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Abstract The dc bias field-dependent piezoelectric coeffi-
cient d33 of lead zirconate titanate ceramics (PZT5, PZT8
and P5H) were determined by a quasi-static method. It was
found that piezoelectric coefficient d33 was almost inde-
pendent of positive dc bias field for PZT8 and PZT5
ceramics, while for P5H ceramic an obvious decrease of
coefficient d33 was observed under positive dc bias field.
On the other hand, the temperature-dependent piezoelectric
response for PZT ceramics were investigated by both quasi-
static and resonance methods. The piezoelectric coefficient
d33 was found to increase with increasing temperature for
both PZT5 and PZT8 ceramics. For P5H ceramics,
coefficient d33 showed a first decreasing and then increas-
ing tendency with respect to temperature. These results
were discussed in terms of intrinsic and extrinsic contribu-
tions to piezoelectric response.
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1 Introduction

Because of the high piezoelectric properties close to the
morphotropic phase boundary (MPB), the ceramic solid
solution PbZr1−xTixO3 (known as PZT) has been widely
used as piezoelectric materials in sonars, hydrophones,
ultrasound generators, high-voltage generators, micro-
positioners, etc [1]. In order to achieve large actuation,

high electric field is usually applied to the piezoelectric
materials. In addition, the piezoelectric materials would be
used on a wide temperature range for some special
applications (e.g., underwater device and transducer for
well logging). Therefore, it is very important to study the
temperature- and dc bias field-dependent piezoelectric
response of PZT piezoelectric ceramics. Although a
number of studies have been focused on the temperature-
and dc bias field-dependent piezoelectric response through
converse piezoelectric response [2–4], evaluation of these
dependences through direct piezoelectric effect is still
expected.

The purpose of the present paper is to determine the
temperature- and dc bias field-dependent piezoelectric
coefficient d33 through direct piezoelectric response of
PZT ceramics. Moreover, the temperature dependence of
dielectric permittivity ε33, piezoelectric coefficient d33 and
electromechanical coupling factor k33 are also evaluated by
resonance method.

2 Experimental method

2.1 Quasi-static method

The direct piezoelectric coefficient d33 can be derived from
Eq. 1:

D3 ¼ d33s3 ð1Þ
where D3 is electric displacement, σ3 is uniaxial stress. To
investigate the relationship between direct piezoelectric
response and dc bias field, the experimental setup is
designed and shown in Fig. 1. The alternative stress is
applied by a ZJ-27 d33-meter (Institute of Acoustics,
Chinese Academy of Sciences). The dc bias field is applied
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by a high voltage source (SRS 350, Stanford Research
Systems). Here capacitor C0 is employed to block the dc
signal. The generated piezoelectric charge is measured via a
“shunt” resistance R1. The capacitance of the sample (Cs),
blocking capacitance C0, and resistance R1 and R2 satisfied
the relationship: C0 >> 1=wR1 >> Cs >> 1=wR2. By an-
alyzing the experimental circuit, the voltage through R1 can
be expressed as:

V1 ¼ I1R1 ¼ dQ

dt
R1 ¼ A

ds3e jwtd33
dt

R1 ¼ jwR1F3d33e
jwt

ð2Þ
where ω (about 2π × 110 in our measurement) and F0

(about 0.5 N) are angle frequency and amplitude of applied
alternative force, respectively. d33 is piezoelectric coeffi-
cient, t is time. In this experimental system, voltage V was
measured by a Lock-in amplifier (SRS830, Stanford
research system).

2.2 Resonance method

To resonance method, piezoelectric coefficient can be
obtained from the sample with a suitable shape and
orientation [5]. The resonance, antiresonance frequencies
and dielectric permittivity εT must be determined to
calculate the piezoelectric coefficient. In our experiments,

the long and thin rod samples with large length-to-width
ratios (l/w>>5) and electroded at both ends are used to
measure the longitudinal piezoelectric coefficient d33,
according to the following equations:

k233 ¼
p
2
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cot
p
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� �
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sE33"
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where l and w are length and width of the sample,
respectively.

In addition, it should be noted that the results calculated
according to IEEE standard are accurate only if the
mechanical loss of piezoelectric vibrator is small [6, 7],
which means that the maximum phase angle of vibrator
should approach 90º. Admittedly, the piezoelectric coef-
ficients measured by resonance method are based on the
converse piezoelectric effect, since the piezoelectric vibra-
tion is excited by alternative electric field.

