Fundamental Behavior of Piezoceramic Sheet Actuators

JAYANT SIROHI AND INDERJIT CHOPRA*
Alfred Gessow Rotorcraft Center, Department of Aerospace Engineering, University of Maryland, College Park, MD 20742

ABSTRACT: This paper investigates the behavior of piezoceramic sheet actuators under different
types of excitation and mechanical loading. The research especially focuses on the application of
these actuators to the development of smart rotor systems. The free strain response of the actuators
under DC excitation is experimentally investigated along with the associated drift of the strain over
time. Effect of tensile stress on the free strain response is examined. The magnitude and phase of the
free strain response of the actuator under different excitation voltages and frequencies is measured,
and a phenomenological model to predict this behavior is developed and validated. The power con-
sumption of the free actuator and a pair of actuators surface bonded to a host structure is calculated by
the impedance method and validated by measurement. Additionally, depoling of the actuators is dis-
cussed, along with the feasibility of recovering performance by repoling in the event of accidental

depoling.

INTRODUCTION

IEZOCERAMICS are potential actuators for a wide range of
Papplications in aerospace, automotive, civil structures,
machine tools and big-medical systems to actively control
vibration and noise, improve performance, and augment sta-
bility. One of the major barriers for various applications is the
stroke of these actuators (Chopra, 1996). To increase induced
strain, these actuators are often driven under high electric
fields, and sometimes even to extreme limits. In addition to
this, the operating condition of the system itself may cause
high mechanical loads on the actuator. For example, in rotor-
craft applications, actuators placed on rotor blades are ex-
posed to high tensile stresses due to centrifugal forces
(Chopra, 1997). Though the piezoelectric material is rela-
tively well behaved and linear at low electric fields and low
mechanical stress levels, it shows considerable nonlinearity
at high values of electric field and mechanical stress. In order
to develop an efficient structural system with piezoceramic
actuators, it is necessary to accurately predict the response of
the actuators, including magnitude and phase of induced
strain, power consumption and integrity under different exci-
tation and loading levels. Currently, mathematical tools to
cover a wide range of operating conditions along with reli-
able test data to validate these tools are not available.

The most commonly used type of piezoceramics, Lead
Zirconate Titanates (PZTs) are solid solutions of lead zircon-
ate and lead titanate, often doped with other elements to ob-
tain specific properties. These ceramics are manufactured by
mixing together proportional amounts of lead, zirconium and
titanium oxide powders and heating the mixture to around
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800-1000°C. They then react to form the perovskite PZT
powder. This powder is mixed with a binder and sintered into
the desired shape. During the cooling process, the material
undergoes a paraelectric to ferroelectric phase transition and
the cubic unit cell becomes tetragonal. As a result, the unit
cell becomes elongated in one direction and has a permanent
dipole moment oriented along its long axis (c-axis). A typical
PZT unit cell is shown in Figure 1. A volume of the material
in which the polar moments of the unit cell are all oriented in
the same direction is called a domain. The unpoled ceramic
consists of many randomly oriented domains and thus has no
net polarization.

Application of a high electric field has the effect of align-
ing most of the domains in such a way that the polar axes of
the unit cells are oriented as closely parallel to the applied
field as allowed by the crystal structure. This process is
called poling and it imparts a permanent net polarization to
the ceramic. Since the polar axis (c-axis) of the unit cell is
longer than the other two axes (a, b-axes), the reorientation of
the domains also creates a permanent mechanical distortion.
The polar axes can be reoriented in certain specific directions
governed by the crystal symmetry in the presence of a high
electric field or mechanical stress. This process is called
switching. In the case of tetragonal PZTs, either 90° or 180°
switching can occur. The 90° switching is always accompa-
nied by mechanical distortion due to the longer length of the
unit cell along the polar axes, while the 180° switching can
occur without any distortion. It is also known that an electric
field can cause both 180° and 90° domain switching but a me-
chanical stress can only cause 90° switching. Consequently,
a mechanical stress can depole a piezoelectric ceramic but
cannot repole it. The poled ceramic exhibits the direct and
converse piezoelectric effects. The converse effect is the de-
formation of the piezoceramic in response to an electric field
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Figure 1. Typical PZT unit cell.

and there are three main phenomena causing it. The first one
is the piezoelectric effect of the aligned domains. This is the
deformation of the unit cell caused by the electric field and is
also called the intrinsic effect. The second one is as a result of
deformations caused by non-180° domain wall motion and
related phenomena. These effects are also called extrinsic ef-
fects. Li et al. (1991) have presented evidence to show that
extrinsic effects are the major cause of non-linearity and
losses in the piezoceramic. The intrinsic contribution to such
losses is small. The third one is the electrostriction effect.
The electrostrictive deformation is proportional to the square
of the electric field and is independent of the direction of the
field. The relation between the field and deformation is
centrosymmetrical, in contrast to the piezoelectric effect,
which is noncentrosymmetrical. The electrostrictive effects
are usually much smaller than the other two effects.

