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Fig. 4 SEM micrographs of PT ceramics singly sintered at

(a) 1150 (b) 1175 (c) 1200 and (d) 1225 °C.
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Fig. 5 SEM micrographs of PT ceramics doubly sintered at (a) 700/1100

(b) 700/1200 (c) 800/1100 (d) 800/1200 (e) 900/1100 and (f) 900/1200 °C.
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Abstract

In this work, a two-stage sintering technique, which began with an initial heating at
lower temperature and followed by higher temperature sintering, was employed in the
production of PbTiOs ceramics. Effects of designed sintering conditions on phase formation,
densification, microstructure and dielectric properties of the ceramics were characterized via
X-ray diffraction (XRD), Archimedes method, scanning electron microscopy (SEM) and
dielectric measurement, respectively. The potentiality of a two-stage sintering technique as a
low-cost and simple ceramic fabrication to obtain highly dense and pure lead titanate
ceramics was demonstrated. It has been found that, under suitable conditions, the perovskite
phase of densified PT ceramics with reasonable dielectic properties may be achieved with

equivalent to those obtained from a single-stage sintering technique.

Keyword: Lead titanate; PbTiO3; Two-Stage Sintering; Perovskite; Microstructure



1. Introduction

Lead titanate (PbTiO3 or PT) when combined with other oxides can form a series of
ferroelectric materials that exhibit many of the most desirable dielectric, piezoelectric and
pyroelectric properties for high frequency and temperature applications [1-3]. However, pure
and dense PT ceramics are regarded to be one of the most difficult lead-based perovskite
ferroelectric ceramics to produce due to large distortion of the tetragonal phase at room
temperature (c/a, hereafter called tetragonality, ~ 1.06) [4]. Apart from general problems of
PbO volatilization and associated high porosity, the stress induced by cooling through the
phase transition can create cracking in bulk ceramics.

To overcome these problems, several techniques have been introduced, such as
utilizing ultrafine powders, using additives, and carrying out appropriated milling and
sintering conditions [5-7]. Amongst all the issues reported so far, most attention has been
concentrated on the use of additives and powder processing, whereas investigations on
modified sintering techniques have not been widely carried out [8]. Therefore, in the present
study, a two-stage sintering method has been developed to resolve these problems. The
overall aim of the work described here is to design the sintering scheme for fabrication of PT
ceramics. The effect of the sintering conditions on phase formation, densification,

microstructure and dielectric properties of materials is then investigated.

2. Experimental Procedure

Commercially available powders of PbO and TiO, (anatase form) (Fluka, > 99%
purity) were used as starting materials. A simple mixed oxide synthetic route reported earlier
[7] was employed to synthesize PbTiO; powders. Ceramic fabrication was carried out by

adding 3 wt% polyvinyl alcohol (PVA) binder, prior to pressing as pellets in a uniaxial die



press at 100 MPa. Sintering was carried out with a dwell time of 2 h for each step, with
constant heating/cooling rates of 1 °C/min. Variation of the single sintering temperature
between 1150 and 1250 °C was carried out for the first batch of the samples. For the second
batch, the first sintering temperature (T;) was assigned at 900 °C for all cases. Variation of
the second sintering temperature (T) from 1000 °C to 1250 °C was carried out.

Densities of the sintered products were determined by using the Archimedes principle.
Sintered ceramics were examined by room temperature X-ray diffraction (XRD; Siemens-
D500 diffractometer) to identify the phase formed. The lattice parameters were calculated
from the XRD patterns. The microstructural development was characterized using a JEOL
JSM-840A scanning electron microscopy (SEM) equipped with an energy dispersive X-ray
(EDX) analyzer. Mean grain sizes of the sintered ceramics were estimated by employing the
linear intercept method. The dielectric properties were measured using a HIOKI 3532-50

LCR meter.

