Continuum Mech. Thermodyn. (2002) 14: 87-111
Digital Object Identifier (DOI) 10.1007/s001610100075

Original Article

Effective properties of a piezocomposite containing shape memory alloy
and inert inclusions

B. Jiang, R. C. Batra

Department of Engineering Science and Mechanics, MC 0219, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061,
USA

Received July 2, 2001 / Published online February 4, 2002 — (©) Springer-Verlag 2002
Communicated by Kolumban Hutter, Darmstadt

We use the energy equivalence principle and the Mori-Tanaka method of considering the
interaction among inclusions to derive the effective thermo-electro-mechanical properties of
a 4-phase composite consisting of an elastic matrix and shape memory alloy, piezoelectric
and inert (nonpiezoelectric) inclusions. It is shown that the shapes and the volume fraction
of inert (e.g. ar) inclusions significantly influence the effective properties of the composite,
and the addition of soft inert inclusions decreases the axia stress required to initiate the phase
transformation in the SMA inclusions, and increases the electromechanical coupling constant.
The 4-phase composite makes a very good sensor to measure low values of the applied axial
stress since the axia strain induced by an axial stress of 80 MPa is 2%, and the sensitivity of
the sensor is improved by the addition of soft spherical inert inclusions. With a suitable choice
of the matrix material, its compliance can be adjusted and its shape made to conform to that
of the host structure.

Key words: smart composite, effective moduli, Eshelby tensors, static deformations, ellipsoidal
inclusions

1 Introduction

A “smart composite” comprised of piezoelectric ceramic (PZT*) and/or shape memory aloy (SMA) in-
clusions embedded in a polymer matrix can be designed to control it's shape when subjected to different
loads. However, the manufacturing process inevitably introduces in the composite nonpiezoelectric (NPZT)
or inert inclusions such as voids. Soon after the appearance of barium titanate as a useful piezoelectric ce-
ramic, researchers at the Naval Research Laboratory embedded it in a polymer matrix to make a flexible
hydrophone material (Smith, 1989). Since then a variety of piezocomposite materials, usualy called piezo-
composites, have been manufactured by suitably combining a PZT with a polymer phase (e.g. see the web site
http://mww.matsysinc.com/piezopg.html). Piezocomposites have been used as el ectromechanical and medical
ultrasonic imaging transducers. They are more suitable for damage monitoring since their impedance can
be matched with that of the host structure and their mechanical peroperties can be tailored as needed. A
cost effective piezocomposite with the desired electromechanical coupling constants and impedance can be
manufactured by controlling the shape, the size and the volume fraction of the PZTs, and the materials of the
two phases. Here we investigate effective electromechanical properties of a four phase composite comprised
of PZT, SMA, and NPZT inclusions in a polymer matrix with the ultimate goal of ascertaining if the addition
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* The abbreviation PZT is used for a generic piezoelectric ceramic rather than any specific material.
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of suitable SMA and NPZT inclusions can be exploited to improve upon properties of the piezocomposite.
We emphasize at the outset that not every known effect in a PZT and a SMA has been incoroporated in the
analysis. In order to keep the analysis tractable, only infinitesimal deformations are considered. Thisis reason-
able because the ultimate tensile strain of the brittle PZT materia is about 0.1 to 0.2%. Stress induced phase
transformations in the SMA are considered because that is the primary actuation mechanism for an SMA.
However, hysteresis and domain switching effects in the PZT and temperature induced phase transformations
in the SMA have not been considered. Accordingly, when hysteresis and domain switching effectsin the PZT
are important, the effective moduli derived here are applicable only for isothermal monotonic mechanical or
electric loading of the piezocomposite along the axis of polarization of the PZT inclusions. These material
and geometric nonlinearities and coupled thermo-electro-mechanical effects can be considered in a numerical
study which is not pursued here. Nevertheless expressions given here for the effective electroelastic moduli
can be used to decide which combination of PZT, SMA and NPZT inclusions in a polymer matrix will be
most suitable for achieving a desirable goal. Also, the goa of finding the optimum combination of PZT,
SMA, and matrix materials and the NPZT inclusions for maximizing a given system property is not pursued
here; however tools to achieve this goal are developed. The SMA inclusions are assumed to be electrically
insulated from their surrounding medium so that they do not short circuit the electric potential applied to the
bounding surfaces. Thus the composite can exhibit piezoelectric properties. We briefly review below some of
the previous work on porous piezocomposites.

Ting (1990) observed that the hydrostatic piezoelectric coefficient of an 1-3 piezocomposite increases
when cavities are added to the matrix. Lynn et a. (1981), Klicker et al. (1982) and Haun et a. (1983)
found that making the matrix of an 1-3 piezocomposite porous enhances it's sensitivity to the hydrostatic
pressure. In the notation 1-3 the 1 refers to the one-dimensionally connected PZT phase, and the 3 to the
three-dimensionally connected polymer or matrix phase. An 1-3 piezocomposite with a porous matrix is
denoted as 1-3-0; the O referring to the polymer porosity which is not connected in the composite.

Hikita et al. (1983) have investigated the effect of pores on the electromechanical properties of a porous
piezocomposite. Paul and Nelson (1996) have studied the effect of voids on the flexura vibrations of a
composite hollow cylinder. Haun and Newnham (1986) have developed a model to predict the effective
electroelastic constants of an 1-3-0 piezocomposite comprised of one large void containing PZT rods in the
center of the composite. However, this geometric configuration is rather unrealistic. Avellaneda and Swart
(1998) employed the effective medium approach to delineate the performance of a porous 1-3 piezocomposite
and accounted for the effect of pores by modifying Young's modulus of the matrix. Their approach does not
account for shapes of voids, the interaction among them, and the change in their shapes during the deformation
process.