Constitutive Relations

Under small field conditions, the constitutive relations for
a piezoelectric ceramic are (IEEE Standard, 1987):

D, =eJE; +d}o, (1)
g, =dE; +53,0,, )

where vector D; of size (3 X 1) is the electric displacement, €,
is the strain vector (6 X 1), E; is the applied electric field vec-
tor (3 x 1) and G,, is the stress vector (6 X 1). The piezoelectric
constants are the dielectric permittivity ef; of size (3 x 3), the
piezoelectric coefficients dfn (3x6)and djc»k (6% 3), and the
elastic compliance s,fm of size (6 X 6). The superscripts ¢ and
d have been added to differentiate between the converse and
direct piezoelectric effects, though in practice, these coeffi-
cients are numerically equal. The superscripts ¢ and E indi-
cate that the quantity is measured at constant stress and con-
stant electric field respectively. The poling direction, which
is along the thickness, is denoted as the 3-axis. The 1-axis
and 2-axis are in the plane of the piezoceramic sheet. The ma-

terial is normally assumed transversely isotropic in the 1-2
plane. The dj matrix can then be expressed as

0 0 dy]
0 0 dy
4| 0 0 dn 3
0 ds O
ds 0 0
0 0 0|

where d3; and ds; relate the normal strain in the 1 (or 2) and 3
directions respectively to a field along the poling direction,
E5, while d; 5 relates the shear strain in the 2-3 and 1-3 planes
to the transverse fields, E; and E,. Note that there is no shear
in the 1-2 plane. For PZT-5H, d3; = d;, and the material is
considered transversely isotropic as far as piezoelectric
properties are concerned, whereas a material like
Polyvinylidene Flouride (PVDF) is piezoelectrically
orthotropic. The compliance matrix is of the form

S S S 0O 0 0
s=|213 P On )
o o0 o0 S 0 0
0o 0 0 0 Sy O
L0 0 0 0 0 S|
and the permittivity matrix is
ey 00
e =0 ¢, 0 (5)
0 0 e

Equation (1) is the sensor equation and Equation (2) is the
actuator equation. Sensor applications are based on the direct
effect. On the application of a constant stress, and under con-
ditions of zero electric field, Equation (1) becomes

D, =d;0c, 6)

The electric displacement D is related to the generated
charge by the relation

q=|[DdA (7)

where dA is the infinitesimal area normal to the displacement
D. The charge g (Coulombs) and the voltage generated
across the sensor electrodes are related by the capacitance of
the sensor; V = ¢/C. It should be noted that measurement of
piezoelectric coefficients by the direct effect is usually more
difficult and less accurate than measurement based on the
converse effect. This is because application of a pure uniaxial
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stress is difficult and some of the charge generated by the ap-
plication of stress can leak off before it is measured. On the
other hand, while using the converse effect, it is much easier
to apply a uniform electric field and assure a zero stress state
within the sample. It is also difficult to control the electrical
boundary conditions during static testing. However, static
measurements are made more accurate by superimposing a
low frequency alternating electric field or mechanical stress.

SAMPLE PREPARATION AND CYCLING

The actuators investigated in all the experiments de-
scribed below were piezceramic (PZT-5H) sheets of dimen-
sion 1”7 x 0.5” x 0.01” obtained from Morgan Matroc Inc.
(Morgan Matroc, 1993). Some of the manufacturer supplied
characteristics of this material are shown in Table 1. All the
samples were poled along their thickness. They were excited
along the poling direction and strains were measured in a
plane perpendicular to the poling direction. Each sample was
instrumented with a strain gage with a gage length of 0.125”
in a quarter bridge configuration. The excitation leads were
soldered to the faces of the sheet and the sample was sus-
pended by means of the excitation leads, so there is no struc-
tural boundary constraint. The experimental data shown be-
low represents the average behavior of three randomly
selected samples for each test. Before the tests were carried
out, the samples were cycled to erase the effect of previous
excitations. The cycling can be of two types, depending on
whether the properties to be observed are static or dynamic.

If the application involves a static excitation, a DC cycling
is performed on the actuator. This involves exciting the actu-
ator with its highest operating DC field, switching off the
field, and then measuring the residual strain. This process is
repeated several times until the residual strain after each cy-
cle has stabilized. A schematic of the actuator strain during
the DC cycling process is shown in Figure 2. After each cy-
cle, the residual strain keeps decreasing until it becomes al-

Table 1. Small signal PZT-5H characteristics.

da —274 x 10-2 m/V
d33 593 x 10_12 m/V
dis 741 x 10-12 m/V
sE, 16.5 x 1072 m2/N
&3 20.7 x 1072 m2/N
A 435 x 102 m?N
s5 —4.78 x 10-'2 m2/N
s -8.45x 1072 m?/N
p 7500 kg/m?
Curie point 193°C

K¢, 3130

Kss 3400
Compressive strength >75,000 psi
Static tensile strength ~11,000 psi
Poling field ~12 kV/cm
Dielectric breakdown ~20 kV/cm
Depoling field (DC) ~5.5 kV/cm

Strain
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Figure 2. Strain during DC cycling.

most zero. The number of cycles needed to stabilize the per-
formance depends on the cycling field and normally in-
creases with increasing cycling field. A cycled actuator has
an inherent bias and will show almost zero residual strain on
the application of an excitation field less than the cycling
field. Note that the polarity of the field is important and that
reversing the polarity, either during cycling or during opera-
tion of the acutator, will destroy the bias. This treatment is
therefore suitable only for unipolar operations. If the actuator
is exposed to the DC cycling voltage for a long period of
time, it is observed that there is an additional effect of stabi-
lizing the drift, as will be discussed later. Another type of cy-
cling treatment is AC cycling which involves exciting the ac-
tuator for several cycles under an AC field. The effect of this
treatment is that it removes all biases in the actuator and also
minimizes residual strain.

