magnetostrictive compositeshave derived an almosiniversalexpression for the effective
Recently there have been an increasing interest in developaagnetostriction of such magnetostrictive composites, which
ment of these magnetostrictive compositésBy combining  is nearly insensitive to material elastic constants of the con-
a giant magnetostrictive material with a compliant inactivestituents. However, in the limit of only a single magnetostric-
polymer*’ or a metaf®® the composite magnetostrictive tive phase(i.e., single-phase magnetostrictive polycrystal
actuators can be mechanically flexible with intermediatethis expression yields an incorrect prediction, for the interac-
magnetostriction. Although there is an increasing emphasison among magnetostrictive particles are totally ignored in
on the practical development of such a composite, fundathis single-sphere model.
mental understanding of its effective magnetostrictive behav- In this paper, we present a detailed theoretical study of the
ior is rather limited and little published data is available de-effective magnetostrictive behavior of magnetostrictive com-
scribing its magnetostrictive response, which is essential tposites. The principal motivation has been to investigate
any technical improvements of such magnetostrictive comwhat role the complicated microstructure of an inhomoge-
posites. neous magnetostrictive material plays in its magnetostrictive
The magnetostrictive effect is a nonlinearly coupledbehavior. The present work is a sequel to an earlier brief
mechanical-magnetic phenomenon, and is a very complipublication? in which a formula for the effective magneto-
cated problem, especially for inhomogeneous magnetostricstriction of an elastically isotropic magnetostrictive compos-
tive materials due to complicated microstructure. By analogyite has been given based on a Green’s-function techriitue.
to the elastic problem of polycrystals, the first Reuss andHere we are concerned with more general cases, and con-
Voigt-type approximations for the saturation magnetostric-sider the sensitivity of the magnetostrictive effect for mag-
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netostrictive composites on the material constants and micradetail 14~ The magnetostrictive effect is a nonlinear magne-
structure, such as anisotropy, particle shape, and orientatidomechanical interaction, i.e., magnetostriction which is a
relative to the applied magnetic field. geometric distortion of a material that occurs in response to
The essence of the present problem is to calculate than applied magnetic field. There exists also an inverse mag-
strong magnetoelastic coupling interaction of an inhomogenetostrictive effect which causes magnetization to be
neous medium. The low-signal, linearly coupled magnetostrongly dependent on stress in theesenceof a magnetic
elastic (i.e., piezomagnetjc properties of inhomogeneous field. This inverse magnetostrictive effect is different from
media was successfully treated previously by Narsing a  the direct piezomagnetic effect. In a demagnetized material,
Green's-function techniqué multiple-scattering method in a stress will not produce any magnetization. In comparison
the sense of Zeller-Dederichs and Gubernatis-Krumh3ns| with the piezomagnetism, which is a seldom encountered
developed for the linearly electroelastic coupling probfém. linearly coupling effect because of the stringent symmetry
This technique is also valid for nonlinear problems with properties required for its existence, the nonlinearly coupling
large fluctuations, although its exact realm of validity is verymagnetostriction is an ever existing effect in all materials to
hard to ascertain. In the present work, we shall extend thibe studied for practical applications. In the cubic magneto-
approach to address the nonlinearly coupled magneticstrictive crystals with the giant magnetostrictive effect con-
mechanical behavior, e.g., magnetostriction of magnetostricsidered here, there does not exist piezomagnetic effect. After
tive composites. ignoring the piezomagnetic effect, E48) and(3) can sim-
Section Il contains the theoretical framework derived byply be rewritten as
the multiple-scattering method and the general solution to
the effective magnetostriction of the inhomogeneous magne- o=C(e—&™)— AT, 4
tostrictive materials. In Sec. Ill, without loss of generality,
we mainly consider magnetostrictive microcrystallites with B=uH+pAT, ®)
cubic symmetry embedded in a matrix, and give explicit exwhere the permeability. strongly depends oa andH, and
pressions for the effective saturation magnetostriction of twq: s js the magnetostrictively induced strain.
technologically important composites: spherical particulate The effective magnetostrictive behavior of an inhomoge-

and fibrous composites with elastically isotropic crystallites.neous material is defined in terms of averaged fiédesoted
For illustrative and quantitative purposes, the numerical repy ( ), namely

sults for the effective saturation magnetostriction of compos-

ites in the important systems of Smifepoxy or Al and (o)=C*({e)—e™)— B*AT, (6)
Terfenol-D/epoxy or Al are presented for various microstruc-
tural features in Sec. IV. In our calculations, Smksecon- (B)=u*(H)+p*AT. (7)

sidered as elastically isotropic, while Terfenol-D is consid-
ered as cubic for illustration. The conclusions are
summarized in Sec. V.

