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HYGROTHERMAL EFFECTS ON THE DEFLECTION — INDUCED
VOLTAGE AND STRESSES IN COMPOSITE PIEZOELECTRIC
STRUCTURES

By
Hani Ahmad Al Daradkah

Supervisor
Dr. Naser Al-Huniti, Prof.

ABSTRACT

The main concern of the present work is the ingasibn of the piezoelectric
response of structures that appears in the forenrefation between mechanical stress and
electrical voltage that presents a form of coupl@gween the electrical and mechanical
properties of a material. The investigation incldidee general response of piezoelectric
beam and plate structures to hygrothermal loadiige interactions between voltage,
deflections and stresses are investigated in thesetures. Finite element technique is
used to model the structures under consideratidreoietical approximate solution is
proposed based on the elastic analysis of theicéddsamination theory.

Different cases of structures are studied basetivordimensional linear theory of
elasticity and piezoelectricity then same piezdelebeam was studied under hygroscopic
and thermal (hygrothermal) effects. Both the piéadec coefficient and the thickness for
different layers are taken as variables. The swigtiobtained in the present investigation
are compared with numerical results from ANSYSwaft and same numerical results are
obtained for composite plate and piezoelectricepbatd hygrothermal piezoelectric plate.
Different moisture contents are considered and eveth
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1 INTRODUCTION

1.1Introduction

Piezoelectric materials are solids that descrilee réfation between mechanical
stress and electrical voltage. An applied mechamsitass will generate a voltage and an
applied voltage will change the shape of the sbiida small amount. The piezoelectric
effect is a phenomena resulting from coupling betwé¢he electrical and mechanical
properties of a material. When mechanical stresppied to a piezoelectric material, an
electric potential will be produced. Likewise, whan electric potential is applied to the
material a mechanical behavior will occur. Piezole materials thus have numerous
applications as electro-mechanical transducers twbhan convert electrical signals into
mechanical motion and vice-versa.

Piezoelectric devices include different types likeystals, tubes, unimorphs,
bimorphs and stacks. Piezoelectric crystals invaveon-uniform charge distribution
within the unit cell of the crystal. When exposedah electric field, this charge distribution
shifts and the crystal will change its shape. Tdmes polarization mechanism can cause a
voltage to develop across the crystal in respamseniechanical force.

Piezo tubes are useful devices for fine contrahmfobject in space. By sectioning
the surface of a tube into four regions and conngd¢hem, as well as one end of the tube
to electrodes, it becomes possible to apply vo#tagethe tube in various directions. By
applying voltages perpendicular to the tubes csaess$ion, it becomes possible to control
the position of one end of the tube in two dimensi¢x and y), while applying a voltage
along the length of the tube, it becomes possibledntrol the position in the third

dimension (z).
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Because the force and displacement created by e garoelectric material are
relatively small, methods have been developed ltwahmplification of the piezoelectric
effect. One approach (known as a unimorph) is tolyap thin layer of a piezoelectric
material to a layer of inactive material. When fhezo expands or contracts, the device
will then bend in response. By combining more tlwgau@ piezo, it becomes possible to
further increase the amount of transudation. Fataimce, An elongating, bending or
twisting device can be created by placing two Isy#rpiezoelectric material on top of one-
another, and by controlling the polarization dir@etand the voltages such that when one
layer contracts, the other will expand. Such aackis known as a bimorph. By stacking of
piezo materials into layers, it becomes possibledmbine their displacement to create
what is known as a piezo stack. Such devices gvabba of higher displacements and
larger forces.

An everyday life application example is the carisbag sensor. The material
detects the intensity of the shock and sends antriel® signal which triggers the airbag.
Other commercial applications of piezoelectric desi abound, for instance in speakers,
spark generators inside electronic igniters, str@ensors pressure gages, Stress
measurements, vibration measurements, sonar, apdeese time-keepers in electronic
clocks.

The design of intelligent structures by combininggzpelectric layers in the
composite laminates taking the advantage of tHeat®mechanical properties has gained
popularity among the researchers and designers.

Aerospace structures are typical examples of sirest made of advanced

composite materials that may be exposed to heatnaimgture during their service life.
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1.2 Piezoelectric sensor

Based on piezoelectric technology various phygjcantities can be measured; the
most common are pressure and acceleration. Fosysegesensors, a thin membrane and a
massive base are used, ensuring that an applisdypeespecifically loads the elements in
one direction. For accelerometers, a mass is &thth the crystal elements. When the
accelerometer experiences a motion, the invarieadsnioads the elements according to
Newton’s second law of motion.

The main difference in the working principle betwdéese two cases is the way
that forces are applied to the sensing elements. pressure sensor a thin membrane is
used to transfer the force to the elements, whilaccelerometers the forces are applied by
an attached seismic mass.

Sensors often tend to be sensitive to more thanphysical quantity. Pressure
sensors show false signal when they are exposedbtations. Sophisticated pressure
sensors therefore use acceleration compensationeets in addition to the pressure
sensing elements. By carefully matching those etsnehe acceleration signal (released
from the compensation element) is subtracted frbendombined signal of pressure and
acceleration to derive the true pressure informatio
1.3 Composite materials:

Composite materials are engineering materials nfiahe two or more constituent
materials to attain desired properties with sigaifitly different physical or chemical

properties and which remain separate and distimctaomacroscopic level within the

finished structure.
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Applications of composites include aircraft, aemsp industry, automobile industry and
building structures.

