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An approach for modeling three-phase
piezoelectric composites

Raul Guinovart-Diaz**", Reinaldo Rodriguez-Ramos?,

Yoanh Espinosa-Almeyda®, Juan Carlos Lopez-Realpozo?, Serge Dumont:,
Frédéric Lebon and Aura Conci?

In this work, three-phase piezoelectric fibrous composites distributed in a parallelepiped cell is studied. The statement of
the mathematical problems and the formulation of the local problems by means of the asymptotic homogenization
method are presented. Closed-form formulae are obtained for the effective properties of the composites for different
configurations of the cells. The present method for thick and thin mesophases can provide a point of reference for
comparisons with other numerical and approximate methods.

Keywords: homogenization; determination of effective properties; elastic materials

1. Introduction

The detailed investigation of physical and geometric structures of the composites and the main characteristics of their compo-
nents have been investigated by many theoretical and experimental works during the recent decade. An example is represented
by the composite piezoelectric because of its application of sensors and actuators, its mechanic active control of the structures
(elastic deformations, vibrations) or its effect induced by means of the interaction on the electric and mechanical fields.

Different micromechanical models of piezoelectric composite materials have been applied for understanding the coupling behav-
ior between the electric and mechanic field and to predict the electroelastic effective properties (for example, Benveniste [1],
Zhangetal., [2], Jiang et al., [3], Dinzart and Sabar [4], Rodriguez-Ramos et al., [5], Xu et al., [6] and Eynbeygi and Aghdam [7]). An appro-
priate description of the coupling phenomena produced for piezoelectric-reinforced materials is often of interest, including non-well
bonded reinforcement (Wang and Pan [8], Gu et al., [9]) or coated inclusions (Shen et al., [10]; Shiah et al., [11]; Xiao et al., [12]) added in
the matrix. Both cases represent interesting approximations of imperfections that occur in the contact region between the fibers and
the matrix.

In this work, a third phase between the matrix and the fiber is considered for a better understanding of the idealization of the complex
phenomenon that occurs at the interface. This third phase is taken as a thin layer that represents the transition zone (interphase or
mesophase) between the fiber and the matrix (Jiang and Cheung, [13], Guinovart-Diaz et al., [14,15]; Yan et al. [16], etc). The mesophase
can be produced because of the chemical interaction between the constituents or it can be introduced intentionally to protect the
fibers from the direct influence of the matrix.

Many works associated with coated inclusions modeling by three-phase or multiphase piezoelectric composites can be found in
the literature. For example: Jiang and Cheung [13] obtained through a self-consistent approach an analytical solution of a three-
phase piezoelectric cylinder composite under antiplane shear and in-plane electric field applied at infinity, and they showed the
non-monotonic dependence on the effective moduli of the fiber and the shear modulus. Sudak [17] analyzed elliptic piezoelectric
inclusion coated using an intermediate layer in an unlimited matrix containing the electroelastic stresses and concluded that the inter-
mediate layer produces considerable effects on the electronic performance of devices. Yang and Gao [18] used the complex variable
method, in which the complex potentials are given in the power series form. They investigated the electro-elastic fields in an infinite
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matrix with N coated-piezoelectric inclusions. Yan et al., [16] applied the eigenfunction expansion-variational method to the antiplane
electroelastic behavior of three-phase piezoelectric composites with doubly periodic microstructures. Moreover, Guinovart-Diaz et al.,
[15] show only the plane analytical expressions of the effective piezoelectric properties for three-phase composites. In this case, hexag-
onal and square arrays of the cells are studied. Recently, Rodriguez-Ramos et al., [19] derived the piezoelectric effective properties for
three-phase composites, but for the antiplane problems, and a comparison with the spring model and finite element method (FEM)
approaches is given.

The main aim of this contribution is the determination of the whole set of effective properties for three-phase piezoelectric fiber
unidirectional reinforced composite with parallelepiped cell symmetry. Two approaches are used for the investigation of the macro-
scopic behavior of the composites. The asymptotic homogenization method (AHM) and the Finite Element Method (FEM) are applied
to the aforementioned composites. The explicit derivation of the solution of the plane and antiplane local problems are given. The
FEM formulation for three-phase composite is an extension of the idea developed by Nitsche [20], Becker et al. [21], and Dumont et al.
[22], in which it is possible to discretize this problem using standard FEM with standard error estimate. The estimation of the effective
piezoelectric moduli taking into account the fiber distribution within the matrix, the choice and permutation of the constituent phases,
and the influence of the volume fractions are reported. In addition, it shows the anisotropy character of the composites induced by
the distribution of the fibers arrays. The new elements of this work (as compared with previous papers, Guinovart-Diaz et al., [15, 23],
Rodriguez-Ramos et al., [19]), with respect to both the AHM and FEM methods, consist in that it is the first intent to give a complete
characterization by numerical (FEM) and analytical expressions (AHM) of the effective properties of the composite with a parallelepiped
cell. These expressions contain the information about the constituents, fiber volume fraction, influence of the mesophase, and the peri-
odic cell. This analysis leads to monoclinic behavior of periodic piezoelectric composites with the parallelepiped cell. The present work
generalizes other relative investigations, like the aforementioned references by the previous authors of this contribution, and new ones,
such as Rodriguez-Ramos et al., [5], in which effective elastic properties using three different approaches for composite materials under
imperfect contact adherence are calculated. Kari et al., [24] used numerical homogenization techniques based on FEM to calculate the
effective properties for different three-phase types of composites. In addition, the effects of interphase volume fraction and the mate-
rial stiffness for transversely randomly distributed fiber or spherical particle composites are investigated. Sevostianov et al., [25] gave
a comparative analysis of different approaches: differential approach, three-phase and spring models using AHM, to model fiber rein-
forced composites with imperfect interfaces and periodic square arrangement of fibers. The generalization consists in the following
issues: the fiber distributions generate a parallelepiped cell in the composites and the entire sets of piezoelectric effective properties
associated with plane/antiplane problems are provided, where we obtain a more general class of symmetric in the global behavior of
the composite.

The outline of the paper is as follows: In Section 1, an introduction is presented. Section 2 proposes the two-scale asymptotic
homogenization method and the statements of the plane and antiplane local problems. In Section 3, the finite element model is
developed. Moreover, Section 4 is devoted to present some important validations of the present models. Finally, some conclusions
are written.

2, Statement of the mathematical problems and the formulation of the local problems for
three-phase piezoelectric composites

Consider a three-phase fiber piezoelectric composite as shown in Figure 1. The composite consists of a parallelepiped array of two
circular and concentric infinitely long fibers of radius R and Ry = R + t (R < Ry), where t is the thickness of mesophase. Different
materials are embedded in a homogeneous medium, where the matrix (1), mesophase (), and fiber (2) are made of piezoelectric
materials or inactive materials. Also, each homogeneous phase is taken as a material with 6 mm symmetry. The interface conditions
between the two contiguous phases occupied by S; (s = 1, I, 2) are assumed to be in perfect contact along the interfaces I'y =
{z: z=R€?,0<6 <2r}andT, = {z: z=Re?,0 < 0 < 27}.The axis of transverse symmetry coincides with the fiber direction,
which is taken as the Ox; axis. Moreover, the fibers are periodically distributed without overlapping in directions parallel to the Ow;-
and Ow,-axes, where w; # 0 and w; # 2 (Wy # Aw;, A € R) are two complex numbers that define the parallelepiped periodic cell
with angle 6 = £ (w4, w,) of the three-phase composite (Figure 2).