Therefore, the problem of evaluating the effective response
of the material essentially consists of the determination of
the field variables within it under certain specified boundary
conditions, followed by the performance of the averages.

IIl. GENERAL FRAMEWORK The simplest methods for solving the problem are the

The magnetic-mechanical coupling behavior of a materiaR€Uss and Voigt-type average approximations which can di-
with magnetomechanical interactions can be described by tHECY be given from these equations. For brevity, we con-

following constitutive equations: sider the pure magnetostrictive case{ofy=0 (i.e., no ex-
ternal stress and by neglecting the thermal effect. By
o=Ce—q'H— x"HH — BAT, 2) assuming that the stress is the same in all crystallites
(phases i.e., ()=(0o)=0, which means each crystallite
B=qge+uH+ yeH+pAT, (3) may expand freely, one obtains the Reuss-type approxima-

_ tion of the effective magnetostrictive strain simply by taking
where o, ¢, B, andH, are the stress tensor, strain tensor,the average value of the strains induced in all the crystallites,
magnetic inductior{or flux density, and magnetic field, re- namely,

spectively;T is temperatureg (q' being the transpose of)

is the piezomagnetic coefficient in the low signal linear re- eM=(g)=(e™), (8)
gion; x is magnetostrictive coefficienty( being the trans-
pose ofy); C and u are, respectively, the stiffness and per-
meability tensors;p is the pyromagnetic coefficient3

which further reduces to the commonly used Eg.for the
isotropic polycrystal consisting of elastically isotropic micro-
- . . L . crystals(see Sec. lll A. Similarly, to the other extreme, by
=Ca anda is the thermal-expansion coefficient. For sim- assuming that the strain is the same in all crystallites

plicity, we have used the direct notation for tensors. - (i) — _ ) L )
The constitutive equations above contain two magnetome(-phase}5 €., 8 {£)(=#), one obtains the Voigt-type ap

: o . o Proximation of the effective magnetostrictive strain
chanical effects: piezomagnetic and magnetostrictive effect.
T_he piezomagnetic effectis a I||_1ea_r magnet|c—elas_t|c interac- Em5=<C)‘1<Csm'°)=(E)‘1(Csm3. 9
tion, i.e., generation of magnetization by mechanical means
in the absenceof a magnetic field or conversely a material For a single-phase polycrystal, the average values are taken
becoming strained when subjected to a magnetic field. Thisver all possible orientations and E®) is exactly the ex-
linear piezomagnetic effect is completely analogous to thepression given recently by Birsdh.The Reuss and Voigt-
linear piezoelectric effect, which has been treated intype approximations yield a sort of rough bound of the ef-
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fective magnetostriction. Next we develop an effective- w* =(uTR(TR 1, (18
medium approach for the effective magnetostriction.
Because of spatial variation in the constitutive behavior in eMS=(C*)"H[(C—C*)TGU+1]Ce™S), (19
the material with position, the local constitutive coefficients
can be written as a variation about a mean value a*=(C*)"Y[(C—C*)T®G"+1]Ca), (20)
C(x)=C+C'(x), u(X)=u’+ p'(x), p* =([(n—p*)THG?+1]p). (21)
B(X)=B°+ B’ (X),p(X)=p°+p’(X), (10) Equations (17), (18), and (20) are the commonly used

h he fi q db _ effective-medium expressions for the effective stiffness, per-
where the first termgdenoted by superscripts) represent  \oapility and thermal-expansion coefficient. The effective

ghe consénu;lve conséants of a horr]nogene_oluz refere_nce Mfyagnetostrictive strain tensor exhibits the same apparent ex-
lum and the second terms are the spatial fluctuation withy ession as the effective thermal-expansion coefficient ten-

respect to the first. _ _ ___sor. Now the macroscopic strain of the material is obtained
To proceed, let the material be now subjected on its ex;

ternal surfaceS to a homogeneous magnetic-mechanical
boundary condition, i.e., (e)=(C*) Y (o) +([(C—C*)THGU+11C(e™+ aAT))}.
(22)

