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Modeling shear lag and demagnetization effects in magneto-electric laminate composites
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A quasistatic theoretical model including shear lag and demagnetizing effects is presented for predicting the
magneto-electric (M-E) effects in an M-E laminate composite consisting of magnetostrictive and piezoelectric
phases. Analytical solutions for strain distributions and effective M-E voltage coefficients a are derived.
Parametric studies are presented to evaluate the influences of material properties and geometries on strain
distribution and @. Analytical data indicate that shear lag and demagnetization strongly influence strain distri-
bution, and these effects cannot be ignored in predicting & for most M-E laminate composites. Analytical
results are also compared to experimental test data with excellent correlation for both strain distribution and a,

i.e., less than 5% variations.
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I. INTRODUCTION

The magnetoelectric (M-E) effect is defined as the dielec-
tric polarization P of a material when a magnetic field H is
applied, or inversely, the induced magnetization M of a ma-
terial when an electric field E is applied. The M-E effect in
single-phase materials was first predicted by Curie in 1894.!
For the past two centuries, the magnetoelectric materials
evolved from single phase compound®> to particulate
composites>* and finally to laminate composites.>™ The re-
markably higher M-E effect observed in laminate composites
is produced by mechanically coupling continuous magneto-
strictive and piezoelectric layers. For example, an M-E volt-
age coefficient of 22 V/cm Oe by Dong et al.'® under a very
low Hy;,, of 2 Oe (Ref. 11) has been reported. In order to
predict the M-E effects, a precise analytical model is re-
quired. While several models for laminate M-E composite
exist in the literature, these typically overpredict the experi-
mental results significantly. This paper provides an explana-
tion for this discrepancy and a corresponding analytical
model validated with experimental results.

In 1991, Harshe et al.'>'3 provided an analytical founda-
tion for M-E laminate composites. Later, Dong et al.'* pro-
posed an equivalent circuit approach for the dynamic reso-
nance analysis. Chang and Carman'® further considered
various M-E laminate configurations (one and two dimen-
sions) to study the influence of in-plane dimension and ma-
terial properties on the M-E effect. In an attempt to explain
disagreement between analysis and experiments, Bichurin e?
al.'® proposed an interface coupling parameter k to account
for sliding boundary conditions at the M-E laminate inter-
faces. While this provided an approach to better correlate
theoretical analysis with the test data, it is unlikely that in-
terface slip occurs at well bonded continuous interfaces. An-
other possible explanation which has not been considered is
the shear lag effect, as originally proposed by Cox!” in 1952
for a fiber embedded in a solid matrix. Recent development
of shear lag analysis leads to precise prediction for axial
stresses and displacements in an axisymmetric matrix'® and
the influences of microcracks on the axial modulus for planar
problems.'?2% Although the shear lag analysis is widely used
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in passive composite systems, this approach has not been
widely adapted for active composite systems. In 1987, Craw-
ley and Deluis?!' presented a modified shear lag approach to
predict load transfer between piezoelectric actuators and an
elastic substructure (i.e., electromechanical coupling). The
corresponding stress and strain distribution in the piezoelec-
tric laminate composite was studied and confirmed by ex-
periments. However, shear lag has yet to be applied to an
electromagnetomechanically coupled M-E composite.

In addition to shear lag, any changes of the magnetic field
in the magnetostrictive layer may also influence the response
of the M-E laminate composites. One well known factor is
the demagnetizing field developed inside the material. The
study of demagnetizing effect can be traced to the work done
by Thomson,?? Evans and Smith,?? and Maxwell>* in the late
19th century. Researchers typically used ellipsoids to study
these materials because the ellipsoid has the only geometry
that produces a uniform magnetization throughout the mate-
rial. In 1942, Bozorth and Chapin® summarized experimen-
tal and theoretical work for demagnetizing factors in an
ellipsoid. In the case of a nonellipsoid solid, the demagneti-
zation is nonuniform and position dependent. An analytical
approach for materials of a rectangular shape was developed
by Joseph and Schlomann®® in 1965. This later approach can
be applied to M-E laminate composites due to the shape of a
laminate.

In this paper, an analytical model is proposed to predict
the response of a laminate M-E composite and is compared
to experimental data. The shear lag analysis along with a
demagnetization modification is incorporated to provide spa-
tial solutions for strain, magnetic field variations, as well as
effective M-E voltage coefficient a. The analytical study is
compared to experimental tests with good agreement.

