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MICROMECHANICS OF PIEZOCOMPOSITES

Li Li, Ph.D.
Department of Theoretical and Applied Mechanics
University of lllinois at Urbana-Champaign, 1995
Nancy R. Sottos, Advisor

ABSTRACT

Over the past two decades, materials engineers have developed piezoel ectric-polymer
composite materials that enable effective electromechanical properties to be tailored for
a specific application. These materials are made by combining conventional piezoelectric
ceramics with piezoelectrically passive polymers in a variety of geometrical
configurations. As with any composite material, the properties and behavior of
piezocomposites are highly dependent on the properties of the constituent materials and
the local arrangement of the different phases. In particular, the ceramic-polymer
interface plays an important role in determining the electromechanical coupling in the
piezocomposite. In this dissertation, the electromechanical behavior of 1-3

piezocompositesis investigated from both theoretical and experimental stand points.

Theoretical investigations centered on the development of a micromechanics model
for predicting the local fields and effective behavior in piezocomposites with 1-3
connectivity. Since the presence of a thin interlayer or polymer coating around the
ceramic rods can influence the local interaction between the piezoceramic and polymer
matrix and change the overall performance of the composite, a finite composite cylinder
model was developed to incorporate an interlayer with varying properties. Experimental
studies focused on probing the surface displacements of 1-3 piezocomposites using a
scanning heterodyne laser interferometer. Static surface displacements of 1-3 PZT rod-

epoxy samples with different interphase regions were measured and correlated with the



effective low-frequency performance of the composite. Several types of interphase
region were considered. Coatings with elastic moduli lower than that of the epoxy matrix
were applied to the rods. The influence of a silane coupling agent was also investigated.
Experimental displacement profiles were compared with micromechanical predictions
using the finite composite cylinder model. The results demonstrate that the presence of
an interphase between the piezoceramic and the polymer matrix influences the local
deformations and changes the overall performance of the composite. Thus, the interphase
plays an important role in determining the electromechanical coupling in the

piezocomposite.

The study of electromechanical coupling in piezocomposites was further developed
by investigating the hydrostatic performance of 1-3 piezocomposites, an important issue
in design of piezocomposites for low-frequency applications. Emphasis was placed on
determining the stress transferred between the passive matrix and the active piezoceramic
rods and using this data to indicate the level of electromechanical coupling. The stress
field in the piezoelectric ceramic under hydrostatic loading was predicted using the
analytica micromechanical model developed and a finite-element model as well.
Optimal electromechanical coupling was achieved when a certain favorable stress field
was induced in the piezoceramic. The influence of such design parameters as the matrix
stiffness, the interphase stiffness, the interphase thickness, the Poisson’s ratio of the
polymers, and piezoceramic rod aspect ratio on the hydrostatic performance of 1-3
piezocomposites was also investigated. Although the current work is focused on the
electromechanical behavior of 1-3 piezocomposites at |ow-frequency, the research results
and conceptual understanding obtained have importance for optimizing the design of

piezocomposites in other applications as well.
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1. INTRODUCTION

1.1 Piezoedlectricity

Pezodectricity, according to the origind definition of the phenomenon discovered by
Jacques and Pierre Curie brothers in 1880 (Jaffe, Cook and Jaffe, 1971)," is the &bility of
certain crystaline materias to develop an eectric charge which is proportiona to a mechanica
dress. Soon after this discovery, it was dso redized that the converse effect of a geometric
drain developing upon the application of a voltage, was o inherent in these materids. Thus,
piezodectricity is an interaction between dectricd and mechanical sysems. The direct
piezodectric effect, the development of an eectric charge upon the application of a mechanicd
gtress, is described as (Nye, 1957)

P =d,T, (1.1)

where B is a component of the eectric polaization (charge per unit area), d;, are the

components of piezoelectric coupling coefficient, and T,, are components of the applied

mechanica dress. The converse effect, the development of a mechanica srain upon the

application of an dectric field to the piezodectric, is described by

S =dE 1.2)

where S; is the strain produced and E_ is the goplied dectric fidd. In both cases, the
piezoelectric coefficients d,;, are numericaly identica.

The piezodectric effect is srongly linked to the crystd symmetry. Piezodectricity is limited
to 20 of the 32 crystd classes, known as point groups, for dl crystaline materids. The crystas

* References are arranged alphabetically by author in the Bibliography, beginning on page 102.



which exhibit piezodectricity have one common fegature: the aosence of a center of symmetry
within the crygd. This aisence of symmetry leads to polarity, the one-way direction of the
charge vector. Mogt of the important piezodectric materiads are dso ferrodectric, which is
characterized by a trandformaion to high symmetry, non-piezodectric phase a higher
temperatures. The transformation temperature is known as the Curie temperature. For any

piezodectric materids, the Curie temperature is the absol ute maximum use temperature.

Polycrystdline materids in which the crystd axes of the grains are randomly oriented exhibit
zero net piezodectric effect. Piezodectric polycrygdline ceramics were discovered in the
1940s, soon followed by the development of the poling process in which the randomly oriented
cysd axes are suitably digned by the gpplication of a strong dectric fidd a eevated
temperatures.  After that discovery, researchers continued to develop better and more stable
materids. Lead zirconate titanate (PZT) was first introduced in 1954 and has become the most
widdly used piezoceramic. Today piezoelectric ceramics, or piezoceramics, are used more

widely than piezodectric crydds.

Generaly, mechanicd stress T;; and electric field E are coupled within a piezoelectric solid

medium. Conditutive relations for a piezoelectric materid can be written as (IEEE, 1978)

Sj = Sljzkl Ty + dijkEk (1.3
D =d,T,+e E (1.4)

where D, is the didlectric displacement given by the sum e, E, +P,. Here e; are didectric
congtants, s;,, are elastic compliance components, and e, is the dielectric congtant of free

space. Superscripts T and E have been added to e; and s;,, to show that these congtants

describe didectric and eastic properties measured under conditions of congtant stress and

congtant electric field, respectively.



The condtitutive relations can be written in dternate forms, such as

T, = qj'Ekl S - ik (1.9
D =€,S.+€;E;. (1.6)
where the piezoelectric congtants €, are related to the piezoelectric congtants d,,, and the

dadtic diffness congtants ¢©

'mnj k

by the expression e, = dimncnfnjk. An abbreviated subscript
notation can be introduced to reduce the three subscripts of the piezodectric constants and the
four subscripts of the dagtic congtants into two subscripts. Reations between the piezodectric
congtants and eastic congtants with full subscripts and those with abbreviated subscripts are

outlined in the IEEE Standard on Piezoel ectricity (IEEE, 1978).

In Egs. (1.3) and (1.4) the strain and eectric fidd are derivable from the mechanica

digplacement and el ectric potentid as

S =4u, +u,) (17)
E=-f, (1.8)

To complete the formulation of the dationary linear theory of piezodectricity, one must
supplement Egs. (1.3) to (1.6) with the equations of dagtic equilibrium and the dectrogtatic

equation, which in the absence of body forces and free eectric charge are

T = (1.9)
D =0. (1.10)



Piezodectric materids are widdy used in hydro- and electro-acoustics, eectro-optics,
communications, and measurement techniques (Dokmeci, 1980). The research on piezodectric
materids and piezodectricity has resulted in a huge volume of literature. Two references that

provide an overview on this topic are included in the Bibliography (IEEE, 1978; Ikeda, 1990).

1.2 Piezoelectric Composites
1.2.1 Background

Composite piezoeectric materias have been developed over the past the two decades
which enable the effective properties to be talored for a pecific application. These materids
ae made by combining conventiond piezodectric ceramics with piezodectricdly passve
polymersin avariety of geometrical configurations. Piezocomposites were origindly developed
for underwater hydrophone agpplications in the low-frequency range, but have aso been
extended to such other gpplications as ultrasonic transducers for acoustic imaging and medicd
goplications (Gururga, Safari et a., 1988) . Recently, piezodectric ceramics are being

investigated for use as sensor or actuator dementsin smart structures.

Unlike dructurd composte materids which are formulated to optimize mechanicd
properties, piezocompogites are designed to maximize their coupled field behavior. The key
condderation in designing a piezocomposite, whether as a sensor or as an actuator, isto ensure
the maximum effidency in eectromechanicd energy converson (Smith, 1992). As with any
composite materia, the properties and behavior of piezocomposites are highly dependent on the
properties of the condtituent materids and the locd arrangement of the different phases. In
paticular, the ceramic-polymer interface plays an important role in determining the
electromechanicad coupling in the piezocomposite (Li and Sottos, 1995).

The firgt atempt a making piezodectric compostes occurred in the early 1970s when
researchers tried to develop flexible piezodectrics (Pauer, 1973). In the late 1970s a



comprehensve research program on piezoceramic-polymer composites was carried out at
Pennsylvania State University. Piezocomposites have since become an important addition to the
range of composite materids, and numerous papers have been written regarding manufacturing,
modding, vibration modes, and various gpplications. Piezocomposites have advantages over
angle-phase piezodectrics for certain gpplications. Gururga et d. summarized the pioneering
work on piezocomposites a Pennsylvania State University in a section of the book Electronic
Ceramics published in 1988 (Gururga, Safari et d., 1988). A review aticle of dl work prior
to 1989 was presented by Smith at the 1989 |EEE Ultrasonic Symposium (Smith, 1989).

A variety of piezocompostes can be made by combining piezodectric ceramics with
passive polymers. These composites are commonly classified according to their connectivity
(Newnham, 1986). Connectivity in a compodte refers to the way in which the different phases
are arranged, and is designated by such numbers as 1-3, 3-2, etc. The numbers represent the
number of dimensons in which each phase is sdf-connected. Some piezocomposites with

different connectivitiesare shownin Fig. 1.1.



() (d)

Fig. 1.1. Piezocomposites with different connectivities.
(& A 1-3 piezocompaosite with piezoceramic rods embedded in a
continuous polymer matrix.
(b) A 2-2 piezocomposite found in multilayer piezoceramic actuators.
(c) A piezocomposite with 0-3 connectivity.
(d) The moonie 2-2 piezocomposite, an advanced piezod ectric sensor

and actuator.




The literature regarding piezocompasites can be roughly divided into five basc categories.
(1) micromechanica andysis of low-frequency effective dadtic, dieectric, and piezodectric
behavior and use of low-frequency parameters in hydrophone and one-dimensiond transducer
moddls, (2) prediction of the various resonance modes associated with the composites and their
coupling to one another (induding experimentd and finite-dement anadyss sudies); (3)
presentation of techniques for composite manufacture; (4) reports of composite transducer
performance results and (5) reports on smart-materid and smart structure systems gpplications.
Papers written on the firg topic are mogt critical for the current invedtigation and are

summarized in the following section.

1.2.2 Micromechanica Modds

Mog of the existing micromechanics works concerning the eectro-mechanica coupling
phenomena in piezocompostes involve the derivation of reaions for the effective dadtic
congtants and effective piezodectric congtants. Classca models, such as the Voigt uniform-
dran modd and the Reuss uniform-stress model, have been utilized (Lees and Davidson,
1977). More refined models include the pardle-serid modd (Haun and Newnham, 1986) and
the modd by Smith (1993). These smple models are al based on assumption that either srain
components or the corresponding stress components are equa in the two phases. In addition,
Jensen (1991) has used a concentric cylinder modd to characterize 1-3 piezocomposites. This
modd, which estimates the ax technicadly most important congtants of the nine congtants in the
e, condgts of a piezodectric rod and a concentric eastic tube subjected to axisymmetric
load. Because the displacement assumption introduced in Jensen’ s study is equivaent to that of
generdized plane drain, the concentric tube modd aso leads to homogeneous strain dong the
axid direction of the cylinder. Cao, Zhang and Cross (1992) presented a theoretica study on
the datic performance of 13 piezocomposites. Inhomogeneous displacement profiles were

derived for a sngle-rod composite and a single-tube 1-3 ceramic-polymer composite under



uniaxid or hydrodatic sress. The effect of laterd stress is not included in the study and the
andyssisessntidly one-dimensond.