Here we develop constitutive relations for thermoelectroel astic deformations of a 4-phase composite made
of PZT, NPZT and SMA inclusions embedded in an elastic matrix, and account for shapes of voids, interactions
among inclusions, and phase transformations in the SMA. Note that cavities or air bubbles can be modeled
as NPZT inclusions. The composite body is assumed to be at a uniform temperature, and expressions for
effective thermal moduli such as thermal conductivity are not derived. In a previous paper (Jiang and Batra,
2001) we used the mean field theory and the Mori-Tanaka method to derive macroscopic constitutive relations
of a 3-phase composite consisting of PZT and SMA inclusions embedded in an elastic matrix. Here we use
the energy equivalence principle and deduce expressions for the effective moduli of a 4-phase composite
wherein the fourth phase is the NPZT inclusions. These expressions are used to deduce effective moduli of
the 4-phase composite mode of an elastic matrix, PZT inclusions made of BaTiO3, SMA inclusions made of
a NiTi aloy, and the NPZT inclusions are made of a material either harder or softer than the elastic matrix.
No attempt has been made to select the best combination of materials from the ones commercially available
to optimize a material modulus. It is shown that many of the thermoelectroelastic properties of the 4-phase
composite are superior to those of the 3-phase composite when the NPZT inclusions of appropriate shapes
and material are added to the 3-phase composite.

We note that the response of a SMA inclusion can be modeled as either pusedoelastic (Mller, 1998) or
thermo-elasto-plastic (e.g. see Cherkaoui et al., 2000) and it undergoes a phase transformation with a change
in stress and/or temperature. Thus the macroscopic response of the 4-phase composite studied herein will be
thermo-€l ectro-elasto-plastic.
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2 Representative volume element

Consider a representative volume element (RVE) of randomly oriented SMA, PZT and NPZT inclusions
embedded in an NPZT matrix. The RVE encompasses large enough volume so that it's effective properties
are invariant with respect to it’s rigid transations within the body. In rectangular Cartesian coordinates, linear
constitutive relations for the constituents of the 4-phase composite are (e.g., see Lines and Glass, 1977)

aij = Cij (e — €lg) — 8 Ex — A0, (1)
Di = elgen +KjE +pi 0, )
S= )\irj gj + pir E +wr¢9, (3)

wherer =M P,N and S for the matrix, PZT, NPZT and SMA inclusions respectively. Note that
gy =0forr #S, (4q)
and
pf=0and e, =0forr ZP. (4b)

Here oy is the stress tensor, ¢;; the strain tensor appropriate for infinitesimal deformations, s_f the transforma-
tion strain in the SMA, E; the electric field, D; the electric displacement, 8 the change in the temperature from
thet in the reference configuration, and s the entropy density. Furthermore, Cijq = Cjiu = Cyjj are the elas-
ticities, \;j the stress-temperature moduli, k; the dielectric constants, p; the pyroelectric constants, gjx = €y
the piezoelectric constants, and w the change in entropy density caused by a unit change in the temperature.
A repeated index implies summation over the range of the index. For r = S the transformation induced stress
represented by Cij?d &5 essentially smears the austenite/martensite together into a homogeneous medium. A
more rigorous treatment would have been to consider the martensite moduli and the transformation strain to
compute this transformation induced stress. However, for practical purposes, the approach followed herein
should be adequate.

We note that two phases, namely austenite and martensite, can coexist in the SMA, and their volume
fractions depend upon the state of stress and the temperature. Here we assume that the temperature is kept
constant and study only the stress induced phase transformations. The material properties of an SMA can be
determined from those of the austenite and the martensite phases by using either the mean field theory or the
energy equivalence method or the rule of mixtures. Lu and Weng (2000) regarded the martensite phase as an
inclusion in the austenite phase of the SMA to estimate it's effective moduli. However, we follow Boyd and
Lagoudas (1994) and assume that the rule of mixtures approximates well the overall properties of an SMA;
this simplifies the work significantly without introducing appreciable errors. Thus

Ciu =(1—OCR +£Cly (5)

and similar relations hold for of, k°, p® and w®, where of is the coefficient of thermal expansion of the
SMA. In (5) superscripts a and m signify quantities for the austenite and the martensite respectively, and the

volume fraction £ of the martensite phase is given by
— 2 %
9 — [ —
€= 75_m:<7 €e = <3€ij €ij> , & =&, (6)

where ema is the maximum value of the equivalent transformation strain e, which is regarded as a material
property (Song et al., 1999).
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3 Free energy of the RVE

Taking the infinitesimal strains, the electric field and the temperature as independent variables, the electric
Gibbs free energy density, g, for electro-thermo-mechanical deformations of a body is given by (e.g. see
Lines and Glass, 1977)

(Eu ,Ei,0)
g= / (O’ij d6ij — DidE — sdf). @)
(0,0,0
Since the electric Gibbs free energy density is a state function, the integration in (7) is path independent.
Substitution from constitutive relations (1)-(3) into (7) yields
gr = %(O’ijé‘ij — DiEi —59), r= |\/|,P,N7

1 L >
9° = (i — DiEi —s) — Ecij?d Eij K- ©®

In the derivation of (8), the transformation strain j; in the SMA has been taken to be a constant; in general,
gjj will be a function of ¢j;. A possibility is to set ¢; equal to the mean value of the transformation strain
during the deformation process. The average electric Gibbs free energy density of the RVE of the composite
is related to that of its constituents by

4
1 1 i
G== == fdv = '
U/Ugdv DS /Urgdv e, ©)
r=M,P,S,N i=1
where v is the volume of the RVE, v" is the volume of the r-th phase, and
1 1
Gl= Z/vo.ijeijdv, Gzz—zl}DiEidvv
3 _ 1 4 _ 1 - S
G°= — 2 USQdU, G =% USEij Cij exdv. (10)

Let the essential boundary conditions prescribed on the bounding surfaces of the RVE correspond to the
uniform strain 2, the uniform electric field E®, and the uniform temperature change 6° in the RVE. Then

ij?
0—“5” v EI] Tij v, E'J v E|]U7
v v v

/Di Eidv = EiO/Didv, /Eidszi%. (12)

Substituting from constitutive relations (1)-(3) into (10) and using relations (11), we arrive at

1 _
61:553 Ciaici — A 0% + Z fr (ACH e — ANj0) —F7 (efEx)p — 5 (Ciicu)g ¢ »
r=P,S,N

1

G?= — SEPTKIEP+pMe®+ D0 1T (AKE + Ap(6), +17 (e ¢
r=P,S,N

1 _

G3= —590 Al +pMER +WMe° + Z fr(ANjej + Ap[Ei + Aw'0) — 5 (AN )g ¢
r=P,S,N

G*= —}fs<5_--C--SE )