II. ANALYTICAL DEVELOPMENT

Figure 1 shows the magneto-electric (M-E) laminate com-
posite layout studied in this paper. The M-E laminate sample
consists of a piezoelectric layer on the top and bottom with a
magnetostrictive layer in the middle. While the derivation is
specific to this layout, the approach is valid for any lami-
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FIG. 1. (Color online) The magneto-electric (M-E) laminate
composite layout.

nated M-E composite. The piezoelectric and magnetostric-
tive volume fractions are v and "v, respectively. The piezo-
electric poling direction, defined as the 3-axis, is through the
thickness and only a magnetic field is applied along the in-
plane or 1 direction (i.e., absence of mechanical loads ap-
plied).

An applied magnetic field induces a deformation in the
magnetostrictive layer which is transmitted to the piezoelec-
tric layers creating a differential voltage across the thickness.
The M-E voltage coefficient « is defined as SE/JH, where
OF is the electric field in the piezoelectric phase and JH is
the magnetic field applied to the sample.

The analysis assumes small deformations, linear material
behavior, perfectly bonded interfaces, and open-circuit con-
ditions for the piezoelectric layer (i.e., D;=0). The open-
circuit condition (i.e., absence of charge transfer) is achieved
by initially shorting the electrodes prior to testing. The poled

pd%l(mCInHl +"q,H)"v
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piezoelectric phase is of com symmetry (i.e., transverse isot-
ropy) about the poling axis (i.e., 3-axis) and the magneto-
strictive phase is cubically symmetric (isotropic). The consti-
tutive equations for piezoelectric and magnetostrictive
materials are Piezoelectric materials:

Pe P p Py P
&;;="8im "o+ "dy; "Ey,

Pp. =Py P PP
D;="dy,"oy+"e;"E;, (1)

Magnetostrictive materials:

m —_m m m m
€;="Sim Ou+t Qiij Hps

"Bi=""qiy "oy + mMij mHj’ (2)

where g;; and oy, are strain and stress tensors, D; and E; are
charge density and electric field, B; and H; are magnetic field
and magnetic flux density vectors, dy;; and €,; are piezoelec-
tric coefficients and permittivity, g;;; and w,; are piezomag-
netic coefficients and permeability, and s, is the compliance
matrix. The superscripts p and m refer to either the piezo-
electric phase or magnetostrictive phase, respectively.

Using traction free boundary conditions, plane stress in
the thickness (3,z) direction, equivalence of in-plane strains
and equilibrium conditions,'? and open-circuit conditions
(D5=0), the constitutive equations [Egs. (1) and (2)] are
solved to predict the uniform (or far-field) strain and
magneto-electric voltage coefficient « for an applied H, as
shown in Egs. (3) and (4).

Pe —
e =

2 m P m P m m p m P
2d3 v ="s) "veys—lsp e —"s fues =T fuess

14 P2 m m, 2, pi2 m m, 2
= [Psp(="d5,H "qy "0 +Pdy Hy Mg, M0

P m m, 2 P m m, 2 m m m,. p m m m,. p P P2 m m, 2
+PsH gy "o €33 = s Hy Mg " e+ s pHy Mgy Mo Pu e sy = s Hy Mgy Mo Pu e33) = s (Pdy Hy gy Mo

P2 m m, 2 p m m, 2 P m m, 2 m m m,. p m m m, p
=PdyH, "qyp "oT = s Hy Mgy "oT €3+ PsHy gy MoT €33 = s Hy Mgy "o Pu ey + s pH) Mgy Mo T egy) Y

P m P m m p m P 2 m P m P m m P m p
(="s11 "o+ P51, "o ="y, Po + s, Pu)(2d5, Mo = sy Mv ez = Pg, v ez =" v ey = Ts ) fuess), (3)

E; ="dy; "v("q11 +"q1)

a=

For this magnetic loading, it should be noted that “e,,
#"e,,.1> While the above is accurate in the far field, the M-E
laminate composite develops nonuniform strains particularly
near the free edges due to mechanical shear lag effect and
demagnetization. Therefore, the strain predicted in Eq. (3) is
only accurate at locations sufficiently far removed from the
sample edges, and the « in Eq. (4) approaches the actual
value for samples with L>r. To accurately predict the re-
sponse of finite plates (i.e., Fig. 1), modifications that incor-
porate the influences of mechanical shear lag and demagne-
tization are necessary.