STATIC BEHAVIOR
Static Free Strain

A typical DC field (along the polarized direction) versus
transverse free strain (in a plane normal to the polarized di-
rection) plot for a PZT-5H actuator is shown in Figure 3. To
obtain the static free strain plot, the following steps were
taken. DC cycling is initially carried out on the sample to
minimize its residual strains. A typical sample required on
the order of 10 DC cycles to bring the residual strain to less
than 3 pe. Each point on the curve is then obtained by apply-
ing a DC field and measuring the resulting strain with a strain
gage. After each reading, the excitation is switched off and
the gage is reset. This effectively ignores the hysteresis and
drift and generates a quasi-steady free strain curve. The curve
is almost linear at low applied electric field levels and the lin-
ear piezoelectric coefficients can be used to satisfactorily
predict this part of the curve. In this region, the slope of the
curve is the coefficient d3; and the value quoted by the manu-
facturer (Morgan Matroc, 1993) is =274 x 10712 m/V. The
strains predicted by this linear relation are also plotted for
comparison. The negative value of d3; means that a positive
electric field in the polarization direction results in a com-
pressive strain on the surface of the PZT sheet. At higher
electric fields, nonlinear effects become apparent. These ef-
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Figure 3. Static free strain behavior of PZT-5H: (a) low excitation levels and (b) high excitation levels.

fects are attributed to effects like reversible domain wall mo-
tion. The reason that such effects are much smaller at lower
values of electric field is that non-180° domain wall motion
results in a permanent mechanical distortion of the material
and consequently requires a larger energy, and hence, occurs
at larger field strengths. At high field strengths, a larger
change in induced strain per unit increase in field is expected,
both for negative and positive fields. Also, strain values for
the same positive and negative fields are not equal, which
means the free strain curve is asymmetric. Such an asymme-
try has also been observed in the inverse piezoelectric re-
sponse of Rochelles salt (Vigness, 1935) and is attributed to
the permanent electric polarization in the crystal. The asym-
metry present in piezoceramics is small for low values of
field but becomes larger as the field is increased. In terms of
actual voltage applied to the piezoceramic sheet, a voltage of
100 Volts corresponds to a field of 3.937 kV/cm. The data
plotted represents the average of 3 separate trials on each of
10 different samples. While testing piezoceramics, such an
averaging process is essential to obtain consistent data since
there usually may be scatter in the properties of individual
samples.

Figure 3(b) shows a free strain curve spanning a much
higher field range. The maximum positive field is limited by
the breakdown of the dielectric, which in this case is the ce-
ramic itself, whereas the maximum negative field is limited
by the piezoceramic depoling. It can be seen that the positive
field region is relatively linear up to at least 10 kV/cm. It
should be noted that the DC depoling field for PZT-5H is ap-
proximately —5.5 kV/cm.

Effect of External Stresses

In the literature, investigations have been carried out to
examine the effect of external mechanical stresses on the be-
havior of piezoceramics. However, most of the existing
works are focussed on the effect of compressive loads, since

many early applications of piezoceramics were in underwa-
ter devices where the materials are exposed to high hydro-
static stresses. Some results of the effects of compressive
stresses can be found in the works of Brown (1961), Kreuger
and Berlincourt (1961) and Kreuger (1967, 1968). Compres-
sive stresses tend to align the c-axes of the domains perpen-
dicular to the direction of stress. For example, if the compres-
sive stress acts along the X-axis, say in the plane of the sheet,
the c-axes of the domains are randomly reoriented parallel to
the YZ plane, which is across the thickness. This destroys
some of the initial polarization and thus reduces the net po-
larization. According to Kreuger (1968), hard ceramics like
PZT-8 and PZT-4 experience large changes in piezoelectric
coefficients but show good recovery upon removal of the
stress. But soft ceramics like PZT-5H show a permanent deg-
radation in properties with stress cycles.

Limited work has been done to see the effect of tensile
stress on the behavior of piezoceramics, which is very perti-
nent to their application in the development of a smart rotor
(Chen and Chopra, 1997). Experiments were carried out to
observe the effects of tensile loads perpendicular to the pol-
ing direction on the free strain. A test fixture was designed to
apply tensile loads to a piezoceramic sample while allowing
it to strain freely. The ceramic samples tested were 2”7 x 1”7 X
0.01” commercially available PZT-5H sheets. Loads were
applied to the sample by means of weights suspended from a
sliding bracket (Figure 4). The static free strain curves were
obtained for different values of applied tensile load. The data
obtained from 10 samples was averaged out to obtain the fi-
nal free strain values. The results are shown in Figure 5. From
the plot, it can be seen that there is a slight increase in free
strain with an increase in applied tensile load. Though this is
a very small increase, the averaging process makes it more
likely that this is a phenomenological change rather than ex-
perimental scatter. It was not possible to apply stresses
higher than 2500 psi because of stress concentration near the
end supports and a small amount of bending in the sample
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1. Fixed jaws

2. Sliding jaws

3. Guide rails

4. PZT sheet specimen
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Figure 4. Tensile testing fixture.

due to misalignment. Experiments performed by Gerson et
al. (1961) show that the static tensile strength of a typical
piezoceramic is around 13,000 psi but samples invariably
fracture at lower average stresses.

For PZT-5H under a compressive stress parallel to the pol-
ing axis (i.e. along the thickness), d3; remains constant or
shows a slight increase at low values of stress and then drops
off at high values of stress (Zhang et al., 1997). Such a stress
will tend to randomly reorient the c-axes of the unit cells in a
plane perpendicular to the poling direction (i.e., in the plane
of the sheet). A uniaxial tensile stress acting along the length
of the sheet will also tend to align the dipoles along the plane
of the sheet, with a preference along the direction of stress.
Hence, it can be expected that these two stress states will pro-
duce similar changes in properties of the material. Conse-
quently, the behavior seen in Figure 5, with tensile stress in
the plane of the piezoceramic sheet is consistent with previ-
ously observed phenomena (Zhang et al., 1997) with com-
pressive stress along the poling direction.
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Figure 5. Variation of static free strain with transverse tensile stress.