2 ij ijkl €Kl /g

(12)
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where f'(r = P, S, N) is the volume fraction of the r-th phase,
ACjq =Cjy —Cja,  (r=P,S,N), (13)

and similar relations hold for A\, Akj, Apf and Aw'. In (12),

ijo

< () >= ir/ ()dw, r=P,SN. (14)
v o

In terms of the effective thermoelectroelastic moduli a,—kh 8ik » lzij, >_\i,-, pi, w and fields, o, 5;", s* and
G* of the RVE, the energy density of the RVE can be written as

- 1 _ _ _ —
G= é {83 Cijkl 6% — 2Ei0€‘1k| E% — Eiokij E]-0 — 29())\"' ES

—20°BiEQ — 6°wb° + 257 0 — 2D;'E° — 25°6° — G*}, (15)

where G* is the initial value of the electric Gibb's free energy, and o, D" and s* are, respectively,
values of the residual stress, the residual electric displacement and the residual entropy density caused by the
transformation strain. These are determined from the transformation strain ¢ , the electromechanical properties
of the matrix and the inclusions, and the method used to account for the interaction among inclusions and
the matrix.

The principle of energy equivalence states that

4
> G =G. (16)

i=1

However, from (16), one cannot obtain effective properties of the composite because one does not know
strains and electric fields within the inclusions. Therefore, we employ approximate methods to get strains and
electric fields from fields applied on the bounding surfaces of the RVE and eigenfields within the inclusions.

4 Effective thermoelectroelastic properties of the composite

Recalling that boundary conditions applied on the boundaries of the RVE correspond to the uniform strain sfj’ ,
the uniform electric field E?, and the uniform temperature change ¢°, the average strain é{j and the average

electric field Ei' in the PZT (r = P), the SMA (r = S) and the NPZT (r = N) inclusions are given by

)

AT r 0 r =0 r no #% I
&j = Ljj e + Nj B + Ry 07 + &5

T

= Plych + QRES + 3100+ E. (17)

Expressionsfor tensorsLjy, , Nij, Rj, Pig, Qi J" and for theinteraction tensors, &', and E**" that account
for the interaction among inclusions vary with the approximate method used to derive them. For example, if
the dilute solution method is used to obtain £ and E', then tensors L, N etc. equal the thermoelectroelastic
Eshelby tensors for a single inclusion embedded in an infinite matrix, and j*" and E"*" equal respectively
gj and 0 in the inclusion. However, if the interaction among inclusions is considered, then tensors L, N, &'
and E**" etc. can be obtained by the Mori-Tanaka method, the self-consistent estimates or other approximate
methods. Expressions for tensors L, N etc. and interaction fields ;*" and E*" based on the Mori-Tanaka
method are given in the Appendix.

Substituting from (17) into (12) and the results into (16), and considering the arbitrariness of the applied
fields, we obtain following expressions for the effective thermoelectroelastic moduli of the composite:
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Cija = C +sym{ > T (AC L), — 7 (&R P }7
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e
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Here“sym” standsfor the symmetric part of atensor, i.e., sym(Ajx ) = 2(A”k| +A;ii ), and sym(B; ) = (BIJ +B;i),
and ljjq is the fourth-order unit tensor, viz., liq = (0idji + di dj)/2 where d; is the Kronecker delta
In the space of strain, electric field and temperar[ure consgtitutive relations of the composite obtained from

o 0G o 9G ,_ 0OG

gl S-S = —— 19
TP T oY 969’ (19)
are
o = (EiikI €E| - ér(ii Ek )‘IJ 0° + UIJ ’
D? = el +Kk; Ejo +p6%+ D/,
s7= Njel +pEL + Wb’ +5". (20)

Note that effective elasticities C and effective dielectric constants k exhibit symmetries Cyyq = Cyj; and
kJI even when the shapes of the PZT, SMA and NPZT inclusions are different. However, when effective
propertles are derived by the mean field theory, effective elasticities C and effective dielectric constants k
may not exhibit such symmetries; e.g. see Qiu and Weng (1990).
If the independent variables are stress, electric field and temperature, the thermodynamic function is
the Gibbs free energy F which can be aobtained from the electric Gibbs free energy G by the Legendre
transformation

F= 7(G - Uu Z’5|J )a (21)
where cr is given by (20),. Therefore, we have
1 ~ ~
F = é {Ui(j)Miild UI?I + 2Eiodik| U% + Eiok” E + 29004” jj

+ 203 E° + 0°00° + 255 o) + 2D EP + 2570° + G~ } (22)
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where

Mii“ = CijI|la aikI = émnmmnkl,

ki = kq + Gimn€mn, & = Mi Aw,

Pi =P +€mnGmn, & = —Mi oy, (23)
DI* = ISI* + amﬂgmna O=w+ dij )_\ij 3
§*:§*+)_\“§_x_< G*_G*_ **

Thus, congtitutive relations of the composite in the space of stress, electric field and temperature obtained
from

&jj :@’ i _87Ei07 S T 969’ (24)
are
e = Miga o + oy EQ + 65 0° + &7,
°:6|k|ok|+k.pE°+p.0°+D,*,
%= Gjjof +PES + 0% +5". (25)

5 Phase transformations in the SMA

The evolution of the volume fraction, &, of the martensite depends upon the state of stress and temperature
in the SMA. The stress state in the SMA is given by

o = Uog + ViR EQ + W60 + 67, (26)
which is analogous to (17). Here
Uljk| H|15r§n I-mnk|7 Vuk Hljsrﬁn mnka
WS = FBS + Hlf)rrsm n» |>JMF = Sjsk?g_ld |Jk| <SKImn€_mn>S> (27)

and expressions for tensors H5F, S2%, Liy, Nii and RY are given in the Appendix. When all of the SMA
inclusions are likewise oriented, we have

Ulj "8 = Y|Jk| EKl» (28)
where
Yiisk| = (ljmn — Suu?nn) nkl- (29)

Let 20 equal the change of stressin the SMA inclusions due to the variation of the applied fields of, E°

and 6°, and Ei’f the change of stress in the SMA due to the evolution of the martensite phase. That is