Hy  ("s; +"sp)vess+ (Ps; +7s,)"vess— 2(pd31)2 "y

(4)

Figure 2 illustrates the cross-sectional diagram used in
developing a one-dimensional (1D) mechanical shear lag
model along the dominant direction of H ,,, (i.e., other di-
rections are less significant). In this illustration, an elastic
bonding layer of finite thickness is present between the pi-
ezoelectric and the magnetostrictive layers, and the diagram
is not necessarily to scale. A differential element highlighted
by the dashed block in Fig. 2 is used to derive the governing
equations.

The shear lag analysis assumes pure shear in the bonding
layer and pure extension in both piezoelectric and magneto-
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FIG. 2. (Color online) A cross-sectional diagram of M-E lami-
nate composite with conductive bonding layers.

strictive layers. The 1D strain-displacement relationships are
thus

P m
p, 4 _dy
&= ) e = >
dx dx
m._p
b _M 5
Y= b ’ ()

where ”7 denotes the shear strain in the bonding layer, which
is related to shear stress by an isotropic stress-strain relation-
ship 7="G ”y. With the pure extension assumption as illus-
trated in the free body diagram of Fig. 3, the force equilib-
rium equations for the representative element are given by

d’oy, T

=l Lo,
dx Py

d"o 2

d_ll_m_T: (6)
X 1

Using the constitutive equations [Egs. (1) and (2)], the
bonding stress-strain relations, strain-displacement equations
[Eq. (5)], and the equilibrium equations [Eq. (6)], along with
the open-circuit condition from a globally average perspec-
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FIG. 3. Force equilibrium diagram of representative element for
M-E laminate composite.
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tive D3=0, two coupled second-order M-E strain differential
equations can be derived and further reduced to a pair of
fourth-order differential equations as a function of strains,

mel —T2 "l =0 2_@(‘1’+2K>

Pl T2 gl = b2\ KW

()

where the prime quantities represent differentiation with re-
spect to a nondimensional coordinate x=x/(L/2). The I is
the shear lag parameter containing nondimensional param-
eters of C_}EG/”EH, piezoelectric modulus K= e33/(e33
—”Ell”dgl), 0,="1/Pt, Pt="1/(L/2), and stiffness ratio ¥
=", "t/PE,, ’t. In deriving Eq. (7), the piezoelectric and
magnetostrictive strain distributions are coupled in the fol-
lowing manner with four unknown constants C;, C,, C3, and

C4:
-
Peyy 1 1 _ . —
m =1 C+ ! Cyx+| aK |Cssinh I'x

€1 1

-
+| aK |C4coshT'x. ()
1

For the M-E laminate composite, the traction free bound-
ary conditions are "o, =0 at x=+1 or —1. According to Eq.
2), this implies that "e,, must be equal to the induced mag-
P 11 q g
netostrictive strain "'q,,;H; = (). Using this information yields
the following conditions at the free ends:

Po Pt
=&

=

=+1: "g =0,

Pet —PgT
_ m » » - & =g for symmetry,
X=—1:"e;; =0, Pg,="¢]

)

where 7e], and Pe], are the piezoelectric strain values at the
free edges x=+1 and x=-1, respectively. Solving Eq. (8) by
applying the restriction posed in Eq. (9), the modified strain
distributions in the piezoelectric and magnetostrictive layers
caused by shear lag effects are

Pot o Do
et 811>_
—— X
2

1 _
Pe, = FY” +2K{[‘PQ+K(‘”8T1 +Pe7)]+ (

1 (pSTl +7e7, ) I
+ W — sinh I'x
sinh I’ 2

1 Pt 4 P~
\I’[ hl‘( 811;‘ 811_Q>}coshrf}, (10)
cos

m 1 N T1)X
g1 = m{[‘l’Q+K(%T1 +7e1)) ]+ K("e]; +e1))%

K
- [ oh F(”8}'1 + ”8]1)] sinh ['x

K Pt Pa—
_{ ( eut 811—0)}coshr)? . (11)
coshT’ 2
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In addition to shear lag influences near the edges, demag-
netizing effects also produce strain variations and influence
a. For predicting the influence of demagnetization, the mag-
netic field can be expressed as

Hl,in:Hl,app_NdM9 (12)

where, H, ;, is the effective magnetic field with an external
magnetic field of H, ,,,. N, is a demagnetizing factor which
is a function of sample geometry, and M is the magnetization
of the magnetostrictive layer. When demagnetization is con-
sidered, the magnetic field is altered producing changes in
the magnetostrictive strain (). To consider demagnetization,
the ) in Egs. (10) and (11) should be replaced by (),
which is related to () by a demagnetizing parameter A, de-
fined as follows:

QeffE mqllHl,in = mCIll(Hl,app - NdM)

= lel[l _Nd(Mr_ 1)]H1,app
=[1-Ny(p, = D]Q = A,Q. (13)

Figure 4 shows the rectangular magnetostrictive layer
used in the analytical derivation for demagnetizing effect.
The nondimensional coordinate system is defined by X
=x/(L/2), y=y/(w/2), and 7=z/("t/2) for each axis. Un-
der the assumption that the magnetization vector is of uni-
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FIG. 4. (Color online) The coordinate system and the dimen-
sions for the ferromagnetic prism.

form magnitude and of the same direction with the local
magnetic field, the demagnetizing factor N, for a rectangular
prism was derived by Joseph and Schlomann and presented
as follows:?°

N (r) = (1/4m){cot™ f(x,5,2) + cot™! f(-X.,7,2)
+cot™! f(X,— y,2) + cot”! f(X,y,—-2)
+cot™! f(=X,-¥,2) +cot™! f(x,— y,—2)
+cot™! f(-x,y,-2) +cot™! f(-x,—y,-2)},

f(f,fvf) =

As shown in Egs. (14) and (15), the inverse trigonometric
functions describe the spatially varying demagnetizing effect

[(L/12)*(1 =)+ (wW/2)*(1 =)+ ("112)*(1 =22 VA(L12)(1 - %)

(14)
where
m = (15)
(w "t4)(1 - y)(1-2)
I
dE 1 d?
am) =3 2 ‘(1)
dHl pd3l—psllE33/pd3l dHl

with maximum values at the free edges. Since the effective
magnetic field H ;, at the free edges is trivial and the ends
are traction-free, the magnetostrictive strain e, as shown
in Eq. (2), is equated to zero at both ends, i.e., x=+1. Sub-
stituting this into Eq. (11) and solving for the piezoelectric
strains at the free edges yield

x==1, Pej;="e;;=0. (16)

Using the above result, Egs. (10) and (11) are reduced to

-
P 1|wvQ — 2KQ,
|:m8“]={ :|—KIL+ 2K |————4l— coshTx.
€ 1 W +2K ) (¥ +2K)cosh I’

(17)

This equation represents the strain distribution in an M-E
laminate composite incorporating both mechanical (shear
lag) and magnetic (demagnetization) influences. Using the
one-dimensional constitutive equation for a piezoelectric ma-
terial along with the fundamental definition for a gives

By taking the volume integral of Eq. (18) with respect to
the nondimensional coordinate system, the effective a for

M-E laminate composite is obtained with V=1 (i.e., nondi-
mensional coordinates),

a:% f f f a(x)dxdydz. (19)
4 \4

III. RESULTS AND DISCUSSION

In this section, the influences of shear lag effects and de-
magnetization influences on the piezoelectric strain distribu-
tion and magneto-electric voltage coefficient « are evaluated.
The material properties and geometric dimension of the
sample are varied. In addition to parametric studies, the ana-
lytical model is compared with experimental measurements
for strain and & values. The results demonstrate excellent
correlation between the analysis and test data for the M-E
laminate composite.
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FIG. 5. (Color online) Normalized piezoelectric strain "e /€4
for various I' values without demagnetization at W'=1.8 and K
=1.1.

Figure 5 plots the normalized piezoelectric strain (i.e.,
Pe)1/1€s) as a function of nondimensional position X for
shear lag parameters I" equal to 5, 10, 20, and 40. The results
are for a stiffness ratio of W=1.8, a piezoelectric modulus of
K=1.1, and demagnetizing effects are absent. The three-
dimensional inset of Fig. 5 illustrates the normalized strain
profile as a function of stiffness ratio ¥ and position x for a
fixed I'=10.

In general, the strains are zero at the free edges (x=1 and
—1) and reach the far-field strain values at the middle of the
sample (x=0) for all cases with the exception of I'=5. For
smaller I, a longer distance X is required to achieve far-field
strain (i.e., compare I'=5 to I'=40). The I parameter [Eq.
(7)] represents the shear transfer effectiveness, which is de-
termined by the stiffness and thickness of the bonding layer
as well as the length of the sample. As the shear modulus *G
decreases, the thickness bt increases, or the sample length L
becomes shorter, I decreases, and the shear lag influences
the strain distribution profile more significantly. Based on
Eq. (19), the strain variation has a direct influence on the
effective M-E voltage coefficient a. For very large I', the
strain distribution is relatively uniform in position [i.e., simi-
lar to Eq. (3)], producing @ values similar to those predicted
by Eq. (4) while the & values would be significantly below
Eq. (4) for small I'.