The coupled system of partial differential equations with coefficients rapidly oscillating for linear piezoelectric heterogeneous
structures is

(Coay) us + eiy(y) ¢f)j=0, (el Wug; — ki (W¢g), =0 in Q. (M

The equations (1) represent a system of equations for finding u; and ¢, where u; and ¢* are the mechanical displacement and
the electric potential, respectively. The material elastic properties Cjy, piezoelectric ey, and dielectric «j are piecewise functions. For
simplicity, from now on, the superscript ¢ will be omitted on the material functions that satisfy the symmetries Cjy = Gy = Cuy, exj =
ewi, kik = K. In addition, the elasticity tensor and the dielectric permittivity tensor are assumed to be positive-definite. The comma
notation denotes a partial derivative relative to the x; component, that is, U,; = dU/dx;.

For a complete solution, it is necessary to assign suitable boundary conditions, for instance
U‘-’2 = 0,'} O';nj = 3,‘} ¢8 = ¢0; Dfn,— = 0, on BQ, (2)

1

where {1;, 5 and ¢ are the prescribed displacement, force and electric potential on the boundary of the composite.



Figure 1. Three-phase periodic composite reinforced by fibers.

Figure 2. Composite consists of a parallelepiped array of two circular and concentric infinitely long fibers.

2.1. Local problems

The solution of equations (1)-(2) is represented in the form of asymptotic series in powers of the small parameter ¢. The well-known
asymptotic homogenization method reported by Rodriguez-Ramos et al., [26], as well as the local problems on the periodic cell and the
effective coefficients analogous to those reported in Guinovart-Diaz et al., [14], being this, is the main aim of this work. The solutions
can be solved asymptotically posing the ansatz:

u(x) = wo(x,y) + ewi(x,y) + O (%), 3)

¢(X) = ¢O(Xry) + 8¢1 (le) +0 (52) ’ (4)

and stating the two scales. The functions wy, w1, ¢o, and ¢, are periodic with respect to the fast variable y = x/e and satisfy certain
differential equations related to the original system. The functions wy and ¢y are independent of the variable y, that is, wy (x, y) = u(x)
and ¢o(x,y) = ¢(x); they are the solutions of the homogenized problem

(C;(I Uy + € ¢,k)J =0, (euy —Ki$yr),=0 in Q. 6)
where C,.;fj(,, e;j.j, and «; denote the effective properties of the composite. Observe that original problem (1)—(2) with rapidly fluctuating
coefficients are transformed in a new problem with constant coefficients and analogues boundary conditions (2) for the functions u(x)
and ¢ (x).

The composite material considered in Figure 1 supposes that the heterogeneities are very small with respect to the size of the body
and that they are uniformly distributed. This is a realistic assumption for a large class of applications. From a mathematical point of view,
this distribution is modeled by supposing that the composite is a periodic one, and the small parameter ¢ denote this periodicity. The
multiple-scale method is well adapted to the periodic framework in which we are focused in this work. Even the first approximation of



the solutions in problem (1)—(2) yields an error of order ¢/L, where L is a macroscopic substantial characteristic of the heterogeneous
body, in comparison with the solutions of the problem (5). This value is within thousandths of the one percent for many composites
with a fine scale (¢ < L) and it is sufficient in order to predict the effective properties of piezoelectric composite materials [27].

The second term in the asymptotic expansions given by (3)—(4) yields important information about the local variations of solutions,
via the cell problem. The so-called local (or canonical) problems associated here with the correction terms w; and ¢; to the mean
variations wg and ¢, respectively, because they appear in the formulae of the effective properties. Because of the linearity of the main
equations, the corrections terms wiand ¢; can be obtained as a linear combination of some such displacements and potentials. This,
however, will not be carried out here because the main objective of this paper is the characterization of the effective properties.

Nine local problems arise, and they are denoted as p4L, ,L over the periodic unit cell, defined in the following (for instance, Bravo-
Castillero et al., [28] and Sabina et al., [29])

The general statement of the local problems are presented in a compact form as follows:

7053 =0, D=0 in S (6)

HL@X,-(S) [[f;Y(‘)]]y =0 on T, 7)
[[ffaiés)ns]]y = \I/;”ns, I:[ngs)n,;ﬂy = \115(2)”5 on T, (8)
(#X) =0, (#Y)=0 9)

Where 704 6 = C,f;k)AX(s) +ef,3$Y§f), #Ds = es(i)/.\X(S) —eofc&(i)Yff) and the summation convention is also understood for Greek indices,
which run from 1 to 2; no summation is carried out over upper case indices, whether Latin or Greek. The outward unit normal vector to
the interface I'y, is n. The double-bar notation [f],, is used to denote the jump of the relevant function f across the interface Iy, i.e,,
Ifl; = O —fD and [f], = FP — f@, whereas the indices (1), (I), and (2) denote the matrix, the mesophase and the fiber properties,
respectively. Besides, n; is the component of the outward unit normal vector n to the interface I'y,. The angular brackets in (9) define
the volume average per unit length over the cell, thatis, (F) = y fs F(y)dy.

From (6) to (9), it is clear that y(fs ) and zDg are the iS-components of the stress tensor and the §-component of the electric
displacement vector, associated with the displacement X and the electric potential Y .

The ,4L problem is formulated as seeking displacements qu,(‘) (y), the electric potential poN© (y), which are periodic of periods
w; and w; and solutions of (6)—(9), where # = pg and the values for \115(”, \115(2), Xk(,;) and Yk(;\) are shown in Tables I and II. The ,L
problem is similarly stated for functions ,,Pf” (y) and ,,Q(S) (y), considering that .# = p. Only the solution of a few of these local
problems is required. It depends on the-no-zero values of the properties. A more detailed explanation about this situation can be found
in Rodriguez-Ramos et al. [5]).

Table | shows the specific form for the local problem boundary conditions \118(”, \1'8(2) for each local problem, and Table Il illustrates
solution functions Xk(jf, Yk(jz, to be found for each local problem.

The homogenized (effective) moduli are given by the following expressions:

C,qu (Cl/pq + Cl]kl qukI + €xij qurk) ,'p = (eipq + eju qukI — &oKik qu:k),

e = = (epij + Gyt pPiis + €xij pQuk). g0k = (eokip — €t pPis + €okik pQuk) s

where the star denotes the overall property.

Table I. Local problem boundary con-
ditions (7)-(9).

F \IJ(1) \11(2)

Table Il. Local problem
boundary  conditions

(7)-9).
[

PA  paUys ) qu,gf)

P oP3 070




Table lll. Electroelastic material properties.

