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Abstract

During accelerated testing of actuators, relatively high frequencies and electric fields are used and the resulting heat generation and
self-heating of the actuator due to ferroelectric hysteresis loss becomes of increasing concern. It is therefore important to have knowledge
of parameters such as the predicted actuator temperature, total loss per cycle and the overall heat transfer coefficient of the system. The heat
generation in multi-layer actuators is studied as a function of driving frequency and applied electric field. The heat transfer coefficients and
the total hysteresis loss per cycle in the device are estimated from fitting experimental data to analytical expressions of time–temperature
profiles. The temperature rise is found to be approximately proportional to the frequency, while the total loss of the actuator per cycle
increases with applied field and frequency. The high estimated values of heat transfer coefficient, which range from 140 to 210 W m−2 K−1,
are due to the high conductivity and thermal mass of the sample holder.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Multi-layer actuator (MLA) devices are of interest as their
thin piezoelectric layers (<100�m) enable the production
of large electric fields, and high strain, at relatively low op-
erating voltages. The low voltage, high displacement char-
acteristics of MLAs enable them to be used in a variety of
applications such as semiconductor manufacturing, fuel in-
jection systems, ink-jet printer heads, camera auto focus and
shutter devices[1–3]. In order to maximise the piezoelectric
displacement, soft lead zirconate titanate (PZT) materials
are often used[4,5]. These materials have high piezoelec-
tric strain coefficients (such asd33 andd31), but as a con-
sequence also have high losses that can lead to significant
self-heating of the actuator at its operating conditions[6].
Härdtl stated that ferroelectric losses originate from four
main mechanisms, namely domain wall motion, a funda-
mental lattice loss, a microstructural loss and a conductivity
loss [7]. At high electric fields (>1 kV mm−1) and at low
frequencies, where domains can follow the applied electric
field ferroelectric, hysteresis due to domain wall motion is
the main contributor to the loss process[7–9].
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1.1. Temperature increase

Zheng et al. developed a useful method to study the heat
generation in piezoelectric actuators under stress-free con-
ditions [8]. The temperature rise of an actuator can be esti-
mated by the expression:

�T = ufve

k(T)A
(1)

where�T is the temperature rise (K);u the total dielec-
tric loss of the actuator per unit volume per driving cycle
(J mm−3) and in this case is primarily due to hysteresis;f the
driving frequency (Hz);ve the active volume of the actuator
(m3); A the total surface area of the actuator (m2); andk(T)
the overall heat transfer coefficient (W m−2 K−1).

Eq. (1)states that the temperature rise increases with in-
creasing drive frequency, total hysteresis loss per cycle and
amount of active material (for a specific surface area). As
hysteresis losses increase with electric field due to domain
wall motion and an associated increase in the area of the
polarisation–field hysteresis loop, the temperature rise of the
actuator increases with applied electric field.Eq. (1) also
indicates that the use of a large surface area actuator or
a high heat transfer coefficient environment (e.g. by plac-
ing the actuator in an oil bath) can reduce the temperature
increase.
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Table 1
Dimensions and material constants of multi-layer actuators

Dimensions of actuator 10 mm× 10 mm × 3 mm
Surface area of actuator (A) 320 mm2

No. of layers 29
Thickness of individual layers 90�m
Active volume (ve) 8 mm × 8 mm × 2.8 mm
Density of PZT (ρ) 7500 kg m−3 [14]
Specific heat capacity of PZT (c) 420 J kg−1 K−1 [15]
Thermal conductivity steatite (ks)

(manufacturers data)
2–2.5 W m−1 K−1

1.2. Time–temperature profile

While Eq. (1)describes the steady state temperature rise
of an actuator, the time–temperature profile of the actuator
can be expressed in the form[8]:

T = T0 + �T(1 − e−t/τ) (2)

where t is the instantaneous time (s);τ the time constant
(s−1); T0 the initial actuator temperature (K);T the actuator
temperature at timet (K); and�T the maximum temperature
rise of the actuator (K). FromEq. (2), at t = 0, thenT = T0
and at equilibrium whent → ∞, T = T0 + �T , as would
be expected. The time constant (τ) in Eq. (1) is defined by

τ = vρc

k(T)A
(3)

wherev is the total actuator volume (m3); ρ the density of the
actuator (kg m−3); andc the specific heat capacity of actuator
(J kg−1 K−1). In this work the density and specific heat ca-
pacity of the bulk PZT material (Table 1) has been used and
the influence of the electrode material (a silver–palladium
alloy) has been neglected since the volume fraction of elec-
trode material in the actuator is small (<10%).