Ui(S)=ejx=u?,(S)=—Hx;= ¢°, (11 . _ o .
The total strain consists of three contributions: the effective
where u; and ¢ denote elastic displacement and magneticjeformation due to external stress, i.e€C*§ (o), the ef-
potential, respectively. In a state of static equilibrium, fective magnetostrictively induced deformation, and thermal
strain. These results are general and independent of the mod-
7ij,j(x)=0,B;,,(x)=0, (12 eis assumed for the mate?rial and contain Fhe effects of mate-
where the commas in the subscripts denote partial differerdals constants, microstructural features, applied fields, and
tiation with respect tc; . temperature. Given the properties of magnetostrictive micro-
Further by solving the equilibrium equations under thecrystallites, the macroscopic behavisuch as magnetostric-
boundary conditiong11) by means of the Green’s-function tion, hysteresis, stress, and thermal effect, Akt effect—
technique, the local strain and magnetic field within the machange in Young’s modulug with magnetic bias? of the

terial can be obtained as inhomogeneous magnetostrictive materials can be well quan-

o s Um s U titatively assessed by using the above methodology. Without
e=g°+G'C'e—G'Ce™—G"BAT, (13 |imiting the generalization of the approach, we next focus
upon only the effective magnetostriction.
H=H°+G%u'H+G?pAT, (14)

where £° and H° are the strain and magnetic field in the Ill. EFFECTIVE MAGNETOSTRICTION OF COMPOSITES

homogeneous reference medium at equilibrium, @&idand CONTAINING CRYSTALLITES WITH CUBIC

G? are the modified displacement and magnetic potential SYMMETRY

Green’s functions for the homogeneous mediirtterative

solutions of Eqs(13) and (14) yield Let us consider an inhomogeneous material containing

magnetostrictive microcrystallites with cubic symmetry that

e=T58:0—TO0GUCe™— TOGUBAT, (15  most commonly reported giant magnetostrictive crystals
exhibit! In this case, the local magnetostrictive strains along
H=T>H°+ T33G%pAT, (16) the crystallographic axes of a microcrystallite can be ob-
. tained a$’
with
T66:(|_GUC!)*1' ms_ )\a‘l‘%)\loo a%i—%), for |:J,, (23)

TE_ (-Gt VS agiaghan, for i#]
= —_ M s

h is th . where N1p0, MN111, @and \® are the usual magnetostriction
wherel is the unit tensor. constants of the cubic microcrystalliteq;() is the matrix

. . minagi o
By averaging these equations anq elimina gandH transforming the local crystallographic ax)§§ to the mate-

from them, we get the general solutions to the effective be- ) ) =
rials axesX;, in which an external magnetic field; is

havior of the material . ' ’
applied along theXs axis of the materials sample, namely,
C* =(CT56)(T56 "1, (17 X=a;X/, and

COS¢ COSy—Sin¢g sing cosfd —CcoS¢ siny—sing cosy cosd  sing sind
(ajj)= Sin¢ COSy+COoS¢ Siny coshd  —Sine Sinyg+ cos¢ cosycosd —cos¢ sing | | (24
sing sing cosysind cosf
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where 6 is the angle betweeX; and X3}, and¢ and ¢ are,  composite, respectively. Equati¢@9) clearly demonstrates

respectively, the usual Euler angles in tgX, plane and that the effective magnetostriction of such isotropic compos-
X;X, plane (perpendicularﬁg) Substituting Eq.(23) into ites depends on the volume fraction and all related material

Eq. (19) determines the effective magnetostriction of the ma- constants as well as the orientation of the crystallites in the

terials. For illustrative purposes, we consider such inhomoSOMPOSites.

geneous materials with two crystallite geometri@sspheri- Accordlngl_y, Eqs(8) and(9_) yield_ the R_euss and Voigt-
cal magnetostrictive crystallites andb) cylindrical type bounds in such an elastically isotropic case, namely,

crystallites(fiberg with various growth directions.