Most composites are made up of just two materi@lse material (the matrix or
binder) surrounds and binds together a clusteiibafr$ or fragments of a much stronger
material (the reinforcement). In the case of mudkst the two roles are taken by the mud
and the straw; in concrete, by the cement anddbeegate. In fiberglass, the reinforcement
is provided by fine threads or fibers of glassgonfivoven into a sort of cloth, and the
matrix is a plastic.

The analysis of such structures is a complex taskjpared with conventional
single layer metallic structures, because of theilatxon of coupling among membrane,
torsion and bending strains; weak transverse shgalities; and discontinuity of the
mechanical characteristics along the thicknest®faminates. For these reasons, in recent
years, there is a great deal of research inteoesadcurately modeling and simulating the
characteristics of composite structures throughfent higher order displacement
functions for two-dimensional theories as they leadess expensive models compared to
three-dimensional one.

The design of intelligent structures by combiningzpelectric layers in the composite
laminates taking the advantage of their electroraeidal properties has gained popularity

among the researchers and designers.
1.4 Hygrothermal Effects:

The use of fiber reinforced matrix composites igieaering applications has been
tremendously increasing. Therefore, it is very im@at to study the response of these

materials to environmental conditions like tempematand moisture. The performance of
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these materials degrades as a result of hygrotheex@osure. Due to moisture and
temperature exposure, properties such as the estigffnstrength, life, modulus and
conductivities of a composite material decreasesiciemably. Therefore, experimental and

analytical methods have to be carried out to sthdi responses.

Structures made of advanced composite materials mdye exposed
to thermal and hygroscopic (moisture) effects durig their service life.
Hygrothermal effects can reduce the stiffness of #hstructural systems
and influence actuating and sensing behavior of pge@electric materials.

Also, thermal stresses may cause damage and dynarmetability.

Prolonged exposure to a hygrothermal environmest theo major effects on a
composite structure. The first one is of a resido@alure. The coefficient of thermal
expansion is usually higher for the matrix. Polysn@bsorb moisture readily whereas fibers
are hardly affected by a wet environment. Furtherabsorption of moisture by the matrix
IS more pronounced at higher temperatures. An as&rén the ambient temperature and/or
humidity level causes the matrix to expand; coiyrareduced temperature and/or
moisture level of the surrounding environment ressil a contraction of the matrix. Since
the fibers are relatively unaffected to changegemperature and moisture content, the
differential expansion/contraction leads to residitieesses in the matrix laminates. These
residual stresses may starkly reduce the load ingrigapacity of a structure made of a
polymer matrix composite.

The second significant effect of an increased hygmnal condition is the

degradation of the mechanical properties of theimataterial. The degradation occurs in
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both the stiffness and strength values of the matnd consequently in the corresponding

values of the lamina.

1.5Literature Review

Although a good amount of research work has bedslighed on piezoelectric
structures, very few investigations have studiddcts of hygrothermal loading on these
structures. Such investigations were concernetl delamination, buckling and natural
frequencies, in addition to the control of hygrathael effect.

Chen et. al. (2007) proposed the vibration analg§igsn asymmetric composite
beam composed of glass piezoelectric material.Bdraoulli's beam theory is adopted for
mechanical deformations, and the electric poteriteddl of the piezoelectric material is
assumed such that the divergence-free requiremerheo electrical displacements is
satisfied. The accuracy of the analytic model iseased by comparing the resonance
frequencies obtained by the analytic model withséhmbtained by the finite element
method. The model developed can be used as adodekigning piezoelectric actuators
such as micro-pumps.

Chien et. al. (2006) proposed a novel piezoeleataatilever bimorph micro
transducer electro-mechanical energy conversion eino@ihe coupling between the
mechanical strain and the piezoelectric polariratieas used to deduce the vibration-
induced voltage and electrical energy in this neezqgelectric-base power generator
model. The analytical model shows that the vibratitduced voltage is proportional to the
excitation frequency of the device but inverselpgmrtional to the length of cantilever

beam and the damping factor. To verify the theocaktanalysis, two micro transducer
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clusters were fabricated. The experimental residtaonstrated that the maximum output
voltage deviated very little from the analytical deh

Shi et. al. (2006) studied Both multi-layer piezmttic cantilevers and multi-layer
piezoelectric composite cantilevers based on 2Dealintheory of elasticity and
piezoelectricity. Both the piezoelectric coeffidieand the thickness for different layers are
taken as variables and the investigation gives tegalutions for the variation of these
parameters by introducing several recurrence famurhis work shows that the properties
of some typical piezoelectric cantilever models tandirectly obtained as some special
cases of this investigation

Panda and Pradhan (2006) proposed two sets of thukke-dimensional
thermoelastic finite element analyses of superiregoshermo-mechanically loaded
composite laminates. Residual stresses developetbdhe thermoelastic anisotropy of the
laminae are found to strongly influence the delation onset and propagation
characteristics, which have been reflected by thymaetries in the nature of energy
release rate plots and their significant variaatong the delamination front.