3. Results and Discussion

X-ray diffraction patterns from the singly and doubly sintered PT ceramics are
displayed in Figs. 1 and 2, respectively, indicating the formation of both perovskite and
impurity phases in each case. The strongest reflections in the majority of the XRD traces
indicate the formation of the perovskite phase of lead titanate, PbTiO;, which could be
matched with JCPDS file no. 6-452, in agreement with other works [5,7,9]. For the singly
sintered PT ceramics, additional weak reflections are found in the samples sintered above
1175 °C (marked by ¥ in Fig. 1), which correlate to the starting precursor PbO (JCPDS file
n0.77-1971). This observation could be attributed mainly to the poor mixing of the employed
powders derived from the ball-milling technique. More interestingly, a single phase of

perovskite is found in most of the doubly sintered PT samples (Fig. 2), in contrast to the



observations for the singly sintered samples. This could be due to the lower firing
temperature of the doubly sintered samples as compared to the singly sintered ceramics,
leading to a smaller degree of lead losses and consequently avoiding the pyrochlore
formation. However, many other factors come into play, e.g. homogeneity of materials,
reactivity of starting powders, and processing variables.

From Table 1, it is evident that as the sintering temperature increases, the density of
almost all the samples increases. The ceramic doubly sintered at 900/1150 °C having the
highest relative density of about 98% with a smallest average grain size of about 0.8 m, was
of the best interest for further investigations. Nevertheless, most of the samples suffered from
severe stresses as a result of the high c/a ratio so they have broken into pieces once subjected
to a cycle of high temperature measurement of dielectric properties.

Microstructural features of PT samples singly sintered at different temperatures are
shown in Fig. 3. It was found that the samples subjected to low sintering temperature e.g.
1150 °C eventually burst into pieces because of the internal anisotropic stress caused by the
phase transition in the ceramics as can be confirmed by the SEM images showing a loose
formation of large grains (Fig. 3(a) and (b)), in consistent with high values of ¢/a given in
Table 1. Additionally, average grain sizes were found to increase with the sintering
temperature. For higher temperature treatments, a pronounced second phase is segregated at
the grain boundaries. The EDX spectra indicated that there was more Pb and less Ti in the
bright region than in the dark region. The observation of these second phase layers could be
attributed to a liquid phase formation during the sintering process as proposed by Wang ef al.
and Gupta et al. [10,11]. It should also be noted here that the second phase could also be a
result of the purity of the commercial grade starting materials and firing history used in this
study. In addition, a combination of SEM and EDX techniques has demonstrated that small

amounts of nano-sized ( ~ 1.7-2.5 m) spherical of TiO; inclusions (brighter phase) exits on



the surface of perovskite PT grains in some samples, as shown in Fig. 3(b) and (c). The
existence of a discrete TiO, phase points to the expected problem of poor homogeneity of the
samples arised from PbO volatilization after subjected to prolong heating scheme, although
the concentration is too low for XRD detection.

Representative microstructures for doubly sintered PT ceramics are given in Fig. 4. It
is seen that a uniform grain shape of typical perovskite ceramics [12] is observed, with sizes
in the range of 0.4-2.0 m. It should be noted that the average grain size of the doubly
sintered PT ceramics is < 1.5 m, which is less than the critical value of 3 m [13] and gives
rise to a volumetric percentage enough to buffer the anisotropic stress caused by the phase
transition [5]. Here, it is believed that smaller grains with random orientations result in lower
internal stress in sintered samples because they compensate the anisotropy of thermal
expansion coefficients.

By comparison with singly sintered PT ceramics, almost clean microstructures with
highly uniform, denser angular grain-packing are generally found in doubly sintered PT
samples. These microstructures are typical of a solid-state sintering mechanism. However, it
should be noted that higher angulary grains were evidenced for higher second sintering
temperature. The observation that the sintering temperature effect may also play an important
role in obtaining a high angularity grains of perovskite ceramics is also consistent with other
similar systems [14]. It is also of interest to point out that evidence has been found for the
existence of microcracks (arrowed) along the grain boundaries of the samples sintered at
lower second sintering temperatures (Fig. 4(a) and (b)), in consistent with other works [8,15].

Interestingly, only the samples sintered at 900 °C/1150 °C with the highest relative
density and smallest average grain size of about 98% and 0.8 m, respectively, remained
unbroken. It may be assumed that the ceramics consisting of very fine grains suffer less

deformation, caused by the high value of c/a ratio, than the ceramics with significantly large



grains (Table 1). Consequently, the experimental work carried out here suggests that the
optimum conditions for forming the highly dense PT ceramics in this work are double-
sintering temperatures at 900 °C/1150 °C, 2 h dwell time, and 1 °C/min heating/cooling rates.
The dielectric properties of PT samples sintered with different techniques are also compared
in Table 2. In general, they all behave as normal ferroelectric. The Curie temperatures are
about the same for all samples measured whilst the variation of dielectric constant and
dielectric loss of both sets of the sintered PT ceramics seems to be somewhat related to the
sintering temperatures. This observation indicates that the presence of the second phases
accompanied with porosities is the key factor responsible for the dielectric response of the
products. Moreover, this study demonstrated that the dielectric properties of PT ceramics are
also influenced by microstructural features especially the grain boundary phase, microcracks

and densification mechanism rather than by only pyrochlore phase or by grain size itself.