A curve was fit to these data points in order to empirically
predict the variation of free strain with applied external
stresses. The curve fit was of the form:

e =a+bE +cE* +dE’ (8)
For simplicity, a linear variation of the coefficients a, b, ¢

and d with applied tensile stress was fit to the data. This varia-
tion is given by:

a=-19637-7.039x107*P ©)
bh=-2582-7.54x10"*P (10)
c=-0.1535+3.86x10"* P (11)
d=-0298+1244x107"*P (12)

where € is the strain in microstrains, E is the electric field
strength in kV/cm and P is the applied tensile stress in psi. As
expected, at zero external stress, the free strain curve reduces
to thatin Figure 3(a). The increase in free strain is of the order
of 10% at 3.937 kV/cm under a tensile stress of 2500 psi.

Drift

An effect often observed experimentally is the drift of the
actuator strain in response to a DC excitation. The drift phe-
nomenon is a slow increase of the free strain with time after
the application of a DC field. An uncontrolled drift in the ac-
tuator position is obviously detrimental to the overall perfor-
mance of systems wherein the actuator is meant to maintain a
certain static deflection, for example the steady deflection of
a trailing edge flap. The basic drift phenomenon is as fol-
lows: after the application of a DC field, the strain jumps to a
certain value and then increases slowly with time. When the
field is switched off, the strain falls back to some value and
then slowly decreases until it stabilizes at some residual
strain. The curves describing both the slow increase and the
slow decrease are of a similar nature and are roughly
logarithmic with time. One of the manufacturers (PI Catalog,
1997) given the following formula for drift of a piezostack
actuator:

t
Ae=Ae | 1+yIn— 1
[id)

where 7is the time in seconds, A€, is the strain 0.1 seconds af-
ter the application of the field and yis a factor which depends
on the system’s characteristics, typically of the order of a few
percent. Note that the percentage increase in strain after the
application of the field is independent of the field strength.
Experimental observations on a PZT sheet [Figure 6(a)]
shows a family of drift curves for DC excitation fields from
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0.4kV/cmto 5.5 kV/cm. The experimental data show that the
percentage drift is roughly the same regardless of excitation
field. Figure 6(b) shows the percentage drift in response to a
positive and a negative field of the same magnitude, 4
kV/cm. It can be concluded that the direction of applied field
has negligible effect on the magnitude or the rate of strain
drift.

Similar phenomena have been observed by Vigness
(1935) during investigations on Rochelle’s salt. This gives
reason to believe that the drift phenomenon is largely intrin-
sic in nature. The reason for the drift is probably due to a
gradual change in the permanent polarization of the material.
Vigness (1935) also showed a dependence of such effects on
the state of the material as a result of previous mechanical or
electrical treatment, referred to as the “fatigue” effect.

In an attempt to stabilize the drift, an AC field of 5% of the
steady DC field was superimposed at high as well as low fre-
quencies. The following five different types of excitations
were tried out: (a) 3.937 kV/cm DC field, (b) 0.196 kV ,,/cm

Case (c)
Case (a)
Case (b)
Case (d)
E
=]
€
@
o
]
a
-
]
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i | |
- 1 |
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| 1 ]
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Figure 7. Drift under combined excitation.
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e field

e field

50
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Figure 6. DC drift behavior: (a) drift in the free strain and (b) effect of field direction.

sinusoidal field at 10 Hz riding on a 3.937 kV/cm DC field,
(c¢) 0.196 kV,,/cm sinusoidal field at 500 Hz riding on a
3.937kV/cm DC field, (d) 1.968 kV . /cm sinusoidal field at
500 Hz riding on a 3.937 kV/cm DC field and (e) 3.937
kV/em DC field on an actuator which was previously ex-
posed to a DC field of the same magnitude for three hours.

The effect of these excitations is shown in Figure 7. The
percent drift from the instantaneous strain is plotted versus
time. After half an hour, the strain signal had increased by ap-
proximately 10% to 18%. It can be seen that there is not much
change in the drift due to a pure DC field in comparison to
those with different superimposed AC fields. The only ex-
ception is case (e) where the percent drift is the smallest. The
data plotted has been averaged out over three trials. There is
some amount of scatter since the repeatability of such drift
tests is very sensitive to the previous excitation of the sample.
The kind of treatment given to the actuator in case (e) is simi-
lar to the fatigue effect, and it appears possible to stabilize
drift by exposing the piezoceramic continuously to a DC
field for several hours before the actual excitation. It was also
observed that the drift is similarly reduced for any excitation
field of magnitude less than the stabilization field. This kind
of DC stabilization introduces a bias in the piezoceramic and
zeros out residual strains in response to an excitation in the
same direction. The bias however, is destroyed on reversing
the polarity of the field.