E = Uukl o9 +V|]k EQ+ VVi'Se(),

i p0

E aU|jkl o + avljk aW'S 8YIJ§|
85 35

) §+ Ylel 5k|> (30)

where a superimposed dot indicates the change or the increment. Using (6): and (6), one can express &
in terms of ¢;;. Following Boyd and Lagoudas (1994), Song et a. (1999) and Cherkaoui et a. (2000), we
assume that
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_ { 31 , for the forward transformation, (31)

€| - .
: A for the reverse transformation,

where A and A™ are proportionality factors to be determined from the consstency condition, and gj is the
deviatoric stress tensor in the SMA inclusion. Note that dimensions of A and A" are different. Finding the
incremental change in quantities from (26) and using (6), (30) and (31), we arrive at
2
. 20 -5 S0 o
A=— 5 00 : (32)
%]S [35 Eu (€k|Sk|) +Y, ijkl SlKI]

for the forward (austenite — martensite) transformation, and

o rS
. SJ 20 - 7S§ ;2
A®=— E (33)
S {—e 5 +ij|€k|:|
Emax
for the reverse (marteniste — austenite) transformation. Here
1
s_(3uses)’
S = (5SS (34)
isthe equivalent or the effective or the von Mises stress. Theforward transformation initiates when s3 = (0)

and the reverse transformation begins when sS = s/S(6). Note that si(6) and s/S(¢) are temperature dependent
material parameters. However, in the present work, the temperature is assumed to be uniform throughout the
body and is held constant. Also, §° = 0.

The transformation relation (31) smears out finer details of the phase transformation in the SMA. At
the microscopic level, both the austenite and the martensite are orthotropic materials, and the transformation
strain depends upon lengths of Burger’'s vectors and rotations of lattice vectors. Lu and Weng (2000) consider
some of these effects in developing constitutive relations of a composite consisting of an elastomer matrix
and SMA inclusions.

6 Comparison with results from other models

To the authors's knowledge, there is no experimental data available in the open literature on the effective
moduli of a 4-phase composite comprised of a polymer matrix, PZT, SMA and NPZT inclusions. Therefore,
we can compare results with either a 2-phase or a 3-phase composite. In order to establish the validity of
our results, we note that present values of the effective thermoelectroelastic moduli of a 3-phase composite
with PZT and SMA inclusions of the same shape embedded in an elastic matrix (i.e. fN = 0) reduce to those
of Jiang and Batra (2001) who derived them by using the mean field theory. The formulae of the effective
properties are different in the two approaches, but the numerical values come out to be same. However, when
the PZT and the SMA inclusions are of different shapes, the energy equivalence method used here and the
mean field theory approach adopted in Jiang and Batra (2001) may not give same values of the effective
electroelastic moduli. For example, the energy equivalence method preserves the symmetrices Cyq = Cyj; and
kj =kj but the mean field theory does not. In the absence of SMA and NPZT inclusions, i.e, fN =fS =0,
values of the effective moduli are identical with those of Jiang et al. (1999). Jiang et a.’s results compared
well with experimental findings of Chan and Unsworth (1989).

Setting fS = 0, and taking the PZT inclusions as cylindrical with their axis of polarization and hence of
transverse isotropy along the xs-axis and the NPZT inclusions as spherical voids, we compare in Figs. 1-3
present values of the hydrostatic charge coefficient, dy = (dg; ), the hydrostatic figure of merit, dngn (= dh / Kaa),
and the hydrostatic electromechanical coupling factor k(= d? 5/ (k33m) m= (2(M1111+M1122)+4M1133+M3333)
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Fig. 1. For different values of the poros-
ity, the variation of the hydrostatic charge
coefficient, dn, with the volume fraction
of piezoceramic particles. Results are com-
pared with those of Avellaneda and Swart

Fig. 2. For different values of the porosity,
the variation of the figure of merit, dngn,
with the volume fraction of piezoceramic
particles. Results are compared with those
of Avellaneda and Swart
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with those obtained by Avellaneda and Swart (1998). We have taken Young's modulus of spherical voids
equal to zero, Poisson’s ratio equa to that of the stycast matrix which is modeled as an isotropic material
and the relative dielectric constant equal to 1. We presume that voids are filled with air, and their volume
fraction, fN, is determined from

PN = g1 —£7) /(1 — /™) =~ (1~ £7), (35)

where ¢ is the porosity. Equation (35), follows from (35); since p" < p®¥® Vaues of material moduli
used in the calculations are listed in Table 1. Results plotted in Figs. 1 through 3 revea that values of
dh, dhgnh and k, computed with the present method are close to those obtained by Avellaneda and Swart
(1998) for small volume fractions of the PZT inclusions. Whereas the two sets of results agree qualitatively
for large values of fP and fN, they differ quantitatively. Possible reasons for these differences are the neglect
in Avellaneda and Swart’s work of the interaction among the PZT5A inclusions, and of the effect of their
shapes and orientations. Avellaneda and Swart set the dielectric constant of the porous matrix equal to that
of the stycast material and account for the presence of pores by modifying Young's modulus of the stycast
matrix.

For the same volume fraction of the PZT inclusions, values of the hydrostatic charge coefficient and of the
hydrostatic figure of merit increase with an increase in the porosity of the composite. The same trend holds for
the electromechanical coupling factor ki, only for small values of the volume fraction of the PZT inclusions.
For fP > 0.075, an increase in the porosity of the composite decreases the value of the electromechanical
coupling factor. We note that the dielectric constant of air is less than that of the stycast, and the interactions
among densely distributed PZT5A inclusions play a significant role in influencing the electroelastic moduli
of a piezocomposite. Also, as shown below, these moduli are very sensitive to the shapes and the orientations
of the inclusions.