Tan and Tong (2006) proposed one-dimensional acalynodel to investigate the
non-linear behavior for piezoelectric and piezoelediber reinforced composite (PFRC)
materials in the fiber direction. A nhumerical résuleveal a significant effect of stress on
Strain—Electric Field non-linear behavior for bo#oft piezoelectric ceramics and
piezoelectric crystals.

Huang and Liu (2006) proposed the fully coupledpoese characteristics of a
multilayered composite plate with piezoelectricdesy The response quantities of the plate

are coupled by the mechanical field and the eledigid. Numerical results show that the
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plate aspect ratio, plate thinness ratio, lamimat&cheme, fiber orientations, and
piezoelectric coupling significantly influence tsatic and dynamic responses of the plate.

Praveen Kumar Kavipurapu (2005) the dynamic respoofs simply supported
glass/epoxy composite beams subjected to movirdsloaa hygrothermal environment is
carried out using the general purpose finite elénp@agramANSYS The moving load
model and the hygrothermal incorporation are védidasseparately by reproducing results
available in the literature. The hygrothermal effées introduced by using empirical
relations for degrading the material stiffness prtips of the matrix.

Cheng et. al. (2005) considered the effects of blmehdifferent material properties
of composite layers and the poling directions azpelectric layers. They utilized the
assumption of the simple-higher-order shear defoomaheory to model and analyze the
laminated composite plate integrated with the ramgoled piezoelectric layers. Based on
Hamilton’s variation principle for electro-elastigi the generalized governing equations
and relative boundary conditions for the anisottgpezoelectric/composite laminate plate
were carried out on the assumption of Reddy's &rhigh-order theory.

Raja et. al. (2004) present the influence of aciiéness on the dynamic behaviour
of piezo-hygro-thermo-elastic laminates. A couplgdezoelectric finite element
formulation involving a hygrothermal strain fielsl derived using the virtual work principle
and is employed in a nine-noded field consistergréagian element. The hygrothermal
strain modifies the elastic stiffness and bringamidhe elastic frequencies of piezoelectric
laminated plates and shells significantly. The v&ctstiffening and active compensation
effects are low in moderatelythick piezo-hygro-therelastic plates and shells, which are

less influenced bybounda ryc onditions.
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Datchanamourty (2004glevelops a mixed finite element model for composite

plates. Dynamic and coupled piezoelectric effectsthe nonlinear bending of plates are
investigated. Upon the completion of the analysisp@zoelectric plates, the two-
dimensional composite plate theory will be extendedplate structures. Lagrangian
hierarchic finite elements are used to model tagegl

Schultz (2003) develops a model to predict the ¢hegugh behavior of simple,
rectangular, two layer, unsymmetric cross-ply laat@s actuated with piezoelectric
actuators. Then this model used to design an expeti where snap through of such an
unsymmetric laminate could be effected with a pé&ectric actuator, and to perform the
designed experiment to compare with the developadiem

Song et. al. (2003) proposed the surface shaperesfison structures such as
spacecraft antenna reflectors. This paper presentgerical and experimental results of
active compensation of thermal deformation of a posite beam using piezoelectric
ceramic actuators. experiments are conducted tly she thermal effect, the piezoelectric
actuation effect and active thermal distortion cengation using piezoelectric actuators
with a proportional, integral and derivative feedbaontroller.

Patel et. al. (2002) studied static and dynamiaagdtaristics of thick composite
laminates exposed to hygrothermal environment usingealistic higher-order theory
developed recently. The study, here, has been dédcas the effects of different moisture
concentrations/temperature in the plates, in ptedj¢he structural behavior of composite
laminates. The effects of various terms in the digihrder displacement model in
predicting the responses such as deflection, bugklbad and natural frequencies of

laminates subjected to the exposure of hygrotheemalonment are discussed.
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Cheung and Jiang (2001) developed two kinds offithee layer method in three
dimensional analysis of rectangular composite lamai® with actuator and sensor layers
(piezoelectric materials). The generalized dispte® functions are constructed, and the
generalized stiffness matrices are derived in ekgdlbrm, which are especially convenient
for application in engineering. Numerical exampkag presented and compared with
available results to demonstrate the efficiencyacwiracy of the present method.

Wang and Noda (2001) discussed the fracture behafidhe cracked smart
actuator on a subtrate under thermal load. Theatmtus made of piezoelectric material
with functionally graded material (FGM) propertie€rack initiation angle were
determined from the location of minimum energy dkgrfactors.

Tan and Tong (2001) proposed two non linear micatrarics models for
predicting the non linear behavior of unidirectibR&ERC material, which are subjected to
a high monotonic electric field. The required chb$erm formulas for the effective
electroelastic constants of PFRC materials areirddausing the non-linear constitutive
equations for purely piezo-electric materials amel iso-field assumptions. The single and

double loading conditions are introduced when degithese closed form formulas.

1.6 Objectives:

* To investigate the behavior of a piezoelectric cosige beam and plate in the
presence of thermal and hygroscopic effects usibNgS¥S software. The main
concern is the effect of these conditions on thiéedigon-induced voltage in the
structure and the resulting stresses.

* To apply analytical procedure to model and solheesiime beam.
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* In the present research only the degradation effethe mechanical properties is

considered while ignoring the residual stresses.

1.7 Thesis Overview:

Chapter Two explains the theory of the presentysincddition to the formulation
of governing equations for hygrothermal piezoeleaomposite beam and plate.