DYNAMIC BEHAVIOR
Strain Hysteresis

To observe the losses and the actual hysteretic behavior of
the material, a quasi-steady free strain test was performed by
changing the voltage successively from point to point. In
contrast to the earlier static free strain curve, the excitation
was not switched off and the gage was not zeroed after each
reading. At each point, the strain was allowed to stabilize be-
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Figure 8. Quasi-static hysteresis curve, uncycled PZT.

fore taking a measurement. The experiments were carried
out on several different samples and each point is the average
of three measurements. The curve shown in Figure 8 was the
response of a brand new sample (uncycled). The field was
slowly changed in steps of 0.3937 kV/cm. The strain re-
sponse seems to have some bias and takes around three cy-
cles to stabilize. The same experiment was repeated after ex-
citing the actuator with a moderately high 3.15 kV,,/cm, 5
Hz sinusoidal field. This is referred to as “AC cycling” and is
done in an attempt to train the actuator to a certain excitation,
such that its residual strain and drift are minimized. The
quasi-static strain response, shown in Figure 9(a) now seems
to have less bias and stabilizes in the second cycle itself. The
aspect ratio (lateral width to length ratio) of the hysteresis
curves is around 15%. Figure 9(b) shows the quasi-steady
hysteresis curve at a lower maximum field: the aspect ratio
becomes smaller. It can be seen that the normalized area un-
der the curve is larger when the maximum field is larger.

53

Also, the curves are asymmetric with respect to the zero
strain axis, which is similar to the asymmetry observed in the
static free strain curves and is due to the permanent electric
polarization of the ceramic. Another interesting feature is
that the curves in Figure 9(b) were obtained by starting with a
negative excitation whereas the curves in Figure 9(a) were
obtained by starting with a positive excitation. This differ-
ence is seen in the first quarter of the first cycle. The remain-
der of the curves show no dependence on the sequence of ex-
citation.

The shape of the strain-field hysteresis loop changes with
excitation frequency and field. Figure 10(a) shows the varia-
tion in the experimentally measured strain-field hysteresis
loop at 5 Hz for a free actuator. It can be seen that with in-
creasing field, the overall shape of the curve is not affected
much, but the mean slope increases with increasing field.
Also plotted for the sake of comparison is the DC free strain
curve, which matches closely with the increasing positive ex-
citation and increasing negative excitation segments of the
hysteresis curves. This is to be expected, since the DC free
strain curve is obtained from the low frequency
strain-hysteresis response by ignoring the hysteresis. The dy-
namic hysteresis curves reduce to the static free strain curve
as the frequency of excitation is decreased. The effect of fre-
quency is seen in Figure 10(b). The area under the high fre-
quency curve is less than the area under the low frequency
curve, which means that there are more energy losses at
lower frequencies. These hysteresis curves can be generated
using the phenomenological model developed above, which
also traces out the static free strain curve when the frequency
goes to zero.

Dynamic Strain Response
To observe the magnitude and phase of the induced strain

of a free actuator under AC excitation, the sample was ex-
cited by a sinusoidal field stepped from 0 to 200 Hz. This was

200 : . T . T T . 80 , . . T T . -
&a—a Cycle : : : ' o——o Cyclet
4 o——o Cycle2 B o——o Cycle2
150 =8 Cycle3|1 60 Cycle 3|
o 100 2ot NG N
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] : 7
£ sob goaf
€ £
c £
S o I S . RS S
7 n
-50 DOk N R
0O e L O N oo e O
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—4 -3 -2 -1 ) 1 2 3 4 -2 -1.5 -1 -0.5 o 0.5 1 1.5 2
Excftation field, kV/cm Excitation field, kv/cm
(a)
Figure 9. Quasi-static hysteresis curves, after AC cycling: (a) maximum field =3.937 kV/cm and (b) maximum field = 1.968 kV/cm.
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Figure 10. Variation of strain hysteresis with field and frequency for a free actuator: (a) effect of increasing field, 5 Hz and (b) ef-

fect of increasing frequency.

carried out at different excitation fields to see the effect of ex-
citation field as well as excitation frequency and these results
are summarized in Figure 11. The dependence of crucial ma-
terial properties such as €3, and tan & on the magnitude and
frequency of the excitation can be calculated from the magni-
tude and phase of the current drawn by the actuator. These
parameters are very important for predicting the power con-
sumption of actuators bonded to a structure. From Figure
11(a), it can be seen that the free strain, and hence, d;;, is rela-
tively independent of the actuation frequency. The slight in-
crease seen at higher frequencies is due to an elec-
tro-mechanical resonance around 1 kHz. The influence of the
resonant dynamics can be seen more clearly in Figure 11(b),
which is a plot of the phase of the free strain. These dynam-
ics, though important for a free actuator, are of less interest
while investigating the performance of actuators bonded to a
structure, where the dynamics of the parent structure is domi-
nant. At low frequencies, the free strain increases by approxi-

mately 10% due to poling effects. At higher frequencies and
excitation fields, nonlinear effects cause the free strain to in-
crease by as much as 15% compared to the free strain in the
linear region.

This variation can be described in terms of the following
relation:

E=Ae+B¢ (14)
where E is the excitation voltage in volts and € is the free
strain of the actuator in microstrain. By analogy with a me-
chanical spring-damper system, the coefficients A and B can
be considered as an effective stiffness and damping respec-
tively. The variation of this stiffness and damping with exci-
tation voltage and field is calculated from the transfer func-
tion shown above and curves are fit through the data. The
values of the stiffness and damping are shown in Figure 12.