Recent developments of micromechanics of piezocomposites dso include the work of Dunn
and Taya (1993), who estimated the effective properties of a two-phase piezocomposite usng
dilute, sdf-consgtent, Mori-Taneka and differentid micromechanicd modds.  Progress in
micromechanica andyss of piezocomposites has dso been made by Benvenide (19933,
1993b) and Benvenigte and Dvorak (1992). Benveniste and Dvorak (1992) extended the
uniform-fields concept for the uncoupled mechanica case to the piezodectric behavior in binary
piezocomposites and derived the universa relations for the effective piezodectric congtants of
such compostes. More recently, Benvenise (1994a) combined the composite cylinder
assemblage modd with these universa rdations for the effective piezodectric constants and
derived some exact expressions for the effective constants that characterize two-phase fibrous
piezocomposites. A summary and discussion of his recent contribution in the micromechanics of

piezocomposites was given by Benveniste recently (Benveniste, 1994b).

1.2.3 Expeaimenta Characterization

Experimentd characterization of piezocompostes can be roughly divided into two
categories. The firg is associated with measurements of diglectric and piezoeectric congtants
by usng ether the direct piezodectric effect or the resonance method outlined in the IEEE
Standard on Piezodectricity (IEEE, 1978). The second involves measuring surface velocity and

displacement at certain frequencies by laser probing methods.

Klicker (1980) used a Berlincourt piezo d,, meter and messured the d,, value a different

locations on the surface of a 23 piezocomposite. He then chose the average value as the

measured effective piezoelectric constant d,, of the composite. This method was also used



recently by Kim, Rittenmyer and Kahn (1993). Klicker (1980) dso used a dtatic technique
based on the direct effect to measure the effective hydrogtatic piezod ectric constant ah .

Measuring surface displacement a resonance frequencies usng a laser heterodyne
interferometer was reported by Wang and Auld (1985) and Gururgia, Schulze et d. (1985).
Rittenmyer and Dubbdday (1992) reported a direct measurement of the temperature-
dependent piezodectric coefficients of composte materids by laser-Doppler vibrometry.
Zhang et d. (1994) measured the surface displacement profile of a 2-2 piezocomposite at low
frequency (200 Hz) by a double-beam laser dilatometer. The low-frequency performance of a
single rod piezocomposite has been investigated by Sottos et d. (1993) by a laser heterodyne
interferometer. However, characterizing the static deformation in piezocomposites has not been

presented in the literature.

1.3 Overview of the Dissertation

This dissartation investigates the behavior of dectromechanica coupling in piezocomposites.
The work focuses on severa topics of practica importance that have not been adequately
addressed in the exiding literature.  These topics include the load trandfer between the
piezoceramic and the polymer matrix; the micromechanics of piezocompostes, incorporating
awy exiding intephase between the ceramic and the matrix; the optimization of
electromechanical  coupling by vaying interphase propetiess and the experimentd
characterization of the performance of piezocomposites for low frequency applications. Specid
dtention has been given to the important issue of taloring the ceramic-polymer
interface/interphase for optima performance.  The study has been carried out from both
theoretical and experimenta standpoints. The baance was achieved by conducting innovative
laser interferometric measurements and developing andyticad and numericd (finite-dement)

modds to study the performance of the materids. Although the work is focused on the



performance of 1-3 piezocomposites a low frequency, the research results have importance for

other gpplications as well.

In Chapter 2, a concentric composite cylinder modd is developed to study the locd fidds
and effective behavior in piezoceramic rod-polymer composites with 1-3 connectivity. This
composite modd is amilar to the well known “composite cylinder assemblage’” modd, which is
used commonly for continuous fiber compostes. This composite modd is characterized by its
finite length, chosen to equd to that of the embedded piezoceramic rods. The dsplacement,
dress, and dectric fidds in the composite mode are found using the displacement and dectrica
potentids.  The solution is compared with solutions of ample plane srain-models and other

micromechanicl models. The effective piezodectric constants d,, and d., for the composite

are then calculated using the derived solution.

Chapter 3 focuses on experimentd characterization of locd deformation in 1-3
piezocomposdtes. A laser heterodyne micro-interferometer is used to study the datic
performance of 1-3 piezocompostes. Surface displacement profiles of composite samples are
measured around the piezoceramic rods. The displacement profiles are dso compared with the

anaytica results,

Electromechanica coupling is discussed further in Chapter 4. The focus is on optimizing
hydrogtatic performance of 1-3 piezocompostes, an important issue in desgn of
piezocomposites for low-frequency agpplications. Emphasis was placed on determining the
dress trandferred between the passive matrix and the active piezoceramic rods and using this
data to indicate the leve of dectromechanicd coupling. The dress fidd in the piezodectric
ceramic is dudied usng the solutions developed in Chapter 2. Optima e ectromechanica
coupling can be achieved when a certain favorable stress field is induced in the piezoceramic.

The influence of such desgn parameters as the matrix giffness, the interphase iffness, the

10



interphase thickness, the Poisson’s ratio of the polymer and piezoceramic rod aspect ratio, on

the hydrogtatic performance of 1-3 piezocomposites isinvestigated.

Findly, Chapter 5 summarizes the important findings of the thess. Concluding remarks and

recommendations for future work are presented.
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and effectively exhibits transversdy isotropic eagtic behavior.

2. MICROMECHANICS OF PIEZOCOMPOSIT

2.1 Introduction

matrix form (IEEE, 1978)

17,0
I
1D €0 0 0 0 ds Of 7T & 0 OGEg

ES

Condder a 1-3 piezocompodte with an aray of digned piezodectric ceramic rods
embedded in a passive polymer matrix, as shown in Fig. 2.1. The piezodectric ceramic rods
are a poled polycrystaline ceramic which is isotropic in a plane normd to the poling direction
Pezodectric ceramics of this
family, such as barium titanate, lead zirconate titanate (PZT), lead metaniobate, and modified

lead titanate, have been developed for a broad spectrum of applications. The convention is to
define the poling direction as the X, direction and the X - X, plane as the isotropic plane.

Condtitutive relations for piezoceramics poled in the X, direction can then be written in the
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Ceramic rod Polymer matrix

Fig. 2.1. Schematic of a 1-3 piezocomposite.
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The concentric finite compodite cylinder model shown in Fig. 22 is chosen as the
representative volume dement (RVE) for the 1-3 piezocomposte. The length of the compaosite
cylinder mode is chosen as the length of the piezoceramic rods embedded in the polymer
matrix. If the length of the rods approaches infinity i.e, if the rods are continuous, this
composite cylinder mode will gpproach the wel known “composite cylinder assemblage” of
Hashin and Rosen (1964) and Hashin (1979).

Because the actud dtress trandfer is through the interface between the rods and the matrix,
the incorporation of any existing interphase region into the micromechanica andyss of 1-3
piezocomposites may be important for understanding composite behavior. A thin interlayer is
introduced between the piezoceramic rods and the matrix in the micromechanica modd. It is
proposed that the presence d this thin interlayer can influence the effective behavior of the
composite and change the sengtivity. Both the interlayer and the matrix are consdered as

isotropic and nonpiezoelectric.

2.2 Formulation of the Micromechanical Analysis

As shown in the schematic diagram of the three-phase composite cylinder in Fig. 2.2, the
region r <r, (ceramic rod), the region r, <r <r, (interlayer) and the region r, <r <r,
(embedding polymer matrix) are denoted by superscripts (1), (2) and (3), respectively. The
composite aggregate is subjected to homogeneous boundary conditions in the form

p.(W) =T/n

iji

(2.3)
f (W) =-E’, (2.4)

where p, denotes the traction vector, f isthe dectric potentid, Ti(j’ IS aconstant stress tensor,

E° is a condant dectric field vector, n. is the nomd of, W, the outer surface of

i
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Fig. 2.2. Schematic of the three-phase compaosite cylinder modd.
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the composte cylinder, and % denotes the components of the Cartesian system. Because of

the symmetry of the geometry and the boundary conditions the deformation is aso

axisymmetric.

In cylindrica coordinates, the axialy symmetric state of deformation is characterized by

u =u(r, 2. (2.5)
u’ =0 (2.6)
u” =w(r,2) (i=12,3). (2.7)

For a transversdly isotropic piezoelectric rod he conditutive relations can be written in

cylindrical coordinates as

T =Sy + Sy + &S - &R (28)
TH = cfs? + IS + 3SY - e 29)
Te =S + Sy + S - B (210)
T = sy - &IEY @1
TO=T0=0 (2.12)
D? =ef/s? +eflE® @13)
D =0 (2.14)
DY =el)s) +el/ ) +elisy + eBEL. 215)

The condtitutive relations for the isotropic, nonpiezodectric interlayer and matrix have the

form

(i) = ~(Ha(i) ((i) () (i)

Trr _CllSrr +C12 q +C12 z (216)
(i) = ~(Ha(i) ((i) () (i)

Toq =CSy +CYSy +Cp Sy (2.17)
(i) = ~(Ha(i) ((i) () (i)

Tzz _C12Srr +C12 q +C11 z (218)
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TO == (Cfl) ¢ (i =23). (2.19)

Subdtitution of the conditutive reaions and the drain-displacement relations into the
equilibrium equations and the dectrogatic equation gives the following governing equations in
terms of displacements and dectric fidd (1=1,2,3):

i'l)ﬂzum lﬂu(i) ] u(i)-L ( 0, (,))‘ﬂzw(') +C‘(1i4) ﬂzu(i) ]
= TEY (2.20)
- ef) —= o - el =0
(I)aq[ w? 1ﬂW(I 0 () 4 o) o 2u® 1ﬂu(')0
% T z+ (cly C“4)§ oz T s .
. C(I) ﬂ2 (i) G ﬂES) (| a‘[E(I) Er(l) 920 ( . )
1z 1z g‘ﬂr r
o w"  1w® 8 2" 19u” o
(i) 0 4 ol
e15g W 5 & elS)éﬂrﬂz r 9z 5
(2.22)

| ﬂZ (i) : ﬂES) | ?:H[E(') E(l)
e T e T ep e B2
|4 1z fir r g

For the ceramic rod (region 1), the governing equations for mechanica deformation and
electric field are coupled. The equations are solved by introducing two displacement potentia
functions and one dectrica potentia function such that

u?(r,z)= %ﬁr) cosnz (2.23)

w®(r,2) = - W(r)sn nz (2.24)
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EY(r,2) = %ﬁ”s‘n ne (2.25)

EX(r, z) =nE(r) cosnz (2.26)
where U, W and E arefunctions of r only.

In order to satisfy the equations of equilibrium and the eectrostatic equation, the functions
U, Wand E must satisfy the equations

(GG - cagn®)U - (cd + ¢l W - (g5 +eNE=0 (2.27)
(G + 63 IMNU + (CGaNy - cigm®)W + (erN7 - egin®) E=0 (2.28)
(e +e3)MNU + (N7 - e/ )W- (/N7 - egn®) E=0 (2.29)
2 1 ﬂ'

where N? =—— +=—.
qr rqr

Equations (2.27), (2.28), and (2.29) can be further reduced into a higher order ordinary
differentid equation

(PRS+ PR + P2 + P){u, W, E} =0 (2.30)

where I5l I52, I53 and I54 are dependent on the materia properties of the piezoe ectric rod

and are given in the Appendix.