In chapter Three the finite element modeling of kygermal Piezoelectric
Composite Beam iIANSYSis detailed.

Chapter Four presents the results obtained inrégept study. The graphs obtained
from ANSYS program and analytical procedure arachitd here.

Chapter Five has the conclusions of the presedysind recommendations for the

future work.
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2 THEORETICAL FORMULATION

2.1Lamination Theory:

The lamination theory deals with the elastic resgoaf laminates subjected to in-
plane forces, bending moments, in addition to tla¢ramd hygroscopic loading. The
theory is used to predict the effective engineepraperties, typical stress distributions,
and through-thickness Poisson’s ratios and coefftsi of thermal expansion.

The following assumptions are fundamental to latmametheory:

* The laminate consists of perfectly bonded layegsr(inae)

« Each layer is made of a homogeneous material witlwk effective properties

* Individual layer properties can be isotropic (wh@seperties are independent

of direction and whose planes are all planes ofnsgtry), orthotropic (which
has three mutually perpendicular planes of symmebrytransversely isotropic
(whose effective properties are isotropic in onéhefplanes.

» Each layer is in a state of plane stress

2.2 Governing Equations:

Consider the laminated beam shown in Figure 2.1.
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g

Figure 2.1 Composite beam loaded by a concentlasel
The constitutive equations of a piezo-hygro-themtastic composite lamina can be

expressed as:

g; = Qijkl (‘9k| _akIT _:Bkl m)_ekij Ek (2.1)

Where o is the stress tensof, is the stiffness coefficients tensar, is the strain
tensor,a,, is the thermal expansion coefficients tengy, is the hygroscopic tensar,is
the temperaturem is the moisture conteng,; is the piezoelectric coefficients tensor, and
E, is the electric field vector . On the other hatitg electric displacement vectoD ()
can be expressed as:

D, =ey& +AE +PT (2.2)
where A, is the dielectric coefficient tensor aitl is the pyroelectric vector.

For orthotropic material and considering the fibsrthe piezoelectric material, the

constitutive equations can be written in matrixicas follows:
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0-1 Ql 1 Q12 Q13 o
02 Q12 Q22 Q23 o
03 Q13 Q23 Q33 o

Q
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o
o

D, 0O 0 0 0 e,

D,y=|0 0O 0 e, O

D3 o e32 e33 O o
where:

Q55 = G13 ’
Q12 = Ell(U23 + Ufs’lUZB)/A ’

Q23 = E22 (U32 + UlZU31)/A

0 0 ||& —a,AT - BAm
0 0 ||&,—a,AT - 5,Am
0 0 ||& —aAT - B,Am
0 0 Es
2Qs O Ex
0 2Qu. €1
El
0 iz A 0 0(E
0 53 +/ 0 A, O|{E,
o | |0 0 A|E,
831
812

Q22 = Ezz (1_ U:51U13)/A
Q44 = Gza
Q66 = Glz

Q13 = Ell(U3l +U21U32)/A

A=1- UypUsy = Us3U55 = U5 U5 — 2U21U32U13

v, ==& 1 & , E =0 /¢
G =E /20+v,)

where:

v : Poisson’s ratio

E X Modulus of elasticity

o O O O

0O O
0 ey|p
0 eyl
2

e, O
E3

0O O

0 0]

(2.3)

(2.4)

(2.5)

(2.6)
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G : Shear Modulus of elasticity
2.2.1 Composite Beam:

For a composite beam without piezoelectric and dtygrmal effects the

constitutive equations can be written as follows:

£x = S.I.lax + S.I.Saz
52 = S130-x + S330-2 (27)
Ey =

- 440-xz

For an elastic body the strain-displacement eqosatwe given by:
_1 5
& _E(ui,j +U;;) (2.8)
where i,j=X,y,z in a Cartesian coordinate framepliEily, the relations are:

ou . _ow 3 1(6u+awj 2.9)

E. =] —+—
“ 2\oz ox
where u and w are the displacements in x and ztdires respectively.

Neglecting body forces, the equilibrium equatiémselastic materials can be given

as.
00, 00, _g 09, ,00, (2.10)
oX 0z o0x 0z

To ensure that the displacement can be obtained by integeafiragions (2.9), the

components of strain must satisfy a set of compatibility éopumgs follows:

2 2 2
agX+a g, _0°¢,

= 2.11
0z  0x®  0x0z ( )

In order to find the solution of the basic equations, timg #tress function approach

can be used. The stress functignis introduced so that the components of stress can be

expressed as:
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Ix = 9%z’ 9z

2 2
=99, g =-39 (2.12)
0°X 0x0z

Furthermore, the stress function is assumed as:
¢ =-az’ +bz (2.13)
wherea andb are constants to be determined. The components of sardse expressed
as:
o, =—-6az+2b, o,=0,=0 (2.14)

From equations (2.7) and (2.14), it is easily verifieat #rquation (2.11) is satisfied.
Further, by the use of equations (2.7) and (2.9),dikplacements can be expressed as

follows:

u=-6aS;xz+2bS ;x+w,z+u, (2.15)

w=-3aS,7° + 2bS,z+ 3aS ;x> - W,X + W, '

whereu, andw, are constants to be determined by the use of geicaleonditions.
Equation (2.15) can be solved using the followsogndary conditions:

w(0) =0 |, w (0)=0

pL® : pL?
w(L) =-——, w(L)=-
) 3El ) 2El

(2.16)

