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The purpose of this article is to present a methvbéth consists in the development of unit
cell numerical models for smart composite matengith piezoelectric fibers made of PZT
embedded in a non-piezoelectric matrix (epoxy jedihis method evaluates a globally
homogeneous medium equivalent to the original caeitgaising a representative volume
element (RVE). The suitable boundary conditionsvathe simulation of all modes of the
overall deformation arising from any arbitrary comhtion of mechanical and electrical
loading. In the first instance, the unit cell ispdipd to predict the effective material
coefficients of the transversely isotropic piezoiie composite with circular cross section
fibers. The numerical results are compared to othethods reported in the literature and
also to results previously published, in order wmleiate the method proposal. In the
second step, the method is applied to calculate eheivalent properties for smart
composite materials with square cross section fibé&esults of comparison between
different combinations of circular and square filggrometries, observing the influence of
the boundary conditions and arrangements are prieskn
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Introduction

Smart composites present great potential for amics in
aerospace industry. Among the alternatives to sehseich concept,
there are active fiber composite (AFC) actuatoreetbped by MIT
(Bent, 1993), and macro-fiber composite (MEL actuators
constructed at NASA Langley Research Center (Witkial., 2000).
These materials have been largely investigatedgluhie last years.
Piezoelectric materials (also denoted as PZT) hageproperty of
converting electrical energy into mechanical engagd vice versa
(Berger et al., 2005). This capability allows apalions as sensors or
actuators in several industrial fields, for exampleise and vibration
control, acoustic speakers, precision position robrand structural
health monitoring (SHM). Several approaches (erpental,
analytical, numerical or hybrid) have been congidep describe the
electromechanical behavior of the piezoelectrigpling in composite
materials. Frequently, authors apply more thanapmeoach to obtain
reliable material coefficients and electromechdnidzehavior
evaluations (Moreno et al., 2009).

Analytical formulations to analyze and to predittie effective
electroelastic-moduli for piezoelectric compositeatemials are
typically based on meso-mechanics, i.e. the proldemsists in a
piezoelectric inclusion in an infinite matrix. Chamd Unsworth
(1989), as well as Smith and Auld (1991) have dedh analytical
representations, performing comparison betweenulzbd and
experimental results. Nonetheless, they were nqialde of
predicting the response to general loading, onfysfiecific loading
cases, because the full set of overall materiabrpaters were
determined for the specific use in medical ultrésommaging
transducers. Dunn and Taya (1993) have employedromic
mechanical theory coupled to the electro-elastiatem and they
have also studied ellipsoidal inclusions into &finite piezoelectric
medium. Rodriguez-Ramos et al. (2001) and Bravdiae et al.
(2001) have applied the asymptotic homogenizatiedamposites
(piezoelectric or not) with fibers in square arramgnt.

Regarding numerical analyses, Finite Element MettdM)
using the so-called Representative Volume ElemeRVE)
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composite, finite element analyses, effective ptigse

approach (considering a unit cell) has been empldyeGaudenzi
(1997) to obtain the electro-mechanical propertfes piezo-
composite patches applied on metallic plates. Pcaral Sester
(1999) have shown how to assess two effective pleztric
coefficients (longitudinal and transverse). Petsmmand Suresh
(2000) have used unit cell models applied to pieamoposites.
Azzouz et al. (2001) have improved the formulatmina finite
element (three nodes aniso-parametric elemengki into account
the modeling of AFC and MF¥. Paradies and Melnykowycz
(2007) have studied the influence of interdigitéécrodes over
mechanical properties of PZT fibers. After thagt tesearch of Kar-
Gupta and Venkatesh (2005, 2007a and 2007b) haestigated
the influence of fiber distribution in piezoelectricomposites
considering both fiber and matrix with piezoelectproperties.
Berger et al. (2005 and 2006) have evaluated plezivie
composites effective properties by comparing arat and
numerical technigues. Tan and Vu-Quoc (2005) haesemted a
solid-shell element formulation, only for displacemhand electrical
degrees of freedom, to model active composite wires
considering large deformation and displacements. duthors have
demonstrated the efficiency and precision in thelyamis of
multilayer composite structures submitted to ladgformation,
including piezoelectric layers. Moreno et al. (2609 2010) have
investigated fibers with the same cross-sectiome& gunimodal)
and two different periodic fiber arrangements: squeaand
hexagonal. At Moreno et al. (2010), the influence applied
boundary conditions on the determination of effectimaterial
properties for active fiber composites has beepstigated.

