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A study of the electrical fatigue behavior of lead
zirconate titanate for micro-actuator application
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Abstract— This research work reports the effect of electric field
amplitude on fatigue behavior of lead zirconate titanate ceramics
(PZT) for micro-actuator hard disk drive application. The soft PZT
samples were subjected to bipolar electrical cyclic loads to study the
fatigue behavior. The amplitudes of electric fields of 1.00, 1.25, and
1.50 kV/mm at 10 Hz of frequency were applied. Polarization-
electric field (PE) loops representing fatigue degradation were
demonstrated. The fatigue behavior was indicated by the alternation
of the size and shape of PE loops and remanent polarization (Pr). It
was found that the remanent polarization decreased significantly with
the number of loading cycles. Fatigue degradation was more
pronounced in greater applied field. A mathematical model for
fatigue degradation was proposed in this work.
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. INTRODUCTION

F erroelectrics materials have a variety of unique physical
properties in dielectric  coefficient electric-optical
coefficients, piezoelectric coefficients, elastic coefficient, etc.
[1-5]. The most common ferroelectric material, lead zirconate
titanate (PZT), is widely used in electronic applications[5],
which one of them is as a fine-tune micro-actuator (see Figure
1) used in a highly precise servo control system for the
read/write (R/W) positioning of a high track per inch (TPI)
hard disk drives (HDDs). In this application the PZT is
undertaken cycles of electrical loads, could lead to the
material fatigue due to the constant change of the polarity.
This can significantly degrade the ferroelectric properties [6]
and lifetime of the PZT, thus lead to the degraded performance
and potential failure of the read/write process in a hard disk
drive.

The fatigue of PZT is usually caused by the polarization
fatigue attributed to the decrease in the ability of domain
switching. Previous studies have investigated the factors that
influence the fatigue of PZT, including mechanical
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deterioration [7-8], interface damage and delamination [9, 10],
temperature [11-14], cycle frequency [15-17], amplitude of the
applied field [18-19], polarity of loading [4, 20], etc.
Considering the operational conditions and modes of PZT
materials in micro-actuator of hard disk, in this work we
specifically investigated the effect of electric field amplitude on
the fatigue of PZT by resembling several field conditions in
actuator application.

Fig. 1 PZT micro-actuator in HDD.

I1. EXPERIMENT PROCEDURE

This research used Lead Zirconate Titanate (PZT) that
manufactured by Thales Underwater Systems (Australia)
Company. They are disk-shape samples with a diameter of 6
mm and 1 mm of thickness. After the polishing process with
1200 and 1400 grit SiC grinding papers, the samples were
coated by gold electrode on both sides. The Sawyer-Tower
circuit as shown in Figure 2 was used to measure the
ferroelectric hysteresis loops of the samples. When fatigue
occurs, changes in the size of the hysteresis loop, the remanent
polarization (the polarization when electric field is zero) and
the coercive field (the electric field when the polarization is
zero) will be observed.
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Fig. 2 (a) Sawyer-Tower circuit diagram (Co= 1pF, Cs=
sample; Co » Cs)

Fig. 2 (b) The set-up of the Sawyer-Tower testing rig

At the testing rig, The PZT samples were subjected to
electrical cyclic load at different amplitudes (1.00, 1.25, and
1.50 kV/mm), at room temperature and frequency of 10Hz.
The cyclic electric filed was applied up to a million of cycles.
Measurements of the hysteresis loops were taken at 1x103,
5x10%, 1x10% 5x10% 1x10%5 5x10° and 1x10° cycles,
respectively. The remanent polarization (P;) was extracted
from the measured hysteresis loops to provide the information
on the ferroelectric/piezoelectric properties of the PZT at
difference electric field amplitudes and fatigue cycles.

I1l. RESULTS AND DISCUSSIONS

The hysteresis loops measured at different fields and cycles
are shown in Figure 3.

(@) 1kv/mm.

(b) 1.25kV/mm.

(c) 1.50kV/mm.

Fig. 3 The hysteresis loops measured at different fields (a)
1kV/mm (b) 1.25kV/mm (c) 1.50kV/mm.

As shown in Figure 3, the fatigue behavior of the PZT
samples were significantly influenced by the amplitude of the
fields. It was found that at the electric field of 1.5 kV/mm, up
to 1x10* cycles little change was observed in the measured
loops. Obvious changes were observed at 5x10* cycles.
Significant changes were at 1x10° and 5x10° cycles. From
5x10° to 1x10° cycles, the changes in the hysteresis loops were
slowed down again.



Figure 4 shows the remanent polarization (P;) derived from
the measured hysteresis loops at different cycles. Little change
was observed in Pr up to 1x10* cycles. The P, started to
decrease slowly between 1x10* and 5x10* cycles. The rate of
decrease accelerated between 1x10° and 5x10° cycles, then
slowed down again from 5x10°cycles. At the 1x10° cycles, the
P at 1.5 kvV/mm was deceased 81.76% compared to the value
at the 1% measurement of 1x10° cycles. Similarly, the Py at 1
and 1.25 kV/mm were decreased to 69.85% and 78.91%
respectively. This indicates that higher applied electric field
results in a faster degradation of polarization.

