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Abstract: In order to accurately evaluate the service life and
failure mechanism of the PZT piezoelectric ceramics, the
electric degradation process of the PZT ceramics with and
sans doping under a DC voltage of 380V, in a surrounding
environment of 90°C and 85% RH has been investigated
using a self-made device. The experimental results show
that the degradation rate of the pure PZT ceramic is lower
than that of ceramics with doping in the same condition.
Furthermore, the electrical properties of the ceramics tend
to decrease during the electric degradation. The doping
increases the defects of ceramics, resulting in that the sil-
ver ion transfer from the anode to the cathode under the
continuous DC bias, which can further form a metal band,
increasing the conductivity, but deteriorating the service
life.
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1 Introduction

The Lead-zirconate-titanate (PZT) based piezoelectric ce-
ramics are widely applied in various electronic devices
because of their excellent electrical properties and low
price [1]. Obviously, the pure PZT ceramics possess a rela-
tively poor piezoelectric property, which cannot meet the
industrial demand [2]. Hence, the ion doping, a most effec-
tively approach on property-improvements, can increase
the amounts of defects, which further achieve the purpose
of PZT-modifications [3, 4]. According to the valence states
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and the site of substitutional atoms of the doped ions, it can
be divided into two groups as follows, A-site high-valence-
doping and B-site low-valence-doping [5, 6]. Nowadays, the
majority of research works focus on the composition design
to achieve the excellent electrical performances [7, 8]. With
the rapid development of electronic information industry,
the electronic ceramics are widely applied in extreme envi-
ronments. Therefore, it is also very important to study the
evolutions of microstructure and electrical properties of
piezoelectric ceramics in service.

Normally, the long-time service process of the piezo-
electrical ceramics is accompanied with the increase of the
leakage current, eventually resulting in the breakdown [9].
The above phenomenon is also called as the electric degra-
dation. The relevant researches prove that the high electric
field strength, harsh environment (high temperature and
humidity, etc.) can exacerbate the service life. Therefore, de-
veloping a completely new equipment platform to estimate
the service life to deeply understand the failure mechanism
has a profound promotion on the commercial applications
of the piezoelectric components.

Generally, the service life and failure mechanism of
the piezoelectrical ceramics are always lack of careful con-
siderations. In this paper, the PZT ceramics with Nb>* and
Sb3* doping has been prepared using a traditional solid
reaction. And then their electric degradation process under
a DC voltage of 380V, in a surrounding of 90°C and 85% RH
has been investigated using a self-made device through col-
lecting and analyzing the leakage currents. Subsequently,
the cross-section morphology was carefully characterized.
Also, the variation of the dielectric loss (tan 6) and capaci-
tance (Cp) are measured. Finally, the failure mechanism is
discussed in detail.

2 Experimental procedures

2.1 Ceramic preparation

The five metal powders of Pb3 04, ZrO,, Nb, 05, Sh,03, TiO,
with the purity over 99.0 wt.% were chosen as the starting
materials. The powders with the nominal compositions
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of Pb(Zrs,Tisg)O3(marked as 1#), Pb(Zr5,Tisg)03-0.1 wt.%
Nb,0s5 (marked as 2#) and Pb(Zr5,Tisg)03- 0.1 wt.% Sh,03
(marked as 3#) were weighed using a AL204 balance, and
then blended with alcohol for 24h using a QM-3PS2 ball-
mill. After dried and sifted, the mixed powders were pre-
sintered in 900°C for 2 h. After blended and dried again, the
powders with 3 wt.% Polyvinyl alcohol (PVA) were rolled
into a round piece with a dimension of @ 20 x 0.2 mm using
a finishing mill. Subsequently, the ceramic pieces were put
into the furnace for sintering at 1200°C for 4h. After the
silver electrode coated, the ceramics were polarized by a

voltage of 3 kV for 30 min at 80°C in a silicone environment.

2.2 Electrical degradation test

The Electrical degradation process was investigated by a
self-made device. This device system is composed of six
parts as follows: Agilent oscilloscope, 380 V DC power sys-
tem, high-low temperature test container, self-made clamp,
test circuit and Lab view software. The Schematic diagram
of circuit used for electrical degradation is as shown in
Figure 1. The experiments were conducted in a high-low

temperature test container at 80°C and 90% RH for 14 days.

The leakage current of the ceramics was obtained through
collecting the voltage of R; using the oscilloscope.
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Figure 1: Schematic diagram of circuit used for electrical degrada-
tion

2.3 Ceramic Characterization

After experiments, the phase structures of ceramics were

measured by X’pert powder X-ray diffraction (XRD). A supra-

40 scanning electron microscope (SEM) was used to observe
the cross-section morphologies. A Z]-3AN quasi-static ds3
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measuring instrument was used to test the d33 and tan § of
the samples before and after electrical degradations. The
capacitance and dielectric loss were measured by TH2618B
capacitance tester, and the dielectric constant €, was cal-
culated according to the dimensions of the ceramics.