In this paper, a method, based on FEM, is appbedetermine
effective properties for unidirectional periodicepoelectric fiber
composite, using individual properties of the ciineht materials
(fiber and matrix) and composite characteristicg.(egeometry of
the fiber or fiber volume fraction). The method poeal is based on
modeling a RVE (unit cell), which is analyzed byNFEor different
loadings with different boundary conditions, thereddlowing the
evaluation the effective coefficients. Two case dis are
considered, where in the first one, transverselytropic
piezoelectric circular fiber is adopted. The secoase corresponds
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to a transversely isotropic square fiber compoditis. important to
note that both types of fibers are typically applien smart
composite materials, being the both cases relatéd-€.

All numerical analyses have been carried out uUSBAQUS™.
Results are discussed, observing the influencehef loundary
conditions and fiber geometries and arrangementaparing for all
combinations of circular and square cross sectionsquare and
hexagonal arrangements.

Nomenclature

= elasticity tensor at constant electric fieldP&

= electrical displacement field, Cfm

piezoelectric coupling tensor, Gm

electric potential field, V/m

strain tensor

= stress tensor, N/m

= displacement, m

= unit cell volume, th

X = coordinate

X,Y,Z = representative volum element faces nomanela

Greek Symbols

€ = second-order dielectric tensor at constant stréid, f/m
¢ = electrical potential, V

Superscripts

¢
D
e

E
S
T
u

\

bar = medium properties

E = constant electric field
eff = effective properties

n = finite element number
S  =constant strain field

t = transpose matrix
Subscripts

eff = effective properties

X,y,Z = coordinate system
1,2,3= coordinate system

Effective Properties and Representative Volume Element

In this section, the constitutive equations forcele mechanical
behavior with piezoelectric coupling for smart casipe are
presented. Effective properties are evaluated usorgogenization
method taking into account a unit cell that is @resentative
volume element (RVE).

Constitutive equationsfor smart composite material

The elastic and the dielectric behaviors are calple
piezoelectric materials, where the mechanical strasd strain
variables are related to the electric field angbldisement variables.
The coupling between mechanical and electric fieddsbtained by
piezoelectric coefficients. The constitutive eqoiasi of piezoelectric
materials are assumed linear and can be writtetihanfollowing

matrix form:
S e

where{T} denotes the stress tens{$} denotes the strain tensor,
{E} denotes the electric potential fieldD} is the electrical

@)

displacement field,[c] denotes fourth-order elasticity tensor at

constant electric fieldje] is the third-order piezoelectric coupling
tensor,[¢] is the second-order dielectric tensor at conssarain
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field, and the superscriftindicates transpose matrik, indicates
constant electric field anficonstant strain field.

For an orthotropic (direction 3 aligned to the pielectric
fibers) and transversely isotropic piezoelectritidsahe stiffness,
the piezoelectric, and the dielectric matrices @med1 independent
coefficients. Consequently, the constitutive relasi in Eq. (1) can
be written in terms of the following expanded mafdrm:

T _clEl sz Cfs 0 0 0 0 0 -g Su

TZZ ClEZ (fl Cf3 0 0 0 0 0 —&; SZZ

T G G G 0 0 0 0 0 -gfSs

T, 0 0 0cg 0 0 0 0 0flS:|
Tep=| 0 0 O O c, O 0 -e5 O[S

T, 0 0 0 0 Oc, - O 0f|S,

D, 0 0 0 0 O0w&e & O OflF

D, 0 0 0 0e O 0 & Of|lE

D,)] [& & & 0 0 0 0 0 &g

The smart composites effective properties can fiaetbby the
average fields in the same form as Eq. (1), whahwe written in a
compact matrix form, that is:

®)

il s

where the subscrifff denotes effective property, abdr average
values.

The homogenization approach to a composite retefmd the
functional dependence between the average variablemdels that
represents the coherent physical behavior. Basetleomheorem of
Average with a homogenized model, mechanical arttrital
properties of a unit cell, or RVE, are taken fromerage properties
of the particular composite (Pérez-Fernandez, 2008) is:

IR $=o]s av

E=yfFav

4
D, = E[Di dv,
Vv

whereV is the unit cell volume an&”, Di, S;, and E, denote
stress, electrical displacement, strain, and éteptitential average
values, respectively.