A. Spherical magnetostrictive crystallites

3
Xseusszf[)\111+()\lll_)‘100)< 21 (aiia?,,i—aéi)> } )

Let us first consider a two-phase particulate composite (30
consisting of a volume fractioh of spherical magnetostric-

tive crystallites and a nonmagnetostrictiagith negligible 8

magnetostrictive effet isotropic phase. The most simple Ago%= f—|)\111+(>\111 )\100)<2 (a? a5 — agi)>],
case is that all the spherical magnetostrictive crystallites are G =1

ideally elastically isotropic, i.e.¢1;—C1,=2C44 (cj; being (39

the elastic constants of the spherical magnetostrictive crys-
tallites). In this case, we can easily obtain the macroscopiwith G=(1-1)G;+fG,. Obviously, the Voigt-type rela-
cally magnetostrictive strains parallel and perpendlcular tdion yields an upper bound &, <G, and a lower bound as
the applied magnetic fields, &', and e, from the G1>G,. _ L _
effective-medium formulas above as As f=0 (i.e., a sEgIe-phase nonmagnetostrictive materi-
aly, G* =G, and song=0. Asf=1, i.e., for a single-phase,
elastically isotropic polycrystalG* =G,, so the effective-
=fN*(Eq1+2E10) +2 N 19Eaa medium formulas, and the Reuss and Voigt-type bounds su-
perpose together, and thus yield an exact result for such an
idealized polycrystal, namely,

3
+3fE44()\111_)\100)< 1- < 21 a'gi> ) , (29
=fN(E1t+2E1p) — TN 10044~ 3FEas(N 111~ N 100) _ 3 PP
Np=N100t (N111—N1g0)| 1= ;1 (a3 —ajjag)

3
><< ; aiia§i>, (26) (32

where the first termf A *(E11+ 2E;,), in bothe[" ande®is _ _ _
the volume magnetostriction effect, afg} are the compo-  Itis easy to show that,=(2\ 1001 3 119)/5, i.e., Eq(1) for

nents of the following tensor: the random orientation anﬁpz)\lll for the perfectly pre-
b o " ot Ls 1 ferred orientation(i.e., the(111) directions of all magneto-
E=[1-G*(C*-C")][1-G*(C—-C?] ~(C*) C-(27) strictive crystallites being identically parallel to the applied

o magnetic fieldH;). These are two well-known simple but
Therefore, the effective engineering magnetostrictiqnof ~ exact results for the elastically isotropic polycrystals of elas-

the elastically isotropic composite is obtained?as tically isotropic crystallites withc;;—C15,=2Cy4.
_—2 ems—gm B. Aligned magnetostrictive rods
)\s—g SH —& (28) . g g

We now consider a special but technologically important
composite having the so-called 1-3 connectivity of phdses
{)\1114_()\111_}\100) the terminology introduced by Newnham, Skinner, and
Cross9), in which cylindrical magnetostrictive rods embed-
ded in a nonmagnetostrictive matrix are aligned parallel ap-
(29 plied magnetic fieldH; (the sample axi¥X3). For elastically
isotropic magnetostrictive rods with the aspect ratio

whereG, G,, andG* are the shear moduli of the nonmag- (=length/diameter-<, similarly, we find its effective en-
netostrictive matrix, magnetostrictive crystallites, and thegineering magnetostrictiong from expressior(19) as

_1-G,/G*
T 1-G,/G,

3
X<E (a1|a§| agi)> '

— fm,

xszm{zmzk* +C¥) + (Chyt 20k (K* +my)/(Kp+my) Ny, (33
C33 (cTa)
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TABLE I. Properties of SmFEgand Terfenol-D magnetostrictive O T T T T
crystallites, and epoxy and metal matrix to be taken in the preser [ N\ SmFe /Al
numerical calculations. LR TRy TR

-400 B
SmFe Terfenol-D Epoxy Al E ..........
c,,(GPa) 82 101 6.5 101 = -800 X =
c1,(GPa) 66 40 3.5 49 I )
C4(GPa) 22 38 15 26 K
N111(PPM) —2100 1700 ~12001 . T BN
A 10d(PPM) —700 100 SmFe,/epoxy .~.~"""'~---~-'.“.':."_';'_';-;:._.;._,:,“__ ;;;;
‘1600 'l L 1 1
0.0 0.2 04 06 0.8 10
with f

FIG. 1. The effective saturation magnetostriction of SgiBé
(above the Reuss bound linand SmFeg/epoxy (below the Reuss
bound ling isotropic composites with completely random orienta-
tion of spherical SmEgparticles. Voigt bounds for these two com-
posites and a SC calculation for SmFepoxy composite are shown
for comparison. The solid dots are experimental data for Sitifre
. IR . composite(Ref. 6). For illustration and comparison, the calculated
son, here we St.'” use Eq28) to define its effective satura- results are also shown for a uniform orientation distribution of the
tlon_magnetostrlctlon. X3 axis of SmFe crystallites with respect to the sample aXs