2.2.2 Piezoelectric Composite Beam:

For piezoelectric composite beam (without hygrathedr effects) the constitutive

equations can be written as follows:

™

x = S0, + 530, + 0D,

» = S0, + 55,0, + 033D,

v = S0, T 015D, (2.17)
x = 9150 t$1,D,

: = 7930, 0330 #6550,

M M

m m
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For piezoelectric materials, there is a set of gsom equations between the

electric field and the electric potenti@l given as:

Ex :—% , EZ :—%
ox 0z
X :%’ 52 :a_vv, gxz :l(a_u+a_vvj (218)
0x 0z 2\ 0z o0x

Neglecting body charges, the induction componamtthe piezoelectric material

should satisfy the following equilibrium equation:

oD,  dD, -0

0x 0z

00, 00, _y 99, ,00, _, (2.19)
ox 0z ox 0z

To ensure that the displacement and electric pates@n be obtained by integrating

equations (2.18), the components of strain andreddeld must satisfy a set of equations

as follows:

2 2 2
06,08 0ty %, % (2.20)
0z ox Ox0z ox 0z

In order to find the solution of the basic equasiothe Airy stress function approach

IS used. The stress function and the induction functio/ is introduced so that the

components of stress and induction can be expressed

2 2 2
-l -l P
0%z 02X 0X02
D>< :a_w DZ :a_w (221)
0z 0x

Further the stress function and induction funciom assumed as:
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¢ =-az’ +bz Y = cx (2.22)

where a, b and c are constants to be determinagtheruthe components of stress and
induction can be expressed as:

o, =—6az+2b, o,=0,=0

D, =0 D,=-c (2.23)
From equations (2.17) and (2.23), it is easilyifiest that equation (2.20) is
satisfied. Further, by the use of equations (2.4@)l (2.20), the displacements and

electrical potential can be expressed as follows:

u=-6aS;xz+2bS x+w,z+u,
w=-3aS,z° + 2bS ,z+3aS;X* =W, X + W, (2.24)
@ =-3ag,,2° + 209, 2+ £;,CZ+ @y

where u,, W, and gare constants to be determined by the use of gecaleaind

electrical conditions.

Equation (2.15) can be solved using the followingridary conditions:

w(@) =0 , w (0)=0

_ _P_I_3 Y = PL?
w(L) = E w (L) oF] (2.25)
¢(0)=0, @h) =V,

2.2.3 Hygrothemal Piezoelectric Composite Beam:

For hygrothermal piezoelectric composite beam thenes constitutive equations
(2.17) can be written and the displacements anciridal potential can be expressed as

follows:
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u=-6aS; xz+2bS x+w,z+u,
w=-3aS,,z° + 2bS ,z+3aS,,X* — WX + W, (2.26)
@ =-3ag,,2° + 2092+ &, CZ+ @y

where u,, w, and ¢ are constants to be determined by the use of gecaleand

electrical conditions.

Equation (2.26) can be solved using the followingridary conditions:

w(0)=0 |, w (0)=0

_ _I:’_I_3 : __ PL?
W) =-—o w()=-—2 (2.27)
¢0) =0, Ah) =V,

The stiffness properties of the constituents are deaded by using

the empirical relations proposed by Chamis (1983)sashown:

05
G {Tgwr ‘T} (2.28)
(2 T —To

gdr

whereP is the property to be measured, HTM stands for dtygrmal mechanical,

T, IS glass transition temperature of wet resin apdis the glass transition temperature

awr
of dry resin. T is the temperature at which property to be measaretlT, is the room
temperature. This is a steady state equation étaiies the properties of the matrix for dry
and wet conditions at particular values of moistortent and temperature.

The relation betweeii , and T, in terms of moisture content is given by Chamis

and is stated as:

T, = (0.005m = 0.1m+ LO)T (2.29)

gdr
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It is assumed that only matrix properties are affiédy temperature change and
moisture content. By using the rule of mixtures aménged properties of the matrix,

updated elastic constants of the lamina and thenktmare calculated

3. FINITE ELEMENT METHOD
3.1 Introduction
Finite element analysis (FEA) is a computer simutson technique
used in engineering analysis. It uses a numerica¢hnique called the
finite element method (FEM). In this technique, a
mathematical/computer model of the structure is crated and analyzed

for deformations and stresses.

The model is divided into small blocks called elaetse These elements are
connected by nodes at which the finite element Hdannconditions are applied. A set of
algebraic equations are created for each elemeht@mbined simultaneous equations are
solved. A post processor to the finite element mogmay be helpful in displaying the
stresses and deflections in the form of contourge&sy comprehension. A number of finite

element packages are available for the analyswiplex structures under various types
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of loads. A finite element package is chosen dejpgnah the complexity of the model and

the results needed.

3.2 Overview of ANSYS
ANSYS is one of the world’s leading engineering siatation
software providers. It develops general-purpose fite element analysis
and computational fluid dynamics software. ANSYS deelops a complete
range of computer-aided engineering (CAE) productshut it is perhaps
best known for its ANSYS Mechanical and ANSYS Mulphysics
products.