The stiffness ratio W, which is defined as the product of
modulus and thickness ratios of the two layers (W
="E,, "t/’E|, ’t), predominately dictates the far-field strain
magnitude of the piezoelectric layer. As indicated in the inset
of Fig. 5, when a stiffer or thicker magnetostrictive layer
(i.e., a higher W) is used, a larger fraction of the magneto-
strictive strain can be transferred to the piezoelectric layer
and increases the far-field strain value. In the case of a very
thin or soft magnetostrictive layer, ¥ approaches zero and
the piezoelectric strain is trivially small.

Figure 6 shows the normalized piezoelectric strain values
as a function of position X for four fixed demagnetizing pa-
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FIG. 6. (Color online) Piezoelectric strain distribution on the
M-E laminate composite for various A, contours at I'=10.

rameters A;=0.4, 0.6, 0.8, and 1.0 (A;=1, absence of de-
magnetization) with a shear lag parameter of I'=10, a stiff-
ness parameter of W'=1.8, and a piezoelectric modulus of
K=1.1. The contours of constant A, are plotted to better
illustrate the influences of demagnetizing effects on the pi-
ezoelectric strain distributions. When A, decreases (i.e., de-
magnetization increases), far-field strain attenuation is ob-
served and substantial strain decay occurs in X near the free
ends. However, as indicated in Egs. (13)—(15), A, is a func-
tion of N; which varies with position. The far-field values of
N, and subsequently A, are nearly constant, while the near-
field A, values decrease as x approaches the free ends for a
given specimen. Therefore, the near-field strain values actu-
ally drop more precipitously than the contours of constant A,
shown in Fig. 6. The N, values are also larger for a sample
with smaller aspect ratio (defined as L?/wr). On the other
hand, higher relative permeability values w, uniformly in-
crease the demagnetizing effect [Eq. (13)], which attenuates
the demagnetizing parameter along the whole sample. In
general, samples with small aspect ratios or large permeabil-
ity values have lower far-field strain values at the sample
middle. At or near the ends, the A, values decrease and sub-
stantially reduce the strain values in this area.

To evaluate the accuracy of the analytical models, theo-
retical results are compared to experimental data for piezo-
electric strain distribution and @ values. The material prop-
erties were obtained from detailed material characterization
as well as commercially available property sheets. For the
magnetostrictive material, the Terfenol-D composite was
characterized to obtain material properties including elastic
moduli ("Y,,, "Y,,), piezomagnetic coefficients ("q,,, "¢,,),
and relative permeability (u,) for various bias magnetic
fields.?” For the piezoelectric material, the piezoelectric co-
efficient (”d5;), which relates the induced in-plane strain to
the applied electric field, was measured from the slope of
strain—electric-field curve under a traction-free condition.
The characterization results and the other material properties
along with the geometries of piezoelectric material’® and
bonding layer?® are summarized in Table I to produce a shear
lag parameter of I'=10, a stiffness ratio of ¥=1.8, and a
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TABLE 1. The material properties and geometric dimensions for each layer of M-E laminate composite at Hy;,,;=750 Oe.

Relative
Layer/ S S12 "q1, "q5 Pdy, bG permittivity/ L t w
material (10" m?/N) (10> m?/N) (10> m/A) (10> m/A) (102 m/V) (10° N/m?) permeability (mm) (mm) (mm)
C.TED? 86.9 -22.6 6389 -1614 M 3.19 17.0 2.62 6.0
PZT® 16.1 -4.8 -230 €,: 3800 17.0 0.27 6.0
Bonding® 416.7 0.9 17.0 7.62X107%2 6.0

#Reference 27.
PReference 28.
“Reference 29.

piezoelectric modulus of K=1.1 for an M-E laminate system
with a piezoelectric volume fraction “v=0.17.