Epoxy 1 Epoxy 2 PZT-5 PZT (7A) BaTiOs
Cq1(GPa) 8 4.445 133.91 148 150.4
Cy,(GPa) 44 2.189 68.98 76.2 65.63
C3(GPa) 4.4 2.189 68.98 74.2 65.94
C33(GPa) 8 4.445 133.91 131 1455
C44(GPa) 1.8 1.128 3246 25.696 (25.4) 43.86
Ce6(GPa) 1.8 1.128 32.46 359 42.37
e (C/m?) 0 0 —2.1 —2.1 —432
e;s(C/m?) 0 0 9.5 12.3(9.5) 17.4
e15(C/m?) 0 0 9.2 9.35(9.2) 11.4
ki1(nC/Vm)  0.0372 0.079 4.071 4,065 (4.071) 12.8
k33(nC/Vm)  0.0372 0.079 2.079 2.35(2.08) 15.1

Then, overall properties are the sum of the arithmetic mean plus the effect of the several properties mismatch at the interface
between the two homogeneous phases. At this point, it is worthy to remember that the nontrivial solutions for the pqL problems (U, N)
are ::i)etermined by the no-null valu(e)s of Cq(ks,) and ek(;), similarly, the values P, Q, (,L problems) are governed by the properties ek(,;) and
S s

gok;; - Then, note that properties e can be calculated through either one of two local problems. Overall piezoelectric coefficients (10)

may be calculated from the solution of ;4L and ,L problems; hence, these effective properties are the sum of arithmetic mean plus the
effect of e(s), (5) Cu(ks,) discontinuities at the interface matrix-fiber.

From the structure of the local problems, whether 4L, and ,L, it is possible to verify that each ones uncouples in two sets of
equations. Uncoupled elastic plane-strain systems for quéf), pP(ff) and a coupled elastic antiplane-strain and electric system associat-
ing pgUs® and pgN'®, for L, whereas ,P{”and ,Q ' are tied for ,L. The non-vanishing components of the ¢, e, g and tensors
lead to the non-homogeneous problems that have a non-zero solution. These correspond to five uncoupled elastic plane-strain prob-
lems 11L, 2L, 33L, 12L and 5L and four coupled elastic antiplane-strain and electric and magnetic potentials systems 3L, 3L, 1L

and ,L.

2.2. Antiplane local problems 43L, (0 = 1, 2)

The mathematical statement of local problems 3L, is now formulated. For simplicity, only the main results of the local problem 3L are
shown and the pre-index will be omitted in the expressions. The fundamental problem, which consists in finding the corresponding
functions UL = U® and N© (s = 1, I, 2) that satisfy the Laplace equations, the perfect conditions at the interfaces I',, and the null
average over the periodic cell, takes the following form:

(cspu? + e§Ny) =0, (eRuP - GINS) =0 in s, (1)

[Uly=0 [N, =0, on ry, (12)

[[o,-jnj]]y = —[[ Gjaz ]]y nj, [[Djnj]]y = —[[e,m]]y nj, on T, (13)

{U)=(N) =0, (14)

where GU = CoUP + e(s)N(s) D(‘) = /(;k)U(‘) (S)N(S) and the angular bracket defines the volume average per unit length

over the area V of the cell, U and N belng the local functlons correspondlng to the mechanical displacements and the electric potentials
associated with the present local problems witha = 1, 2.

Thus, the functions U and N are sought in such a way that they also are doubly periodic harmonic functions of the complex variable
z =y + iy, in the parallelepiped periodic cell S, with the periods w; = 1and w, = €?,0 < 8 < /2 (Figure 2).

2.3.  Solution of the local problems 3L, (¢ = 1, 2)

The mathematical statement of the present problem is considered. Doubly periodic harmonic functions are to be found in terms
of the following Laurent and Taylor expansions of harmonic functions U and N over the region S; matrix, S, mesophase, and
S, fiber,



UD(z) = Re

NO@z)=pel Zb +i° RY +ii Z2Y b b ins
= R, 0 7 p R, NkpOk ¢+ 1

p=1 k=1 p=1 s
UD(2) = Re ioa ) (& P+§oa(/) (E)p NO(2) = Re iob(/) ( ) +Zob(/)( ) ins,
= RAWA = P \R ' = z '
U (z) = Sor (21 N@ g - Sog (2V L
(z) = Re F; & (E) } N*(z) = Re ; dp (E) , inSy,
where i, = _%Rkﬁ-p OZO: of: (mw, —|—nw2)_(k+”), m+n # 0, k+ p > 2 with the unknown constants

m=—00 Nn=—00

ap, a,é’), a(_’)p, b b(') bﬁ,)g, ¢, and d, are complex undetermined coefficients; w;, w, are the periods of the parallelepiped array,
respectively (Flgure 2) The superscript ‘0’ next to the summation symbol means that ‘p’ runs only over odd integers so that each term
in (15) has the same anti-symmetry property as M) and N0, namely, U (—z) = —UY) (2), N (=z) = —N?)(2) (see more details
in the works of Bravo-Castillero et al. [28] and Sabina et al. [29]).

Substituting the previous expansion (15) into the contact conditions at the interface (12)-(13) after some algebraic manipulations,
we obtain an infinite systems (Appendix A) of eight equations with the unknown constants ap, a;'), 'ﬂ%, b b(’) bﬂz,, Cp, and d.
Once we have the unknown constants, we can determine the effective coefficients given in the following section.

2.4. Antiplane effective coefficients

The corresponding effective coefficients related to the local problems 3L, are shown.
Effective coefficients associate with the local problem 3L,

C1*313 = (Cy313) + (Cizz1 Uq) + (en13 Ny), C3<313 = (Caz32 U2) + (€223 N2,
(16)

el = (en3) + (e1z1 Uq) — (k11 Na), e33 = (enz Ua) — (k11 Np).
Effective coefficients associated with the local problem 3L,

Cizpz = (Cizar Un) +(en3s Nia), Gozpz = (Giziz) + (Giziz Up) + (ens Np), )
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e;kzg, = (e131 U1) — (k11 Ns), 6;23 = (ex23) + (enz Upz) — (k11 N2).

The local functions U and N are the solutions of the local problems (3L, respectively. The expressions of the effective coefficients (16)—
(17) are transformed applying Green’s theorem to the area integrals. Subsequently, using the previous expansion (15) into the lineal
integrals and by the orthogonality of the system of functions {cos (nx), sen (nx)}n=_ in [0, 27], the analytical expressions of the
dimensionless effective properties are obtained as functions of the unknown constants a; and by associated with each local problem
13L, or 3L, as follows:

(@) in local problem 15L,

. Vi + V. s _ %
Clns — iChs = (Grzis) + % (=1 [ao + ) Cama + 01} + ﬁz (ha— A1) ar+
1

k=1
y N ¥ (o) _ V. AMAaT
o (0 ) [t 3+ |+ (20 ).
1 k=1 2

(18)

. Vi + V.
ey3 —iey; = (ens) + ( IR1 2) (E(I)\M T - E( )) |:Go + Z akTk1 —|—a1:| + = (E(z)\/)tzfz E1(5 VA1T1)C1
k=1