N, in Eq. (33) is dependent on the direction along which within a cone angle of 12°.
the magnetostrictive fibers preferentially grow. For the fibers
with their preferred growth direction alongl12, for in- matrix composites, the effective magnetostriction almost lin-
stance, early increases with the volume fractiéndue to the closer
elastic moduli of the Al matrix and the magnetostrictive par-
ticles, while the effective magnetostriction for epoxy matrix
composites are larger than that for the Al composites. This
indicates that the effective magnetostriction of the compos-
— ites can increase through the use of mechanically softer ma-

No=N1143. (39 trices, which is directly attributable to the improved displace-
Again, of interest to note is that ds=1, i.e., for a single- Ment transfer capability of the more flexible matrices. This

phase polycrystal of such elastically isotropic magnetostriceffect can easily be concluded from the Reuss and Voigt
tive crystallites,\.=3\,. This result is the same as that POUNdS, Eqs(30) and(31). The Reuss bound gives a bench-
given by Eq.(32) for such a special case. mark §tra|ght line ve_rsuv’s, md_ependent of_ materials elastic
moduli. As the elastic moduli of the matrix are the same as
those of the magnetostrictive particles, the Voigt bound co-
incides with the Reuss benchmark line. But as the matrix is
In order to have better understanding of the theoreticamuch softer than the magnetostrictive particles, the Voigt
results above, we perform numerical computation for thedound moves up toward much larger values, and approaches
magnetostrictive Composites_ For quantitative purposet’he values for the Single-phase magnetostrictive materials
SmFe/epoxy or Al, and Terfenol-D/epoxy or Al composites (f=1) asG;—0; in reverse, the Voigt bound moves down
are considered. The properties of the constituent phases ustvard much lower values as the matrix is much stiffer than
for calculations are given in Table I. Here Smfeconsid- the magnetostrictive particles, and approaches zero as
ered to be elastically isotropic for illustration. A comparison G1/G2>—. The stiff matrix suppresses the deformation of
between the calculations and reported experimental data féhe magnetostrictive particles.
the magnetostriction of elastically isotropic SmFd and As seen from the effective-medium formulatia29) and
SmFe/Fe compositéshas demonstrated that our calcula- the Reuss and Voigt bounds, E¢30) and(31), the effective
tions are in agreement with the experimental dafdext we ~ Magnetostriction of the particulate composites is strongly de-
mainly evaluate the influences of material constants and miPendent on the orientations of the magnetostrictive particles

crostructural features on the effective saturation magnetdthis is discussed further in the following sectiofThis is
striction of the composites. also true even for the case of elastically isotropic particles.

For comparison with the calculations in the case of com-
pletely randomly oriented particles, in Fig. 1 we also present
the results for the SmEEAl composite by simply consider-
__ Figure 1 shows the effective saturation magnetostrictioning a uniform orientation distribution of the elastically iso-
A\ for randomly oriented spherical Smfeatrticles, rein-  tropic, spherical Smkeparticles betweed=0 and 12°(and
forced Al or epoxy matrix composites. It clearly demon- the Euler angles) and ¢ randomly varying from 0 to 2).
strates that the elastic constants of the inactive matrix have Bhe recent experimental data for the Sp#Ré composité is
pronounced effect on the effective magnetostriction. For Al-also shown for illustration.

(C—K*) (Ko +my) + Ky (K* —Kp) + my(k* +my)

F=1- ,
(kp+myp)(k;+my)

where X* =c7},+c7, (i.e., the transverse bulk modujusnd
2m* =c},—c7, (i.e., the transverse shear mody|uand the
same relations hold fdk, (k;) andm, (m;). For compari-

N o= (N100+ 3N 110)/12. (34)
For the perfectly preferre(fl11) growth direction,

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Spherical particulate composites
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FIG. 2. The effective saturation magnetostriction of Terfenol-D/
1000 T T T T T

epoxy and Terfenol/Al isotropic composites with completely ran-
dom orientation of spherical Terfenol-D particles. The EM and SC
calculations, and Voigt and Reuss bounds for these two composites  8oo |
are shown for comparison. The EM and SC results for Terfenol/Al

composite are nearly the same. 600

| Tertenol-D/epoxy (=04

(ppm)