Figure 4 depicts the variation of Young's modulus, E, in the xz-direction with the porosity for an isotropic
linear elastic matrix containing ellipsoidal voids of aspect ratio R; similar results hold for the bulk modulus.
The principal axes of lengths a;, a, and a3 of the ellipsoid are aligned along the x;, X, and x3 axes respectively,



Effective properties of a piezocomposite containing shape memory aloy and inert inclusions 97

Table 1. Values of nonvanishing material moduli used to compare results with those of Avellaneda and Swart

PZT 5A Stycast
Cuu1 (GPa) 120.0 12.34
Ciiz (GP) 75.18 5.19
Cuzs (GPa) 75.09 5.19
C33s33 (GPa) 111.0 12.34
Cia13 (GPa) 21.1 3.575
e (C/m?) 12.3 0
ean1 (C/Im?) —5.4 0
€333 (C/m2) 15.8 0
ket /Ko 916.0 4.0
ka3 /ko 830.0 4.0
ko = 8.85 x 10~12 C/vm?
(GPa)
9 R 1 R=1.0e+30
B 2 R=1.0et+1l
- 3 R=1.0
sk 4 R=1.0el
- 5 Avellaneda and Swart (1998)
B 6 Hill (1965)
7 :— Reas/a; a=3,
6
5F
4t
3F
2F
1F
: |
0 0.25 0.5 0.75
Porosity

Fig. 4. Variation of Young's modulus with
the porosity for different shapes of ellip-
soidal voids; a;, a, and az are princi-
pal axes of the ellipsoid aong x;, X, and
X3 axes respectively. Results are compared
with those obtained by the Mori-Tanaka
method, the self consistent technique, and
those assumed by Avellaneda and Swart
who took it from Gibson and Ashby’s book

and R = ag/a;, a3 = ap. Large values of the aspect ratio R imply that the pores are cylindrical, and small
values are for penny shaped pores. For penny shaped pores, E decreases nearly affinely with the increase in
the porosity. The rule of mixtures gives an affine decrease of E with an increase in the value of ¢; eg. see
Passman and Batra (1984). Passman and Batra, like Cowin and Nunziato (1983) allow for the deformations
of voids and thus the porosity changes as the body is deformed. However, they do not account for the shapes
of the pores. For the same value of the porosity, cylindrical pores of height/diameter > 10 change Young's
modulus by the same amount, and the decrease in the value of E is more for cylindrical pores than that for
the spherical and the penny shaped pores. The parabolic dependence of E upon the porosity ¢ employed
by Avellaneda and Swart, who took it from Gibson and Ashby’'s (1988) book, agrees with that obtained by
presuming spherical pores only if ¢ < 0.1.
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Figures 5 and 6 compare the presently computed effective axial stressvs. the effective axial strain behavior
of a composite made of an elastomer matrix and SMA inclusions with those of Lu and Weng (2000). Material
properties of the elastomer and the SMA are given in Lu and Weng's paper. They employed a two-level
micromechanical theory, one at the inclusion (austenite-martensite) level, and the other at the macroscopic
level consisting of the transforming inclusions and the inactive matrix. Here we have glossed over the first
one by using the rule of mixtures (5) to derive properties of the SMA from those of its constituents. Figure
5 exhibits results for three values of the volume fractions of cylindrical SMA inclusions and Fig. 6 for
three shapes (R = 5, 10, 100) of the 30% prolate SMA inclusions. Results from the two approaches agree
qualitatively but differ quantitatively because of the different phase transformation criteria and the difference
in deriving properties of the SMA inclusions from its two phases.

Having satisfactorily compared the presently computed values of the effective moduli of the two-phase and
the three-phase composites with those obtained from other models and/or experimental results, we conclude
that the derived expressions for the effective moduli are correct.

7 Results and discussion

We now give results for the 4-phase composite made of an elastic matrix, PZT inclusions made of BaTiOs,
SMA inclusions made of aNiTi alloy, and NPZT inclusions. Values of nonvanishing moduli of these materials
are listed in Table 2, and all of the material moduli of the NPZT inclusions are set equal to 5 times the
corresponding material moduli of the matrix. The SMA, the matrix and the NPZT materials are modeled
as isotropic and the PZT as transversely isotropic with the xs-axis as the axis of polarization and hence of
transverse isotropy. The surfaces of the SMA inclusions are assumed to be electrically insulated from the
surrounding media so that they do not short circuit the electric field applied to the boundaries of the RVE.
We investigate cases for which the PZT and the SMA inclusions are either cylindrical or spherical and the
NPZT inclusions are either cylindrical, spherical or penny shaped. The temperature of the composite in the
stress free reference configuration is taken to be uniform and equal to 10°C; it is assumed to stay constant
throughout the deformation process. Results have been computed with P =S = 0.15, fN is taken as either
0 or 0.15, and 3 = 10~2 and 10? which respectively model soft and hard particles.

7.1 Axial stress-axial strain relations

Figures 7 through 10 display effects of the shapes of the soft and the hard NPZT inclusions on the axial stress
vs. the axia strain relations of the 4-phase composite loaded axialy in the xs-direction. These results have
been computed from (25); by setting E® =0, §° =0 and of) = 03;0i30;3. It is clear that the energy dissipated
during cyclic axial load, as indicated by the area of the hysteresis loop, is more for the spherical PZT and
SMA inclusions than that for the cylindrical PZT and SMA inclusions. Also, the applied axia stress at the
initiation of the phase transformation in the SMA inclusions is a little lower for the cylindrical PZT and
SMA inclusions than that for the spherical PZT and SMA inclusions. Note that the average axial strain in the
cylindrica SMA and PZT inclusions and the matrix is the same. However, in general, the lateral strains in
them will be different. For the spherical SMA and PZT inclusions, even the axial strains in the three phases
need not be equal to each other.

Irrespective of the shapes of the NPZT inclusions, hard NPZT particles which sustain more of the applied
tractions than the remaining constituents of the composite increase the applied axial stress required to initiate
the forward transformation in the SMA inclusions; this may not be very desirable for the hybrid composite.
However, as should be evident from the results plotted in Figs. 7 and 9, the soft NPZT particles of the three
shapes considered herein decrease the applied axial stress required to ensue the forward phase transformation
in the SMA inclusions; the exception being the penny shaped NPZT particles with the cylindrical PZT and
SMA inclusions in which case the axia stress required at the initiation of the transformation is increased
a little. When no phase transformation occurs in the SMA inclusions, the axial macroscopic strain induced
by the applied axia stress is more for soft cylindrical and spherical NPZT particles than that for soft penny
shaped particles. When the phase transformation is in progress, for the same value of the axial stress soft
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Table 2. Vaues of nonvanishing material moduli of the constituents of the 4-phase composite