Vi + V. A
_irv) (=1 |:bo+z brnia +b1i| - = vian - 20 h di,

Ry T
k=1 2



(b) in local problem »3L,

, , Vi + V. s _ %
Ciags —iG3p3 = —i{Ciziz) + (M = 1) % |:Go + Zoakﬂm + G1i| + (A2 —41) qu +
! k=1

vV, + V. AArty | V.
(51(9\/1171 Em) ( IR 2) |:b +Z bk +bj| ’51(52))»2—’-:1(51)\/1721 deh

k=1
(19)

) e (V/+V2) — _ — —\ V2
ETB —16;23 =— 6113 ( 15) E”)) do + Zoakrlm +a; |+ (E1(52) Azl’z —Enl(é) 11‘51) FQ—

k=1

Vi + V. - . A %
— = Y S o 4 by |- (Vim0 ) 2,
R R

T
k=1 2

(c) in local problem 1L,

] Vi+ V. V, Ahit
€f13 —iejps = (ens) + (ITZ) (A = 1) /Gy |:Go + ) Cani + a1:| + 5 e Vgt — 2+
! E V

k=1 A2

Vi + V.
+Q?J¥$WMW4Q%K%M h+XNWWM}+Rc@“@@mﬂm—ﬂwhﬂm,
1

k=1

(V, + V) i V. Mot
/ 2 - 2 10112
KH IK21 = <K11> - TK1(11) (Eg) v 3111 — E1(51)) |:ao + Zoakmﬂ + a1:| — K(11) R E1(52)‘[2 — E1(SI) G+

A
k=1 2

V4 V. = LV
+ gxﬁ) (=1 |:b0 + Zobknﬂ + b1j| FKH 3 (2 —m)dy,

Ri k=1
(20)
(d) in local problem L,
Vi +V2) - 2 AT
. . 2 - 182
€313 — ieyys = —i{exns) + R (A1 = 1) e |:Go + Zoakﬂm + G1i| RV s | Vo — G+
1 —1 A2
v+ V
+ ITZ) (E1(52) M —E1(51)) Ci3tarey | bo + Z beia + by | + = /e (E(Z) data — )Y A‘T‘) o
k=1
V; + V) i V. Tt
Ky — ik = — i (ka) — ———22c D (E ( O ot Eg)) a0 + Zoak”’“ ta |- 20 [ERn -0 [H102 ) 0y
Ry L R e
V4 Vv s _ Vy
U e | 6o + > obun + by | + =k (z2 — 1) .
Ry = R
@21

Also, (f) = f DV, +f OV, +f DV, where V;, V,and V, are the volume fraction per unit length occupied by the matrix, mesophase,
and the fiber, respectively. Moreover, Vi + V, + V, = 1 and V = |wy| |w;]sin 8 represent the volume of periodic cell. Besides,

A= C1(é)13/C1(311)3, Ay = C1313/C1313r u = K1(1I)/K1(11)f 2 (2)/’<1(1) E1(ss) = 1(15)3 \/C1(3533 "1(15)1 s = 1,1,2. The expressions (18)-

(21) of the effective coefficients depend on the material properties, volume fractions, and the unknown constants ag, bo, ax, by, 1,
and d;. The unknown constants can be found analytically from the system obtained in Appendix A.

2.5.  Analytical solution of the plane local problems 4L

The solutions of the uncoupled elastic plane-strain systems are presented in this work because this kind of problem, to be more specific
the plane problems (4L is the one that explains the piezoelectric effect that results from a two-phase composite with one intermediate
phase having elastic or piezoelectric properties.



The mathematical statement of the plane problem in terms of the local function is the following:

00525 =0inY;,

[[U,(S)]] =0onTIy; [[Ui(s)ﬂ =0on Ty
1 2 (22)
[[ ugS)”b’]] = —[[Gisqq]l, ns on T'; :g’S)”Sﬂ = —[[Cisqq]l, ns on I,
(U) =0,

where 0§ = (ks + mOUSY + (ks = mIUSY, 0, = (ks = m)U; + (ks + mUs3, 08 = mg (Uf9 + US3)) , being
) @) () ) ) () @)
ks = (CHSH + Cnszz) /2, s = C11533 = C22533, ms = C12512 = (Cnsn - CHSZZ) /2.

The method of complex variables in terms of two harmonic functions ¢;(z) and ¥(z) and the Kolosov—-Muskhelishvili complex
potentials are applicable. The potentials are related to the displacement and stress components by means of the classical formulae:

2m, (U(” ¥ iu(”) = ksps(2) — 29/ ,(2) — Vs(2),

o + 03 =2(0(2) + 75 (2)), 23

o3 — “’ +2m1“’ 220! () + (@),

where the prime denotes a derivative with respect to z, the overbar is a complex conjugate, and ks = 3 —4v[; here, v/ is the transverse
Poisson’s ratioand s = 1,1/, 2.
From equations (22), and (23),, we obtain

1[0 @=26{@ =@ =[x 0@ -2/ @ @] onT, (24
12 [k 0@ =26/ @ = 1@ = 11 [ 2@) =28, @ ~¥>@] on T, 25)
and from (22)3 and (23),—3, we can write

26](2) + ¢1 @) + V1(2) + 201(q) + 212(q) = 25/ (@) + Vi (2) + @(@)on T, (26)
29/ (2) + 91 (2) + Vi(2) + 2y3(q) + 2va(q) = 23} (2) + V2 (2) + @2(2) o T, 27)
with X1 :m,/m1; X2 :mz/m1 .

The complex potentials functions ¢s(z) and ¥(z) are searched for the periodic cell that contains the origin of coordinates in the
following form [29]

01(2) = ao(z/R1) + i"ap(m /2y + ki ° i *auip 2/R1 )P, (28)
o= = =
1@) = bo(z/R1) + i °bp(R1/2)P+ ;i © i Cbinip(z/R1)P + ;i ° i °kakR erkTerk(z/R1 )P, (29)
= = = = =
o(2) = §°ck(z/R)k+ :21 ck(Ri/2), Yi(2) = §°dk(z/R)k+ 2 °d—(Rr/2), (30)
2(2) = ;i “ex(z/R), ¥(2) = gf’fk(z/ﬁ’)k. (31)

where T, = Z’%, p+k > 3and Cg+k = (Zj—:,)! . The double-periodicity and quasi-periodicity of these local
mn 1 2 A

functions U (2) and U,(z) lead to ap = —A1aiR? + [(As + k1A3) b1R2/ (k1 + 1) (k1 — 1)] and by = [Askiay + Asay — Arby | R3. Also,

= (W82 —w281) / (Wiwa —wawz), Az = (Wi82 — wad1)/ Wiwa —wiwp) and As = (Wija — way) / (Wiwy — waws), where
8i = 2t(wi/2), yi = 2Q(w;/2) — wip (w;/2), 9(2) is the double-periodic elliptic Weierstrass's function, Q(z) is the meromorphic
Natanzon’s function related to (z) and the quasi-periodic Weierstrass ¢ (z) function such that ¢’ (z) = —p(2).