Using the Finite Element Method (FEM), the averagieies can
be calculated by:
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whereV is the volume of the unit celb® is the finite elements
number of the complete unit ceN™ is the volume of then"”
element, andl;”, §, D™ and E™ are the respective tensors
evaluated in the" element.

Representative Volume Element (RVE)

A RVE comprises the smallest portion of the comigosghat
keeps the most representative combination of iie m@ments and
materials. Here the RVEs are assumed as combisatohn

Special Issue 2012, Vol. XXXIV / 363



Medeiros et al.

piezoelectric fibers surrounded by a generic matdkeying a whereu!’ denotes the displacement related to the nodedtetidoy
determined volume fraction. the superscript index;; is the strain, and;’ is the coordinate
related to the node indicated by the superscrigexn

-~ @| |l =

"t
(a) (b)

Figure 1. Smart composites arrangements of piezoelectric fibers and

matrix with the corresponding unit cells used for the finite element "
analyses: (a) circular cross section piezoelectric fiber, and (b) square t.
cross section piezoelectric fiber.
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Figure 1 shows examples of smart composites wittlineational Figure 3. Condition of parallelism between opposite sides.
piezoelectric fibers. By assuming arrangements ulficc unit cells
(RVE), circular cross sectiorcf( Fig. 1(a), related to AFC), and . . . .
square cross sectioref( Fig. 1(b), also related to AFC) represent | 'It'he Ta(;ne relatlor;sfglv?jn In Esqsbt(G) ?nd (I? arevdilld7to thz
possible geometries piezoelectric fibers in the R@Ee. Moreover, in electrical degrees of Ireedom. sublracting £0s. a(ﬁt)l (7) an
Fig. 2 one can observe details of the circular sresction RVE C¢onsidering that the average sctraﬂg is the same in both RVE
(square arrangement), including the representdtioreach of the faces, ther(x" —¥) is equal to(x” — X°). The constraint equations
cube faces to be used during the assessment dfigoadd boundary for displacement and electrical potential degrdeseedom can be
conditions. The faces location is basically relatethe local reference rewritten, respectively as
system and denoted as X+, X-, Y+, Y-, Z+ and &: Fig. 2). It is

worth mentioning that for all further analyses imst paper, the UiA - uc = qB— lrlD, (8)
piezoelectric fibers are considered continuousarehtated to the z-
axis (or in direction 3 for coordinate system 1)2-3 #" - ¢° = ¢°— ¢°, 9)
Y+
“ z- whereui() denotes the displacement related to the node irediday
the superscript inde>«pi() is the electrical potential related to the

node indicated by the superscript index.
Equations (8) and (9) represent a boundary conditid
parallelism between the opposite RVE sides AC ardl Bhis
X+ condition must be applied for each pair of nodesgposite sides of
the unit cell (in x and y directions) and must bpaated along the
direction of the cell. However, it is not necessdoy specify
parallelism conditions when applying normal displaents.
Regarding shear loadings, it is convenient to useaatomatic
procedure to search opposite nodes and apply gésialconditions.

[T Fiber
[] Matrix
V. Finite Element Analysis

Figure 2. RVE faces nomenclature (circular cross section case). In this section, two case studies of smart compoeftective
properties assessment via finite element analypisroach are
An important aspect to be considered is the boyndamditions ~Presented. The RVE under consideration consistsmfransversely
for the RVE assumptions. The electric-mechanicahabior is isotropic models: circular and square piezoeleitor.
modeled by the deformation of a micro structural ERMvhich

reflects to its neighbor’s behavior. The spatiaiqgaiicity conditions RVE for numerical analysis
in a RVE follow from compatibility demands with pexct to the ) ) ) ) )
opposite edges. Adjacent RVEs must have identiefrthations, Two different unit cell configurations were usecaaingly to

while neither overlapping nor separation should uoccThis the loading conditions and fiber arrangement. Thgsare and
aforementioned compatibility condition, the so-edlicondition of ~hexagonal arrangements were applied for circular square cross
parallelism, is illustrated by Fig. 3. Considerimg points A and B, Sections ¢f. Figs. 4 and 5). The square arrangement was usedl fo
and other set of points C and D in the opposite fafca RVE ¢f.  loading conditions and the hexagonal arrangemerd used to