The solutions of Eq. (2.30) for asolid rod are

U=APl(ar)+ A%l@,r)+ APl (@) (231)
W =A%, I(ayr) + Ab,l o(a,r) + Abslp () (232)
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E = Aé.l)gll O(alr) + Agl)QZIO(a Zr) + A3(l)g3| O(a 3r) (233)

where a,; aretheroots of the equation

ﬁ’laf + I52ai4 + I53ai2 + I54 =0 (2.34)

and the congtants b, and g, are given by

(e + )b, +(ef + ey, = (dPa? - et 239)
(clia? - el b, + (ella? - welg = - (o) + ol ma’. 230)

The structure of the solutions of Egs. (2.31), (2.32), and (2.33) depends on the nature of
the vaue of a?, and hence depends on the values of the materid properties. For a PZT-5H

rod (Morgan Matroc Inc., 1989), a§ ada’; ae complex conjugates. Because the

displacements and stresses are redl, the functions U, Wand E are chosen in the form

U =AY, (@,r)+ AP Re[l (a,n)]+ A® Im[l ,(a,r)] (2.37)
W = A%, 1 (a,r) + AP Re[b,l,(a,r)]+ AP Im[b,l ,(a,r)] (2.38)
E = A%g,l,(a,r) + AY Refg, ! ,(a,r)] + A Im[g, 1, @,r)] (2.39)

where |, isthe zero-order modified Bessel function of the first kind.

The complementary displacements, stresses and didectric displacements for the ceramic

rod (i=1) are then obtained as

¥
u® = & cos(m D[ APhY (1) + AP (r) + AZKE ()] (2:40)

n=1
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¥
W = § sn(m 2)[AYhE (r) + ALKY (1) + ARE ()] (2.41)

ot
T2, = & cos(m2[AE (1) + AZRE (1) + AZRE (1) (242)
o
T -acos(mz)_ K, (r) + AZRE (1) + AV, (1) (2.43)
T, =acosmz) DRE(r) + AU, (1) + ARKE ()] (2.44)
T2, = & sn(m AT )+ AZKE () + AZRE. () 4
Df”c-asn(nmz)[ K, (1) + AR (r) + ARG (r)] (2.46)
D, = a cos(m [ AP, (r) + AZhE (1) + ARG ()] (247)

where A AV "and A" are sets of constants and are to be determined from the boundary

n

conditions. The Ir,'s are the eigenvalues and determined by the boundary conditionsat z= +I,

m, :% (n=135,...). (2.48)

The functions h!*)(r) through h{) (r) are given in the Appendix.

For the isotropic and nonpiezodectric interlayer (i=2) and matrix (i=3) the governing
equations, Egs. (2.20) through (2.22), reduce to

() (1) (1 () i) :
NETO C1 +C ﬂ adlu u ﬂW( 2

Cill) Cilz) 1 a-[u(l) (i) +ﬂW(i) o)

=0 )
- HIET r 9z (259

K2 +
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The complementary solution to Egs. (2.49) and (2.50) is obtained by using Love' s stress
function provided the stress function F"(r,z) satisfies the equation,

N°NFP =0  (i=23) (2.51)
Thus, the complementary solution for the interlayer (i=2) and the matrix (i=3) are given by

U8 = & cos(m, )| ADKY () + AVKE (1) + AL gl (1) + Al (] (252)
W = & sn(m2)[ AR (r) + AVKE (1) + AL g8 (r) + AV ()] (259)

T, = & cosma) AV (1) + ADhD (1) + AL gL (1) + ADal) ()] (254)

n=1

70 = § cos(m2)[APhY () + AV (1) + AL gD (r) + AL ()] (2.55)
n=1

TS, = Q cos(m2)|AVKS) (r) + ASThGn () + Al g (r) + Al gl ()] (2.56)
n=1

Tr(z')c=é.s'n(m2)[ i (1) + Adhiz) (1) + A i (1) + Al Gian (1) (2.57)
n=1

T, = & sn( m2)[ATh (1) + ADhS, (1) + ADGS (1) + Ag ()] (2.58)
n=1

where h!)(r) through hl) (r) ae expressons containing the materid congtants and the
modified Bessal functions of the firgt kind, 1,(m,r) and 1,(m,r), and g (r) through g& (r)
are expressons containing the material congtants and the modified Bessd functions of the
second kind, K,(r.r) and K(mr.r). The functions h!(r) through h® (r) and g{’(r)
through g (r) (i=2,3) are given in the Appendix. The congtants A, AD), A and A{)

(i=2, 3) are to be determined by boundary conditions.
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The find solution in each region is achieved by superposing the complementary solution and
an additiond solution corresponding to a generdized plane-drain Sae in order to satisfy dl the

boundary conditions. The generdized plane-gtrain solution for the ceramic rod (i=1) is given by

h(l)

u(gl) = + (2.59)
r
w =z%z (2.60)
e h®g e h® 8
o _ 00 9. .v&E 9. W, 0 OO
Ti'g=Cn gx - ttCp éx t—r+C5z 7 - g Ey (2.61)
" g g
hv&qn h®o @&y hPo
0 _OEW 9. . w& 9. (W, OFO
Tag =CfX™ - — 20 gx +—I+C32 0 - E (2.62)
" g g
D _onDy@) 4 A0, OO
Tzz g~ 2C13 X +CyZ7 - €5 Ez g (263)
@ _1O _TO0 _ RO _
T, =T =7 =D =0. (2.64)

The generdized plane drain solution for the interlayer (i=2) and matrix (i=3) is given by

0 _ i, h? 2.65
Uy =X (2.65)
w? =2z (2.66)

o w@o hO8 el h0e
70 —c0&o 19 0Fo, N9 0,0
g C.ngx r.2 ﬂ 12g< r.2 Q 13 (267)
- v®&a hPo nen hPo 4
TO —0Fo N0 oFo N 9 w0
wo - Q2 gx 2y g( 5 Cis (2.68)
T, = 2¢0x" + ¢z (2.69)
T, =Tg, =T, =0. (2.70)

The constants x, h" and z" (i=1, 2, 3) are to be determined by the boundary conditions.

2.3 Boundary Conditions
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The tota dresses T, = Tijc+Tijg, displacements u, =u,.+u;, and the tota eectrica

potentid f =f +f  arerequired to satisfy the boundary conditions. The boundary conditions

for the single embedded ceramic rod with interlayer shown in Fg. 2.2 are asfollows.

(1) Atr =0, the solution is bounded.

(2) At z==l, the normad traction is p, =T, , the shear stresses congtitute a system in

equilibrium and the voltage applied is + E”1 . These conditions are written as

TE=TP =79 =12 (2.71)
(TVdr=0 (2.72)
f=xE|. (2.73)

(3) At r = r,, the normal surfacetractionis p, = T, and the tangentia traction isfree, i.e.

Tr(ra) =T° (2.74)
T®=0. (2.75)

For both the rod-interphase boundary and the interphase-matrix boundary, continuity of
displacements and traction (perfect adhesion) is assumed. Also the ceramic rod-interphase
boundary is treated as a dielectric-air boundary. Thus, the interface boundary conditions are
expressed as

A Atr=r,

u® =u® (2.76)
w® = W 2.77)
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TO = 7@ (2.78)

rr rr

TYO=T® (2.79)

DY =0. (2.80)
B)Atr=r,

u® =u® (2.81)

w®@ = w® (2.82)

T2=T170 (2.83)

T2=17. (2.84)

Application of the boundary conditionsat r =0 yidds

h® =0 (2.85)

The remaining boundary conditions generate two systems of linear equations which

(2)’ X(3), h(Z)’ h(3), Z(l), Z(2) 2(3) (D (2)  A2)

1 n? n’? n

determine the unknown congtants x @, x

and A, AL, AL AD (=2, 9)

2.4 Static Performance of Piezocomposites: The Local Displacement Field

In generd, the piezoceramic and polymer in a 1-3 piezocomposite will have different
deformations when the composite is subjected to an externa eectrical or mechanica stimulus.
These deformations are dependent on the relative compliance of the ceramic and the polymer
matrix and the interface between them. The local deformation aso determines the effective
behavior of the composte. The composite cylinder model developed is used to smulate the
local deformations of a 1- 3 piezocomposite driven by an externa dectric fied.
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Consder a 1-3 piezocompaosite subjected to an dectric fidd in the form of

p,(W) =0 (2.86)
f (1) =+E% = (2.87)

1+
N <

where V is the voltage gpplied to the ends of the composite cylinder. Using the solution
method outlined above, predictions were made of the gatic displacements of a single-rod

piezodectric composte assuming the PZT-5H properties listed in Table 2.1 (Morgan Matroc
Inc., 1989). Geometric parameters are r;, =0.375 mm, r, =0.475 mm, r, =30 mm and

| =5.0 mm. The voltage gpplied to the ends of the compaosite cylinder is 70 V.

Table 2.1. Eladtic and piezod ectric properties of PZT-5H rods .

Property PZT-5H Property PZT-5H
¢ (GPa) 126 el (C/m?) -6.55
¢ (GPa) 795 el (C/m?) 233
c) (GPa) 84.1 el (C/m?) 17.0

c&) (GPa) 117 df (100m/V) - 274
¢ (GPa) 23.0 d (10 *m/V) 503
e (108 Fm) 130 d® (10 ?nyV) 45
e (10°Fm) 150 el (10°Hm) 3.01
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2.4.1 Comparison with Smple modds

The axid displacement a z=1 of the piezocomposite cylinder isfirst caculated for the case
of no interlayer. Displacement vaues are compared with those predicted by smple plane-gtrain
models and are plotted as a function of radid distance in Fig. 2.3. The displacement profile
obtained according to the smple modes is uniform because al of the smple modds (Haun and
Newnham, 1986; Chan and Unsworth, 1989; Jensen 1991) assume uniform deformation in

each constituent and give the same prediction of the effective composite piezoe ectric congtant,
d,,, which is expressed as

(1)@

- _ Vfd33 S33
33~ 3 1
V¢ Sés) +(1' Vf)%(s)

(2.88)

where v, is the volume fraction of piezodectric ceramic rods and s(p'g are eastic compliance

constants for each phase.

When a 1-3 piezocomposite in these Smple models is subjected to uniform axid dectric
fid (E,) only, theaxid srainisgivenby S, = d,E, and the axia displacementisw =S, z.

The present solution predicts a nonuniform displacement profile.  The maximum
displacement occurs in the rod and decreases rapidly with radid distance in the matrix. Asthe
length of the rod, 2| , gpproaches infinity, the solution gpproaches that of a generdized plane-
strain modd, such as the concentric cylinder mode by Jensen (1991).

2.4.2 Influence of the interlayer properties

A parametric sudy was carried out to assess sysemdticdly the influence of the interlayer

properties on the daic displacement of the current 1-3 piezocomposite model.
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The interlayer was chosen to have an dadtic Stiffness either higher or lower than the neat matrix.
The properties of the various interlayers used in the caculations are given in Table 22. The
symbol, Y, in Table 2.2 represents the Young's modulus of the interlayer and n® is the
Poisson's ratio.  The Young's modulus and the Poisson's ratio of the surrounding matrix are
kept as Y@ =2.101 GPaand n® =0.3. Four different cases were considered. In Case 1
the interlayer and the matrix are the same. In Case 2 the interlayer is softer than the matrix while
in Case 3 the interlayer is differ than the matrix. In Case 4 the interlayer modulus is one
hundredth of the matrix modulus. The matrix is assumed to be Spurr epoxy and the properties

were caculated using data from the manufacturer and room temperature tension tests.

Table 2.2. Eladtic properties of interlayer used for parametric sudies.

Property Case 1l Case 2 Case 3 Case 4
c!? (GPa) 2.827 0.565 14.135 0.0287
c!? (GPa) 1.211 0.242 6.055 0.01211
Y® (GPa) 2.101 0.420 10.50 0.021

n® 0.3 0.3 0.3 0.3

Axid displacement profiles & z=1 of the piezocomposte cylinder corresponding to
interlayers with various eagic properties are shown in Fg. 24. In the cdculation, the
parameters r,, r,, r,, | and V reman unchanged. It is seen in Fig. 24 that the axid
disolacement of the PZT rod is significantly influenced by introducing a compliant interlayer with
athickness of only 0.1 mm. The axia digplacement of the PZT rod increases as the modulus of
the interlayer decreases. The maximum displacement of the rod can be increased 64% by

reducing the interlayer modulus to one hundredth of the matrix modulus.