Replacing the expansions (28)-(31) into the contact conditions (24)-(27), after some convenient algebraic manipulations, we obtain
the infinite systems of equations (Appendix B) with the unknown constants a,,. The complex unknown constants a, and their conjugate
denoted by the overbar are the solutions of the corresponding local problems 4,L. The sum by the repeated indices j, k and p are
applied with j, k, p = 1,3,5,...and §;,, is the Kronecker’s delta and the magnitudes that appear in the system are written in Appendix
B. The solutions of the systems of each local problem depend on the material constants, geometry of the fibers, and the different
fields related to the problems 4L. Once we have the unknown constants, we can determine the effective coefficients given in the
following section.

2.6. Effective coefficients in plane

The corresponding effective coefficients related to the local problems &L (# = qq, 12) are shown

(a) elastic coefficients:

3
TL? = (Cng) — %MRQ |:|[m]]1 |:K[C_1 — E’:C};Rf1 — d1&:| + [[k]h |:(K/ — 1)C1% —d_1:|] —

m1R1 R3 R
X2 V2 Ry Ry
- ZmizRRe [[[m]]z [K/Cﬂ i 3¢ — d1] + [k, [(K/ -1Na—d FH ,
1 (V) + V. R3 R R
Cho = (Coz) + 7%% |:[[m]]1 |:K/C_1 - 3c3R—; —d F]} — [, |:(K/ 1 ﬁ —d_1]] +
(32)
V. R R
425 ekl e~ 360 o | < 1 [0 - D e - ],
[m]; (Vi + V2) R} Ry 12Iml, Va Ry
¥ o =(C - _ 36— +di— | — — 11— +3 di |,
1z = (Cgz) o mR m | kic—1 + 63R3+ 15 o msz KIC—1p + 3¢ + dh
[, (vi + Va) R e, V2 R
Chy = (Cogp) — T 2 pal o — 1yt —dy | — 2 Rel(—1)cr —drt |,
37 = (Cz) R, el —"1aq o 1 po—— el —"1a 1R
(b) piezoelectric coefficients:
lesnlly (Vi + Va) R x2lesnl, Vo R
r = - D Rel (=1t —dy | = 228802 2 gal 1y —d_y 2 |, 33
&5y = (e37) 2 iR, el —1a R 1 MR e| (ki —1)¢ 15 (33)

where |V| is the area of the periodic cell and uses the short notation. The expressions of the effective coefficients (22) and (33)
are acquired after applying the Green’s theorem to the area integrals in the corresponding (10) in the plane local problems L.
Subsequently, using the previous expansion (15) into the lineal integrals and by the orthogonality of the system of functions
{cos (nx), sen (nx)}n=_ . in [0, 2], the analytical expressions of the effective properties are obtained as functions of the unknown
constants ¢;, ¢c—, ¢3, dy and d—; associated with each local problem gL and are defined in Appendix C.

The problem 3L contributes only with piezoelectric effective coefficients that satisfy the symmetry condition e}, = e%;; and the
non-zero dielectric permittivity component given by

lesn]; (Vi + V) R x2lesnl, Ve R
5= ——R -1 ——d— L= <2 R - —d—|. 34
K33 = (Kk33) + X1 R el (ki —1)c R 1|+ 2 R el —1)a 1R (34)

3. Finite element method

In this section, a finite element approach is proposed in order to solve the three-phase problems. First, the uncoupled elastic plane-
strain problems ,4L can be written

6 _n;
Uas/,;—OIan

[[u“)]l =0onTI}y, [[u“)]]z =0onTy, a5
l:[o © (u)n]]1 =S;onTy, I:[o © (u)n]:l2 = S,onTy,
(uy =0,

where o (u) = Ce(u), Sy (resp. Sy) is the jump across I'q (resp. I';) given in equation (13).



In order to take into account the jumps in the constraint, a discontinuous Galerkin method has been developed and a weak
formulation of (35) can be written as

2 2
Z/US sefdy + Z[ (o Wn); [v]; + [ull; {o* (v)n)pdl + %/HU]], [vl;dl = —Z[S,- (v); dl, (36)
sy,

i=1 T T i=1 T

where h is the size of the mesh and B is a constant (independent of the mesh) large enough to ensure the stability of the problem
[20,21]).

Using this formulation, it is possible to discretize this problem using standard FEM with standard error estimate [20-22]).

In case of coupled antiplane problem 3L, (@ = 1, 2), it is easier to work with vanishing jumps. For that purpose, one can make the
change of variables

a3U(Y) (E) = a3U(Y) (E) + ég_ocr (37)
and then, equation (13) becomes
[a;n ], =0, [Djn]l y=00nT, (38)
and equation (14) is transformed into
(20 ®) = (Ga)i (N ®) = 0. (39

Equations (11) and (12) remain unchanged.
Finally, the effective coefficients associated with the local problem ;5L are defined by

Gz = (GizisUn) + (en3Ny), efy3 = (ensUa) — (k1iNs). (40)

The coefficients (53,5 and e3;5 are computed as in equation (16).
Effective coefficients associated with the local problem ,3L are defined by

G = (C13130,2> + (en3N2), €33 = (9113[/,2) — (k11N2), (41)

and the coefficients C}5,5 and ef,; are computed as in equation (17).

Let us notice that, for every small thickness of the mesophase, it is very expansive to mesh the mesophase finely because it is nec-
essary to have neighboring elements with similar size, and consequently, the mesh has to hold a huge total number of elements (over
than 10° for e = 1073). Then the results obtained with this method in the last section are realized with a rough discretization of the
mesophase, leading to a lesser accuracy of the results provided by this method.

4. Analysis of results

The effective properties of the polymeric matrix containing piezoelectric material in homogeneities are evaluated with the proposed
micromechanical models and with the finite element analysis. The electro-elastic properties of the constituent materials are shown in
Table llI. The polarization is assumed to be x3 direction. The aim of this section is to point out the effects of the fiber-matrix mesophase
on the piezoelectric properties of composite materials based on the asymptotic homogenization. To date, to the authors’ knowledge,
the problems associated with the calculations of effective properties with piezoelectric materials and inhomogeneous interphase con-
ditions have not been proposed sufficiently in the literature. The obtained model is applied to the situation presented in Figure 3 for
a composite with imperfect contact between the matrix and fiber and modeled by a thin interphase (Figure 3(a)). A composite with
ring-shaped fiber considered in Xu et al. [6] (Figure 3(b)) and a three-phase composite with a thick mesophase (Figure 3(c)) are studied
in detail. Some numerical results derived from the present model are given in order to illustrate the effect of the mesophase and their
validation with other approaches.

matrix
mesophase

fiber

;]

a) Thin mesophase b) Ring-shaped fiber c) Three-phase composite

Figure 3. Fig. 3(a) Thin mesophase; Fig. 3(b) Ring-shaped fiber; Fig. 3(c) Thick mesophase.
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Table IV. Effective properties calculated by three methods: three phase approach (3-phases), AHM spring model and FEM, for
PZT-fiber/BaTiO3-mesophase/Epoxy 1-matrix and different mesophase thickness n = t/R,.