ANSYS Mechanical and ANSYS Multiphysics software a self-
contained analysis tools incorporating pre-processg (geometry creation,
meshing), solver and post-processing modules in aified graphical user

interface. These are general-purpose finite elememtodeling packages
for numerically solving a wide variety of mechanicaproblems, including
static/dynamic structural analysis (both linear andnon-linear), heat
transfer and fluid problems, as well as acoustic ahelectro-magnetic
problems.
The software is used to analyze a broad range of plications.
ANSYS Mechanical technology incorporates both struaral and material

non-linearities. ANSYS Multiphysics software incluces solvers for
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thermal, structural, CFD, electromagnetics, and acostics and can couple
these separate physics together in order to addressultidisciplinary
applications. ANSYS software is also used in Civitngineering, Electrical

Engineering, Physics and chemistry.

3.3 Modeling of the present problem
In the present analysis Solid 95 element is usedtinis study as
shown in figure (3.1). The Solid 95 element is a emty-node layered
structural solid mass element. This element has tbe degrees of freedom
at each node, namely, translation in th&, Y, Z directions. This element
can take a maximum of 100 layers and a user inputption is available if

more than 100 layers have to be modeled.

Figure 3.1 Solid 95
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The simple beam is modeled with 500 elements (besa&uthe change
Is almost zero when using higher number of elementone end is
constrained at all DOF and the other end is free. ie material properties
of the beam are entered in the form of modulus ofigidity, Poisson’s ratio
and young’s modulus.
Modeling of a beam made of composite material isdifficult task.
Special attention has to be paid in defining the ntarial properties,
orientations of the layers and the element coordina systems. The Solid
95 element is used in this study. Figure 3.2 showsscription of a Solid 95

three layers composite element.

1
ELEMENTS

Figure 3.2 Composite Beam constrained at one end
Modeling of a piezoelectric composite beam is alsonsist of three
layers. In the middle is the piezoelectric layer (Ber) and in the upper

and lower layers is the beam layers (Matrix). The raterial properties of
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the piezoelectric layer are entered in the form oflensity, anistropic
elastic (stiffness matrix), orthotropic permittivity (dielectric coefficient)
and piezoelectric matrix. The Solid 226 element (B-20 node coupled
field solid with up to five degrees of freedom penode). SOLID226 shown
in figure (3.2) is used in defining piezoelectricalyer and Solid 95 is used in

defining beam layers.

Figure 3.3 Solid 226

The response of laminated piezoelectric compositeams to
hygrothermal conditions is studied to validate théenygrothermal aspect of
the model. In this study, the stiffness propertiesf the constituents are
degraded by using the empirical relations proposetly Chamis and

explained in the previous chapter.
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Same procedure can be applied to composite plate wh modeled
with 1200 elements (because the change is almostozeehen using higher
number of elements), two edges are constrained dt ®OF and the other

edges are free. The material properties of the platare entered in the
form of modulus of rigidity, Poisson’s ratio and yaing’s modulus.

Solid 95 element also used in this study. Figure3shows modeling

of composite plate constrained at two edges.

i
ELEMENTS

Figure 3.4 Composite Plate constrained at two edges
Modeling of a piezoelectric composite plate is alsmnsist of three
layers. In the middle is the piezoelectric layer (Bber) and in the upper
and lower layers is the beam layers (Matrix). The raterial properties of
the piezoelectric layer are entered in the form oflensity, anistropic

elastic (stiffness matrix), orthotropic permittivity (dielectric coefficient)
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and piezoelectric matrix. The Solid 226 element atsused in defining
piezoelectric layer and Solid 95 is used in definghbeam layers.
The response of laminated piezoelectric compositégpe to
hygrothermal conditions is studied to validate thenygrothermal aspect of
the model. Again, the stiffness properties of theomstituents are degraded

by using the empirical relations proposed by Chami$1983).

3.4 Boundary Conditions

Boundary Conditions are the constraints and lobaisdan simulate the effect of the
environment surrounding a body. Loads are applredhe form of forces, moments,
pressures, temperatures, and moisture. The disp&ade constraints are applied by
restricting the degrees of freedom at the corredipgnnodes of a model. In the present

research, simply supported plates and cantileveeadhs are used for analysis.

3.5 Meshing
Meshing is the process of dividing the model intol@ments, which
are connected by nodes at the element boundarieseghing is one of the
important steps in successfully performing a finiteelement analysis. The
type and density of the mesh determines the econorand accuracy of the
solution. Therefore, an analyst should use valid aamptions in
determining the exact meshing parameters. A coarseesh can lead to

inaccurate solutions and a very fine mesh may incese the time of
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analysis. In order to define a suitable mesh, an ayst should have an
idea of the parameter distributions within the modé. Also a convergence

study needs to be carried out by increasing the nubber of elements.