3 Experimental procedure

PZT samples (PZT5, PZT8 and P5H) were obtained from
BaoDing HongSheng Acoustics Electron Apparatus Co.,
Ltd. The composition of these commercial ceramics is
around the morphotropic phase boundary (MPB) and the
details were presented in Table 1. The long and thin rod
samples with dimensions 10 mm (poled)×2 mm×2 mm
were used to determine the temperature-dependent piezo-
electric response. The specimens with dimensions 0.5 mm×
3 mm× 3 mm and electroded on the main surfaces were
adopted to determine the dc bias field-dependent piezoelec-
tric coefficient d33.

To determine the temperature-dependent piezoelectric
coefficient d33 and electromechanical coupling factor k33 by

Fig. 1 Experimental setup for measuring the dc bias field-dependent
of piezoelectric coefficient d33 by the quasi-static method

Tc [ºC] "T33
�
"0 tgδ [%] d33 [pC/N] Qm k33 dopant type

PZT5 260 1600 1.8 420 100 0.70 Li+, Sb5+ soft

PZT8 280 1300 0.29 220 1100 0.52 Fe3+ hard

P5H 170 3600 2.3 650 70 0.68 Mg2+, Nb5+ softest

Table 1 Characteristics of
PZT5, PZT8 and P5H piezo-
electric ceramics at room
temperature.
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resonance method, an impedance analyzer (HP-4294A,
Hewlett-Packard) was used to measure the impedance
spectrum of PZT vibrators and the sample holder was
settled in a furnace. In addition, the Hewlett-Packard
16048A 1 m probe extension was installed to connect the
impedance analyzer and sample holder. In this experiment,
the temperature was raised from 20ºC to 300ºC and
maintained about 5 min at every testing temperature in
order to achieve thermal equilibration in furnace. On the
other hand, the equipment depicted in Section 2.1 was used
to measure the temperature and dc bias field-dependent d33

through direct piezoelectric effect, where the dc bias field
was cycled from 3000 V/mm to −3000 V/mm. At each
testing point, the dc bias field was maintained about 2 min
in order to obtain a stable piezoelectric-induced charge
signal.

4 Experimental results and discussion

4.1 Temperature dependence of piezoelectric response
for PZT ceramics

Figure 2 shows the impedance and phase angle spectrum of
33-mode PZT vibrators. It is found that the maximum phase
angle approaches 90º even at high temperature (for PZT5,
maximum phase was 81º at 250ºC; for PZT8, maximum
phase was 83º at 270ºC; for P5H, maximum phase was 70º
at 150ºC), which means that the effect of mechanical loss
could be ignored and the results determined by resonance
method are accurate upon the whole temperature range.

Figure 3 shows the temperature-dependent piezoelectric
coefficient d33 of PZT5, PZT8, and P5H ceramics. It is
suggested that the variation tendency of piezoelectric
coefficient d33 determined by the quasi-static method is
similar to that determined by resonance method, although
there are some differences between the levels of coefficient
d33 determined by these two methods. Those differences
can be attributed to the differences of the experimental
frequencies, equipments and theories (from direct and
converse piezoelectric effects) between resonance and
quasi-static method. It is also seen from Fig. 2 that
piezoelectric coefficient d33 increases with temperature for
PZT5 (from 420 pC/N to 577 pC/N, increasing about 36%)
and PZT8 (from 220 pC/N to 340 pC/N, increasing about

Fig.2 The impedance and phase angle spectrum of 33-mode vibrators
for (a) PZT5, (b) PZT8 and (c) P5H

Fig. 3 Temperature-dependent piezoelectric coefficient d33 of PZT
ceramics. The red line was determined by the resonance method; the
black line was determined by the quasi-static method
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55%), while for P5H ceramic d33 firstly decreases and then
increases with temperature. In other published results, the d
coefficients generally increase with increasing temperature
for Pb-based ferroelectrics [4, 8–10].

As temperature increases, the enhancement of piezoelec-
tric coefficient d33 of PZT5 and PZT8 ceramics is due to the
following mechanisms: (1) the intrinsic piezoelectric
response of PZT in single domain will increase, as
calculated in Ref. [11]; (2) the extrinsic piezoelectric
response (contribution of domain switching [12, 13]) will
also increase, because the thermal energy of domains will
decrease and lower activation energy will be required to
make domains change from one minima state to another.

Admittedly, the thermal depoling effect could make the
piezoelectric response decrease with increasing tempera-
ture. For P5H ceramic, because it is the softest ceramic
among those different ceramics, the depoling effect is more
obvious, resulting in a decrease of piezoelectric coefficient
d33 with increasing temperature from 20ºC to 130.