Polymer®  BaTiO®)  Austenite®  Martensite®
Ci111 (GPa) 8.0 150.0 143.57 56.36
Ci120 (GPa) 4.4 66.0 95.71 37.57
Ci133 (GPa) 4.4 66.0 95.71 37.57
Caazs (GPa) 8.0 146.0 14357 56.36
Cia13 (GPa) 1.8 44.0 23.93 9.39
€311 (C/m?) 0 —4.35 0 0
ess3 (C/m?) 0 175 0 0
e (C/m?) 0 11.4 0 0
kaa/k$” 4.0 1115.0 0 0
ks /Ko 4.0 1260.0 0 0
A1 (MPa/°C) 1.008 1.974 3.685 0.8679
As3 (MPa/°C) 1.008 1.471 3.685 0.8679
p3(10—3C/m? °C) 0 1.877 0 0
At 10°C, si° = 100 MPa, SIS = 80 MPa, &max = 0.048
9 fS 9 'S
% - %% _gMPpa/oC (Ref. (b))
Y
(& Dunn, M.D., 1993;
(b) Song, G.Q., Sun, Q.P. and Cherakoui, C., 1999;
(c) ko = 8.85 x 1012 C/Vm?
0
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cylindrical, spherical and the penny shaped NPZT inclusions increase the macroscopic axial strain if the SMA
and the PZT inclusions are spherical (cf. Fig. 9). However, as shown in Fig. 7, for cylindrica SMA and
PZT inclusions and the same value of the applied axial stress, soft cylindrical and spherical NPZT particles
increase the macroscopic axial strain but the penny shaped ones decrease it. Thus the shapes of all three
inclusions and the interaction among them strongly influence the elastic properties of the 4-phase composite.
An examination of the results plotted in Figs. 7 through 10 suggests that soft spherical NPZT particles change
most the properties of the composite and this effect is more noticeable for spherical PZT and SMA inclusions
than for cylindrical PZT and SMA inclusions. Prior to the initiation of the phase transformation in the SMA
inclusions, the NPZT particles have very little effect on the elastic moduli of the 4-phase composite containing
cylindrical PZT and SMA inclusions but the effect is significant when the PZT and the SMA inclusions are
spherical.

Generally, the ultimate tensile strain of a PZT is about 0.1% to 0.2%. For the composite containing
cylindrical PZT and SMA inclusions, the axial strain in the PZT inclusions is nearly the same as the macro-
scopic axia strain in the composite. However, for the composite with spherical PZT and SMA inclusions, the
maximum principa tensile strain induced in the PZT inclusions is below 0.2% even at the completion of the
phase transformation in the SMA inclusions when the macroscopic axial strain is about 2%. The addition to it
of soft spherical NPZT inclusions increases this macroscopic strain. Thus the 4-phase composite can be used
as a sensor to effectively measure low values of the applied axia stress. Since elasticities of the PZT material
are higher than those of the matrix and the SMA, it is conceivable that a 3-phase composite comprised of
the polymer matrix, soft NPZT inclusions and the SMA inclusions will be a better sensor than the 4-phase
composite that also has PZT inclusions. An advantage of the composite sensor over that made of pure SMA
is that the former can be made compliant and its impedance adjusted to match that of the host structure.
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Fig. 11. Effect of shapes of the soft NPZT
particles on the axial stress vs. the axial
electric displacement curves of the 4-phase
composite made of an isotropic elastic ma-
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Fig. 12. Effect of shapes of the hard NPZT
particles on the axial stress vs. the axial
electric displacement curves of the 4-phase
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sions
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Fig. 13. Effect of shapes of the soft NPZT
inclusions on the axia stress vs. the axia
electric displacement curves of the 4-phase
composite made of an isotropic elastic ma-
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Fig. 14. Effect of shapes of the hard NPZT
inclusions on the axia stress vs. the axial
electric displacement curves of the 4-phase
composite made of an isotropic elastic ma-
trix and spherical PZT and SMA inclusions
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7.2 Axial stress-axial electric displacement relations

We have plotted in Figs. 11 through 14 the axial electric displacement, D2, induced by the applied axial stress,
3. These values are computed from (25), by setting E° = 0, §° = 0 and o} = 0%;0i30j3. For cylindrical
PZT and SMA inclusions the addition of either soft or hard cylindrical, spherical and penny shaped NPZT
inclusions does not noticeably affect the electroelastic modulus dss; which equals the reciprocal of the slope
of the 023 VS. D§’ curve. However, when the PZT and the SMA inclusions are spherical (cf. Fig. 13), the
addition of soft NPZT inclusions noticeably aters the value of dass, and the change in its value depends upon
the shape of the NPZT inclusions. Out of the cylindrical, spherical and penny shaped soft NPZT inclusions,
the penny shaped ones increase most the value of dsss. However, as shown in Fig. 14, hard penny shaped
NPZT particles significantly decrease the value of dsss. Thus one way to improve upon the electromechanical
coupling constant das; of the 3-phase composite made of an elastic matrix and sphericall SMA and PZT
inclusions is to add soft penny shaped NPZT particles to it.

7.3 Axial electric field-axial strain relations

As was the case for the 3-phase hybrid composite comprised of the spherical PZT and SMA inclusions (Jiang
and Batra, 2001), a very high electric field is required to induce phase transformation in the SMA particles
even when NPZT inclusions are added to the 3-phase composite. Recall that the SMA inclusions are assumed
to be electrically insulated from the surrounding medium and the heat produced by the electric field has not
been considered. Therefore, we study the 4-phase composite only with cylindrical SMA and PZT inclusions.
Results computed from (25); by setting 0® = 0, E® = EJ6i3 and 6° = 0 and plotted in Fig. 15 revea that
the addition of soft spherical NPZT particles increases the axial electric field required to induce the forward
phase transformation in the SMA inclusions; however, the addition of penny shape NPZT particles decreases
it. During the initial stage of the transformation, soft penny shape NPZT particles significantly increase the
macroscopic strain of the composite. However at the completion of the phase transformation in the SMA, the
macroscopic axia strain in the composite is less than that for no NPZT inclusions and with either spherical or
cylindrical PZT and SMA inclusions. From the plots of Fig. 16 we conclude that the addition of hard NPZT
particles decreases the applied electric field required to induce the initial forward phase transformation in the
SMA particles. During the early stages of the phase transformation, either spherical or penny shape NPZT
particles increase the electromechanical coupling properties of the 4-phase composite. The macroscopic axial
strain in the composite at the completion of the phase transformation is more for penny shape NPZT particles
than that for spherical NPZT particles.