2. Aims

In the present work, we have studied the effect of electric
field and frequency on heat generation in multi-layer actua-
tors. The actuators were placed within an accelerated mea-
surement system to evaluate the fatigue and time dependent
properties of the actuators as a function of number of cycles,
applied electric field and mechanical stress.Fig. 1shows an
image of the experimental set-up, where a number of rect-
angular actuators are placed in an insulating steatite sample
holder that is 10 mm thick and attached to a large steel base
plate. A cover plate (not shown inFig. 1) is placed in con-
tact with the top surface of the actuators and is used to apply
a mechanical stress during testing, which also consists of a
10 mm electrically insulating steatite section attached to a
large steel plate.

During accelerated testing, relatively high frequencies (up
to 1 kHz) are used so that the testing period for a specific
number of ac cycles (108 to 109) is not excessively long[10].

Fig. 1. Actuator location in measurement system, without cover plate.

In addition to high frequencies, high electric fields (up to
3 kV mm−1) are used and heat generation due to increased
hysteresis (P–E loss) becomes of increasing concern as it
can lead to premature and unrepresentative degradation of
actuator performance by depolarisation, domain pinning, en-
hanced migration of electrode ions (such as silver) or oxygen
vacancies under a unipolar ac voltage[11–13]. Therefore, it
is important to have knowledge of parameters such as the
predicted actuator temperature, total loss per cycle and the
total heat transfer coefficient of the system.

The heat transfer characteristics strongly depend on the
experimental set-up. Actuators that are freely suspended in
air display relatively low heat transfer coefficients, between
20 and 40 W m−2 K−1 since convection and radiation is the
primary heat transfer mechanism[8]. During testing of the
rectangular actuators used in this study, whose dimensions
are inTable 1, each face of the actuator is in contact with
the sample holder and therefore a much higher overall heat
transfer coefficient is expected, primarily due to thermal con-
duction from the actuator into the sample holder. The heat
transfer of the system can be expressed as

energy generated within actuator

− energy conducted into sample holder

= change in internal energy of actuator (4)

The energy generated per second with the actuator is ef-
fectively uvef [8]. The overall heat transfer coefficient,
which includes conduction, convection and radiation, is
k(T). ThereforeEq. (4)becomes[8]:

ufve − k(T)A(T − T0) = vρc
dT

dt
(5)

As the steel base plate and cover plate have a relatively
high thermal conductivity (∼45 W m−1 K−1) and its mass
is large compared to the actuator and steatite component,
it is assumed that steatite surfaces in contact with the steel
maintain an ambient temperature. The energy conducted
through into sample holder per second is therefore given by
ksA(T − T0)/�x where�x is the thickness of the steatite
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sample holder (10 mm),ks is the thermal conductivity of
steatite (W m−1 K−1), T is the temperature of the actuator
(K) and T0 is the temperature as the steatite–steel interface
(ambient).Eq. (5) therefore becomes

ufve − ksA(T − T0)

�x
= vρc

dT

dt
(6)

The solution of Eq. (6) effectively yields Eqs. (1) and
(3), where in this case the heat transfer coefficientk(T) in
Eqs. (1), (3) and (5)is ks/�x. Using the thermal conduc-
tivity of steatite inTable 1and�x = 10 mm, the expected
value ofk(T) is 200–250 W m−2 K−1. Since there is a lim-
ited change inks with temperature up to 100◦C, k(T) is
expected to be approximately constant in the temperature
range studied.

3. Predicted temperature profiles

Fig. 2 shows predicted time–temperature profiles of the
actuators studied, whereEq. (1) is used to calculate the
rise in temperature (�T) and Eq. (2) is used to calculate
the time–temperature response. The data is calculated based
on theρ, c, A, v, andve values inTable 1, with an oper-
ating frequency of 500 Hz and a typical total loss per cy-
cle of 5 kJ m−3. A variety of heat transfer coefficients have
been used, ranging from 20 W m−2 K−1 (typical for free air
convection[8]) to 200 W m−2 K−1 (the value calculated in
Section 2). Fig. 2 shows that as the heat transfer coefficient
is decreased there is an increase in the temperature rise and
a longer time is required for the temperature of the actuator
to reach a plateau and steady state conditions.