Figure 5 shows the coercive field (Ec) derived from the
measured hysteresis loops. It was observed at the applied
electric field of 1.25 and 1.50 kV/mm, the E increased slowly
up to 1x10* cycles. Their increases were accelerated from
1x10* cycles up to the peak values at around 1x10° cycles,
then decreased again up to the last measurement point at 1x10°
cycles. The increase of the Ec at 1.50 kV/mm was more
significant than that at 1.25 kV/mm. At 1 kV/mm, however,
little increase was observed up to 5x10* cycles, and the E.
decreased from this point up to 1x108 cycles.

F
ig. 4 Remanent polarization derived from the measured
hysteresis loops at different electric fields and cycles.

Fig. 5 Coercive field derived from the measured hysteresis
loops at different electric fields and cycles.

The observed behavior of P, and E. can be explained by the
domain pinning mechanism. When the number of cycles
increases, some of the domains in the PZT becomes
unmovable since they are pinned by charged defects or oxygen
vacancy, in a mechanism call domain pinning [7, 21-22]. The
mechanism was explained by the reduction of free energy
when two or more defects join and share a common domain
wall, leading to the stability of domains [23]. The defects can
be oxygen vacancies generated during electric cycles which
hinder the 180° and 90° domain walls [19, 24]. The defect
cluster were observed at domain walls by atomic force
microscope (AFM) [24] and piezo-response force microscope
(PFM) [25]. If the defects further accumulate and pass a
threshold of size, many domains are totally clamped and
further affect the orientation of adjacent domains. This leads
to the decrease in P, which is an indication of the
switchability of the domains in the PZT [26-27]. The coercive
field, Ec, on the hand, indicates the energy required to
completely switch the domains back to their ‘neutral’
orientation. An increase of Ec indicates the difficulty in
switching the remanent domains due to fatigue of the PZT [20,
28].

The effect of amplitude of the applied electric field on
fatigue can be explained by the viscosity concept. By
assuming that movement of domains and defects occurs in a
viscous medium. The displacement of domain walls and
defects is dependent on the electric field. At higher electric
field, the charged defects have sufficient energy to move to the
domain walls due to the stronger field potential. Therefore, the
P, decreases at a faster rate. On the other hand, at lower
electric field, the charged defects move slower and some
charged defects are not responding to such electric field (e.g.,
at 1 kV/mm); these defects can only move over a short
distance compared to those at higher electric field. Therefore,
there are fewer charged defects which are accumulated at the
domain boundaries, leading to weaker domain pinning effect.
Consequently, the pinned domains at 1 kV/mm sample after
fatigue are less than that at 1.25 and 1.50 kV/mm, thus less
fatigue degradation.

The fatigue mechanism can be further explained by the
domain switching model in Figure 6. The number of revisable-
switching and irreversible-switching domains are indicated in
the model. Up to 1x10* cycles, the defects began to build up at
the domain wall but still need time to accumulate, thus only a
few domains were pinned, demonstrated by the slow decrease
of Pr. As the cycle number increased, the effect of the pinned
defects became significant and large number of domains were
pinned, demonstrated by the decrease of P, and increase of E..
From 5x10° cycles, when the majority of domains were
pinned, the decrease in P, was slowed down because less
switchable domains remained and few were switched when
the electric field was applied in the previous cycle. The
reduced number of switched domains also led to the decrease
of E. since fewer domains require less energy to switch.



Fig. 6 Model indicates the domains with reversible switching
(1) and irreversible switching (X)

Based on the result in Figure 4, the reduction of the P, can
be expressed in the form of logarithmic equation as:

Pn =Po- Alln (N+B) @)
where
A, B is constant value
Po is the initial polarization.
N is the electric field’s cycle.

The parameters A and B obtained from curve fitting at the
electric field values of 1, 1.25 and 1.50 kV/mm are displayed
in Table 1.

TABLE |
REDUCTION OF THE REMANENT POLARIZATION PARAMETER AT THE DIFFERENT
ELECTRIC FIELD

Electric P A B
Field ) o ) ) ) )
+ field - field + field - field + field - field
(kV/mm) 1 1 1 1 1 1
1.00 59.707 -79.219 3969  -5347 2363536  30863.46
1.25 126.4 -134.648  8.832  -9.408  34260.47  37930.91
1.50 110.08  -110.136  7.571  -7.567  20381.16  18516.50

IV. CONCLUSION

The effect of electric field amplitude on the fatigue behavior
of PZT ceramics was investigated. The fatigue behavior was
represented by the change of the ferroelectric hysteresis loop,
remanent polarization and coercive field as a function of
loading cycles. It is found that the fatigue degradation
increases as the field amplitude increases. This implies that the
PZT micro-actuator operating at higher electric field may
result in greater fatigue degradation compared to that at lower
electric field amplitude. The fatigue behavior could be
attributed to the domain pining effect and can be quantified
using a logarithmic fatigue model. The results from this study
can be used as a guideline for the life time testing and
estimation for PZT micro-actors in hard disk drives.
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