28



Displacement, w (mm)

0.020 I

0.015

0.010

0.005

0.000

Radial distance, r/rl

Fg. 24. Axid diglacement profiles a z=1 for interlayers of varying moduli and

thickness of 0.1 mm.
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2.4.3 Influence of the matrix properties

The influence of the matrix was examined by keeping the interlayer properties constant while
varying the matrix properties. Three different cases were consdered. In Case 1 the interlayer
and the matrix are the same. In Case 5 the matrix is softer than the interlayer while in Case 6
the matrix B stiffer than the interlayer. Properties of the interlayer are Y®® = 2.101 GPa and

n®=0.3. Theparameters r,, I,, r,, | and V aso remain unchanged. Properties of the

matrix are tabulated in Table 2.3 and the results are shown in Fg. 25. The out-of-plane
displacement of the angle-rod piezocomposite depends highly on the modulus of the matrix.
The trend of digplacement variation shown in Fig. 2.5 agrees with that predicted by smple

modéls, i.e., acomposite with lower matrix modulus has alarger displacement.

Table 2.3. Elagtic properties of matrix and interlayer used for parametric sudies.

Property Case 1l Case 5 Case 6
¢ (GPa) 2.827 0.565 14.135
¢y (GPa) 1.211 0.242 6.055
Y® (GPa) 2.101 0.420 10.50
n® 0.3 0.3 0.3

Y® (GPa) 2.101 2.101 2.101
n® 0.3 0.3 0.3

2.4.4 Influence of the interlayer thickness

The study of interaction between the polymer matrix, the interphase and the piezodectric
ceramic was further developed by investigating the influence of interlayer thickness on the
displacement profile. Thickness variations were studied for both a soft interlayer (Case 2 in
Table 2.2) and a diff interlayer (Case 3in Table 2.2).

30



0.020 | |
0.015
gn
5 0.010
ks
)
A
0.005
0.000 | | | | | | |

Radial distance, r/r1

Fg. 25 Axid displacement profiles a z=1 for matrices of varying moduli (the
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The thickness of the interlayer isdefined asr, - r,. Themaximum axid displacement which
is achieved at the center of the rod is plotted versus the interlayer thickness. Results are shown
in Fig. 26 and Fig. 2.7. For a soft interlayer, the displacement increases as the interlayer
thicknessincreases. For a iff interlayer, the displacement decreases as the interlayer thickness
increases. The results show that the influence of the interlayer becomes more sgnificant as the

thickness of the interlayer increases.

2.4.5 Influence of the ceramic rod volume fraction

The volume fraction of ceramic rods is an important parameter for designing and evaugting

piezocomposites. In the current single-rod model, the volume fraction of rods is caculated by
=(r/ r3)2 . The effect of increasing rod volume fraction is shown in Fig. 2.8 where maximum

axid digplacement is plotted as a function of v,. Interlayer and matrix parameters used in the

caculaion correspond to Case 2 in Table 2.2. As the volume fraction of rods increases, the

maximum displacement also incresses.

2.5 Effective Properties of Piezocomposites

Condder the overdl behavior of the 1-3 piezocomposite shown in Fg. 2.1 exhibiting
transverse isotropy. The condtitutive relations between the average field variables (<Ti j > , <Ei ) )

and (<S,,- > , (Di >) are described by means of the effective properties such that

i (T,,)0
N . P e AT <T22>I T IS .
.|.<D1>.l.'l €0 0 0 0 dyg Ou,lr- <-|- >-I- €, 0 Oou <El>.l.'I
i((D,)y=g0 0 0 d; 0 0j d iy 80 & 0G(E) (289
HDSMD Q a Oy dy O 0 O I< 23>| 30 0 €3T9,H|1<E3>b
H(Tadp
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where () represents volume average and an over bar denotes an effective property for the

piezocomposite.

2.5.1 Effective piezodectric constants 633 and 531

In order to determine d,;, one can impose the following boundary conditions on the

piezocomposite
() =T, (2.91)
p(rs) =0 (2.92)
f(W=0 (2.93)

which correspond to axid loading along the X, axis of the composite and no externa electric

field applied. The volume average of the resulting didectric displacement in the composite
cylinder eement shown in Fig. 2.2 iscalculated as

IO\ _/ O\ 4/ H\ ./ O\ L [ AT =D\
\Dz !/~ \d31Trr /T \dBlT(q / +\d33Tzz /T \e33Ez /* (294)

q

The effective piezodectric congtant of the 1-3 piezocomposite 533 isthen given by

(2.95)
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To determine 531, aradid dressis gpplied to the boundary of the piezocomposite such that

p,()=0 (2.96)
p(r) =Ty, (2.97)
f(W=0 (2.98)

The volume average of the didectric displacement in the composite cylinder dement is again of

theform
/ D\ _ D\ , / H\ ,/ 1)\ H\
\ / - d Tr(r)/ + \d31T( ) +\d33T§z)/ + \essE( ) (2-99)

The effective piezodectric congtant 531 of the 1- 3 piezocomposite is then given by

_  (D®)
d;, = Z—-Zl-o : (2.100)

rr

25.2 Predictionsof d,, and d,,

The piezodectric charge congants 533 and 531 are calculated usng Egs. (2.95) and
(2.100). The congtants 533 and 531 are plotted againg the volume fraction of PZT rodsin Fig.

2.9 for the case of no interlayer and fixed PZT rod aspect ratio, 21/d. Here d isdiameter of

the piezoceramic rod and 2| islength of the rod. Like the maximum gatic disolacement, both

d,, and - d,, increase with incressing rod volume fraction. Both d,, and - d,, are maximum

for the pure ceramic when the rod volume fraction is unity. However, some properties of the
composite, like the effective hydrostatic piezodectric constant d,, = d,; + 2d,, discussed in

Chapter 4, can be improved for the intermediate rod volume fraction region. The values of 533
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and - 531 predicted by the smple generdized plane-strain modd are adso plotted in Fig. 2.9.

These vaues are higher than that obtained from the current model.

It is shown in Fig. 210 and Fig. 2.11 the influence of the PZT rod aspect ratio on the

effective piezodlectric constants d,, and d,, for the case of no interlayer. Thevauesof d,, and
- d,, increase with increasing aspect ratio, but there is a saturation of the effect for 21/d >500.
These saturated values of d,, and d., approach the values predicted by the smple generalized

plane-stran modd. The influence of the interlayer modulus on the effective piezodectric
constants d,, and d., isshown in Fig. 2.12 and Fig. 2.13 for an interlayer that is 0.1 mm thick.

The effect of the interlayer modulus depends on rod volume fraction. For an interlayer with
modulus lower than that of the matrix, d,, and - d,, decrease for low rod volume fraction and
increase for high rod volume fraction (v, >0.5). For an interlayer with modulus dightly higher
then the matrix the d,, and -d,, decrease for 0 <v, <0.6. For a very compliant interlayer

both d,, and - d., decrease, but the hydrostatic piezoelectric constant d, may increase, as will

be discussed in detail in Chapter 4.

2.6 Discussion

Difficulties exist in manufacturing 1-3 piezocomposites with large 21/d ratio. In practice,
vauesof 21/d are typicdly less than 25. Thus, 1-3 piezocomposites should be modeled as
aigned short-fiber composites and not as continuous-fiber composites. In this chapter, athree-
dimensiond andyticd mode was developed for studying the locd fidds and effective behavior

in 1-3 piezocomposites.

The results obtained using the current modd demondrate that the loca out-of-plane
displacements of the composite are highly dependent on the interaction between the polymer
matriX, a thin interlayer, and the piezodectric ceramic. In order to enhance the out-of-plane

displacement, a passve matrix with smal Young's modulus should be chosen. This result is
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gmilar to that obtained from smple models. However, the overdl iffness of the composite is
dependent on the matrix modulus, especidly for lower volume fractions. By introducing a thin
compliant interlayer, the out-of-plane displacement of the rod is greatly increased while the
requirement for overdl giffness of the composite can Hill be stisfied. The interlayer essentially

serves to couple or decouple the rods from the matrix, depending on the interlayer stiffness.

Interlayer properties were aso found to influence significantly the effective charge congants 533

and 531 for the piezocomposite. Thus, the interlayer can be tailored to optimize the properties

and increase the sengitivity of 1-3 piezocomposites.
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3. IN-SITU DISPLACEMENT MEASUREMENTS
OF PIEZOCOMPOSITES

3.1 Maotivation

In Chapter 2, a composite cylinder model was used to predict the local deformations of a
1-3 piezocompodite driven by an externd dectric field. The locd deformations were highly
sengitive to the piezoeectric properties of the rod and the eastic properties of the polymer. The
properties of the interface region between the rods and the matrix were also shown to have a
sgnificant effect on loca behavior. The in-Situ rod digplacements induced by application of
electric field (converse piezodectric effect) are indicative of piezocomposte performance. For

example, the average out-of-plane surface displacement can be corrdated with the effective

piezoel ectric constant 533 for the composite.

In this chapter, the in-Situ Static displacements of a 1-3 piezocomposite are investigated
experimentaly using laser interferometry.  Displacement profiles are measured for severd
different interface conditions and are corrdlated with the rod/polymer adhesion. Experimenta
results are dso compared with predictions made by usng the composte cylinder solutions
derived in Chapter 2.

3.2 Micro-interferometric Method

Quantitative andyss of the locd datic deformations in 1-3 piezoceramic-polymer
composites is a chdlenging problem.  Since the deformations are smdl and nonuniform, the
experimenta  technique must have an out-of-plane sengtivity of goproximatedy 5 nm and a
gpatia resolution commensurate with the dimensons of the composte unit cell.  Previous
investigations by Sottos, Scott and McCullough (1991) and Ryan, Scott and Sottos (1990)
have demondrated the utility of heterodyne micro-interferometric methods for nondestructively

measuring displacements in the interfacia regions of polymer matrix composites. Because a
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long distance microscope with a high magnification is used, the interferometer probe has the
capability to resolve smdl displacementsin avery smdl region. The current investigation adapts
this micro-interferometric technique for measuring in-dtu surface digplacements in 1-3

piezocomposites.

3.2.1 Apparatus
A scanning heterodyne micro-interferometer smilar to that described in Sottos, Scott and

McCullough (1991) is utilized to measure the surface displacements of 1-3 piezocomposite
samples. A schematic diagram of the scanning heterodyne micro-interferometer is shown in Fg.
3.1 A dngle linearly polarized light beam of wavdength 514.5 nm from an argon laser (Lexd
Laser model 3500) is incident upon a 40 MHz acousto-optic modulator (AOM) producing two
beams which are sent dong different arms of the interferometer. The first beam, which follows
path A in Fig. 3.1, is shifted in frequency by 40 MHz and is used as a reference beam. The
second beam with the same frequency as the beam incident upon the AOM s directed dong
path B in Fig. 3.1 and is used to illuminate the sample surface. Hence, the sample serves as a
mirror in this am of the interferometer. The sample is mounted on a trandation and rotation
dage, such that only the outer edges of the back face of the sample are actudly touching the
fixture. This arrangement alows the sample to displace fredy. The sample is manudly adjusted
for angular tilt when digning the interferometer.

The combination of the polarizing beam plitter and the quarter-wave plate dlows the
sample to be illuminated a normd incidence without excessive light loss. The polarizing cube
reflects verticaly polarized light, and tranamits horizontdly polarized light. The verticd polarized
light incident upon the cube is reflected through the quarter-wave plate, which circularly
polarizes it. After reflecion from the sample the beam passes back
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Fig. 3.1. Schematic of the scanning micro-interferometer.
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through the quarter-wave plate, producing a horizontally polarized beam that passes through the
polarizing cube toward the nonpolarizing beam splitter.  The hdf-wave plae in the reference
arm rotates the polarization of the modulated beam to match that of the beam from the sample
am. The two beams are recombined at the nonpolarizing beam splitter.