3 Results and discussion

3.1 Electrical properties

Figure 2(a) shows the leakage currents as the function of
electric-degradation times. It is seen that the leakage cur-
rent of the PZT ceramics increase faster than that of pure
PZT ceramics. Figure 2b shows the growth rate of the leak-
age current. Moreover, the ceramics with Nb>* doping pos-
sess the highest increase of leakage current. According to
the microcosmic formula (1) of current j [10]:

j =ngsv 6))

where, n is the number of carriers per unit volume, g is
the charge number of carriers, s is the cross-sectional area
of conductor and v is the migration velocity. It can be sug-
gested that the soft Nb>* doping can accelerate the electric
degradation rate of piezoelectric ceramics because high
amounts of defects were formed in the Nb>*-doping ceram-
ics, resulting in the increase of carrier numbers.

Figure 3 shows the variations of tan 6 (a) and Cp (b) of
these three ceramics before and after electric degradation.
And their results are displayed in Table 1. After electric
degradation, the values of tan § and Cp have a little im-
provement. According to the formula (2):

tané =

. @
Where Rq is the electrical resistance, Ry is the capacitance.
The increase of tan 6 is close reverent with the increase
of R; and Ry. Additionally, the Cp can be calculated as
follows:

Cp = T (3)

Where, € is the permittivity, A is the area of silver electrode,
d is the thickness of the ceramics. As is known, the € is
constant value, related to internal properties of materials.
The area of silver electrode is also unchangeable during
electric degradation. Thus, the increase of Cy is attributed
to the reduction of effective thickness.
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Figure 2: (a) leakage currents as the function of electric-degradation times, (b) growth rate of leakage current
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Figure 3: Variations of (a) Cp and (b) tan & of these three ceramics before and after electric degradation

Table 1: Value of C, and (b) tan § before and after electric degrada-
tion

Samples tan 6 Cp
Before After Before After
1# 0.023 0.026 12.98 13.5
2 0.0178  0.0228 7.45 8.31
3# 0.010 0.0162 6.14 6.96

3.2 Phase structures

Figure 4(a) shows the XRD patterns of the sample 2# before
and after degradation at the 26 range from 15° to 75°. Be-
fore electric degradation, the ceramic is composed of a sin-
gle perovskite structure without any other second phases
formed, indicating that Nb, O5 has been fully dissolved into
the perovskite. After electric degradation, the phase struc-
tures of the ceramics change a little. However, from the
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Figure 4: XRD patterns of sample 2# before and after electric degra-
dation

detail analysis of the (200) and (002) peaks, it can be seen
that after electric degradation, the content of tetragonal
phases T(002) increases significantly, which is attributed
to that under the action of applied voltage for a long time,
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Figure 5: Ag elemental-distribution of sample 2# (a), (b) before electric degradation; (c), (d) after electric degradation

some electric domains are polarized to translate from a
rhombohedral to a rhombohedral phase.

3.3 Microstructure and Mechanism of
electrical degradation

Figure 5 shows the elemental-distribution of Ag elements
in the cross section of the sample 2#. Before electric degra-
dation, there is no Ag elements detected in the mapping.
As for the ceramic after electric degradation, the high con-
tent of Ag element appears near the anode, demonstrating
that the silver ions on the positive electrode migrate to the
negative electrode effected by the external electric field.
Bouyssou believe that the degradation is due to the Pb-
ion vacancy and its migration in the process of electrical
degradation [11]. Lehovec’s degradation model proposed
that the electrical degradation is due to the high mobility of
oxygen vacancy in undoped and doped samples [12]. These
two theories can explain the effect of doping and defect
concentration on the electrical degradation of ceramics. Ad-
ditionally, E. Loh put forward a grain-boundary model that
the electric field damaged the internal grain boundaries
of ceramics, accelerating the electrical degradation [13].
This model can solve the influence of microstructure on

electrical degradation. Moreover, according to these the-
ories and models, Thongrueng considered that under the
extreme condition of high temperature and high humidity,
some Ag atoms are ionized. In the electric field, Ag* ion
migrates from the positive electrode to the negative elec-
trode. Because of the defect position such as grain bound-
ary, the arrangement of atoms is disordered, the activation
energy of Ag* diffusion is small and easy to migrate [14].
Our research works completely coincide with Thongrueng’s
thoughts. And the schematic diagram of Ag-ion migration
during the electric degradation is shown in Figure 6. Mean-
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Figure 6: Shows the schematic diagram of Ag-ion migration
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while, amounts of defects, such as vacancy and free elec-
tron, are produced in the 2# piezoelectric ceramics. In the
electric field for a long time being, the defects migrate di-
rectionally to form the microleakage current. Therefore,
the rate of electrical degradation is faster than that of the
sample 1* and 3*.

4 Conclusions

In the condition of 380 V DC load, 90°C and 85% RH, the
electric degradation process of pure and doped PZT was
studied. It was found that the electrical degradation rate
of undoped PZT samples was slower than that of doped
PZT ceramic. Indeed, the doping accelerated the electrical
degradation rate of piezoelectric ceramics, promoted the
reduction of piezoelectric properties and failure of samples.
The two piezoelectric ceramics with ion-doping increases
the internal defects. With the increase of working time, Ag-
ions move from positive electrode to negative electrode,
increasing the conductivity and current density of piezo-
electric ceramics. This is the main reason for the degrada-
tion process of piezoelectric ceramics. The related results
can provide a reference for the evaluation of the service life
of piezoelectric ceramics.
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