n=t/R (G (5 Cha Cos (C1*1 + C1*2) /2 e ex ers K33 K
3-phases 8.7079 50.029 3.6054 4.7981 12.83 —0.15722 7.0553 0.018735 2.2548 0.108
107! spring 7.5038 40.843 3.1132 3.9228 10.911 —0.093894 54118 0.013488 0.97711 0.086557
FEM 8.707 50.029 4.729 3.605 12.830 —0.157 7.055 0.0138 2.200 0.107294
3-phases 7.6352 41.734 3.1631 4.011 11.116 —0.099654 5.5693 0.013921 1.0994 0.088299
1072 spring 7.534 40.863 3.1221 3.9384 10.955 —0.094341 5.4115 0.013556 0.97711 0.086556
FEM 7.635 41.733 3.951 3.163 11.116 —0.0997 5.567 0.014727 1.06800 0.087670
3-phases 7.547 40952 3.127 3.9471 10.975 —0.094909 5.4272 0.013598 0.98928 0.086727
1073 spring 7.537 40865 3.123 394 10.96 —0.094386 5.4114 0.013563 0.97711 0.086556
FEM 7.550 40.977 3.8890 3.128 10.980 —0.095 5.425 0.014414 0.96000 0.086132
3-phases 7.5383 40.874 3.1235 3.9408 10.962 —0.094443 5413 0.013567 0.97832 0.086573
10~ spring 7.5374 40.865 3.1231 3.9401 10.96 —0.094391 54114 0.013563 0.97711 0.086556
FEM 7.539 40.893 3.8414 3.124 10.962 —0.094 5411 0.014382 0.94900 0.0859492
3 0
25 .0.02}
= 2 i 4
= T -004f J
2 15 mmm= AHM-3 phase| | O H
'03 . AHM-spring .mg -0.06 ’,'
[
0.5 -0.08 ’,’
0 0.1 .
5 0 5 -5 0 5
log(clct) log(e{)rel!))
3 — 5.48
6 5467
) =
S 4 O 544f f
. ‘o ;’
2 542} /
0 : 5.4 .
5 0 5 5 0 5
log( k"k™) log(e{}/el)

Figure 4. Comparisons between the in-plane effective properties of composite with mesophase computed using the exact three-phase solution and the
mechanical imperfect model (AHM spring) in function of the properties of mesophase. AHM, asymptotic homogenization method.

m

In order to validate the present model, some electro-elastic effective properties of a three-phase composite PZT-fiber/BaTiO3-
mesophase/Epoxy 1-matrix with square periodic cells are presented in Table IV for different thickness t of the mesophase. The
effective properties are calculated applying two different approaches by AHM, in particular, the current model denoted by AHM
3-phase and spring model (AHM spring) reported in Rodriguez-Ramos et al., [5] and an FEM for three-phase composite (FEM)
given in the expressions (40)-(41). The fiber volume fraction used in the computation is V5 0.4. In the spring model, the
imperfect parameters are considered as a function of mesophase properties given in the following form:

EI
2(1 + vyt

E'(1—vh

Ko = 1 +vH(1 =20t

andK; = K, = (42)

where E', v/ are the Young and Poisson moduli of the mesophase, respectively. The numerical results of the present three-phase
model (AHM 3-phases) are close to FEM and much more proximate to the values for the imperfect model (AHM spring) when
the mesophase thickness n = t/R, decreases.
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Figure 5. Comparisons between out-of-plane effective properties of composite with mesophase computed using the exact three-phase solution and the
mechanical imperfect model (AHM spring) in function of the mesophase properties. AHM, asymptotic homogenization method

(2) The following figures (Figures 4 and 5) show in-plane and out-of-plane effective properties Cj,, Ci, k™ = (Cf; +

C5)/2, e}, e el i and k3 related to a unidirectional periodic isotropic transversal composite with hexagonal cell made of
Epoxy 2 matrix with piezoelectric PZT-5 reinforcements, which physical characteristics are given in Table lIl. In the computation,
the Poisson ratio of the mesophase is fixed and equal to v’ = 0.34, the imperfect parameters considered in the AHM-spring
model are given by (42), the reinforcement and mesophase volume fraction are V, = 0.5 and V, = 0.001, respectively. The
existence of a thin mesophase (Figure 3a) between the matrix and fiber with thickness t is considered. Figure 5 shows a compar-
ison between the effective properties of composite with mesophase computed using the exact three-phase solution and the
spring model [5] under only mechanical imperfect contact as a function of the respective properties of the mesophase value
& =log (Cﬂ)/(_ﬂ)). It is seen that for a ratio n = t/R = 0.001, the two solutions are numerically indistinguishable for the coef-

ficients except for extremely elevated values of C‘f‘? /Cﬂ), where Cﬂ) /C‘fi) denotes the ratio between the mesophase property
and the matrix. Furthermore, it should be noted that for a large enough value of C‘f"‘)/Cﬂ), the exact three-phase solution attains
asymptotically to the rigid fiber limit, while the imperfect interface solution attains asymptotically to the properties of a com-
posite with perfect contact calculated by finite element in [30]. The two figures also reveal the influence of the mesophase on
the effective moduli and the range where the model of the three-phase composite is equivalent to the model of a two-phase
composite under imperfect contact as reported in Rodriguez-Ramos et al. [5]. The discrepancy between three-phase and spring
models via AHM is because the spring model leads to the properties of two-phase composite without mesophase. The spring
model for piezoelectric composites with imperfect contact is an idealization; in fact, it requires the presence of certain addi-
tional parameters that describe the electrical imperfection between the phases. However, the three-phase model reflects the
presence of electrical and mechanical barriers in the composite.

In Xu et al., [6] is an analytical method using the generalized eigenstrain concept integrated with the theory of doubly
quasi-periodic Riemann boundary value problem is presented. The piezoelectric composites containing the doubly periodic
piezoelectric fibers with a ring-shaped cross-section under antiplane shear coupled with in-plane electric load are investigated
(Figure 3(b)). In this work, motivated by the study of ring-shaped cross-section piezoelectric composites, a comparison between
the out-of-plane effective electro-elastic coefficients by a three-phase model and those reported in Xu et al., [6] is given in
Table V. The angle of periodic cell is § = 45°. The PZT-7A fiber occupied the mesophase region S; with volume fraction V; = 0.1,
and the Epoxy 1 matrix is in the regions S; and S,.The volume fraction in S, region is V, = 0.4. The material parameters used in
the computation are Cﬂ) = 25.4GPa, efé) =9.2C/m?, and K1(1/) = 4.071 nC/Vm. The results have very good agreements.

In Table VI, we consider the same piezoelectric composite reported in Table V, that is, composite with ring-shaped cross-section
and circular cross-section piezoelectric fibers. Here, the angle of periodic cell is 8 = 45°,and therefore, new effective coefficients are
not null. The overall properties of the composite exhibit monoclinic symmetry. The effective properties are calculated by the ana-
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Table V. Comparison between the out-of-plane effective
electro-elastic coefficients for a piezoelectric fiber composite
(Epoxy 1/PZT-7A/Epoxy 1), with ring-shaped cross-section
and the periodic rhombic cell # = 45° reported by Xu et
al., [6] and the present three-phase model by AHM.