Most of the commerically available PZTs can withstand an electric field of about 10 MV/m. Thus cylin-
drical PZT inclusions do not improve the effective piezoelectric constants of the 4-phase composite even
when rigid NPZT inclusions are added to the composite. However, when the piezoelectric constants, e,
of the PZT are doubled, the applied electric field required to induce the phase transformation in the SMA
inclusion is essentially halfed.

7.4 Axial electric field-axial electric displacement relations

From the results obtained from (25), and plotted in Figs. 17 and 18, we see that the addition of hard
spherical or penny shape NPZT particles increases the dielectric constant of the 4-phase composite, because
hard particles have large dielectric constant. However, the addition of even soft cylindrical or penny shape
NPZT particles (cf. Fig. 17) whose dielectric constants are smaller than those of the matrix also enhances the
dielectric constant of the 4-phase composite.

7.5 Numerical values of effective moduli

In Tables 3 through 6 we have listed the computed values of the nonvanishing effective electromechanical
moduli of the 4-phase composite with the x3-axis aligned along the polarization axis of the PZT inclusions.
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PZT inclusions are assumed to be cylindrical and SMA inclusions either cylindrical or spherical with fP =
fS = 0.15. The soft NPZT inclusions are modeled as cylindrical, spherical and penny shape with 3 = 103,
Values given in Tables 3 and 5 are for the austenite SMA inclusions, and those in Tables 4 and 6 for the
martensite SMA inclusions. The material parameters for the constituents used in finding the effective moduli
are listed in Table 2. Knowing the volume fractions of the austenite and the martensite phases of the SMA
inclusions, approximate values of the effective moduli of the four phase composite can be estimated from
those given in these Tables by linear interpolation.

Table 3. Values of nonvanishing effective moduli for the 4-phase composite made of a polymer matrix, and cylindrical PZT and SMA
inclusions (f? =S = 0.15) and soft NPZT inclusions (3 = 10~3) of different shapes. The SMA material is modeled as austenite

fN =0.15 fN =0.30

Cylindrical Spherical Penny Cylindrical Spherical Penny
Cu11 (GPa) 6.58 7.68 10.84 4.08 5.16 9.50
Cr122 (GPa) 2.77 3.38 5.78 1.46 1.96 519
Cri33 (GPa) 331 2.90 7.07 1.96 1.20 7.92
Caass (GPa) 30.93 26.30 38.76 29.25 21.58 45.76
Ci212 (GPa) 1.90 2.15 2.53 1.31 1.60 2.16
Cia1z (GPa) 2.29 2.35 347 1.70 1.77 4.06
€1 (C/m?) —3.85x 1072 —0.136 111x 1072 —272x 1072 —0.157 0.124
&3 (C/Im?) 2.99 2.64 352 301 2.38 4.30
€131 (C/m?) 738x 1074 790x107% 114x103 558x10% 627x107% 1.34x 103
k1 /Ko 2.95 3.16 3.39 2.15 243 2.80
kaz /Ko 194.10 180.45 228.45 193.50 168.15 276.77
A1z (MPa/°C) 0.496 0576 0.945 0.264 0.329 0.831
Aaz (MPa/°C) 0.663 0.469 1.27 0.455 0.129 1.525
p1 (C/m2°C) 0.0 0.0 0.0 0.0 0.0 0.0
P3(10-4C/m?°C) 2.73 2.866 2.77 271 2.90 2.768

Table 4. Values of nonvanishing effective moduli for the 4-phase composite made of a polymer matrix, and cylindrical PZT and SMA
inclusions (f? =S = 0.15) and soft NPZT inclusions (3 = 10~3) of different shapes. The SMA material is modeled as martensite

fN =0.15 fN =0.30

Cylindrica Spherica Penny Cylindrical Spherical Penny
Cui11 (GPa) 6.43 7.49 10.51 3.99 5.03 9.20
Cr122 (GPa) 2.77 3.37 5.69 147 1.97 5.09
Cri33 (GPa) 3.26 3.02 6.74 1.93 142 7.32
Caass (GPa) 24.79 21.20 31.36 2312 17.18 36.61
Ci212 (GPa) 1.83 2.06 2.41 1.26 153 2.05
Cia13 (GPa) 2.17 2.22 324 1.61 1.68 371
€311 (C/m?) —3.80 x 1072 —0.134 1.09x 1072 —2.69 x 10~2 —0.156 0.121
33 (C/m?2) 2.998 2.64 352 301 2.39 430
8131 (C/m?) 716x 10~4 766 x 1074 1.09x 1073 544x 104 610x 1074 1.26x 10~3
k1 /Ko 2.95 3.16 3.39 215 243 2.80
kaz /Ko 194.10 180.45 228.45 193.50 168.15 276.77
A1 (MPa/°C) 0.478 0.556 0.902 0.254 0.319 0.787
A3z (MPa/°C) 0.566 0.425 1.098 0.362 0121 1.265
p1(10-4C/m?°C) 0.0 0.0 0.0 0.0 0.0 0.0

Pa(10~4 C/m?°C) 273 2.86 2.77 271 2.89 2.77
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Table 5. Values of effective moduli for the 4-phase composite made of a polymeric matrix, cylindrical PZT, spherical SMA and ellipsoidal
NPZT inclusions. The SMA material is modeled as austenite and {7 = S = 0.15, 3 = 103

fN =0.15 fN =0.30

Cylindrica Spherical Penny Cylindrical Spherical Penny
Cri1 (GPa) 6.83 7.98 11.21 4.27 5.41 9.90
Criz (GPa) 2.79 3.42 5.86 1.47 1.99 5.29
Crizs (GPa) 321 2.99 6.90 1.87 1.39 7.72
Cazzs (GPa) 25.04 21.03 32.42 23.27 16.76 39.05
Cro12 (GPa) 2.02 2.28 2.67 1.40 171 231
Cia1s (GPa) 2.33 2.39 353 1.73 1.81 413
&1 (C/m?) —3.18 x 102 —0.141 388x 1072 —2.25x 102 —0.167 0.184
€333 (C/m?) 3.12 271 3.70 313 2.43 458
€131 (C/m?) 777x 1074 836x10% 121x103 583x 104 6.60 x 1074  1.42x 1073
ka1 /Ko 3.16 3.40 367 2.28 2.60 3.02
kaa/ko 180.56 168.68 209.96 180.00 157.84 250.09
A1z (MPal°C) 0.493 0578 0.946 0.258 0.331 0.836
X33 (MPal°C) 0.603 0.457 1.173 0.393 0.149 1.385
p1(C/m?°C) 0 0 0 0 0 0