4. Conclusion

This work demonstrated that it was possible to obtain rather dense PT ceramics with
homogeneous microstructure by the two-stage sintering technique. It has been shown that,
under suitable conditions, the phase formation and densification of the ceramics are better
than those obtained from the single-stage sintering. More importantly, with the two-stage
sintering technique, small reductions in the maximum required sintering temperature are

possible as compared to the single-stage sintering.
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Captions of tables and figures

Table 1 Sintering behaviour of PT ceramics.

Table 2 Dielectric properties of PT ceramics.

Fig. 1 XRD patterns of PT ceramics singly sintered at various temperatures for 2 h with
heating/cooling rates of 1 °C/min.

Fig. 2 XRD patterns of PT ceramics doubly sintered at various second sintering temperatures.

Fig. 3 SEM micrographs of PT ceramics singly sintered at (a) 1150 °C (b) 1200 °C (¢) 1225
°C and (d) 1250 °C, for 2 h with heating/cooling rates of 1 °C/min.

Fig. 4 SEM micrographs of PT ceramics doubly sintered at (a) 900 °C/1050 °C (b) 900
°C/1100 °C (c) 900 °C/1150 °C and (d) 900 °C/1200 °C, for 2 h with heating/cooling

rates of 1 °C/min.



Ty T, Tetragonality ~ Relative density ~ Mean grain size
°C) (°C) (c/a) (o) ( m)
1150 - 1.064 87 10
1175 - 1.064 89 21
1200 - 1.063 92 29
1225 - 1.063 94 36
1250 - 1.063 93 41
900 1000 - - -

1.060 6 1.2
1.060 6 1.1
1.056 7 0.8
1.061 7 1.5
900 1250 - - -

" The estimated precision of the grain size is + 1%

- Data are not available because the samples were too fragile for the measurements.



Dielectric Properties

Sintering Temperature (°C)

(1 kHz) 1225 900/1200
I, room temperature 525 318
Te 486 487
¢, max 20423 416997
fan  max 2.35 0.08

10
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ABSTRACT

The scaling behavior of the dynamic hysteresis of ferroelectric bulk system

was investigated. The most novel point in the study is to report the scaling relation of

the soft PZT bulk ceramic which takes a form of < 4 >oc f"*E, . The exponent to the
field—amplitude was found to be significantly lower than that of the theoretical
prediction on (¢2 )2 and (¢2 )3 models. However, a slower decay of the hysteresis

loop—area with frequency than PZT thin film was found, which states that the scaling
relation is dimensionally dependent, and depolarizing effects in the interior must be

taken into account to model bulk materials.

Key words: Scaling, Hysteresis, Ceramics, soft PZT



Lead zirconate titanate (Pb(Zr;<Tix)O3 or PZT) ceramics have been employed
extensively in sensor and actuator applications, as well as smart systems.' The most
widely studied and used PZT compositions are in the vicinity of the morphotropic
phase boundary (MPB) between the tetragonal and rhombohedral ferroelectric
phases.”® However, to meet the requirements for specific applications, PZT ceramics
are usually modified with dopants.z'4 Generally, donor (higher-valency) additives
induce “soft” piezoelectric behaviors with higher dielectric and piezoelectric activities
suitable for sensor and actuator applications.'” In many of these applications, as well
as in more recently developed ferroelectric random access memories (Fe-RAMs), the
dynamic hysteresis characteristics have become important consideration.>® In addition
to the domain kinetics studies,” the dynamic hysteresis, i.e., hysteresis area <4> as a
function of the field amplitude £y and frequency f, presents a lot of information critical
for many ferroelectric applications whose performance is related to the signal
amplitude and frequency.' Theoretical studies have been carried out to understand the