4. Experimental

The temperature profiles of actuators were monitored us-
ing a thermocouple data acquisition system with no mechan-
ical stress applied. Three samples were freely placed on the
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Fig. 2. Time–temperature profiles for a variety of heat transfer coefficients
using Eqs. (1) and (2). The frequency is 500 Hz, total loss per cycle is
5 kJ m−3 and the materials and geometrical constants inTable 1.

steatite sample holders and a thermocouple was attached to
the surface of each sample. The actuators were electrically
driven by a variety of sinusoidal ac voltages (frequencies
and peak to peak magnitudes), onto which a dc bias was su-
perimposed in order to have a unipolar operation and main-
tain the polarity of the actuators tested. Once the unipolar
voltage was applied, the instantaneous temperature of the
sample was recorded at an interval of 2 s for a total time
of 1000 s, a time sufficient for the actuator to reach steady
state conditions based on the results inFig. 2. Temperature
profiles for various test conditions (0–100, 0–150, 0–200,
0–250 V peak to peak at 50, 100, 500 Hz and 1 kHz) were
collected. Three samples were tested at each experimental
condition and the average data were taken for the analysis.
Full details of the dimensions and material constants of the
devices are given inTable 1.

5. Results

Fig. 3a shows the temperature profiles recorded at 50 Hz
and various driving voltages, namely 100, 150, 200 and
250 V which corresponds to maximum electric fields of 1.1,
1.7, 2.2 and 2.8 kV mm−1, respectively, given that the thick-
ness of the layers and the inter-electrode distance of the ac-
tuators were 90�m.
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Fig. 3. Time–temperature profile of multi-layer actuators at: (a) 50 Hz and
various drive voltages; (b) 100 V peak-to-peak at various frequencies.
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Fig. 4. (a) Temperature rise vs. frequency at different applied voltages;
(b) temperature rise vs. applied electric field at different frequencies.

Similar trends were observed for all the frequency con-
ditions tested and only the results at 50 Hz is plotted in the
figure for the purpose of clarity. At timet = 0, the driv-
ing voltage is applied and the temperature of the actuator
rapidly increases and reaches a plateau. The rapid time to
reach a plateau (<200 s) and low plateau temperature sug-
gest a relatively high heat transfer coefficient, on comparing
Fig. 3a with predicted curves inFig. 2for variousk(T) values.
Fig. 3b shows similar time–temperature data for a constant
applied electric field (1.1 kV mm−1) at various frequencies.

The observed temperature increases are summarised in
Fig. 4. The temperature rise versus frequency is shown in
Fig. 4a for different applied electric fields. The temperature
rise (�T) increases approximately linearly with frequency,
as expected fromEq. (1), although it should be indicated
that the total loss per cycle,u, and heat transfer coefficient,
k(T) may also be a function of frequency and temperature
[8,16]. It is observed that the temperature increase of the
device is also dependent on the applied electric field, as
shown inFig. 4b. This is primarily due to the increase in total
polarisation–field (P–E) hysteresis loss per cycle[7,9,16].

A typical representative time–temperature profile of an
actuator is shown inFig. 5, for the test condition 1 kHz and
150 V ac. The experimental data points are fitted toEq. (2),
which allows the estimation of the time constant (τ) with
close agreement between the experimental data and fitted
curve from Eq. (2). The experimental data fits well with
the model during the initial period of testing, but deviates
slightly for longer times (t > 100 s) in that the temperature

Fig. 5. Comparison of model and experimental data of instantaneous
temperature with time at 1 kHz and 150 V ac.

should attain an equilibrium and a steady state temperature,
as inFig. 2. Fig. 3 shows that after reaching a plateau after
100 s there is a small gradual increase in temperature with
time, unlike freely suspended samples where equilibrium is
more readily attained. This is probably due to the fact that
the sample holder is large in comparison to the actuator
dimensions and there is gradual heating of the sample holder
and steel base by the actuator and pure equilibrium is not
attained. Therefore, only data from the first 100 s of testing
are considered for the present analysis.