It can be seen that the stiffness depends to a large extent on
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Figure 11. Response of a free PZT actuator: (a) peak free strain and (b) strain phase.
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Figure 12. Stiffness and damping variation: (a) effective stiffness coefficient A and, (b) effective damping coefficient B.

excitation voltage, as expected, but the frequency depend-
ence is small. A quadratic variation of stiffness with fre-
quency is calculated and is given by

A=af’ +bf +¢ (15)

where fis the frequency of excitation in Hertz, and the coefti-
cients a, b and c are linear functions of the excitation voltage.

a=151x10"E-6.09%107° (16)
h=-259%x10°E+1.4%x107 (17)
c=-244%10"E+0.893 (18)

The variation of damping with field is not significant, es-
pecially at higher values of frequency, so the damping is ex-
pressed as:

1.5
B=-"> 19
; (19)

This expression for damping is equivalent to stating that
the energy lost per cycle per unit displacement amplitude is a
constant, which is intuitively expected. Using these relations
for effective stiffness and damping, the free strain of the actu-
ator can be calculated at any given frequency in the range of
1-200 Hz and excitation voltage in the range 40—140 V. The
comparision of experimentally measured free strain with
predictions using this phenomenological model is shown in
Figure 13, where the sample is excited at 80 V), and 120
Vipeak at frequencies of 5 Hz, 25 Hz and 100 Hz. It can be seen
that at lower frequencies, the damping is underpredicted and
at higher frequencies, the damping is overpredicted. This is
due to the rather simple hyperbolic variation of the effective

damping parameter assumed in Equation (19). A more com-
plicated variation would yield more accurate results, but the
accuracy of the present assumption is considered to be within
acceptable limits.

Itis worth mentioning here that the static free strain values
can be obtained from the above equations by first setting
€ =0 and then setting f= 0. The resulting equation for static
free strain is

E
—2.44%10°E+0.893

£sfatic -

(20)

The values of static free strain obtained by this equation
are very close to the values obtained from Equation (8),
though not completely the same. This is because Equation
(8) represents the static behavior which has an inherent
asymmetry between positive and negative excitation volt-
ages due to remnant polarization effects. This asymmetry de-
creases as the frequency of excitation increases. However,
the model represented by Equation (14) assumes a solution
which is inherently symmetric. Therefore, for static and low
frequency behavior, Equation (8) should be used to obtain
more accurate results while Equation (14) should be used for
high frequency behavior.

Effect of DC Bias

Several researchers have reported the beneficial effects of
operating piezoceramic actuators with a DC bias field. Ac-
cording to Kreuger (1967), a DC bias field increases the
value of d3; under stress. Li et al. (1991) attribute the stabiliz-
ing effect of the DC bias to pinning of the domains. The do-
mains are better aligned under a DC bias and the domain
walls become more difficult to move, which effectively re-
duces the extrinsic contribution to non-linear effects and
losses in actuation. Figure 14 shows a strain-field hysteresis
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Figure 13. Model validation at three different frequencies and two excitation voltages of 80 Vpea, and 120 Ve

loop under a pure AC field and under the same AC field with
a superimposed positive DC field of strength 0.5 V)., . Only
the AC component of the strain is plotted for comparison. It
can be seen that the area under the loop is less for the actua-
tion with a bias than without bias. This shows that the losses
have decreased due to the application of a DC bias. There is
also a small decrease in the magnitude of peak free strain un-
der bias.
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NooDC bias .
50% Vpeak DC bias|
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8

g

AC strain, microstrain
o
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50}

PP IR RN o e

AC field, kV/cm
Figure 14. Effect of a DC bias field.

POWER CONSUMPTION

The prediction of power consumed by the system with
bonded piezoactuators is a very important part of the design
process. It is well known that the dielectric permittivity and
the dissipation factor of piezoceramics increase with increas-
ing field (Woollett and LeBlanc, 1973). This information is
essential for predicting the power consumption of systems
incorporating piezoceramic actuators. For PZT-5H, these
variations were calculated from the current consumption
measurements in the experiments described above.

For an ideal capacitor, the electrical impedance is given
by:

1
7 =

- joC @

where ® is the angular frequency of the applied field and C'is
the capacitance in Farads, which for an ideal parallel plate ca-
pacitor is given by:

(22)

where € is the dielectric permittivity, A is the area of the plate
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and ¢ is the distance between the plates, which in this case is
the thickness of the piezoceramic sheet. If a sinusoidal volt-
age is applied to the capacitor, the current drawn leads the
voltage by exactly 90°. Real capacitors with dielectric media,
however, have energy losses. These losses are due to conduc-
tion currents in the dielectric as well as molecular friction op-
posing the rotation of dielectric dipoles. This causes the cur-
rent to lead the voltage by a phase angle d less than 90°. The
non-ideal capacitor is usually modelled by a simplified
equivalent circuit incorporating a shunt resistance in parallel
with an ideal capacitor. The energy losses appear as ohmic
heating in the shunt resistance. The dissipation factor, given
by tan 9, is therefore a measure of the energy loss in the ca-
pacitor and consequently, the power consumed by the actua-
tor. The impedance of a non-ideal capacitor can be given in
terms of a complex dielectric permittivity (Matsch, 1964).