Fig. 3), the displacement related to the averageaefi strain can improve parallelism conditions representation. _
be written as In the finite element analysis, it was considered &ctive

composite of circular cross-section fiber that dieemeter is 1 mm,

uA = P+ 5{ ( - ?P) (6) and for square cross-section fiber that the widtth mm. The fiber
' ' volume fraction is 55.5% of the unit cell total uoie for both
_ arrangements, that is, square and hexagonal, withlar or square

uww=u’ +§ ( X - f?) (7)  fiber section ¢f. Figs. 4 and 5).

Finite element analysis has been carried out usBQUS™
version 6.10 (Abaqus, 2010). Three-dimensional idfigld 20-node
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quadratic piezoelectric brick elements (C3D20E-ABJE)”  Positive normal displacements have been prescobeft+ surface
nomenclature for the element) with displacement reles) of in z-direction 33 # 0). Electrical potentials have been set to zero
freedom (DOF) and an additional electric poterifi@lF were used. on all surfacesH; = £, = E; = 0). As only Sa3 is different from
These DOFs allow fully coupled electromechanicallgses. zero, first and third lines of Eq. (2) can be usedbtain:

: y # Cfg :fn/ éssv (10)
© ‘o

¢ =T/ Sy a1
|

For the calculation of the effective coefficiergs®™, e and
eﬁ .y

Figure 4. Finite Element Models for circular section fiber: (a) square; (b) 833 , the RVE boundary Cond_ltlonS_RVE_have _been _zerm(pmal

hexagonal; (c) hexagonal (shear 1-2) and (d) hexagonal (shear 2-3). displacements on all surface® (= S,y = S33 = S1p = Sy3 = S31 =

0), also. Electrical potential have been taken as p& z-surface

with respect to th&+ surface. Therefore, from first, third, and last
I” lines of Eq. (2), the effective values can be otgdias:
b

Figure 5. Finite Element Models for square section fiber: (a) square; (b)

hexagonal; (c) hexagonal (shear 1-2) and (d) hexagonal (shear 2-3).

/ e =T/ E (12)

€ =~ T/ By (13)

&l =D,/E, (14)
Material properties The effective coefficients;*" and ¢;,° have been obtained
The material properties related to the epoxy résomposite considering the RVE boundary conditions with S|mdand|t|ons of
matrix) and piezoelectric fiber (PZT-5A) were taeom Berger et those employed to the coefficientss"" and cz*", i.e. zero for
al. (2005) and are shown in Table 1, according tthatoropic  normal displacements on surfaces Y+, Y-, Z+, andZ- (S, = S33
directions (coordinate system 1-2-3). For thesedyams presented, = S, = 5,3 = S3; = 0). Positive displacements have been prescribed
a fiber volume fraction of 55.5% for circular sectj and also, for on X+ surface in x-direction§;; # 0). Electrical potentials have
square section fiber was adopted and the fiberrisned in  been assumed zero on all surfadés< E, = E; = 0). Because only
direction 3. S.. is different from zero, first and second linesEsf. (2) can be
used to obtain:

Table 1. Material properties for fiber and matrix.

=T,/ S, (15)
Fiber Matrix % =Tl S
Ci1 121.0 3.86 Cle;f zfzzlé.tr (16)
Cio 75.4 2.57
C13 75.2 2.57 The effective coefficients;,*" have been assessed Wlth S|m|Iar
Cx GPa 111.0 3.86 RVE boundary conditions of the effective coeffidien;s™", e3°",
11 0.64 and 8339“, which is zero for normal displacements on allfaces
Caa - . (S11= S5, = S35 = S1, = S,3= S5, = 0). Null electrical potential on
Ces 22.8 0.64 X- surface applied to th&+ surface is considered. From the
e -5.4 - seventh line in Eq. (2), the effective value of th¢" coefficient
e | Cint 12.3 - can be given:
15.8 - _
= £ =D, /E, (17)
€11 nE/m 8.11 0.0797
t3 7.35| 0.0797 For the calculation of the effective coefficiemts®™, the RVE
boundary conditions and loadings have admltted zévo
Boundary conditions displacements along z-direction on all nodes. Alties located at