Figures 4 and 5 show the dielectric permittivity and
electromechanical coupling factor as a function of temper-
ature respectively. It can be found from Figs. 3 and 4 that
the increase of ε33 is larger than that of d33 with increasing
temperature. Thus, in Fig. 5 the decreasing tendency of
coupling factor k33 (k33 ¼ d33

. ffiffiffiffiffiffiffiffiffiffiffiffi
sE33"

T
33

p
) with respect to

temperature is observed for PZT5, PZT8 and P5H ceramics.

In addition, it also can be seen from Fig. 5 that PZT8

ceramic possesses a more stable coupling factor k33 with

respect to temperature when compared with PZT5 and P5H.

4.2 dc bias field dependence of piezoelectric response
of PZT ceramics

The d33-vs-E curves for PZT8 ceramic at various temper-
atures are displayed in Fig. 6. Figure 6(a) shows that

Fig. 4 Dielectric permittivity measured at 1 kHz as a function of
temperature

Fig. 5 Temperature dependent electromechanical coupling factor k33
of three different PZT ceramics

Fig. 6 dc bias field-dependent piezoelectric coefficient d33 of PZT8.
(a) PZT8; (b) well-poled PZT8
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3000 V/mm is not high enough to pole PZT8 samples at the
temperature below 70ºC. Thus we also measured the dc
bias field dependence of piezoelectric coefficient d33 of
well-poled PZT8 below 70ºC, as shown in Fig. 6(b).
Figure 7(a) and (b) show the dc bias field-dependent
piezoelectric coefficient d33 of PZT5 and P5H. It is obvious
that the dc bias field-dependent piezoelectric coefficient d33
for PZT8 is similar to that of PZT5.

As the dc bias field decreases from 3000 V/mm to
0 V/mm, the piezoelectric coefficient d33 of both PZT5
and PZT8 decreases, and this is more obvious at higher
temperature. By decreasing the positive dc bias field some
domains are reversed in order to minimize the electric free
energy, which could lead to a decrease of piezoelectric
response. On the other hand, for P5H the coefficient d33
firstly increases and then decreases as the positive dc bias
field deceases from 3000 V/mm to 0 V/mm. Similar

responses in (720) oriented BaTiO3 single crystal [14] are
also reported. This enhancement of d33 with decreasing
positive dc bias field can be attributed to the influence of
positive dc bias field on extrinsic piezoelectric response.
With decreasing positive dc bias field (from 3000 V/mm),
extrinsic piezoelectric response will increase because the
clamping effect induced by positive dc bias field will
abate.

Under negative dc bias field, the variation tendencies of
piezoelectric coefficient d33 are similar among those PZT
ceramics. Piezoelectric coefficient d33 rapidly abates as the
negative dc bias field approaches coercive electric field
(Ec). At the coercive electric field, domains will be reversed
to opposite direction compared with the original direction
through a nucleation and growth process (depoling pro-
cess), which could lead to a lowering of piezoelectric
response.

On the other hand, the piezoelectric response of PZT
ceramics (EC69 and EC65) is reported to increase with
increasing negative dc bias field in Ref. 2, where the
increase is attributed to the increase of extrinsic piezo-
electric response by depinning and deaging effects. We
believe that this extrinsic contribution is relatively small in
our experiments because the applied stress signal is rather
small (0.02 MPa). As the analysis in Ref. [15], the
extrinsic piezoelectric response will be decreased by
decreasing amplitude of testing signal. Moreover, this
extrinsic contribution might be concealed by the depoling
effects with increasing negative dc bias field. Thus, it is
reasonable that piezoelectric coefficient d33 doesn’t show
any increase with increasing negative dc bias field in our
experiments.

5 Conclusion

Temperature- and dc bias field- dependent piezoelectric
coefficient d33 have been evaluated through direct piezo-
electric effect of PZT5, PZT8 and P5H piezoelectric
ceramics. The results showed that PZT5 and PZT8 ceramics
are more proper to be used in some high temperature
applications, although the piezoelectric response of P5H is
larger than that of PZT5 and PZT8 at room temperature. In
addition, compared with P5H, the piezoelectric response of
PZT8 and PZT5 are more stable under dc bias field. These
data could provide a basis for future piezoelectric device
design.
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Fig. 7 dc bias field-dependent piezoelectric coefficient d33 of (a)
PZT5 and (b) P5H
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