Similarly, for Terfenol-D/epoxy or Al composites where o 400
Terfenol-D particles are not elastically isotropic, i.€qy
—Cqp# 2C44, the softer the matrix, the larger the effective 200
magnetostriction of the composit&ig. 2). The Voigt ap-
proximation yields upper bounds for these two Terfenol-D
particulate reinforced composites and the Reuss bound is ¢ 0 30 60 20 120 150 180
lower one, sinceG;/c,,<1. But asf=1, the effective- Beu (degree)
medium formulation and the Reuss and Voigt bounds give
different values in the case whemg;—Cq,#2C4,, unlike FIG. 3. The effective saturation magnetostricti®M predic-
those results shown in Fig. 1. tions) of 40 vol % Terfenol-D/epoxy composites for various aspect
For illustration and comparison, Figs. 1 and 2 show pre_re_ttio_s w_ith (@) an identical orien_tatiqn antb) a uniform qriention
dictions of two common first-order effective-medium ap- distribution of the(001) type ellipsoidal Terfenol-D particletsee
proximations. One is a non-self-consistent effective-mediunieXV-

(EM) approximation, namely that in which the effective me-
dium in which the magnetostrictive particles are embeddedor the composites of Terfenol-DFig. 2), the simple EM

corresponds to the matrix phase alone. Phenomenologicallgolution does not give the same value for the Terfenol-D/

this corresponds to the Maxwell-Garnett approximation forepoxy and Terfenol/Al systems in the limit df=1. This

the transport problert?, or the Mori-Tanaka approximation jnqicates that the EM solution fox, is invalid within the

for the elastic problen®® In essence, it is a simple effective- high concentration rangée.g., f>0 g) in the case that

medium approximation that is known to be reasonable for . 5. "o L~ <1'(0'} >1)' t

matrix-based composites with particulate microstructures. 2 %4 1hhad '

However, when the particles agglomerate, it is more reason-

able to consider the constituent phases embedded in an ef- g Ellipsoidal particulate and 1-3 type composites

fective medium that corresponds to the overall composite . -

itself but with the moduli that must be determined self- 19ures 3_5. ShOV\.’ the predmﬂons for the Terienol-Df

consistently, which is the self-consiste(C) effective- epoxy .compo.sne \.Nh'Ch contains 40 vol % th? Te.rfenoI—D

medium approximation. Phenomenologically, this SC ap_crystallltes: with different p_referred growth .dlrectlons. It

proximation corresponds to the Bruggeman-Landauer selffémonstrates that the effective magnetostriction of the com-

consistent approximation for transport problem or thePOSité IS dependent upon the particle orientation, particle

Kréner-Hill-Budiansky self-consistent approximation for the S"@P€, and growth direction. For the Terfenol-D, the highly
magnetostrictive direction is alord 11) axis. The effective

elastic problenf® At low volume fractions the two forms of o NG :
the effective-medium solutions give only slightly different Magnetostriction of the composite increases with (thel)

results but the difference becomes more marked with indirections of all crystallites oriented as completely parallel to
creasing volume fraction. This is especially so for the casdn® sample axiXs, along which the external magnetic field
where there is a large difference between the elastic modulil; is applied, as possible.

of the matrix and the magnetostrictive particlés.g., Figure 3a) shows the orientation effect of t{@01)-type
SmFe/epoxy and Terfenol-D/epoxy compositeShe SC  ellipsoidal particle (i.e., their ellipsoidal symmetric axis
solution predicts a consistently higher magnetostriction thaigrowth along their local crystallographic axi$;) where all
the simple EM solution, since the former predicts a higherellipsoidal particles are considered to identically orient along
G* than the latter. As apparently seen from the prediction®ne direction of a cone anglé about the sample axix;
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decrease in the aspect ratio, that is, oblate-shaped particles
produce a larger magnetostriction than spherical, than
prolate-shaped particles. Only in the case when the symmet-
ric axes of particles almost align and are parallektg the

\s Will increase slightly with the aspect ratio, but still exhib-
its low values (\o9 for the crystallites with a(001)
growth direction.