4 RESULTS

Table (4.1) lists the data of the elastic, pieeoic, hygrothermal properties
values. The material constants used in the calonktare determined from table (4.1)
based on the constitutive equations, consideriag rttost of the piezoelectric beams used
in engineering fall under the plane strain conditio

Table: 4.1 Beam Parameters
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Property Value

Longitudinal Modulus, & 0.62E6 Pa 4.1
Transverse Modulus,.E 0.62E6 Pa '

Inter laminar Modulus, & 0.62E6 Pa Compos
Major in-plane Poisson’s ratiog 0.34

Out of plane Poisson’s ratiogav 0.34 ite

Out of plane Poisson’s ratio;v 0.34

Longitudinal Shear Modulus, & 0.23E6 Pa Beam
Inter Laminar Shear Modulus 6 0.23E6 Pa _
Transverse Shear Modulus;G 0.23E6 Pa Fi
Piezoelectric coefficientsz£ -7.209 gures 4.1
Piezoelectric coefficientsz¢ 15.118

Piezoelectric coefficients,£ 12.322 presents
Piezoelectric coefficients; £ 12.322 one of the
Dielectric coefficientj, 804.6

Dielectric coefficient), 659.7 cases of
Dielectric coefficientis 804.6 the
Glass transition temperature of dry resigy T 342°F

Temperature at which property to be measured, 1.56.2°F composite
Room temperature,gT 70°F

Fiber Volume Fraction, V 0.52 beam
Beam Height, h 100 mm modeled
Beam length, L 1000 mm

Beam width, w 200 mm and
Plate Hight, h 100 mm solved in
Plate length, L 1000 mm

Plate width, w 1000 mm ANSYS.

The cantilever beam is loaded at its free end byreentrated force. It can be seen that the
deflection of the beam increases continuously weiching maximum value at the end

point of the beam (at the load point).
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Figure 4.1 Composite beam deflection
From figure 4.2 it can easily be noticed that tiwgizontal deflection increases
continuously until reaching maximum value at the @oint of the beam, and it does not
have constant values in the same vertical line @xaethe beginning of the beam (at the
fixed point) where the horizontal deflection is abkhzero and it is increases vertically at

other regions.

Figure 4.2 Composite beam horizontal deflection
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—— ANSYS solution Theoretical approximate solution
0.4
0.3 1
>
S 0.2
g
= 0.1
[
[a}
O T T T T T
2 4 6 8 10 12
-0.1
X axis

Figure 4.3 Composite beam horizontal deflectiorveur
A comparison between the finite element solutiod #re approximate theoretical

solution for the horizontal deflection is shownHig. 4.3. The agreement between the two
methods varies according to the location of theitsmh. It is important to remember here
that the theoretical solution is approximate aneldsemore refinement through considering
more terms in the governing equations.

From figures 4.4 and 4.5 the vertical deflectioor@ases continuously (but with negative
values) until reaching maximum value at the endhpof the beam, and it has constant

values in the same vertical line.

Figure 4.4 Composite beam vertical deflection
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‘—ANSYS solution Theoretical approximate solution

o=~ s 8 10

Deflection w
a b W N B O BB

X axis

Figure 4.5 Composite beam vertical deflection curve

From figures 4.6 and 4.7 the stresses decreasgsmuwously from its maximum

value at the begining point of the beam , and @sdonot have constant values in the same

vertical line except at the end of the beam whbke=horizontal deflection is almost zero

and it is increases vertically at other regions.

Figure 4.6 Composite beam stresses
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—— ANSYS solution Theoretical approximate solution

80000
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Figure 4.7 Composite beam stresses curve
4.2 Piezoelectric Composite Beam

From figures 4.8 and 4.9 the horizontal deflectionreases continuously until
reaching maximum value at the end point of the heard it does not have constant values
in the same vertical line except at the beginnihthe beam (at the fixed point) where the
horizontal deflection is almost zero and it is gases vertically at other regions. And the

deflection increased in this case.

Figure 4.8 Piezoelectric composite beam horizaheélection
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—— ANSYS solution Closed solution

0.4

0.3
=}
§ 02
° /
2 01
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2 4 6 8 10 12
-0.1
X axis

Figure 4.9 Piezoelectric composite beam horizaheélection curve

From figures 4.10 and 4.11 the vertical defleciiocreases continuously (but with

negative values) until reaching maximum value at ¢énd point of the beam, and it has

constant values in the same vertical line. Anddiiéection increased in this case.

Figure 4.10 Piezoelectric composite beam vertiefledtion
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—— ANSYS solution

Theoretical approximate solution

o

Deflection w

' ' ' ' '
[&)] B w N =
! ! ! !

X axis

Figure 4.11 Piezoelectric composite beam vertiefiedtion curve

From figures 4.12 and 4.13 the stresses incream@muously from its minimum

value at the bottom point of the beam , and it dugtshave constant values in the same

vertical line except at the end of the beam whbeshorizontal deflection is almost zero

and it is increases vertically at other regionsd Alme stresses increases in this case.

1

DAL SOLUTION

Figure 4.12 Piezoelectric composite beam stresses
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—— ANSYS solution

Theoretical approximate solution

Stresses
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Figure 4.13 Piezoelectric composite beam stress®e c

From figure 4.14 the induced voltage increasesioausly until reaching maximum value

at the upper point of th piezoelectric layer,

‘—ANSYS solution

Theoretical approximate solution

140
120

60
40
20

0

induced voltage

100 A
80 A

v

0 0.1 0.2 0.3 0.4 0.5 0.6
Z axis

Figure 4.14 Piezoelectric composite beam inducdtdge curve

4.3 Hygrothermal Piezoelectric Composite Beam

From figures 4.15 and 4.16 the horizontal defleciizcreases continuously until reaching

maximum value at the end point of the beam, amtb&s not have constant values in the

same vertical line except at the beginning of tleanb (at the fixed point) where the

horizontal deflection is almost zero and it is eases vertically at other regions. And the

deflection increased in this case.
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Figure 4.15 Hygrothermal piezoelectric compositarbédiorizontal deflection