The combined beams then arive a the primary lens of the long-distance microscope
(Infinity modd K2) placed before the eyepiece lens as shown in Fg. 31 An image
(interferogram) of the sample surface is magnified onto the image plane with this long-distance
microscope, where a scanning photodiode detector scans the magnified image. The large
numerica gperture of the long distance microscope increases light gathering power and permits
high-resolution imaging. Through the use of different lenses, magnifications from 1x to 100x are
atainable. Depending on the magnification of the image, the in-plane resolution islimited ether
by the optical system or by the diameter of the detector window.

A dynamic image which travels & a 40 MHz beat Sgnd across the image plane is formed
because of the difference in frequency between the sample and reference beams. One corner of
the image plane is reflected by a mirror onto a second photodetector. The sgnd a this
dationary photodetector is used as a phase reference Signd.  The phase of the image Sgnd is
continuousy compared with the phase of the eference sgnd. As a result, such dynamic
disturbances as ar turbulence, mechanica vibration, and therma drift, that occur within the

interferometer but away from the sample, do not affect the measurements.

The dgnd processng unit of the interferometer is shown in Fig. 32, The scanning

photodiode detector is moved across the magnified sample image usng two actuators
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which are perpendicular to each other. The actuators (Newport model 850B) are controlled by
a microcomputer-controlled motion controller (Newport model PMC200P). A high-frequency
lock-in amplifier (EG&G PARC modd 5202) is used to measure the phase of the image signd.
The output sgnd from the lock-in amplifier is digitized by a digitd oscilloscope (Tektronix
modd TDS 420). Both the oscilloscope and the motion controller are interfaced with a centra
control unit, a Power Macintosh (Apple model 8100/80) via the IEEE-488.2 interface. The
sweep rate of the oscilloscope is synchronized to the scanning of the photodetector by a Virtud
Instrument (V1) written in LabVIEW (Nationd Instruments) graphic language.

3.2.2 Principle of operation

For the caculation of the change of opticd path length produced by out- of-plane motions,
incidence wave is assumed to be plane, which is a reasonable assumption in the focd zone a
Gaussan beam. With reference to Fg. 3.3, the formula which relates the change of opticd path
length dD to surface digplacement u can be derived as (Monchdin et d., 1989)

dD=(k'- k°)- u (3.1)
Here k' is the unit vector in the incident direction while k° isthat of the observation direction.
For detecting out-of-plane displacement w, as in this study, the angle between k' and k° is

180°. ThusEq. (3.1) issimplified to

dD= 2w (3.2)
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Let A, denote the sample beam and A be the reference beam. On the image plane (xy
plane) A, and A are expressed as

A= a(x.y)e[il2o ft+y ,(x Y]] (33)
A =a(xy) eplif2o ft+y (xy)]] (34)

where a,(x,y) and a, (x,y) aretheamplitudesof A, and A respectively.

The intengity of the superposed sample wave and reference wave, which is detected by the

photodetector, isgiven as
| =a? +a? +2a,a, cos2p(f, - f)t+¢ -y ,)]. (35)

Here the frequency difference f, - f, is set by the AOM a 40 MHz. The phase of the
scanning detector output current, y =y, - Yy ., iS measured with reference to the Sationary
detector. Any out-of-plane displacement of the sample surface produces a phase shift in the 40
MHz best sgnd at the corresponding image plane. The relation between this phase shift Dy
and the change of optica path length dD due to out-of- plane displacement is

Dy = % dD (36)

where | isthe wavelength of the laser light. The displacement w can then be calculated from
this phase shift. Obtaining a | /100» 5 nm sengitivity would reqguire a phase measurement

accuracy of gpproximately 70, which is guaranteed by the lock-in amplifier used.

3.3 Sample Preparation and Char acterization
3.3.1 Samplefabrication
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The interferometer is used to measure the satic deformations resulting from activating a
angle PZT rod embedded in a polymer matrix. A schematic of the specimen is shown in Fig.
3.4. The piezoceramic (PZT) rods produced by Ceramic Processing Systems were 1 mmin
diameter and poled in an ail bath under an eectric fiedd of 20 kV/cm. The axid piezodectric
constant was measured as d,, = 420" 10 m/V . For the matrix, a Shell EPON-828 epoxy
resn with a Shdl DETA curing agent was chosen.  The samples were fabricated by placing a
PZT rod into the center of amold which was then filled with epoxy. The samples were cured a
room temperature for 7 days and post cured at 40 °C for 4 hours to raise the glass trangition

temperature of the epoxy.

The influence of a didinct inteface region between the rod and the polymer was
investigated by fabricating samples with severd different interface conditions. In the first type
(1), the rods were embedded with no specid interface trestment or coating as described above.
In the second type (I1), athin polymeric coating with a Y oung’s modulus lower than that of the
bulk matrix was applied to the rods prior to being embedded. Type Il samples had an even
lower modulus (dmost rubber-like) coating applied to the rods. Findly for the fourth sample
type (1V), the rods were treated with a sillane coupling agent obtained from Fiber Materids Inc.

Spurr epoxy (Polysciences) was used for the compliant coatings (types Il and 111). Spurr
epoxy is a four-component syssem. The modulus was varied by changing the concentration of
the flexibilizer--diglycidyl ether of polypropylenglycol (DER) in the stoichiometric mix. Table
3.1 ligs the various compositions of Spurr used in this sudy and the designation of each
composition. Coatings were applied by dipping the rods in the epoxy and curing at 70 °C for 8

hours. To increase the thickness, a second layer of
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Fig. 3.4. Schematic of the sample for interferometric measurements.



coating was gpplied to the first layer. Properties of the coatings as measured by uniaxid tensgon

testsarelised in Table 3.2.

Table 3.1. Spurr epoxy compositions.

Coating VCD DER NSA DMAE
Typel 109 60 269 049
Typell 109 91¢g 269 049
Typelll 109 19.6 g 269 0449

Table 3.2. Properties of the Spurr epoxy coatings.

Coating Y oung’'s modulus (GPa)
Typel 2.1
Typell 0.6
Typelll 0.01
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3.3.2 Interfacia adhesion

It is essentid to have some measure of the interfacid bond strength between the coated PZT
rods and the polymer matrix for the evauation of mechanical response and the development of
well-designed interfaces.  Digplacement measurements are sendtive to the PZT/polymer
adhesion as well as the dastic properties of the coating. Although the literature abounds with
sudies of fiber/matrix adhesion in polymer compostes, very little work has been carried out on
piezoceramic/polymer adhesion.

A thinsection pushout test was adopted to measure the PZT rod/polymer interface
grength (Li, Durkin and Sottos, 1994). This test, which has been used extensively to measure
the in-gtu interfacid shear rength in fibrous composites, is useful for evaduating the effects of
coatings on debonding. A schematic of the thin-section push-out gpparaus is shown in Fg.
3.5. Singlerod samples as described in Section 3.3.1 were cut to alength of gpproximatey 3.5
mm. Tests were conducted by gpplying an axid load to the rod using the punch, which was
atached to an Ingtron testing machine. A congtant cross-head displacement rate of 0.05
mm/sec was used for the tests. A typica load versus displacement curve is shown in Fig. 3.6.

The maximum load corresponds to the point a which the rod debonded from the matrix. Using

the maximum load, P, , ahd the sample dimensons, one can calculate the average interfecia
shear strength, t,, expressed as
P

t, =—" 3.7
°  4prl 3.7)

Although this amplified equation only cdculates an average interfacid strength, it is useful for
comparing adheson changes due to the different interlayers or surface treatments used in this
dudy. The effects of different coating types on interfacid shear strength are summarized in
Table 3.3. The reaults show that the addition of a interlayer with lower dastic modulus has

amost no effect on the average interfacia shear drength
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Fig. 3.5. Schemdtic of the thin-section push-out test.
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Fig. 3.6. A typical load-displacement curve for the push-out test.
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a room temperature. The results dso show that the interfacid shear strength is sgnificantly

increased by the slane coupling agent.

Table 3.3 Average interfacial shear strength.

Codting Interfacial Shear Strength

Typel 17.3 MPa
Typell & Typelll 18.7 MPa

TypelV 22.4 MPa

3.3.3 Surface preparation for interferometric measurement

For the interferometric experiments, single rod samples were cut to a length of 5 mm and
the front face finely polished. Polishing of the face on which the laser probe measurements are
made was criticd to insure a flat surface free of scratches. After polishing, a thin gold coating
was evaporated on the front surface of the sample to provide a highly reflective surface for the
interferometric measurement as well as an dectrode for applying the dectric fidd. Silver paint

was applied to the back surface of the sample to provide a second el ectrode.

3.4 Experimental Procedure and Results

The piezoceramic rod was actuated by applying a static voltage across the piezocomposite
sample. Two types of displacement measurements are reported below. In the first type of
measurement, maximum displacement is recorded as a function of time after actuation. In the

second type of measurement, displacement profiles of the sngle-rod composite are obtained.
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3.4.1 Maximum surface displacement

For the maximum displacement measurement, the scanning detector is fixed in the center of
the PZT rod. An dectric field is applied across the sample, which triggers the acquisition of the
phase data as the sample responds. The phase change is then converted to displacement for
that particular point. Measured displacements are plotted as a function of time for al four types
of samplein Fg. 3.7. The gpplied voltage is dso shown in thisfigure. The compodte cylinder
modd discussed in Chapter 2 predicts that the maximum displacement will occur at the center
of the ceramic rod. It can be seenin Fig. 3.7 that the displacement at the center of the PZT rod
jumps rapidly in about 600 ms from zero to its stable vaue when the dc voltage is turned on.
The displacements of the samples with a low-modulus interphase (types 11 and I11) were higher
than that of the untreated samples (type 1). Because the adhesion between the Spurr epoxy
coated rods is very smilar to that of the untreated rods (see Table 3.3), the increase in
displacement is due solely to the reduction in stiffness of the interlayer surounding therod. The
samples treated with a slane coupling agent (type IV) had a lower displacement than the
untreated samples (type 1). This decrease in displacement may be attributed to the increase in
adhesion between the slane treated rod and the surrounding matrix or to the formation of a
differ interlayer near the rod due to a reaction between the silane coupling agent and the matrix
during sample cure. The extent of reaction of the slane with the matrix is not well known and

therefore makes it very difficult to assess the properties near the rod surface.

3.4.2 Surface digplacement profile

Surface digplacement profiles are obtained by scanning the detector in aradia path from the
rod center. To measure the net displacements of the sample, one makes an initid scan of the
surface before activation. The sample is then activated and a second scan is run. During each
scan, phase data are continuoudy recorded and stored. Figure 3.8 isatypicd plot of the raw

data from the surface profiles before and after activation. Displacements are caculated by
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ubtracting the phase daa of the initid scan lines from the find ones.  All out-of-plane
displacements are measured relative to the same reference point, which is at adistance at least 3

times the rod radius away from the rod center.

Figure 3.9 shows the measured displacement profiles dong the radid direction of the
samples for each interphase type. A nonuniform experimenta displacement profile is observed
with maximum displacement in the PZT rod region. The surface displacement decreases with
radid digance in the matrix. The axid digolacement of the PZT rod is sgnificantly influenced by
a thin compliant coating. The rod digolacement increases as the modulus of the coating
decreases. This observation is conastent with the results predicted theoreticaly. Although a
thin compliant coating decouples the rod from the matrix and increases the rod displacement, it
a0 increases the nonuniformity of the digplacement profile across the composite. On the other

hand, samples with slane coupling agent have smaler and more uniform surface displacements.