”

€=¢k’—je k”=€—j£k— (23)
where €, is the permittivity of free space, k” is the relative

permittivity of the dielectric and

”

tand = — 24

I (24)

From Equations (22), (23) and (24), the electrical imped-
ance of the piezoceramic sheet can be expressed as:

t
 joed(1- jtand)A

(25)

The experimentally measured current drawn and the cal-
culated dissipation is shown in Figure 15. Equating the im-
pedance from Equation (25) to the value of impedance calcu-
lated from the experimentally measured voltage and current,

0.035 - P P PRRRE

—— 2.0kV/cm ; : : ; : ;
ooal|o—=o 24kviem | ... SSUTURUOE SO SOV SO A

a——a 2.6 kvicm : : : : :
o——o 3.0kV/icm
s—a 32kViem |l
v—v 3.75kV/cm :

o
o
>
o
T

Current drawn, Amps
°
[

PYST R [ R SN O AT

0.005 ‘ ) T I .......... P P P PRI

! L 1 i

the variation of €5, and tan 8 with field can be generated and
is shown in Figure 16. Curves are fit to the experimental data,
and the variation of e$; and tan 8 with field can be calculated
as:

K, =53187E* —5.9754E +7.32 (26)
tand = 0.0662E +0.0376 (27)

where K, is the percent increase in €3 and E is the electric
field in kV ,s/cm.

The power consumed by actuators bonded onto a beam is
predicted by the impedance method (Liang et al., 1993), a
short description of which is given here. The structural im-
pedance of the active system is derived by considering a PZT
actuator deforming along its length only, driving a single de-
gree of freedom spring mass damper system. For an actuator
of length /. width w, and thickness 7., and with an elastic
modulus Ya5, the force exerted is given by

F=K,L(€,.0—A) (28)

mech
where K, is the static stiffness of the PZT, given by
Yyow,t. /1., A is the free strain which is defined as dsV/1,,
and €,,,.;, 1s the mechanical strain of the structure at the actua-
tor location. For a PZT being excited along the 3-axis (or
z-axis) and assuming it deforms only along the 1-axis (or
x-axis), the constitutive relations [Equations (1) and (2)] can
be rewritten as:

€, =50, +dyE (29)
Dy = e E+dy,0, (30)
in these equations, € is the strain, 7 is the stress and Ellf is
the complex compliance. The equation of motion for a PZT

vibrating in the x-direction is given by:

028 oeen e RN
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Figure 15. Experimentally measured current and tan 6: (a) current drawn and (b) calculated tan 6.
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Figure 16. Variation in coefficients with field: (a) dielectric constant and (b) dissipation factor.

o%u _SE ou

P =4 3D
o o’
where Y,} is the complex modulus given by:
i =Y+ m) (32)

where 1 is the mechanical loss factor of the PZT. The com-
plex dielectric permittivity ey is given by:

= (1= j8) (33)
Assuming a solution to Equation (31) of the form
u = (a, sinkx +a, cos kx)e’™® (34)

where k* = u)zp/ 171? , and applying the appropriate bound-
ary conditions, it is possible to derive expressions for con-
stants a; and a,. A similar derivation can be performed to find
the impedance of an actuator (assuming both electrodes
shorted) under a constant force excitation. This gives an actu-
ator mechanical impedance expressed as:

= KAkl (35)
 tan(kl,.)

The mechanical impedance of the structure is defined as:

F=7Zx (36)

Using the expressions for the mechanical impedances of
the actuator and the structure, and using the derived constants
a; and a,, the assumed displacement [Equation (34)] can be
solved for. This is then substituted in the constitutive rela-
tions [Equations (29) and (30)] to obtain the value of the elec-
tric displacement Ds. The current is defined as:

1=¢= jo[Dsdxdy (37)

The final expression for the consumed current is:

d3YEZ, tan(kl,)

I:waWClC[ (Z+Z K
A c

+e5 —d_%lflfj (38)

Note that for a free PZT actuator, though the actuator im-
pedance Z, is finite, the impedance of the structure, Zis zero.
Also, the factor tan(kl,.)/(kl.) is approximately equal to unity.
The current drawn by the free PZT [Equation (38)] then re-
duces to:

IfreePZT = ijWclcE% (39)

from this, the impedance of the free PZT can be written as

\% t,
=t (40)
1 freePZT J (DEWC lc €33

Z freePZT =

Note that this expression for the impedance of the free PZT
is the same as the expression derived considering the PZT to
be a lossy capacitor [Equation (25)], considering tan & = 9.
The experimentally measured current consumed by a free ac-
tuator and a pair of actuators bonded to a beam is compared
with that predicted using Equation (38). The variation of €3,
and tan J given by Equations (26) and (27) is also incorpo-
rated in the theoretical predictions. The mechanical imped-
ance of the beam in bending [from Equation (36)] is given by:

_ 4 M
(1, +1,)* 0, —6))j®

(41)

where M is the actuation moment, 6, and 0, are the beam
slopes at the ends of the actuator and ¢, is the beam thickness.
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Figure 17. Current consumption predictions for a free actuator, 3.0 kV,,,s/cm: (a) magnitude of current and (b) phase.

In the theoretical validation, the actuation moment M and the
beam slopes 0, 0, are calculated using the Euler-Bernoulli
model. Experiments were performed on a free actuator and
on a pair of actuators bonded to a cantilevered aluminum
beam of dimensions 12”7 x 1” x 0.032”. The comparison of
experimental and theoretically predicted current consump-
tion is shown in Figures 17 and 18. The predicted values
show very good agreement with experiment when the varia-
tion of €35 tan § is taken into account, and the agreement is
poor when these parameters are assumed constant. This em-
phasizes the importance of incorporating these
nonlinearities when attempting to predict the power con-
sumption of such actuator systems.