‘ —— ANSYS solution

Theoretical approximate solution ‘

0.6
0.5 4
0.4 1
0.3 1
0.2 1
0.1

O T T T T T
01 2 4 6 8 10. 12

Deflection u

Figure 4.16 Hygrothermal piezoelectric compositarbdorizontal deflection curve

From figures 4.17 and 4.18 the vertical deflactiocreases continuously (but with
negative values) until reaching maximum value at ¢énd point of the beam, and it has

constant values in the same vertical line. Andddigection increased in this case.
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Figure 4.17 Hygrothermal piezoelectric compositaerberertical deflection

‘—ANSYS solution Theoretical approximate solution ‘

2

Deflection w

X axis

Figure 4.18 Hygrothermal piezoelectric compositarberertical deflection curve
From figures 4.19 and 4.20 the stresses incream@muously from its minimum
value at the bottom point of the beam , and it dugishave constant values in the same
vertical line except at the end of the beam whbeshorizontal deflection is almost zero

and it is increases vertically at other regionsd Alme stresses increases in this case.
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Figure 4.19 Hygrothermal piezoelectric compositarbestresses

Figure 4.20 Hygrothermal piezoelectric compositarhestresses curve

hygrothermal piezoelectric beam has a maximum valuen = 5% and it is increases

continuously.

60000 -
40000

‘ —&— ANSYS solution —— Closed solution ‘

20000

Stresses

<
-20000 §

-40000
-60000

Z axis

From figure 4.21 we can note that the horizondgflection of a

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit

www.manaraa.com



—m=25%

m =5% m = 7.5%

0.6
0.5
0.4
0.3
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Figure 4.21 Comparison between horizontal deflecti@ues in Hygrothermal
piezoelectric composite beam at different moistiaiees
From figure 4.22 we can note that the verticdledtion of a hygrothermal

piezoelectric beam has a maximum value at m = 544tds decreases continuously.

|—m=2.5% m = 5% m =7.5% |

2
; 0 TT— T T T T
c , 2 B_6 8 0 1
g
3 4
g

6

-8

X axis

Figure 4.22 Comparison between vertical deflectialnes in Hygrothermal piezoelectric
composite beam at different moisture values
From figure 4.22 we can note that the stressesa ohygrothermal

piezoelectric beam has a maximum value at m = 5d4tds increases continuously.
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Figure 4.23 Comparison between stress values imdtygrmal piezoelectric composite

beam at different moisture values

The induced voltage does not affected by hygrotaeeffects because fiber properties do

not affected by these conditions.

4.3 Composite Plate

Same results can be derived for composite plate disame

changes will occur with piezoelectric and hygrothemal effects. The

following figures present the complete results fothe composite plate.

Two edges are constrained at all DOF and the othexdges are free. The

material properties of the plate are entered in thdorm of modulus of

rigidity, Poisson’s ratio and young’s modulus. Redlts obtained for this

case are similar to those obtained for the beam oas
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Figure 4.24 composite plate deflection

Figure 4.25 composite plate deflection (side view)
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Figure 4.26 composite plate horizontal deflection
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Figure 4.28 composite plate stresses
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Figure 4.29 composite plate horizontal deflectiarve
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Figure 4.30 composite plate vertical deflectionveur
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Figure 4.31 composite plate stresses curve
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Figure 4.34 Piezoelectric composite plate stresses
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Figure 4.35 Piezoelectric composite plate horizosedlection curve
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Figure 4.36 Piezoelectric composite plate vertitedlection curve
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Figure 4.37 Piezoelectric composite plate stressese

Figure 4.39 Hygrothermal piezoelectric compositaglertical deflection
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Figure 4.40 Hygrothermal piezoelectric compositeagktresses
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Figure 4.41 Hygrothermal piezoelectric compositaghorizontal deflection curve
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Figure 4.42 Hygrothermal piezoelectric compositaehertical deflection curve
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Figure 4.43 Hygrothermal piezoelectric compositagbktresses curve

5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This work investigated the response of piezoeledisgam and plate structures to
hygrothermal loading. The interactions between ag#t deflections and stresses are
investigated in these structures. Finite elemealrique is used to model the structures
under consideration. Theoretical approximate sotuiis proposed based on the elastic
analysis of the classical lamination theory.

Based on the linear theory of elasticity and piéztecity, the exact solutions of
the 2D composite beam and piezoelectric composigenband hygrothermal piezoelectric
composite beam are obtained by introducing severalulae. the present results are valid
under both plane stress and plane strain conditaomss have a good agreement with
ANSYS numerical results. Because the piezoelecwefficient and thickness for various

layers can be different in the present investigatibe present work makes it convenient to
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model and design different piezoelectric cantilegsensors and actuators. Also ANSYS
numerical results are obtained for composite phath two edges constrained at all DOF
and the other edges are free and piezoelectrie platl hygrothermal piezoelectric plate.

Different moisture contents are considered andpewed.

5.2 Recommendations
. Exact solution for hygrothermal piezoelectric platecan be
obtained. The results can be compared with the numieal results.
. Variable load analysis can be performed on the beasn The
results can be compared with the present study.
. Nonlinear analysis based on large deflection theomnay be

adopted.
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