3.5 Discussion

A one to one comparison of theory and experiment is difficult because the mechanica
properties of the interphase cured with silane coupling agent and the thicknesses of the coatings
are unknown. However, trends in the variation of surface displacement profile due to changes
in interphase properties can be assessed.  Predictions of surface displacement profile were

made by using the theoretical analyss derived in Chapter 2. Elagtic properties for the PZT rod
in Table 2.1 are used. The measured vaue of d,, = 420" 10 **m/V isused and the vaue of

d,, isedimated to be d,, =-198" 10" m/V. Materid properties for EPON 828 epoxy are
liged in Table 3.4. Geometric parameters are r;, =0.5 nr, r, =0.6 mmr, r,;=3.0 mm,
and | =2.5 mr . The displacement profiles for samples with different interphase modulus are
shown in Fig. 3.10 for an applied dc voltage of 300V. These displacements are reldive to,
r = 3r,, the point where the reference detector is located in the experiments. The variations of

surface displacement profile due to changes in interphase properties as shown in Fig. 3.10 arein
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good agreement with the experimentally observed trends for the untreated samples (type|) and
samples with alow modulusinterlayer (types |l and [11). The measured displacement profile for
the dlane coupling agent treated samples (type V) is lower than the predicted displacement
profile for samples with a high modulus interlayer as shown in Fig. 3.10. This decrease in the
measured displacement may be attributed to the increase in adhesion between the slane treated

rod and the surrounding matrix.

Table 3.4. Materids properties for EPON 828 epoxy.

v® (GPa) n®
25 0.3

Micro-interferometric measurements as well as the theoretica predictions demondrate that
the out-of-plane digplacements of the composite are highly dependent on the interaction
between the polymer matrix, a thin interlayer and the piezodectric ceramic. By introducing a
thin compliant interlayer, the out- of- plane digplacement of the rod is greatly increased while the
requirement for overal giffness of the composite can Hill be satidfied. Theinterlayer essentidly
serves to couple or decouple the rods from the matrix, depending on the interlayer tiffness. On
the other hand a slane coupling agent can improve the interfacia adhesion and reduce the

nonuniformity of the digolacement profile in whole composite region. The measured
displacement profile can also be used to estimate the effective piezodlectric constants d., of the

composite. For thin-section 1-3 piezocomposites, 533 can be caculated from the out- of-plane

displacement as
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- 1 .2w(x,
dss :V\l‘ ) i/ y)dW (3.8

where V isthe voltage applied and the integrd is over the area, W, measured on the surface of

the composite sample.
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Fig. 3.7. Displacements measured at the center of the PZT rod.
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Fig. 3.8. Measured composite sample profiles.
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Fig. 3.9. Displacement profiles measured on the composite sample surface.
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4. ELECTROMECHANICAL COUPLING IN PIEZOCOMPOSITES

4.1 Introduction

The key principle in designing piezodectric ceramic-polymer compositesis to maximize the
electromechanica coupling. Maximum coupling is achieved by building a composte sructure
that trandfers the applied externa stresses to the composite’'s piezodectric component in a
paitern that most nearly approximates the piezoceramic’'s maximally coupled stress patterns
(Smith, 1992). In this chapter, this principle is gpplied to the hydrogatic behavior of 3

piezocomposites.

Piezoceramics, which are used commonly as ultrasonic transducer materids, suffer from
severd disadvantages when used for hydrophone gpplication. The piezodlectric response of a
PZT ceramic under hydrogtatic pressure is shown schematicaly in Fig. 4.1. The stressinduced
electric displacement D, can be resolved into two parts. Thefirst part corresponds to the axial
stress while the second part corresponds to the lateral stress. Due to the opposite Sign of the
piezodectric charge coefficients d,, and d,;, these two parts are opposite in sign and the net
piezodectric effect is smal. The hydrogtatic piezodectric coefficient d, of PZT is defined as

d, = 2d;, + d,;. The coefficient d, of PZT islow even though the magnitudes of both d,, and
d,, are large. The hydrodatic voltage coefficient g, = % is dso smdl because of the high

33

didectric congtant e .

Smith (1992) has shown that the combination of alaterd stresswith sSign opposite to that of

the axid stress provides the maxima coupling to D, inaPZT ceramic as shown in Fg. 4.2.

Thus, an effective way to increase the magnitude of d, and g, is the use of a composte

dructure desgn. Among various types of composte, piezodectric compodtes with 1-3
connectivity have attracted a greeat dedl of attention and have been used widely for underwater

hydrophone applications (Haun and Newnham, 1986).
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D3 = d31T11 + d31T22 D3 = d33T33 D3 = d31(T11 + T22) + d33T33
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1,2

Fig. 4.1. Schematic of the hydrostatic response of a piezoceramic.
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Dy(max) = d,,(T,, + T,,) +dy; T,
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Fig. 4.2. Schemdtic of the maximum direct stress patternin aPZT.
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The hydrogtatic response of a 1-3 piezocomposite is shown schematicdly in Fig. 4.3. The
volume average of the stress-induced dectric displacement {D,) is dependent on the volume
average axid dress and volume average latera stress in the piezoceramic rods. Because of the
stress transfer from the piezodectrically passve polymer phase to the piezodectricaly active
ceramic phase, the hydrogtatic response of this piezocomposite can be dramatically improved
over the Sngle-phase piezoceramic. In designing 1-3 piezocomposites, the god of maximizing
the eectromechanical coupling can be achieved ether by increasing the axid dress or by

effectively reducing the laterd stressin the piezoceramic rods.

Maximizing eectromechanica coupling in piezocompogtes is an inverse problem. In the
following two sections, the dectromechanical coupling in 1-3 piezocomposites is quantified in
terms of the effective hydrodtatic piezoelectric constants ah and §,. Sincethereisno universal
method for solving inverse problems, a parametric sudy is performed to examine systematicdly
the influence of matrix stiffness, rod aspect ratio, interlayer siffness, and rod volume fraction on
the hydrostatic performance of a 1-3 piezocompodte in terms of the effective hydrodtatic
piezoe ectric coefficients.

4.2 Effective Hydrostatic Performance of 1-3 Piezocomposites
To dudy eectromechanical coupling in 1-3 piezocomposites for hydrostatic gpplications,
the following boundary conditions are imposed on the piezocompaosite cylinder developed in

Chapter 2:
p.(£1) =- pj
p(r;) =- py (4.1)
fW=0 }

where p represents constant pressure.
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(D) =(ds TR)+{dnT5)+(dsT )

Fig. 4.3. Schematic of the hydrostatic response of a 1-3 piezocomposite.
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The volume average of the hydrogatic pressure-induced dectric displacement in the

composite cylinder is given by

IO\ — / O\ , / D\ ,/ W\ , [ AT =(D\
(D) ={dy, ) + 1Ay Ta) +{dysTS) + {3 EY) (4.2

q b4

where (-) represents volume average. For a homogeneous PZT rod with a hydrostatic

piezoeectric condtant d, , the volume average of the pure hydrostatic pressure-induced eectric

displacement is

D, =-d.p. (4.3)

z

Thus the effective hydrogtatic piezodectric congtant of the 1-3 piezocomposite is given by

_ (D)
d, = . 4.4
T (4.4)

The effective didectric constant €, of the composite can dso be predicted by using the

composite cylinder modd. Since the didectric congant of the polymer is very smadl when
compared with that of the piezoceramic, the effective diglectric congtant is approximated as

ésTa » ega(l)vf (4.5

T

where e,; * is the didectric constant of the piezoceramic and v, is the volume fraction of the

piezoceramic rods. The effective piezoe ectric voltage congtant is given by

(4.6)
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The composite figure of merit defined as d, g, is approximated as

- d?
dh91 » e'|3' (hl)V (4-7)
3 f

Predictions were made of the effective piezodectric congtants and the figure of merit in 1-3
piezoelectric composites using the Egs. (4.4), (4.6) and (4.7). The piezoceramic rods are
assumed to be PZT-5H (Morgan Matroc Inc., 1989) and the properties are listed in Table 2.1.
The polymer matrix is assumed to be Spurr epoxy with the properties which are given in Table
2.3 (Case 1). Thediameter of the PZT-5H rodsis 0.75 mm.

4.3 Load Transfer and Stress Amplification
4.3.1 Predictions of effective ah and g, _for a 1-3 piezocomposite

Predictions of the effective hydrogtatic piezodectric constant ah for atypica PZT-5H rod
aspect ratio (21/d =13.3) using the finite concentric cylinder model are plotted in Fig. 4.4 for a

range of rod volume fractions (no interlayer). Here 2| isthe length of the PZT rodsand d is
the diameter. The effective ah exceeds the d,, of the congtituent ceramic, gpproaching a value

three times as high as that of pure PZT-5H (d, = 45" 102/ V). The prediction of d, made

from the generdized plane-sirain modd is dso shown in Fig. 4.4. The vaue corresponding to

the generdized plane-strain modd is larger than that of the finite concentric cylinder modd.
Additiondly the peak vadue of ah shifts to a lower volume fraction region for the plane-gtrain

prediction.

Cdculated values of @, and ah@ are plotted in Fig. 4.5 and Fig. 4.6, respectively, as a
function of the rod volume fraction for 2I/d =13.3. The §, pesks a low ceramic
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Fig. 44. Variation of d, with volume fraction of PZT rods for the case of no interlayer.

75



160

i
i
'Il:
140 - — 21/d=13.3
e Plane-strain model
120 |
N
L
. 100 l—‘l
A \L\
[

80

Piezoelectric constant, g (10”° Vm/N)

PZT rod volume fraction, vf

Fig. 45. Varidion of g, with volume fraction of PZT rods for the case of no interlayer.

76



10000

T
- 4
1

T
~ <

o —— 2/d=13.3 ]
goo & Y\ - --- Plane-strain model -
H \ .
< 6000 - Y -
i Y 1
1L \ .
| \
n \ 4
4000 |- \ ]

2000

Composite figure of merit,d g (10™ m?/N)

PZT rod volume fraction, vf

Fig. 46. Variation of d, g, with volume fraction of PZT rods for the case of no

interlayer.

77



content, attaining avalue greater than that for the pure ceramic (g, =15° 10°°Vm/N). This
enhancement is due to the dilution of the diglectric permittivity and the increase of ah A
somewhat broader peak in the figure of merit, Jh(jn , ds0 appears a low PZT-5H content for
essentidly the same reason asits g, peak. The vaue atained is significantly higher than the
pure ceramic (d, g, = 67.5° 10°m?/N). Again, the plane strain model predicts significantly
higher values of d, and d, g, than the composite cylinder modl.

The dress pattern in the piezoceramic is depicted in terms of the normaized average

dresses in the PZT rods which are plotted in Fig. 4.7 dong with the ah for the same case asin
Fig. 44. Thereis alarge stress amplification in the axia stress TS espedialy for the low PZT
rod volume fraction region. Although the laterd stress is dso dightly increased, competition

among the axia dress, the laterd dress and the volume fraction of the PZT rod gives an
enhanced effective hydrogtatic piezoeectric constant ah. Thus, axid dress amplification is

beneficia for the enhancement of d, .

4.3.2 Influence of PZT rod aspect ratio on ah

The aspect ratio of the PZT rods, 2l/d, has been proven in experiments to be a critical
parameter in 1-3 piezocompogtes. The effect of the agpect ratio is not included in the smple
generdized plane-strain models (Smith, 1993; Jensen, 1991; Cao, Zhang and Cross, 1992).
However, this effect can be studied usng the current finite concentric cylinder modd. A
parametric study was carried out to assess the influence of PZT-5H rod aspect ratio on ah .

Materid properties of PZT-5H and the polymer matrix are the same asin Table 2.1 and Table

23 (Case 1). The results are plotted in Fig. 4.8 for saverd different aspect ratios. For each
case, the ah exhibits a pesk vadue which shifts to higher volume fractions with decreasing aspect

ratio. The peak value increases with increasing aspect ratio, but there is a saturation of the
effect for 21/d >500. Thus, the enhancement of axia stressin the PZT rod from increasing the

rod agpect ratio hes an upper limit. This
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Fig. 4.7. Variation of d, and the average stressesin the PZT rod with rod volume

fraction for the case of no interlayer.
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saturated vaue of ah approaches the vaue predicted by the generalized plane strain model.

For acomposite with small rod aspect ratio, the Smple generaized plane strain modds
ggnificantly over predict the ah . Inpractical applications, the PZT rod aspect ratios are

typicaly smal (21/d < 25) dueto poling limitations, and the finite concentric cylinder model

would more accurately predict the behavior.