(GPa) Caa Cos = Cay G

AHM 3.297088984 —0.090269997 3.11654899
[6] 3.297088971 —0.090269974 3.11654902
(C/m?) e ey = €5 €3

AHM 0.067679261 —0.020945162 0.109569585
[6] 0.067679261 —0.020945161 0.109569583
(nC/Vm) K K5 = Kk K

AHM 0.090446282 —0.009938185 0.110322653
[6] 0.090446283 —0.009938185 0.110322652

AHM, asymptotic homogenization method.

Table VI. Comparison between the in-plane and out-of-plane effective electro-elastic coefficients calcu-
lated by three-phase AHM and FEM models for a Epoxy 1/PZT-7A/Epoxy 1 piezoelectric fiber composite
with ring-shaped cross-section and rhombic periodic cell.

(GPa) o (& (& Cls & s Ge
AHM 11.038 6.218 6.0004 —0.25965 11.119 6.027 0.21933
FEM 10.913 6.332 6.0153 —0.25804 11.025 6.034 0.21997
(GPa) G G Caa Cs Gs Ces

AHM 16.763 —0.013286 3.2971 —0.09027 3.1165 24303

FEM 16.6515 —0.018603 3.2963 —0.09022 3.1158 2.3187

(C/m?) €3 €3 e €3 el e e
AHM —0.048149 —0.04895 1.0564 0.00040 —0.020945 0.067679 0.10957
FEM —0.048047 —0.049167 1.0564 0.00056 —0.020934 0.067688 0.10951
(nC/Vm) K1 K15 K3y K33

AHM 0.090446 —0.0099382 0.11032 0.24463

FEM 0.088040 —0.0093880 0.10683 0.23825

AHM, asymptotic homogenization method.

lytical expressions (18)-(21) and (22)-(34) denoted by AHM and FEM, respectively, reported in Section 3. The results have shown
good concordance.

In Figure 6, we consider two types of piezoelectric composites, that is, composites with ring-shaped cross-section (Figure 3(b)) and
circular cross-section piezoelectric fibers as in Xu et al., [6]. The fiber is PZT-7A, and the matrix is Epoxy 1. The angle of periodic cell
0 = 60° (hexagonal fiber arrangement) is taken; the overall properties of the composites are transversely isotropic at this angle. Only
some effective piezoelectric coefficients, that is, e3;, g, €75 and «3; are shown in Figure 5 in order to illustrate the results. The model
given in Xu et al., [6] and the present model AHM have good agreements for the coefficient e];. The obtained values from the ring-
shaped cross-section fiber composites are very much higher than those obtained from the circular cross-section fiber under the same
fiber volume fraction. The coefficients e}, cg; and k350nly are calculated by AHM. These coefficients monotonically increase in absolute
values when the fiber volume fraction increases for the circular cross-section fiber composites.

In Figures 7-8, some effective properties for three-phase electro-elastic composites are presented versus the mesophase thickness
t/R. Three different cases are considered in both figures. In Figure 7, the parallelepiped cell is fixed with the angle of periodic cell
0 = 45° and the properties of the matrix and fiber are changing, the mesophase is a PZT-7A in all cases, and the circular fiber and
matrix region are two Epoxies. The objective is to study the effect of the soft and hard reinforcements on the effective properties of
composite. The ratio y = cﬁ(g)/cé;) between the shear coefficients of both Epoxies indicates soft (y = 0.01) reinforcement, ring-shaped
cross-section (y = 1), and rigid fiber (y = 100). The effect of soft or rigid circular fiber can be observed in the properties cj;, e, and
e}s in comparison with the ring-shaped fiber composite. The curves of the composite with a rigid fiber exhibit an extreme value inside
of interval [0, 1] and notice that the extreme increases. On the other hand, in Figure 8, it is possible to study the practical significance
of having parallelepiped arrangements of the fiber distribution. Three different parallelepiped arrangements are considered, that is,
0 = 90°, 75°, 45° for the study of the influence of parallelepiped arrays on the effective properties behavior in the composite with
mesophase of PZT-7A and the circular fiber and matrix region made of Epoxy 1. The volume fraction of the circular fiber used for the
calculation is V, = 0.5. Notice the remarkable effect of the cell arrays on different overall properties as the thickness of the interface is
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Figure 6. The effective piezoelectric coefficiente;, Cgs, €75 and k35 for a composite with ring-shaped cross-section and hexagonal periodic cell are calculated by

the present model. In particular, ejscoincides with the equivalent coefficient reported in Xu et al., [6].
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Figure 7. Effective properties for three-phase electro-elastic composites versus the mesophase thickness t/R for different ratios of the shear coefficients.

changing. For instance, the arrays determine the strength or weakness character of the effective properties in the composite. For square
cell (8 = 90°), all coefficients in the left sides in Figure 8 are null in contrast with other arrays. In the right sides in Figure 8, the effective
coefficients presented are very similar for the arrays 6 = 90°, 75°, but for 6 = 45°(red line), appears a noticeable difference. Recently,
research reports have demonstrated the importance of such composites having parallelepiped arrangements of the fiber distribution

in tissues [31] and crystallography [32], and so on.
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Figure 8. Three different cell arrangements are considered, that is, 8 = 90°, 75°, 45° for the study of the influence of parallelepiped arrays on the effective
properties behavior.

5. Conclusions

In this work, closed analytic expressions for three-phase fibrous periodic composites with parallelepiped cells are derived using two dif-
ferent approaches. The analytical formulae derived for all piezoelectric effective properties have a simple form, and the computational
implementation is easy. In comparison with previous publications, a complete characterization of the piezoelectric fiber composite
with periodic array is allowable for different situations: (i) considering a thin mesophase, the influence of the perfect and imperfect
contact between the matrix and fiber is described; (i) for the first time, all effective properties for ring-shaped fiber-reinforced piezo-
electric composite are calculated and compared with a cylindrical fiber case; (iii) a thick mesophase is studied, and the model illustrated
that some piezoelectric properties have an extreme value in comparison with the composite without interphase; and (iv) the numerical
proof showed by the applied models (AHM and FEM) are simple and accurate and demonstrated the influence of arrays in the prop-
erties of composite. In addition, we can concluded that the influence of the mesophase on the effective moduli can induce a strong
anisotropic when the distribution of fibers with different density is taken account and a new coefficient appears and not being when
the cell is considered square and hexagonal.