the center line, that is perpendicular to the xgnpl had the
The simplified set of constitutive equatiorsf. (Eq. (2)), with  displacements set to zero in x- and y-directionso Dpposite edges
prescribed boundary conditions allow the evaluatibthe effective with nodes located at the cell border have beenmngih to
material properties. It is important to mention wtte boundary cylindrical coordinate system and their displacetmeronstrained,
conditions are applied in the RVE, more than oneffent is iy order to avoid rigid body motion. Electrical potials have been
obtained for each analysis. Therefore, to provitlelaven effective  get to zero on all surface8y(= E, = E; = 0). Shear forces with
coefficients, only six analyses are necessary. Moairate results same modulus and opposite orientation have beetiedppn the
denoted here as z-direction (or direction 3), a#i ae x-direction  gjrection, pursuing pure xy shear state. The palisith conditions
and y-direction that are aligned with directionnd&, respectlvely shown in Egs. (8) and (9) must be applied betweenqf surfaces

For the calculation of the effective coef'f|C|ern:t1$,eff andcss™, X+ and X-, and betweeny+ and Y- surfaces. These boundary
the boundary conditions applied on the RVE haveitiéchnormal - conditions ensure the compatibility of the unitl.cals a pure shear
displacements set to zero on surfaXesX-, Y+ andZ- (S11= 5= state in xy plane has been imposed, only the coemidh, from

S1» = S»3 = §3, = 0), in accordance to the representation in Fig. 2.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright O 2012 by ABCM Special Issue 2012, Vol. XXXIV / 365



{5} differs from zero. These boundary conditions #lestrated in
Fig. 6(a). Therefore, from the fourth line in ER),(it follows

Medeiros et al.

Z+ andZ- surfaces at y-direction, creating pure yz sheatesfThe
conditions for parallelism, as shown by Eqgs. (8) é8), must be

applied between pair of surfacés andZ-, and betweely+ andY-

G =Tl Sy

(18) surfaces. These boundary conditions ensure the atifriijpy of the

unit cell. Effective coefficient;,°" has been determined from Eqg.
(17) and effective values fegs"" andc,£™ can be obtained from the

2
(@) 3‘L‘ 1

Figure 6. Boundary conditions: (a) pure shear state in xy plane; (b) pure
shear state in yz plane.

(b) thereby

eff _
C44 -

fifth and eighth lines from Eq. (2), leading to:
eieg = (_Ez Ey,+ Dz)/ éza (19)
(T23+ E2 Dfsf)/7%3 (20)

A computational procedure, based on Python languegebeen
developed to systematically calculate all RVE dffeccoefficients,
reducing exhaust
diminishing the chance of numerical errors. Theecodn also be
used as template to evaluate piezoelectric fiberposites effective

manual work, saving tinsad

coefficients for arbitrary fiber volume fractions.

Finally, for the calculation of " and c," coefficients, the

RVE boundary conditionsct. in Fig. 6(b)) admit displacements in Results and Discussion

x-direction equal to zero for all nodes. Besiddisnedes located at
the center line (perpendicular to the yz plane)seneé zero

The effective coefficients for a piezoelectric diler cross

displacements in y- and z-directions. Similarlyirashe case of the section (PZT-5A) and epoxy resin malrix,  typicalr fAFC

cee™ coefficients, the two opposite edges with nodestied at the

arrangement, can be evaluated using results framteFElement

cell border have been changed to cylindrical comti system and Analysis (FEA) and their set of equations are shawgg. (5). As

their displacements have been constrained to avigid body
rotation. Shear forces with same modulus and oppasientation
have been applied on the surfadesandY- at z-direction and on

S, 511 S, 533
(Avg: 75%) (Avg: 75%)
+6.6992+08 +4.929e+09
+6.419e+08 +4.557a409
+6.1392+08 +4.184e+409
+5.859%e+08 +3.811a409
+5.579e+08 +3.43%+09
+5.299e+08 +3.066e+09
+5.019e+08 +2.693a+09
+4.740e+08 +2.321e409
+4.460e+08 +1.948a+409
+4.180e+08 +1.575a+09
+3.900e+08 +1.203e+09
+3.620e+08 +8.298e+08
2 +3.340e+08 +4.571a408
(a) FEA resultsTyy, Tsz andSss