The values ofτ are calculated from fitting the time–
temperature data are used to calculate the overall heat trans-
fer coefficientsk(T) using Eq. (3), knowing the values of
v, ρ, c and A in Table 1. Fig. 6a and b shows calculated
k(T) values as a function of frequency and applied elec-
tric field, respectively. The increase in heat transfer coeffi-
cient with electric field for freely suspended actuators has
been attributed to increased convection due to increased
vibration of the actuator at higher fields[8]. In this case
the increase ink(T) with increasing field (Fig. 6a) may
also be due to an increase in convection along small air
gaps between the actuator and sample holder or due to the
increased strain and improved contact between the actua-
tor and sample holder. The estimated values ofk(T) range
from 140 to 210 W m−2 K−1 which is in agreement with
the predicted value of 200–250 W m−2 K−1 since the esti-
mation neglects contact thermal resistance. These values are
significantly higher than those calculated by Zheng et al.
(20–40 W m−2 K−1) for actuators suspended in air. These
high values of heat transfer coefficients are attributed to the
heat being dissipated through the sample holder which is
in direct contact with the top and bottom faces(10 mm×
10 mm) of the actuator. This is particularly advantageous
for a variety of practical applications and accelerated test-
ing as it minimises self-heating of the actuators driven by
a high electric field. For the case of actuators suspended in
air, the rise in temperature (�T) can be in excess of 140◦C,



144 J. Pritchard et al. / Sensors and Actuators A 115 (2004) 140–145

100

150

200

250

300

1.0 1.5 2.0 2.5 3.0

Electric field (kV/mm)

k(
T

) 
(W

/m
2 K

)
50Hz

100Hz

500Hz

1kHz

(a) 

100

150

200

250

300

0.00 0.25 0.50 0.75 1.00

Frequency (kHz)

k(
T

) 
(W

/m
2 K

)

1.1 kV/mm

1.7 kV/mm

2.2 kV/mm

2.8 kV/mm

(b)

Fig. 6. (a) Effect of electric field onk(T) values of MLA devices; (b)
effect of frequency field onk(T) values.

whereas, it is less than 25◦C in the present case. Higher heat
transfer coefficient values would be expected by decreasing
the steatite thickness (�x) in Eq. (6).

Oncek(T) has been calculated for particular conditions
of field and frequency, the total loss per driving cycle per
unit volume (u) of the actuators can be determined using
Eq. (1) and the measured values of�T and k(T). Since
u is calculated directly from the temperature response it
includes all the possible loss mechanism contributing to heat
generation. The variation in total loss as a function of applied
electric field for different frequencies are shown inFig. 7.
The loss is found to increase with applied electric field (E)
and, as stated, is primarily due to the ferroelectric hysteresis
loss, although the mechanical losses may become significant
when the actuator is driven at a frequency close to resonance
[16]. No clear relationship is observed between loss and
frequency, since hysteresis loss does not vary significantly
within the frequency range studied[9,16]. In the present
study, the frequency of the applied voltage is below 1 kHz,
whereas the resonance frequency of the device is 140 kHz.
Therefore, it is reasonable to assume that the mechanical
losses are negligible and the hysteresis loss is considered to
be the major contributor to the total loss. The values ofu,
which have been determined under unipolar operation, are
relatively small (<10 kJ m−3) in comparison to those under
bipolar operation where full polarisation reversal occurs at
high fields[17].
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Fig. 7. Effect of applied electric field on total loss per cycle per unit
volume (u) at different frequencies.

6. Conclusions

The heat generation in multi-layer actuators was analysed
at various frequencies and applied electric fields. The heat
transfer coefficients and the total loss in the device were
estimated by fitting experimental data to analytical expres-
sions of the time–temperature profiles. High values of the
heat transfer coefficients obtained in the present study were
attributed to the high thermal mass of the sample holder with
agreement with measured and estimated heat transfer coeffi-
cients. The highk(T) facilitates rapid dissipation of heat gen-
erated in the multi-layer actuators, ensuring relatively small
temperature increases and rapid attainment of near steady
state conditions.

The equations are useful tools in assessing the heat
generation and temperature rise of actuators as a function
of operating conditions (frequency, electric field magni-
tude and polarity, actuator mounting, etc.) and materials
properties (hysteresis loss). This is important in acceler-
ated lifetime testing of these devices where the frequency
or electric field are often increased to reduce testing time,
which can lead to overheating of the actuator and thermal
degradation, depolarisation or enhanced migration of elec-
trode materials (such as Ag) by diffusion. It can also be
used for estimation of device operating temperature since
this will influence other piezoelectric properties such as
piezoelectric coefficients (such asd33 andd31) and permit-
tivity (device capacitance). Extrapolation of data outside
the regime experimentally examined (stress, frequency and
electric field) should be undertaken with care due to addi-
tional loss mechanisms contributing to heat generation.
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