p3(C/m?°C) 262x 1074 280x10% 257x10% 261x10% 2854x10°* 242x10°*

Table 6. Values of effective moduli for the 4-phase composite made of a polymeric matrix, cylindrical PZT, spherical SMA and ellipsoidal
NPZT inclusions. The SMA material is modeled as martensite and fP =S = 0.15, 3 = 10~3

fN =0.15 fN =0.30

Cylindrical Spherical Penny Cylindrical Spherical Penny
Cui11 (GPa) 6.60 7.69 10.75 4.13 521 9.48
Ci122 (GPa) 2.79 341 5.77 1.49 2.01 5.20
Crias (GPa) 3.22 3.02 6.80 1.90 1.44 7.53
Cazzs (GPa) 24.26 20.48 31.28 22.50 16.35 37.35
Cio12 (GPa) 1.90 214 2.49 1.32 1.60 214
Cia1s (GPa) 2.19 2.25 327 1.63 1.70 374
&1 (C/m?) —2.57 x 102 —0.130 464x1072 —1.82x 1072 —0.158 0.184
€33 (C/m?) 3.07 2.68 3.63 3.08 241 4.48
€131 (C/m?) 752%x 104 808x10% 115x103 567x10* 641x10% 1.33x10°3
ku1/ko 3.16 3.40 367 2.28 2.60 3.02
kas/Ko 180.57 168.69 209.97 180.01 157.84 250.08
A1z (MPal°C) 0.475 0.555 0.90 0.248 0.317 0.792
A3z (MPal°C) 0.564 0.428 111 0.358 0.130 1.290
p1(C/m?°C) 0 0 0 0 0 0

p3(C/m? °C) 264x 1074 281x10* 261x10* 263x10* 286x10"% 249x 104

8 Conclusions

Based on the principle of energy equivalence and the Mori-Tanaka method of accounting for the interaction
among inclusions, we have derived macroscopic constitutive relations for a 4-phase composite comprised of
piezoelectric, nonpiezoelectric and shape memory alloy inclusions embedded in a non-electromechanically
coupled elastic matrix. The computed results show that the electromechanical properties of the composite are
significantly affected by the material moduli and the shapes of the nonpiezoelectric inclusions. In general, the
addition of soft nonpiezoel ectric inclusions of appropriate shape will enhance the electromechanical properties
of the composite. The four-phase composite comprised of the spherical piezoelectric and shape memory alloy
inclusions and either cylindrical or spherical soft nonpiezoelectric inclusions will make a very good sensor
since an axial stress of approximately 80 MPa will produce an axia strain of about 2%. The addition of
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15% spherical voids enhances the induced axial strain by nearly 20%. The piezoelectric constants of the four
phase composite are not affected much by the addition of either soft or hard nonpiezoelectric inclusions. The
impedance of the four phase composite sensor can be adjusted to match with that of the host structure.
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versity.
Appendix
The Mori-Tanaka approximation for thermoelectroelastic concentration tensors
The Mori-Tanaka method approximately accounts for the interaction among inclusions embedded in a matrix.
According to this method, expressions for the average strain and the average electric field in the PZT, the
SMA and the NPZT inclusions are given by (17) in which

i = Hijlr;m L + Hijzrzwprwkh Nijk = Hljlr:"ln N + Huzr;QMk,

ik = = Hio L jik T H4erJk’ Qj = '?r:nNM + H4erjﬂ

Rj = Fil + Hifm R + HiRIN 37 = F + HI R + Hi N,

oxel = gl pdr *%M +H4FE**M

*xM +H2rE**M E**r _H3r

€ij jm€mn T Hijmem ijm imEm
Tensors L, NN, RM, P, QM IM, e5*M and E**M are given by
L = [ 75 — T Fom) ™ T5a] ™Y Nk = —Lijin P (T30
Pl]k = — (Fm)~ 1763 quuu Qi’le = (Fm) O — T Nkw)’
RI' = — (Lik-Z" + N Z2), 3 = —(Pln 7o + QI 7).
5:;*M = 7fSLukl <S<Imn5mn>sv E**M = 7fsplkl <S<1I§1n‘€_mn>s7

‘7/|]kl = llk| Z f [IIJk| - HleI> 1, 7 Ijk = <H|]k>
r=P,S,N

7/|]k_fP<H|Jk> ¢glj4:§|l - Z fr[éij _<Hij4r>r]’

r=P,S,N

— Z fr<FiiLr . !ZZZ Z ]cr<|:i2r>r
r=P,S,N

r=P,S,N

Tensors HI I, ... ,FZ can be obtained from (A7) of Jiang and Batra (2001) wherein the added superscript r
is not mcluded In order to get values of these tensors for r = M, P,N and S, values of the corresponding
material moduli should be substituted in the right hand sides of (A7) of Jiang and Batra's (2001) paper.

In the space of stress and electric field, we have

Y o
Uij -

L|]k| Ukl + NukEk + RI] 0° + U**U>
E7 =Pfog + Qi(jTEjo +J76° + EF,

where
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Low = [ 965 — T Tome) - Tlma] ™ N = =L Foon (FE)
= = (Fm)  ThaLiii: QF = (Fm) ™ O — FompgNegi):
R = — (Wi T + Nipe752), 37 = — (P T + Qe 7

o7 = fSLIJkl < 5mn>sa E = —f5Pg < dronErmn s

Hja =l = > e = (Hi), 1,

r=P,S,N
T =17 (M )p o T =17 (). A% = Z (R,
r=P,S,N
and tensors HIJkI ,...,FZ can be evaluated from (A7) of Jiang and Batra's (2001) paper as outlined above.
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