S, 511

. s, 533
(Avg: 75%)

EFLX, EFLX3
(Avg: 75%)

-3.381e+03

s, 511 s, 522
(Avg: 75%) (Avg: 75%)
-8.765e+02 +9.609e+08
-1.085e+03 +8.9852+08
1.294e+03 +8.361e+08 1Y
1.5032+03 +7.736e+08 \H
1.711e+03 +7.112e+08 N
1.920e+03 6.488+08 i\
2.129e+03 +5.863e+08 W
2.337e+03 +5.239e+08 W
2.5468+03 +4.615e-+08 !
2.755e+03 +3.991e+08 N
2.9632+03 +3.366e+08 N
3.172e+03 +2.742e+08 R
-3.381e+03 +2.118e+08 Q3

(c) FEA resultsTy, To; andSyy

N
77

177

27

-
2
L
Y

7

777

observed in Fig. 7 and Fig. 8, it is possible teeas the numerical
results to calculate the parameters required byHEqg.

+8.401e-02

+8.446e-02 \‘0
¥8.442¢-02 T
+8.4382-02 N N
+8.434e-02 \\d\i
+8.430e-02 \wq\‘
18.4250-02 “ng:l..
+8.421e-02 PN
+8.4172-02 I\\“.E
+8.413e-02 A,
Tea0e0s R
+ e e \“

LL
)"

5

EPG, EPG3
(Avg: 75%)
-8.405¢+03

-8.407e-+03

7

)
Y
i

05,

W

=
7
77T
T

S
Y sz

Figure 7. Square arrangement with circular geometry: non-zero average fields for 1%, 2" and 3" analyses.
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EPG, EPG1

(Avg: 75%)
-1.440e+02
-4.661+03
-9.1782+03
-1.369e-+04
-1.821e+04
-2.273e+04
-2.725e404
-3.176e+04

EFLX, EFLX1
(Avg: 75%)

-5.435e+04

S, 512
(Avg: 75%)

E, E12
(Avg: 75%)
+1.098e+07

+1.6082+06

(a) FEA result®; andE;

-3.044e-02
3.567e-02

(b) FEA resultsT;, andS;,

EFLX, EFLX2
(Avg: 75%)

EPG, EPG2
(Avg: 75%)

+2.8532-03 +1.541e 405

-5.171e+405
-5.781e+05

(c) FEA resultsTys, S, D, andE,

Figure 8. Square arrangement with circular geometry: non-zero average fields for 4" 5" and 6™ analyses.

It is worth remembering that all 11 effective coe#nts €f.
Eg. (2)) have been calculated for one specific rfivelume
fraction, that is, 55.5%. The method is applied #melresults are
compared with analytical and numerical results lakéé¢ in the
technical literature by Berger et al. (2005) andréfm et al.
(2009), respectively. The results are summarize@iable 2. The
column assigned as (1) refers to results obtaine@drger et al.
(2005), while columns (2) and (3) refer to resutstained by
Moreno et al. (2009). The column (1) by Berger let(2005) is
related to analytical formulation achieved with asymptotic
homogenization method (AHM) for circular cross smtt The
columns (2) and (3) summarize the coefficients il by
Moreno et al. (2009) using FEA for circular croestion with
square and hexagonal unit cell arrangement, respéct

The columns (4) and (5) summarize the effectiveffuments
computed by the method proposed in this work, atgitcircular
cross section for square and hexagonal unit cetngement,
respectively. The effective coefficient differencdues () between
results are presented in the last four columnsaifld 2. The first
and second columns, denoting the difference valvesind A,,
respectively, are taken from the analytical and eueal results
presented by Berger et al. (2005) and Moreno e{(24109) for
square and hexagonal arrangements, respectively. tiind and
fourth columns, denoting the difference valugs and A,
respectively, are related to the analytical forrtiataby Berger et al.
(2005) and the present work for square and hexagomia cell
arrangements, respectively.

Table 2. Effective properties of circular cross section for square and hexagonal unit cell arrangement.