Figure 7 plots the piezoelectric strain distribution as a
function of position (x) for the experimental data®’ and the-
oretical results predicted using the homogeneous model [Eq.
(3)], shear lag only [Eq. (17) with A,=1], and shear lag plus
demagnetization models [Eq. (17)]. The test is performed at
an Hy;,,=750 Oe with an alternating magnetic field of H,
=125 Oe. The test data exhibit a tent-shaped distribution
which is close to zero near the edges and climbs to a far-field
value of 2.44X 1073 at the sample middle (i.e., X=0), while
the homogeneous solution predicts a uniform strain of 2.90
X 1075. This represents a 19% error between the homoge-
neous model and test data at the sample middle as well as
significant discrepancies near the edges. For the shear lag
only model, the far-field strain is 2.88 X 1073, which is close
to the homogeneous model which exhibits a dome-shaped
strain distribution. When shear lag and demagnetization are
used to predict the experimental strain results, general agree-
ment with the test data is observed throughout the specimen.
Furthermore, the far-field strain of 2.57 X 107> is only 5%
larger than the test data. Therefore, predictions that do not
include shear lag and demagnetization effects substantially
overpredict the test data of piezoelectric strains.

Figure 8 compares the experimental & values with the
various theoretical modeling results as a function of mag-
netic bias H,;,, ranging from 150 to 2400 Oe. The a were
measured in an alternating magnetic field of H;=125 Oe.

35 .
Uniform Strain Theory Eq.(3)
30--....----- dell " SRR EEDN
25 -
o "
20 &B Al Shear Lag
g r +Demag.
s
15 Test Data k
Q
10
Ad:] ;
i1 \i
0 v T T b 4
-1 -0.5 0.5 1

x|e

FIG. 7. (Color online) Piezoelectric strain distributions for each
model and experimental data at Hj,,,=750 Oe.

The magnetostrictive properties, as a function of H,,,,, were
published by Chang?’ and are not presented here. All the &
curves increase initially with increasing H,,,, and are fol-
lowed by slow decay. The @ peaks are mainly attributed to
the maximum piezomagnetic coefficient ("g,,) of the mag-
netostrictive layer at a similar Hj,. The largest "q,, is
achieved in the burst region, where the magnetic domains
have sufficient energy to jump from one easy axis to another
as the alternating field is applied.>® While this physical phe-
nomenon is present in all the models, there are major differ-
ences in & magnitudes for each analysis.

The homogeneous @ model, i.e., Eq. (3), produces the
largest M-E voltage coefficient predictions and is approxi-
mately 1.63 times higher than the experimental data. The
lower experimental values are due to the presence of nonuni-
form strain distributions shown in Fig. 8. If shear lag effect is
considered, the theoretical a values moderately decrease.
However, the shear lag model still overpredicts experimental
data by 30% as shown in Fig. 8. When shear lag and demag-
netization are used [Eq. (17)], the & values provide excellent
correlation with the test measurements over the entire H;,,
region studied. These data provide a convincing argument
that shear lag effects and demagnetization influences must be
considered for accurate a predictions.

IV. CONCLUSION

A theoretical model including shear lag and demagnetiz-
ing effects has been developed for the M-E laminate com-

18 T
R —/— Uniform strain Theory
5 i B - —— Shear lag only
r W M
? 12 e >
) /7 RN
p /// o AN -©- s+D T'heory
s ,ll o iy e “n, ° Experiment
Z g A O o
Jy " Pv=017 RN N
I8 0.6+ N
é/ -5
d
0.0 t t t t t t t t {
0 300 600 900 1200 1500 1800 2100 2400 2700
H... (Oe)

FIG. 8. (Color online) Effective magnetoelectric voltage coeffi-
cient @ as function of magnetic field bias for theoretical predictions
and experimental data.
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posite. Nondimensional shear lag parameters (I'), stiffness
ratios (W), and demagnetizing parameters (A,) were used to
study the influences caused by material properties and
sample geometries on the M-E performances. The results
indicate that shear lag and demagnetizing effects cause sub-
stantial strain decay near the free ends, while demagnetizing
effects decrease the far-field strain values also. By using a
longer sample with a thinner and stiffer bonding layer (im-
plying larger I), the shear lag effects are minimized. When a
magnetostrictive layer with smaller relative permeability u,
values and higher aspect ratios (implying larger A ;) are used,
the demagnetization becomes less significant. Moreover, a
relatively thicker and stiffer magnetostrictive layer (implying
larger W) increases the far-field strain values. In general,
larger I', W, and A, values produce more uniform and higher
strains that increase the effective @ values. Analytical predic-
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tions for strain and effective & were also compared to experi-
mental data. The comparison shows excellent agreement of
both strain and a values. However, this is only true if both
shear lag and demagnetization effects are included. The re-
sults clearly demonstrate that the physical phenomenon of
load transfer (i.e., shear lag) and magnetization variations
(i.e., demagnetization) must be incorporated for accurate pre-
dictions in M-E laminate composite.
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