Appendix A

In order to realize the numerical calculations of the effective coefficient given in (18)-(21), the following linear equations system that
characterizes the contact conditions associated with the local problem ,3L, should be solved. This system can be rewritten into a new
matricial system in terms of ap, aé’), EJ(_’),,, by, b,g’), bﬂz,, ¢, and d, which can be solved by Gauss’s method.

oo

_ Ry

0081p + E oaknkp + ap — a’g’)?l — aﬁz, =0, (A.1)
k=1 2

=

oo
/o b 0 b —
r] |:b0 51,0 —+ Z Dbknkp + bpi| — bp - b—p = 0, (AZ)

k=1

5

N g0 21 -
a,” +a’, - —¢ =0, (A3)
R

o R
Vi [bp“) + bﬁ{,?}] —V1idad, =0, (A4)

2
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Appendix B

_ RP
005”; + Z AkMkp — 0p + E15 |:b081p + Z b — :| - [ ;/) + E{é)bél):l R—;-F
k=1 k=1 2

+ A [(_Jﬁz, + Efé)éﬂ;]] = (A1 = 1) R1 [Ba1 — i82] 81p.

o0 o0
_ . R?
ED |:ao Sip+ > i — ap} - [bo&p + b — b,,} —Van [Ef_,?a;“ b;”] +

P
k=1 k=1 R

)&1 Tl |:E1(é)aﬁi) - Bﬁ;] = (\/ A1 Tl Eg) - E1(;)) R1 [80[‘] - i8a2] (S]p,

o R Ny 4 .
A [alf') - a(_’)p?j + MED [b(') bﬂ;ﬁ] -1 [Cp + E'|(§)dp:| = (A2 — A1) Ry [So1 — i8] S1ps

2

RY - R
\/A1T1E1(5) |: G(I) Rpj| — \/A1T1 |:b!(7/) — bﬁiﬁl} — Azfz I:E%)Cp _dp] =

2 2

- (w/)tzrzEg) — VA Eg)) Ry [Sart — i8er2] S1p-

(A.5)

(A.8)

The infinite systems in term of the unknown constant a,, corresponding to the each local problem 4L, 1oL and 3L are the following:

where

oo oo
ap + H1pa1 + Hzpa1 + Z °Wkpak + ZOMkpak =Tz
k=1 k=1

Hip = By (Aski$1p — F1 (p — A1RT81,) Ar) RY,
Ha =By (A581P -k (’_hp _A1R$51p) ’2‘1) Rf,
Wip = By (F1 (’_71/0 - ;\1R%51p) Mk — AakThp) 1
Mip = By (Gip + F1 (1p — A1RIS1p) ikt ) s

and the independent term is

Brq if F=qq B2 if .7 =qq Bsq if F =qq
withy; = { —i[m], if =12, y, =4 0if F =12, py3=49 0if F=12.
0if #=3 |[e311]]1 if # =3 IIEgn]]z F =3
1 l l 1 1 ! 1 ) ) 2 ! 2
Bro = Cizaq — Co2aq T Clitg — Citag s _ Ciiaa = Ciaa *+ Giaa — Gig s Ciiag — Ciaa + Caea ~ Cz(zo)m
9 2 2= 2 = 2
The magnitudes involved in the system are summarized
- - k =+
Jkp = [(P +2) = (1 + K/)Czp/Bp)] Mk p+2 + Awkilkt2p + kC5+kR1p+ Totkr G = n'(k T = Z NkjTljps
mw, + nw,
Tepr =) o (k+1=3, (m,n) # (0,0))

Tg =N E1 R1(S1p — VzBpF2R1 (ﬁ]p — A]R?Sm) — ]/3BpF3R (77]1,) — A1R$(S1p) ’

n (mw1 + nw2)
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Ap =1+ T 11+ k) (14 x1)(x2 — xR /p(1 — xR A,
Axp = (14 1)/ = x1) + Tip 1 (1 + k) + kD) (x1k2 + x2)Ri/R*P T/ A,(1 = 1),
By = (1= x0)/Onikcr + 1= xalier + Dk + 1) (2 — x1)(R/R)PYap/ Ap),
Cip = 11 (1 +41) (2 = x1)R/R)P Yap/ Ap,
Cop = — x1(1 + k1) (1k2 + 12) R /RPT2 T35/ A,
By =— (X1 + 1= x1(k1 + D+ D2 — x)R/R Tap/Ap)

Tip = (2 — x)C +&)R/RDP + (rn + x2k) O — D(R1/R)P,
T =P+2) (1= x)02—x)[1—-Ri/R?],

T3 = p(x1 — D(xik2 + x2)(Ri/RP [1 = (Ri/R)?],

Yap = (xik2 — x26) (1 — 1) = (ika + x2) G + k) (R /R T,
Ap = T1pTap + 1pT3p,

Fo=Fi/ (=1, Fi=[n(+4x) o+ D)y +280(1 + yaxcr — x1 — k)](R1/4co AoR),

Fa = [(1— k) Ao + o)1 (ki + 1) (1 — Re (A3) RDI(R1/200A0R), F3 = y1 (k1 + 1) (1 — k2) R1 /2RA,
Ao = yoBo — oo,

Yo = Xaki— X2 — xik2 + x1, 8o = (1 — yaik2 — 2x2)(Ri/R),

= [x1 (1 —Re(A3)R?) + [1/2 + Re(A3)RT/ (i — 1)] (ki — D] (R /R),
Bo = x1 (1 — Re(A3)RT) — 1 — 2Re(A3)R}/ (i1 — 1),
x=m/mi; xa =my/my,
ks = 3 —4v], v] is the transverse Poisson's ratio and s = 1,1, 2.

Appendix C

Parameters associated with the analytical expressions of the effective coefficients (22)-(34),

oo
C = £ P~ A1CI1R1 Z akﬂk1) + Pt ,Z\1a1R$ _Zoakﬁm) —PiRiy2 +P2RV4) '

,I _ o0
G = Y1 (14 k1) (x2 — x1)(R/RD)@ — T (14 k1) Ok + x2)(Ri/R)? Zoakﬁks):
! k=1

1 o -
= Yapn (1460 (2= )RR + Vo g1 (14 60) iz + 22) (R /R Z"aknks),
1

k=1
d. = X (1 4+ x1) (R/Ry) 1- (r2—x1) B =D (R/R? + (x1 + k)Y (R/R1)) Gt
b x1—1 A ]
1+ k1) (a2 + i R
00+ )G E 1) (o Ry3 (310 — 1T (Ri/RY — (11 + k) Vs RIRD) S Paiis + —
Ai(x1—1) = ="
14+« _
doy = - D0 g 4 AR - S (@ +aknk1)) YOIU (1 _ Re(Ay)R2) Rrys — 21 G, — )Ry,
0 k=1 0
pt_ So(twm) L GatDR . ImA)RR b (1—Re(Aa>R%) 5, Im (A3) RR
2A, (K +1) Ry T Ao T+
-1 Im (A3) RR
Pzzﬁo(Kz )—2iF3m( 3) 1,
Ao (+ 1)

,I _ o0
G = (731)(1 (14 k1) (2 = x1)R/RN@ — T (1 + k1) (aka + 22)(R1/R)? Zoaknld)r
! k=1

€

1 e -
™ Yarx1 (14 k1) (x2 — x1)(R/RD)ar + a1 y1 (1 + k1) (x1k2 + x2) (Ri/R)? Zoakﬂka),
1 k=1
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d. = X (1 +x1) (R/R1) 1— (2= 1) 3G = D51 (R /R + (1 + k) Yar (R/R1)) G+
' x—1 Ay !

14+« Ky + > R

QLI g,y (3001~ )T R R — G+ )T (B/RD) Y aimis + — X,

A —=1) pe =1
x1v0(1 + 1) - YoX o
170 1 2 - - - 041 0A1
d_, =— Ty v AiR2ay + AR%a, — I;O (kN + aknm)) + A, (1 —Re(A3)R?) Riy, — Ay (k2 — T)Rys.
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