4.3.3 Influence of matrix stiffnesson d,

The influence of matrix stiffness on ah of 1-3 piezocomposites was examined by varying the
matrix diffness (21/d =13.3) and using the finite concentric cylinder mode. The resuits are
plotted in Fig. 4.9 where Y is the Young's modulus of the matrix and Y° is the modulus of
plan Spurr epoxy liged in Table 2.3 (Case 1). The ah Increases with decreasing matrix
diffness but saturates for a very soft mairix. The effect of softening the matrix is smilar to the
effect of increasing the PZT rod aspect ratio. These two effects are responsible for causing

axid dress amplification, which is Sgnificant at low PZT rod volume fractions.

4.4 StressReduction and The Role of Interphase

The enhancement of eectromechanicad coupling under hydrodtatic pressure is achieved
either by increasing the axia dtress or by decreasing the laterd stress in the piezoceramic rods.
The aforementioned results of the influence of the rod aspect retio and the matrix stiffness on d_h
demondtrates how axial stress amplification in the rods can be achieved from these two effects.

The results dso show the saturation from these two effects.
Because the actud dress trangfer is through the interface between the rods and the matrix,

the incorporation of any exiding interphase region into the micromechanicd andyss of 1-3

piezocompostes may be important for understanding composite  behavior.
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Experiments in Chapter 3 verified tha an interlayer dgnificantly influences the out-of-plane
displacement of a 1-3 piezocomposite. In Chapter 2, athin interlayer was introduced between
the piezoceramic rods and the matrix in the micromechanica modd. Interlayer propertieshad a
sgnificant effect on the effective charge congtants, 533 and 531, as shown in Figs. 2.12 and
2.13. It is proposed that the presence of this tin interlayer can influence the hydrogatic
behavior of the composite and change the sengtivity. Kim, Rittenmyer and Kahn (1993)
showed that by casting a soft epoxy interlayer between PZT rods and a iff polymer preform
matrix, a 1-1-3 piezocomposite with high hydrostatic charge constant can be obtained. Sherrit,
Wiederick and Mukherjee (1992) also described a 13 type PZT-ar piezocomposte with
extremdy high effective hydrodtatic piezodectric constants and figure of merit.

4.4.1 Laterd sress reduction and therole of interlayer

The influence of an interlayer with a thickness of 0.1 mm is shown in Fg. 4.10, where the
Y® isthe interlayer modulus and Y° is the modulus of plain Spurr epoxy asgivenin Table 2.3
(Case 1). The PZT-5H rod aspect ratio is fixed a 13.3. The introduction of a thin soft
interlayer greatly reduces the laterd stressin the PZT rod. The effect of softening the interlayer

becomes dominant for rod volume fractions between 20% and 45% where the d. increases

ggnificantly with a decrease in the interlayer diffness.

The effect of the laterd stress reduction for the case of a soft interlayer isillusrated in Fg.
4.11. The average stresses in the PZT rods are plotted in Fig. 411 dong with the ah for
Y@ =Y°/100. A comparison with Fig. 4.7 reveds that there is alarge reduction in the lateral
giress for the compliant interlayer.  Although the axid dress is dso dightly decreased,

competition among the axid dress, the laterd stress and the volume fraction of the PZT rod

gives an enhanced effective hydrodatic piezodectric  constant  d, . This
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laterd dress reduction effect can be further explained by plotting the product of the average
dress in the PZT rods, the rod piezoelectric constant and the rod volume fraction in Fig. 4.12
for the same case as in Fig. 4.11. According to Eq. (4.4), the difference between the curve
corresponding to the average axia stress and the curve rdated to the laterd dtressis exactly the
effective hydrogtatic congtant ah, which is dso shown in Fig. 412. Thus laerd dress

reduction through the introduction of athin, soft interlayer is dso beneficid for the enhancement
of d, .

4.4.2 Influence of the interlayer Poisson’sratio on d,

The Poisson' s ratio of the polymer matrix is dso a very important parameter in designing 1-3
piezocomposites for hydrostatic gpplications. If the Poisson's ratio of the polymer matrix is
large, the polymer matrix will be hydrogaticaly incompressble and large laterd stresses will
develop in the piezoceramic rods. Previous solutions to suppress the Poisson effect of the
polymer matrix relied on introducing bubbles into the polymer matrix to reduce the Poisson’s
ratio. Voids, however, will adso reduce the matrix stiffness and introduce an undesired bias
pressure dependence to the hydrostatic sengtivity (Haun and Newnham, 1986; Kim,
Rittenmyer and Kahn, 1993)

The laterd dtress in the piezoceramic rods can aso be reduced by controlling the Poisson’'s
ratio of athin interlayer. This effect is shown in Fig. 4.13 for the case of Y = Y°/10. The
thickness of the interlayer is fixed a 0.1 mm and the PZT-5H rod aspect ratio is 13.3. Figure
4.13 shows a compliant interlayer with a smdler Poisson’s ratio can further reduce the laterd

stress in the PZT rod and increases the d, of the 1-3 piezocomposite. The maximum d, vaue

is agan shifted to higher PZT rod volume fraction.
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4.5 Finite Element Smulation of Piezocompositeswith Tailored I nterphase

In the previous discusson, lateral stress reduction and axid stress amplification were not
obtained smultaneoudy. In order to improve the hydrogatic performance of a 1-3
piezocomposite further, the interlayer should be talored to enhance both these effects. An
interlayer that was functiondly graded dong the axis of the rod, such that it was differ & the
edges of the rod to enhance load transfer and axia stress amplification and softer along the
interior region of the rod to reduce latera stresses, should be able to exploit both effects.
Based on this concept, a tailored interlayer design was developed as shown schematicdly in
Fig. 4.14. Evduation of the hydrostatic response of a 1-3 piezodectric composite with such an
interlayer was conducted using the finite-element method. Because of the increased complexity
of this tallored interphase, a numericd method is necessry to sudy the influence on the
electromechanica coupling in the composite.

A composite cylinder modd is used to represent a Sngle piezoceramic rod, the interlayer
and the surrounding matrix. The interlayer consagts of two parts, the core and the edge, each
with digtinctive materid properties. Asan example, the interlayer edge was chosen as the same
as the matrix. Symmetry in the axid or z coordinate is preserved. The composite modd is
developed with 8 node quadrilaterd dements (CAX8RE dements in ABAQUYS). The finite
element mesh had a totd of 5400 dements and is shown in Fig. 4.15. The length of the
compogte cylinder modd 2| is 10 mm and the length of the interlayer core, 2H,is8 mm. The
interlayer is of 0.1 mm thick. The diameter of the piezoceramic rod is 0.75 mm. Fig. 4.16
shows the finite mesh near the end of the interlayer core.  The finite-dement andyss was
conducted usng ABAQUS (Hibbitt Karlsson & Sorenson Inc.) software.  The boundary
conditions gpplied are shown schematicdly in Fig. 417. Materid properties for the
piezoceramic and epoxy matrix are from Table 2.1 and Table 2.3 (Case 1).
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The caculated effective piezodectric constant d, dong with vaues from theoretical

predictions are plotted in Fig. 4.18. Finite-element results are depicted by open or closed
symbols while solid or dashed lines represent andyticd solutions. The composite with a graded
interlayer has a broad pesk when compared with the compliant interlayer case and has
improved hydrostatic behavior compared with the no interlayer case. This broadened peak for
the effective piezodectric congtant ah leaves room for the consderation of other design
parameters, such as the rod volume fraction that is critical to the effective didectric congtant and

the acoustic impedance.

4.6 Discussion

The andysis of the hydrogtatic performance of 1-3 piezocomposites demonstrated how to
optimize dectromechanica coupling in the design of a piezocomposite materid for a specific
gpplication: to build a composite structure that transfers the externa stresses gpplied to the
active component of the compodte in a patern that most nearly approximates the

piezoceramic’'s maximaly coupled dress pattern.  The micromechanics modd developed in

Chapter 2 was used to predict the effective hydrostatic piezodectric congtants ah , §, and the
figure of merit, d,g,. Parametric studies were performed to assess the influence of matrix
diffness, rod aspect ratio, interlayer siffness, and rod volume fraction on the hydrodtatic
piezoelectric congtants. Increasing the aspect ratio sgnificantly increases the d_h dueto the axid
gress amplification and increased load transfer.  This effect saturates for an aspect ratio of
2l/d >500 when the solution approaches the values predicted by a generdized plane strain
modd (infinite aspect ratio). Even though a large aspect ratio would increase hydrodtetic
sengtivity, piezocomposites are typically fabricated with smal rod aspect retios due to poling
limitations. The properties of these piezocomposites are more accurately modeled by a finite

concentric cylinder modd.
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The ah can a0 be increased by decreasing the matrix stiffness or introducing a compliant
interlayer around the PZT rods. Decreasing the matrix stiffness causes axia stress amplification,
which leads to higher ah vadues. However, difficulties may exig in fabricating an entire
compogite with a very compliant matrix. A compliant interlayer Sgnificantly increases the ah by
effectively attenuating the laterd stressin the PZT rods without decreasing the overdl stiffness of

the compogite. A compliant interlayer with smaller Poisson’sratio can further increase the ah of

the 1-3 piezocomposite.

To improve the hydrostatic performance of a 1-3 piezocomposite further, one must tailor
the interlayer to enhance both reduction in lateral stress and axiad dress amplification. An
interlayer that is functiondly graded adong the axis of the rod, such that it is differ at the edges of
the rod to enhance load transfer and axia sress amplification and softer along the interior region
of the rod to reduce lateral stresses, could exploit both effects. Such an optima interlayer
design would provide improved eectromechanica coupling and design flexibility.
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5. SUMMARY AND CONCLUSIONS

The gpplication of piezoceramic-polymer compostes continues to grow in biomedicd,
automotive and other industries. Because of the potentia of piezocomposites for novel
goplications it is important to improve the conceptua understanding of these materids, to
develop practica design rules, and to investigate ways of optimizing performance. In this

dissertation severa contributions have been made toward these gods.

5.1 Summary of Results

A micromechanics modd was developed for predicting the locd fidds and effective
behavior in piezocomposites with 1-3 connectivity. Because the presence of athin interlayer or
polymer coating around the ceramic rods can influence the locd interaction between the
piezoceramic and polymer matrix and change the overdl performance of the composite, the
mode was designed to incorporate an interlayer with varying properties. This composite model
was aso characterized by its finite length, chosen to be equa to that of the embedded
piezoceramic rods. The solutions of the displacement, dress, and eectric fidds in the
composite model were obtained using two displacement potentiad functions and an dectrica
potentia function.

The micromechanics model was used to predict static displacement behavior in a 3
piezocomposite. Predictions from the current modd were compared with solutions generated
by sample plane-strain models and other micromechanical modes. The results demonstrated
that the loca out-of-plane displacement of the piezocomposite is highly dependent on the
interaction between the polymer matrix, a thin interlayer, and the piezoeectric ceramic. In order
to enhance the out-of-plane disolacement, one should choose a passve matrix with small
Young's modulus.  This resut is Smilar to that obtained from smple models. However, the

overd| diffness of the composte is dependent on the matrix modulus, especidly for lower
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volume fractions. By introducing athin compliant interlayer, one can greetly increase the out-of-
plane digplacement of the rod while satisfying the requirement for overdl giffness of the
composite. The interlayer essentidly serves to couple or decouple the rods from the matrix,

depending on its fiffness.

The micromechanics modd was dso used to estimate the effective piezoeectric constants
533 and 531 for the composite. Rod aspect ratio, matrix properties and interlayer properties
hed a significant effect on the valuesof d,, and d,,. Thus, the interlayer can be tailored to

optimize the properties and increase the sengitivity of 1-3 piezocomposites.