Figure 4 shows the predictions for such a 1-3 type
Terfenol-D/epoxy composite with a preferred growth direc-
tion along the(112) direction of Terfenol-D crystallites,

which are commonly produced by the modified Bridgman
and the free-standing float-zone technigtfe$he effective
magnetostriction of the 1-3 type composite increases with
FIG. 4. The effective saturation magnetostrictid@M predic- (€ aspect ratio in the whole volume fraction range. Around
tions) of 1-3 type Terfenol-D/epoxy composites for various aspect! =0-4, the effective magnetostriction of the 1-3 type com-
ratios with Terfenol-D crystallites grown along th&12) direction. ~ Posite with the aligned rods of a large aspect ratio, can be
two times larger than that of the spherical particulate com-

— . o _ posite. Similarly, when th€112 Terfenol-D rods do not
(H3). Obviously, only when th¢111) directions of all crys form 1-3 connection rather than orient within a cone angle of

tallites are identically aligned parallel to the sampBlgaxis, . R i

i.e., #=55°, the engineering saturation magnetostricﬂin 2(.) abqut thg sample axi¥s(Hs), As also Increases to_

reaches a maximum, and it decreases with a deviatiop of S9Nty little higher values, but any other orientations will

from 55°. When all ellipsoidal particles are aligned parallel®Sult in lowerh values in comparison with the; values of

to the applied magnetic fielcﬁs (ie. 6=0 or m), ys 1_—3 type composites. Flgurg 5_shows the.eﬁe.ct of the growth

&M\ 100. As shown in Fig. ), the orientation dis- direction of the magnetostrictive crystallites in the 1-3 type
33 100 9. &), Terfenol-D/epoxy composite. It is evident that the rods with

tribution of the particles also affectss. In the case of a theijr symmetric axis growing alongl11) induce a larger

uniform orientation distribution betweef=0 and . (ran-  gffective magnetostriction than the rods with t&12)

dom orientation in theX;X, plane, i.e., the Euler angleg

growth direction, and that the rods with t§601) growth
and ¢ randomly varying from O to 2), s reaches a maxi- direction do not induce significant magnetostriction of the

mum at aboutd. = 65°. The uniform distribution shifts the 1-3 type composite as discussed above. Of the magnetostric-
angle of the maximum ¢ from the standard 55° to 65° due tive composites, the 1-3 type composites with the rods grow-
to interactions between various oriented particles. Similarlying along the(111) direction exhibit the largest saturation
ys in this uniform distribution case increases with,, as magnetostriction. These predictions abou_t the effects of par-
o. ., — ticle shape, orientation, and growth direction on the effective

0cu<6%, and decreases af,>65 ! but 6,90 " )‘.S saturation magnetostriction of the composites are interesting
somewhat fluctuates about the effective magnetostriction foéonsequences of the theory, and remain to be verified experi-
the completely random case. mentally

In the two cases of both identical orientation and uniform '
orientation distribution of thé001)-type ellipsoidal particle,
the maximum\ decreases with the aspect ratio deviating
from 1. In the cases of the ellipsoidal symmetric axis of all
particles identically perpendicular to the sample a§dgFig.

3(a)] or random orientatiofFig. 3(b)], A increases with the

0.0 0.2 04 0.6 08 1.0

V. CONCLUSIONS

In this paper we have developed an effective-medium ap-

2000 : . i proach for the effective magnetostriction of inhomogeneous
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magnetostrictive materials by utilizing a Green’s-function
technique. In the meantime, Reuss and Voigt-type approxi-
mations are also given, which yield bounds for the effective
saturation magnetostriction. For the spherical particulate and
1-3 type fibrous composites with elastically isotropic magne-
tostrictive crystallites, explicit approximate expressions for
the effective saturation magnetostriction have been given.
Numerical calculations for the effective saturation magneto-
striction in SmFeg/epoxy or Al and Terfenol-D/epoxy or Al
composites have demonstrated that the effective saturation
magnetostriction of the composites can be strongly influ-
enced by the material constants, the volume fraction, phase
connectivity, particle shape and orientation, and growth di-
rection of the magnetostrictive crystallites. These numerical

tions) of 1-3 type Terfenol-D/epoxy composites for three different results have shown the interesting behavior of the compos-

growth directions of Terfenol-D rods with an aspect ratio of 10.

ites; they can provide a general guideline for the evaluation
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of more composite systems and thereby be used to develop ACKNOWLEDGMENTS
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