CHAPTER 1

INTRODUCTION

1.1 General

In recent years, the study Q%W%I coupling phenomenon of smart
SO

materials has been a subjectedl&gtéfest ject of numerous investigation_s‘ _
due to their useful apphcw fields of@l engineering such as control

of flexible structures, press , 8 .MWS, aerospace structures and
helicopter control surface A \Cta 1994, Crawley and de Luis

1991, Rao and Sunar 1994 o 1998). veral types of smart materials have

L—:

electro/magneto-rheologic §, ‘efc. Amon; terials mentioned above, the
+* . .

P
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few examples of piezoelectric materia :t‘--’ . Barium Titanate (BaTiOs), Lead
LML 7 N
Zirconate Titanate (PZﬂ) and Polyvinylidene

Piezoelectric mjrials__ were first di

, etc.

ierre and Jacques Curie in

| . 5 4
the 1880's. These materials undergo strain or mechanical deformation in response to

an applied electrie fi ltf:a" i Iﬁl i Iso produce charge
when they are Ejjjﬁ (s ﬁ&tﬂe rmﬁlngr:;:c effect). The first
property makes them suitable as actufitors to contréstruct espohse, whereas the
second pﬂ)ag %@ﬁemﬁamums}goﬁcﬁﬁaﬁaﬁhus have the
ability to tr%nsform mechanical energy to electrical energy and vice versa.

Piezoelectric materials exist primarily in two forms as ceramic and polymer.
They need to be polarized to induce the piezoelectric effect. The polarization process
as shown in Figure 1.1 is achieved by applying a high DC voltage (>2000 V/mm)
across heated piezoelectric materials. After the polarization process, the material has a
remnant polarization (see Figure 1.1c) which can be degraded by exceeding the

mechanical, thermal and electrical limits of the material.



2

After being polarized, a voltage of the same polarity as the poling voltage
causes a temporary expansion in the poling direction and a contraction in the plane
parallel to electrodes (see Figure 1.2a). In both cases, the piezoelectric material

returns to its original poled dimensions after the removal of the voltage.

If a compressive force is applied in the poling direction or a tensile force is

applied in the plane normal to the poling direction (parallel to the electrodes), a

positive voltage is generated. A vol vith the opposite polarity results from a
tensile force applied parallel ta*\ ,» Or a compressive force applied
perpendicular to the pohn own n

1.2 Piezoelectric Constitufi

The voltage-s e-stress relations in a piezoelectric material

are usually assumed to he'lir actuati is @deled like a thermal strain.

actuation strain due to the electﬁﬁfxﬂdlmg. ordi stem has three mutually
perpendicular axes, called the x, v, 2 L, 2 S-as-tfustrated in Figure 1.3. The
3-axis or z-axis is “assi Ii iy e-initial polarization of the

piezoelectric material. ¥he shear components on the three planes labeled 4, 5 and 6

e BTN L *ﬁiﬂ‘z;t;m'a;;;:‘:;::z‘;f:m
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to an appligd electric field. They also produce charge when they are under an apphed

stress. This means that the electrical and mechanical effects are coupled and the
constitutive relations therefore take into account the mechanical response together
with the electrical effects. Among the equations involving piezoelectric materials, the
equations of state are the most employed equations. They can be written in two ways
depending upon whether £ or D is chosen as the independent variable (Cady, 1962).

The following formulation is written with the electric field, E, being the independent

variable.



€ =5;0,+dLE, (1.1)
D, =d,o,+¢.E, (1.2)
gy = cifej ~e,E, (1.3)
D, =e,€,+5,E, (14)
where
€ = (m/m)
o = (N/m®)
E = (V/m)
D = (C/m?)
s = (m¥N)
d = (m/V) or (C/N)
£ - 7 (F/m) or (C/Vm)
c = vectof ofelds fess™ | (N/m?)
e = piezoel@ctric’eBefficis \ (C/m?)
The superscripts € and of- oelectric material under constant
strain and constant eleCtric field, respectively. In addi 5 ‘ e superscript 7" denotes
the transpose of a I 'a"“ g ’fl‘l, “displacement, D as the

J

: 1ven in equations (1. 5) to (1.8) as follows:

ﬁt’i&ﬁﬂ‘l’lﬁlﬂiﬂ&ﬂﬂi 0s)
q Wﬁﬁ‘ﬁ‘ﬁm UAINRY o

O- -—-C e _qrm m (17)

independent variable are

E,=—q,€,+ :B:ka (1.8)

The new piezoelectric constants g and ¢ are related to e and d as follows.

gmh =S£qmi =ﬂ:ndnh (19)



th = ggml ﬂmn Cn (110)

where B denotes impermittivity component. In addition, the superscripts o and D

represent a piezoelectric material under constant stress and constant electric
displacement, respectively. Some important piezoelectric constants are described in

detailed as follows.

e Piezoelectric Coefficient (q'

The coefficient d, @h

unit electric field in the i

strain in the j-axis due to a

1 stresses are constant. For
example, d,, denotes a di a unit applied field in the
direction 3 (the pol n) | ‘
mechanically free in all difections. _ : ] a%shdenotes the ratio of charge
density in direction j du :

constant. As an example,

stress in direction 3 when the i of external stresses in directions 1 and 2.

707, 5 N
¢ Elastic Corﬂ)llance éﬁn‘st’antd(“ L

The elastic comﬂa'n the strain in the i -direction

due to unit stress in the j ﬂ,dlrectlon prov1de&lthat there is no change of stress in the

other two dlrectﬂ ' xﬂt @e% Hfﬂa% Wﬁ "%dﬂ' %ilces from 1 to 3 and

shears are denoted by indices from 4 6;o 6. For example s,, denotes a direct strain in

N NN AL SR ) B fions 1

3 being unghange ilarly, s,; denotes a shear strain on the plane perpendicular to

the direction 2 due to shear stress on the same plane. If the electric field across the
piezoelectric element is held constant, such as the case with short circuiting at the
electrodes, the properties are denoted by a superscript E. If the electric charge -

density is held constant, such as the case with an open circuit at the electrodes, it is

denoted by a superscript D.



* Dielectric Constant or Permittivity (¢,)

The dielectric coefficient &, is defined as a dielectric displacement or charge

per unit area in the i-axis due to an applied electric field in the j-axis. If a

piezoelectric is in a completely free condition then its dielectric constant is higher
than the case when it is restrained. Normally, a superscript is added to the constant to

denote this condition. For exainple, a superscript o denotes a free boundary condition

(constant strain).

e Piezoelectric

3. Similarly, g, denotj a shear s sed on thealane perpendicular to the

direction 2 due to a unit applied charge per unit electrode area with electrodes normal -
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Thé objectives of this study are the following:

1. To determine analytical solutions for mechanical displacements, electric
potential, stresses, electric field and dielectric displacements of a

piezoelectric cylinder subjected to axisymmetric surface load and electric
field.
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2. To study the influence of various parameters, e.g. the elastic stiffness
constants, piezoelectric coefficients, dielectric constants etc. on the

piezoelectric cylinder.
1.4 Scopes of the Study

The scopes of this study are the following

piezoelectri

3. The mech s ‘applied on the cylinder end
surfaces ar th axis, which is assigned as
the direction larization of the piezoelectric material.
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(a) Directions of domains ¢) Remnant polarization

before polarization \ \ ‘ after removal of electric field
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Figure 1.1 Polariz -:‘- -of a piezoelectric material.
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Figure 1.2 Actuator and sensor behaviour of a piezoelectric material.
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Figure 1.3 The direction of pasitive pe

Bohve-p ion and the definition of axes.
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