Coeff. |  Units A(Hl;v' A?Z?' S A?;’ S Ab(i?”s Ab(as‘;'us %] | Do[%] | Bs[%] | Al[%]
¢y, 9.5 10.88 10.68 10.85p 10.356 14.53 12|42 1427 19.0
Ci 5.6 4.65 5.22 4.666 4.955 16.96 6./79 16/68 11.52
1o 6.0 6.04 6.19 6.043 6.235 0.67 3.17 072 392
Caa GPa 35.0 35.25 35.21 35.130 36.919 0Jr1 0l60 Q.37 5.48
Can 2.2 2.15 1.95 1.969 1.905 2.27 11.36 10(50 13.41
Coe 2.0 1.54 1.81 1.536 1.841 23.00 9.50 23(20 1.93
e -0.26| -0.258 -0.269 -0.2584  -0.2633 0.7 346 Q.62 1.27
e, Cin? 0.02| 0.0241] 0.0164 0.0195 0.0201 20|50 18.00 250 50100
ol 11.0| 10.860 10.86 10.8642  11.0106 127 1.27 1.23 100D.
e 0.28 0.284 0.303 0.286(7 0.3026 1.43 821 2.39 3.07
£33 nF/m 4.2 4.270 4.27 4.2704 4.3222 1.67 1l67 168 2.91

A; - Comparing (1) and (2): Berger et al. (2083loreno et al. (2009) (Square Unit Cell)

A, - Comparing (1) and (2): Berger et al. (2083oreno et al. (2009) (Hexagonal Unit Cell)

Az - Comparing (1) and (3): Berger et al. (2083)resent work (Square Unit Cell)

A4 - Comparing (1) and (4): Berger et al. (2089)resent work (Hexagonal Unit Cell)
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As shown in Table 2, the effective coefficients twitnajor
difference between the analytical and numericalr@ggh of this
work have beem;*" ¢, cse™ ande; " for square cell. Similarly
these differing results for those coefficients wateo stated by
other authors (Berger et al., 2005; Kar-Gupta aerdRédtesh, 2005,
2007; Moreno et al., 2009). These coefficientsraainly influenced
by the composite transversal behavior. Other imfiteeis observed (hexagonal cell) with 6 mm symmetry, the constitetmodel has
for the effective coefficients values obtained fréne hexagonal shown better effective coefficient predictions foexagonal than
cell, which can be related to the loading appl@atiin quadratic square cell arrangement.
cell, mechanical loading is applied through thexgp@sin matrix, On the other hand, the model is highly influencgdhe applied
while in the hexagonal cell arrangement it has kasslied through RVE boundary conditions, due to the fact that valaee in the order
both epoxy matrix and piezoelectric fiber. of Giga and Nano. For that reason, the model cdrnididy sensitive

In a hexagonal fiber arrangement, it is well knottyat the to changes in boundary conditions. For the remgirgffective
transverse isotropy is fully accomplished, resgltin approximate coefficients, the method applied to square and dexal RVE
values for those found analytically. Several hype#s can be arrangements has shown adequate agreement wité pinesented

adopted to illustrate the composites crystal symynethereby by asymptotic homogenization method (Berger e28I05).
creating a variety of combinations for matrix asteef constituents

with varying degrees of anisotropy. Here, transslgrdsotropic
piezo-fiber (poled along direction 3) and isotropi@trix (passive
behavior) have been adopted, consequently the trdsul this
combination leads to a transversely isotropic R\é&dvior (poled
along direction 3). Due to the crystal system tareaal (square cell)
presenting 4 mm symmetry and the crystal systemadmnal

S, 511 s, S33 3::00, E, E33
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9 SSoseees
erions = e
+4.213e+ S -
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Figure 9. Square arrangement with square geometry: non-zero average fields for each analysis.
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As commented earlier, present investigation has @ssidered
other piezoelectric fiber cross-sectional geometrgf is, a square.
Analogously to the previous investigation, the R¥#responds to
the piezoelectric fiber and an epoxy resin matrithwolume fiber
fraction of 55.5%. Thus, all 11 effective coefficie for a square
cross section can be evaluated using FEA and suéseq
application of the method proposal. Figure 9 pres&EA results
for aforementioned boundary conditions and respectbading
described earlier.