Experimentad studies focused on probing surface displacements of 13 piezocomposites
using a scanning heterodyne laser interferometer. Static surface displacements of 1-3 PZT rod-
epoxy samples with different interphase regions were measured and correlated with the effective
datic performance of the composite. Severd types of interphase regions were considered.
Coatings with dastic modulus lower than that of the epoxy matrix were gpplied to therods. The
influence of a slane coupling agent was a0 investigated. Experimentd displacement profiles
were compared with micromechanicd predictions using the finite composite cylinder modd.
Micro-interferometric measurements as well as the theoretica predictions demondrated that the
out-of- plane displacement of the composite is highly dependent on the properties of the polymer
matrix, a thin interlayer, and the piezodectric ceramic. The variation of surface displacement
profile due to changes in interphase properties as predicted usng the composite model were
compared with the experimental measurements. The predictions were in good agreement with
the experimentally observed trends. The out-of-plane displacement of the rod increased
ggnificantly when a thin compliant interlayer was introduced. A sSlane coupling agent improved
the interfacia adhesion and reduced the nonuniformity of the displacement profile in the whole

composite region. Furthermore, the measured displacement profile can also be used to estimate
the effective piezoectric constants d,, of the composite.
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The study of eectromechanicd coupling in piezocomposites was further developed by
investigating the hydrogtatic performance of 1-3 piezocomposites, an important issue in design
of piezocomposites for low frequency applications. Emphasis was placed on determining the
dress transferred between the passive matrix and the active piezoceramic rods and using this
data to indicate the level of dectromechanicd coupling. The dress fied in the piezodectric
ceramic under hydrogtatic loading was predicted usng the andytical micromechanicad mode
developed and a finite dement modd as well. Optima dectromechanical coupling was

achieved when a certain favorable stress field was induced in the piezoceramic.

The key principle in desgning a piezoe ectric ceramic-polymer composite isto maximize the
eectromechanicd coupling. Maximum coupling is achieved by building a composite structure
which transfers the gpplied externd stresses to the composite' s piezodectric component in a
pattern that most nearly gpproximates the piezoceramic's maximally coupled siress patterns.
This investigation has shown that the improved hydrogtatic performance of 1-3 piezocomposites
comes from two mgor effects: the axid stress amplification and the laterd stress reduction in the
piezodectric rods. Thus, in desgning 1-3 piezocomposites for better hydrostatic behavior, the
primary god is to increasse the axial stress and to reduce the laterd stress in the piezoceramic

rods.

The micromechanics model developed was used to examine systematicaly the effective
hydrostatic piezoelectric constants d,, g, and the figure of merit, d, G,. Parametric studies

were performed to assess the influence of matrix stiffness, rod aspect ratio, interlayer siffness,

and rod volume fraction on the hydrostatic piezoelectric constants. Increasing the aspect ratio
sgnificantly incressed the ah due to axid stress amplification and increased load trandfer. This

effect saturates for 21/d >500, where the solution approaches the vaues predicted by a

generdized plane srain-modd. Even though a large aspect ratio would increase hydrodtatic
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sengtivity, piezocompostes are typicaly fabricated with smal rod aspect ratios due to poling
limitations. The properties of these piezocomposites are more accurately modeled by a finite

concentric cylinder mode!.

The ah can dso be increased by decreasing the matrix giffness or introducing a compliant
interlayer around the PZT rods. Decreasing the matrix stiffness causes axia stress amplification,
which leads to higher ah vdues. However, difficulties may exig in fabricating an entire
composite with a very compliant matrix. A compliant interlayer significantly increases the ah by
effectively atenuating the lateral stressin the PZT rods without decreasing the overdl stiffness of

the composite. A compliant interlayer with smaler Poisson's ratio can further increase the ah

of the 1- 3 piezocomposite.

To improve the hydrostatic performance of a 1-3 piezocomposite further, one must tailor
the interlayer to enhance both reduction in lateral stress and axia stress amplification. It has
been shown theoreticdly that an interlayer mechanically graded aong the axis of the rod, such
that it is dtiffer a the edges of the rod to enhance load transfer and axid stress amplification and
softer dong the interior region of the rod to reduce laterd stresses, should be able to exploit
both effects. This optima interlayer design provides improved dectromechanica coupling and
design flexibility.

Although the current work is focused on the eectromechanica behavior of 1-3
piezocomposites at low frequency, the research results and conceptual understanding obtained

have importance for optimizing the design of a piezocompodite in other gpplications as well.
5.2 Directionsfor Future Work

One grength of this micromechanica andysis is the ability to explore better gpproaches to
optimization of the eectromechanica behavior of piezocompostes. The method can be used to
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sudy the effect of the piezoceramic/polymer interface/interphase further. The results could

provide a sound base for optimal interface/interphase design and control in piezocomposites.

The micromechanics methods can be applied to study piezoelectric composites with other
geometrical configurations such as 2-2 piezocomposites and composites with particulates. The
methods can aso be used to investigate other coupled phenomena in composite materids, such
as thermo-mechanica and pyrodectric effects.

The micro-interferometric method is idedly suited to investigate the locd deformation in
piezocomposites, especidly near the ceramic/polymer interface.  Accurate measurement of the
effective piezodectric condants for the piezocompodtes is 4ill a difficulty in practica

aoplications of the composite materids. The interferometer could be adapted to measure the
true effective piezodectric constant d., for acomposite.

The experimentd method can dso be used to investigate dynamic response of the
piezocomposites at higher frequencies. The method can be used to measure different types of
resonance modes of piezocomposites and to study rod-rod interactions. A significant amount of

work remains to be done in this direction.
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APPENDI X

The coefficientsin Eq. (2.30) are given by

P, = ol (eel? + cilel)
P, =[2ce (2 + &) - o (ce? + ced) + el
+2cicfey - 2cfellel] - celleld)|n? i A1)
= (e (eed +ced) +clcel + (e +e)?] |
- 2606l (cd + o) - e (e +2cd) + 26t |

b

5 — ~D ~D 5D (1) J(D 6
P, = Cy (C53€55 +€53€5)M

The functions h ), where j=1,2....24, in Eqgs. (2.40) to (2.47) can be expressed in terms of

modified Bessdl functions of the firgt kind 1,, |, and elastic congtants of the piezoeectric

ceramic asfollows,
h(r)=a,l,(a,r) (A2)
h (r) = Refa, I, (a,r)] (A3)
h (r) =Imfa, 1, (@,r)] (A%)
hi (r) = - bilg(a,r) (A5)
h{Y (r) = Rel- b,ly(a,r)] (A6)
hey (r) =1m[- b,lo(@,r)] (A7)
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hir)=[d? a%/2- (b, +eg)m ]l (@) +df ay/ri(ayr)

(A8)
+cid a?/21,(ayr)
he(r)=Refc a,2/2- (c¥b, +elg,)m Jlo(a,r) +ca,/ry(a,r)
(A9)
+Cﬁ) 8.22/2 |2(a 2[‘)}
h)(r)=1m{ P a,2/2- (c¥b, +eg,)m Jlo(a.r) +cda,/rly(a,r) ~10
e a/21,(a,n}
hon(n = [car/2- (b, +éigmo@n +ea/ri@n
vl a2/2l,(a,) (AL
h§ ()= Re{[c? a,%/2- (ci¥b, +elg,)m [l (a,r) +cPa,/r1y(a,r) a1

+c@a,2/21,(a,r)}

ha(r) =Im{[c® a,?/2- (c¥b, +e2g,)m Jlo(a,n) +d? a,/r,(a,r)
(A

N 13)
+c@a,2/21,(a,r)}

hi(n =[5 a’/2- (cFb, +eRg)m Jlo(ar) +clf ay/r l(ayr)

© a2 (Al14)
+cij a,%/21,(a,r)

hi(r) = Re{[cl a,2/2 - (cBb, +€Bg,)m]io(a,r) +dd ay/rls(a,r)

A15
2 2/21,a.0) (A1

hi(r) =1m{[ed a,%/2- (b, +eg,)m ] o(@.r) +ca,/rl(a,r)

Al6
+Cg 22/2 |2(a 2r)} ( )

hiy(r) =-a|ci(m +b,) +e¥g,J.(ar) (AL7)
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o =Ref-a,[cl(m +b,) +ef g, ]L(a,n} (A18)

(N =im{-a,[cl(m +b,) +ef g, ]L(an} (A19)
high(n) =a,|- e2(m, +b,) +ellg, |1, (a,r) (A20)
hi(r) =Refa,[- e (m, +b,) +elg,]1,(a 1)} (A21)
hi(r) = Imfa [ e2(m +b,) + é1g, ] (a,n} (A22)

hi(r) =[ef a°/2- (efb, - efg)m, i (ayr) +€) a/ri(a,r)

- (A23)
+ef a,%/21,(ayr)

hg)(r) = Ref[ef? a,?/2 - (3b, - eBg,)m Jlo(a,r) +e a,/r 1, (a,r)

A24
) "2

hi(r)=1m{ed a?/2- (b, - eBg)mq(a.r) +ePa,/rl @,r)

A25
+ell a,?/21,(a )} (A2

In region 2 and region 3 the complementary solution for the displacements and siresses are

of theform
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(i) _ 1 1°FY :J

u." =- i i

7o il
1 é 2Cli) - ) q 2@ ul

i) — 1 2= (i) _
we” = c® - ch gcm +c0) N*F 122 3
Cis 11 2 |
i [ I
o -T€ % gepo. '"ZF()E i
Tz &) +c) o i
i) DIy y
m _T€ cf corm 1IFYU g
T mem, N F -~ g
fizgcy +cp, rirq :
(|) + i ) 2 () .
gt T
zEc +cf 1z 6
0) _ﬂ_e 01('1 eeo . TFOO o
w1z & + ] 78 b

(A26)

where F is Love's stress function and the superscript i=2,3 for the interlayer and matrix
region respectively. The functions hf) and g, where i=2,3 and j=1,2,...12, in Egs (2.52) to

jn?

(2.58) can be expressed in terms of modified Bessdl functions of the first and second kind 1,

l,, Ky, K, and the dadtic congtants as follows:

h1() = (|) o) _nf|1(m]r)

ec -C @

&
h!) = - ¢———"nfrl,(mr)
A A

hy) = 9— ”%' (myr)

eq) - ¢ o

@ nf % Ac))

(i) &

h(i) —
4n (i) (i) (i) ' 0
Ci1 - Cp; IZEC +Cp,

Lo(mir) + mh“l(rw)u
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(A27)

(A28)

(A29)

(A30)



h) =y Sm‘l o(myr) + 2 1(mr)H

_ 0 _ ¢ g
hl) = rmgqm +°1(.1) 3 o(mn) - mrll(nmr)u

y_ g
h7(r2 =- T |1(”Lr)

(I '..
hg) = M d“'l o (M)
&

hgr: = nﬁ'o( rT-nr.)

€aic!) +2cY) §
higs = 3w_o(mf)+ﬁh”1(mr)u

hl(lil.|)1 = n:ll(”nr)

(i)
3Qae 2¢;;

i _ 0
hon = malmrﬂwlomr)u

() —
g 9— ’K,(mr)
" oed)- o rm T

o _& 1
Oon = 9— WK (mr)
eCu

i) —
Qs = 9— K o(mr)
oedy - clzm‘ ot
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(A31)

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)

(A39)

(A39)

(A40)

(A41)



0 _& nf - 4

Oan = & NI =~ Ko(mr) + mrK, (mr) (A42)

! gcl(f c® 5 +c¥ i

9 = nﬁg— mKo(myr) - K (rw)tI (A43)
() = prp - G & (myr) - myrK( )l‘J Ad4

= r r 1Y
Oen = mgma o(Myr) - MK, (Im, H (A44)
9 =Tk, (mp) (A%
(i) _

M — gcl

Oen G Ko(rmr) (A46)
S =i

Oen =M Ky (m,r) (A47)
@) chl(ll) + 20:?.'2) .

O10n _mg (|) +C(|) A o(nlr)+ner1(n}r)u (A48)

0l), = MK () (A49)
Ly e 4§ v

gl(Z)n = m?A 0) (,) :K (rn1r) mero(”Lr)l:l (ASO)
¢y +Ci; h
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