DEPOLING BEHAVIOR

When exposed to a high electric field opposite to the pol-

experiment
impedance method
with non-linear coefficients|

»
o
T

»
o
T

Amps rms
w w
=] o

Magnitude,
3 =

ing direction, the piezoceramic loses most of its piezoelectric
capability. The actuation is accompanied by large dielectric
losses and poor efficiency. This is known as depoling of the
piezoceramic and is accompanied by a permanent change in
dimensions of the sample. This is probably due to large scale
domain switching in the material. The DC depoling field of
PZT-5H is approximately 5.5 kV/cm. For an AC excitation,
the depoling field depends on the frequency. It is observed
that under a dynamic excitation, the depoling field of the ac-
tuator becomes lower than the DC value. This trend is shown
in Figure 19. As in other experiments, there is a relatively
large scatter because of variations in the samples and their
previous excitation history. A curve was fit to the experimen-
tal variation of depoling field with frequency.

E, =2.292%x107 f2 —1.255x107 f+5.6  (42)

& T T T T ! T T T T

180

40 0 i 140 180 "o 20 80 100 120 160 200
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Figure 18. Current consumption predictions for a pair of actuators bonded onto a beam, 3.0 kV,,s/cm: (a) magnitude of current

and (b) phase.
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where Eg,, is the AC rms depoling field in kV/cm and fis the
excitation frequency in Hertz. Figure 20(a) shows the effect
of depoling on the actuator strain response. The PZT is ex-
cited at 4.7 kV,,//cm at 100 Hz. This is just at the depoling
field, and the PZT usually takes a few seconds to depole, dur-
ing which the strain-field hysteresis loop transforms slowly
into the “butterfly loop” which indicates that the sample has
depoled. This process is accompanied by a rapid increase in
current drawn. It can be seen that the area under the depoled
loop is more than the area under the non-depoled loop which
indicates that the energy losses are much larger in the case of
the depoled actuator.

However, the application of an electric field along the ini-
tial direction of polarization reorients the domains along the
poling direction, thus reversing the depoling action. The
sample was depoled and then repoled by exposing it to a DC
electric field of 5.9 kV/cm and 7.1 kV/cm for about 5 min-
utes. The free strain curves before and after repoling are

JAYANT SIROHI AND INDERJIT CHOPRA

shown in Figure 20(b). Though these repoling fields are
much less than the initial poling field of the ceramic, which is
usually of the order of 12 kV/cm, it is possible to recover
most of the performance of the actuator. This may be useful
in case of accidental depoling of actuators in smart systems.
It was also observed that it is possible to repole the samples
by means of exciting it with an AC field that is approximately
90% of the AC depoling field. An interesting observation
during this kind of repoling is that after the actuator has
depoled, it is necessary to shut off the excitation and let the
actuator sit for 3—4 minutes before applying the repoling
field. If this is not done, the repoling is not effective. Note
that it is more difficult to repole actuators bonded onto struc-
tures since the tensile stresses created in the actuator by the
application of the repoling field tend to impede domain reori-
entation. Care should be taken not to exceed the tensile fail-
ure stress of the piezoceramic, which will result in cracking
of the bonded actuator.

CONCLUSIONS

The behavior of a commercially available piezoceramic
sheet actuator was investigated under different kinds of exci-
tation as well as external loading. The power consumption of
both free and surface bonded actuators was measured and
compared with theoretical predictions. Response to excita-
tion with a DC bias, depoling behavior, repoling effective-
ness and drift were also investigated. The following conclu-
sions summarize the results of this work.

1. The effect of compressive stresses is well known and usu-
ally decreases the actuator performance. The effect of ten-
sile stresses perpendicular to the direction of poling is
small and increases the free strain of the actuator. An ex-
ternal tensile stress of 2500 psi causes an increase in the
actuator free strain of the order of 10% at an excitation
field of 3.937 kV/cm. However, during the design of smart
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Figure 20. Depoling behavior: (a) comparison of depoled and non-depoled strain response and (b) repoling effectiveness.
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systems, it is advisable to keep the stresses on the actuator
to a minimum in order to obtain the best performance.
Tensile stresses should especially be avoided since the ce-
ramic is quite weak in tension.

2. Design of the actuator for use in DC applications has to
take into account the drift phenomenon, which can be as
high as 15% for moderately high fields. It appears possi-
ble to stabilize the drift by exposing the actuator to higher
DC fields before the actual excitation.

3. A phenomenological model of the PZT free strain analo-
gous to a mechanical single degree of freedom spring
damper system is developed and validated experimen-
tally.

4. Itis possible to predict the power consumption of free and
surface bonded actuators fairly accurately using the im-
pedance method, given the variation of the dielectric
permittivity and dissipation factor with field for a free ac-
tuator. Once these variations are known for a specific ac-
tuator, and an expression for the mechanical impedance of
the structure is obtained, the current drawn by the actua-
tors bonded on the structure can be predicted. The accu-
racy of the prediction becomes lower at high values of
field and frequency. Discrepancies are noticable for fields
above 4.8 kV ,/cm and frequencies above roughly 100
Hz due to non-linearities.

5. A DC bias is beneficial during the AC operation of the ac-
tuators, since it reduces losses in the actuator. The appli-
cation of a DC bias during actuation offers the added ad-
vantage of operating without as much danger of depoling
the material as in a pure AC application.

6. Depoling of the actuators is a major problem in smart sys-
tems, especially since the depoling field decreases with
excitation frequency. It is possible to repole the actuators
by application of a positive DC field or an AC field. The
recommended repoling technique is the application of an
AC field along with a large positive DC bias. It should
however be noted that while repoling actuators bonded
onto structures, tensile stresses are induced in the actuator
which might cause it to crack if the repoling field is too
high. In such cases, repoling with an AC field along with a
smaller DC bias may be appropriate.
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