Table 3 presents results related to the homogerpreperties
and comparisons between both circular and squargs gections,
admitting square and hexagonal unit cells. Theroak (1) to (4)
present the coefficients obtained by the proposethod of this
work. Differently from the previous results for @ilar piezoelectric
fiber (cf. Table 2), here no analytical predictions have lzaeilable

to serve as comparison basis. For this reasorgaimparisons have
been made only for the numerical analyses as eqalan this work
for circular and square cross sections.

The columns (1) and (2) have the coefficients fozutar cross
section (square and hexagonal unit cells, respegjivwhile the
columns (3) and (4) have effective coefficients &muare cross
section (also for square and hexagonal unit cedispectively). The
values attained are compared between resultsrimslar and square
piezoelectric fiber cross section, and the diffeemA; and A,
(percentage) between these results is presentetheiniast two
columns of Table 3. The differencg is taken between results for
circular and square cross sections, adopting squeitecell, while
A, considers the difference between results for tarcand square
geometries, respectively, for hexagonal RVE.

Table 3. Effective properties for square cross section for square and hexagonal unit cell arrangement.

Coeff. Units Abg‘;'us Ab(‘;()‘us Ab(z(;'“s Ab(j(;'“s A[%] Dy [%]
cy 10.856 10.356 11.304 10.603 413 2[39
ci 4.666 4.955 4.14¢ 4.343 11.14 12.85
i 6.043 6.235 6.015 6.02b 0.46 3.37
o GPa 35.130 36.919 35.106 36.573 0.07 0/94
Cas™ 1.969 1.905 2.167 2.094 10.06 9.2
Cee 1.536 1.841 1.446 1.701 5.86 7.62
e -0.2584 -0.2633 -0.2564 -0.2511 0.y7 4163
e, Cint 0.0195 0.0201 0.02338 0.0244 19.49 21|39
e 10.8642 11.0104 10.8657 10.9798 0lo1 0.28
e 0.2867 0.3026 0.285p 0.3158 0.52 4136
£ nF/m 4.2704 4.3222 4.2705 4.3120 0.p0 0[24

A; - Comparing (1) and (3): Circular fiber cross secfgguare RVEX Square fiber cross section (square RVE)

A, - Comparing (2) and (4): Circular fiber cross sectioexagonal RVEX Square fiber cross section (hexagonal RVE

As shown in Table 3, the effective coefficients bmth square
and hexagonal unit cells (volumetric fraction of.5%) have
provided small difference values. However, as irevimus
comparisons, the; " cee™ and e, coefficients have shown
significant differences for both square and hexaganit cells, due

to the aspects previously discussed for the circatass-section

amount of boundary conditions may lead to over taimed RVE,
thereby affecting the model, also. Therefore, wesy important to
balance the boundary conditions application.

In fact, numerical results in this investigationy fthe square
arrangement of fibers with circular geometry, hamwn to be
similar to those encountered in the literature. Eo&r, when

piezo-fiber casecf. Table 2). Besides, the geometries of fiber crossomparing AFC circular and square cross-sectionecbmposites,

section are different.

Conclusions

The method proposal based on representative voklemaent
(RVE) for predicting the homogenized propertiespaézoelectric
fiber composites using the finite element analyBIEA) has shown
adequate results. Longitudinal and transversal tielagnd
piezoelectric effective coefficients for a piezoamic fiber with
circular geometry embedded in a non-piezoelectiatenial (epoxy
resin matrix) have been evaluated and compared nalytical
solutions based on the asymptotic homogenizatiothade(Berger
et al., 2005). The method uses Python programmamguage to
impose boundary conditions automatically, which es{ze up
considerably the calculations. This approach, ha&wnevequires
particular care with RVE boundary conditions. Ifettboundary
conditions are not applied correctly, then rigiddpanotions may
occur and contaminate the numerical calculatiorithotigh, great
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the predicted coefficients difference values hakews that this
method has appropriate convergence. These outccaiiess

inferring that the method proposal is adequatestomate effective
properties for active composites.

Finally, the achievements of this investigation dnaiso allowed
concluding that the elastic transversely isotrogiehavior,
piezoelectric activity of the constituent phases] afluence of the
relative orientation of the fiber and matrix polidgections in the
hexagonal RVE arrangements provide better resulisenw
comparing with analytical ones. The reason for taat be related to
the piezo-fiber crystal arrangement. Therefore,déiermination of
effective coefficients needs to be checked usimeemental and/or
other analytical analyses.
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