8-11

dynamic response of hysteresis curves in spin systems.”  In particular, attention is

focused on scaling law < 4 >oc f“E” (where a and 8 are exponents that depend on the
dimensionality and symmetry of the system). The theoretical three-dimensional models
(?»)* and (@%)’ with O(N) symmetry (N—ow)) by Rao er al® and other
investigators™'? proposed two scaling relations applicable to the low-fand high-f limits

as follows,
<A>x fPE as f—0, (1)

<A>x f'E} as f—oow . (2)

Apart from its theoretical importance, since reliable measurement of the

hysteresis at ultra-high frequency is still a big challenge, it is technologically helpful to



understand the scaling behavior so that the ultra-high frequency of the hysteresis can
be predicted. Hence, there has been a great deal of interest in the scaling behavior of

the dynamic hysteresis in ferromagnetic and ferroelectric thin films.'*'*

However, only
few investigations on ferroelectric and antiferroelectric bulk systems have been
repor‘[ed.ls’16 On a contrary, bulk ferroelectric materials are useful and widely used in
many applications.’ Furthermore, to date, there has been no report on the scaling
behavior studies of ferroelectric hysteresis loops of bulk ceramics. Consequently, there
comes an objective of this study. In this letter, we present the results on the scaling
behavior of the dynamic hysteresis of the ferroelectric bulk ceramic, i.e., soft PZT. It
should be noted that some discrepancies between the theoretical predictions and the
experimental results have already been reported for ferroelectric thin-film

11,14,17-21
systems.

For extended two-dimensional system, the theoretical studies have
predicted the scaling relation at high-f limit as in Eq. (2). The experimental

investigation, however, on PZT thin film'” has resulted in a different relation, i.e.,

<A>x fPE) as f—>w . 3)

Additionally, another scaling relation has been obtained for the SrBi;TaqO4

thick film, i.e.,"”

<A>x fPE; as f—oo . 4)

As can be seen, the dimensionality of the structure e.g. thin film in Ref. 19 and
thick film in Ref. 17 has a strong effect on the exponent of the scaling relation in Eqgs.
(3) and (4). It is therefore of great interest to investigate the form of this scaling

relation for bulk systems. As it will be shown in this letter, the scaling behavior of the



dynamic hysteresis of the bulk system such as soft PZT ceramic also takes different
form.

The disc-shaped samples of a commercially available soft PZT ceramic (PKI-
552, Piezo Kinetics Inc., USA) with diameter of 10 mm and thickness of 1 mm were
used in this study. The dynamic hysteresis (P-E) loops were characterized at room
temperature (25 °C) by using a computer controlled modified Sawyer-Tower circuit
with f'covering from 2 to 100 Hz and E, from 0 to 18 kV/cm. The details of the system
were described elsewhere.”

Figs. 1(a) and 1(b) show the hysteresis loops at different f/ but fixed Ey (18
kV/cm), and at different £, but fixed f (100 Hz), respectively. As expected, the
dependence of the loop pattern and area <4> on f'and E is remarkable. From Fig 1(a)
where E, is fixed, one sees the evolution of the pattern at different /. It is very
interesting to observe that as the frequency increases the hysteresis changes from an
unsaturated loop with near square shape and rounded at the tips at low frequency (2
Hz) to well saturated loops at higher frequencies. The loop area <A4>, remanent
polarization (P,), and coercive field (E.) decrease with an increase of frequency. The
observation that the <4> decreases with increasing frequency in this high-f region is
ascribed to the delayed response of the spin reversal to the varying external field.'""*
It should also be noted that in earlier works by Liu et al.'®" on PZT thin film the
dependence of the P-E loop shape on frequency differed from that of the current work.
Since the magnitude of the applied field and the range of the frequency used were
significantly different, the observed difference could be due to the dependence of the
loop shape and size on both the field amplitude and frequency, as well as to the
different responses to an external field between thin film and bulk ceramics. Figure 1

(b) shows the dependence of the hysteresis loop on the amplitude of the electric field.



For small fields, the loop does not saturate and appears as an ellipse inclined at an
angle to the £ axis. An increase in the amplitude of the field £y makes the loop larger
and increases its angle of inclination. For a given frequency of 100 Hz, as shown in
Fig. 1(b), loop area <4>, remanent polarization (P,), and coercive field (E.) increase
with an increase of Ej until well saturated loop is achieved.

To investigate the scaling behavior, we followed the previous theoretical

predictions on the loop—area®”'? by plotting the data of <4> against f “'E;. This

bases on an assumption that Eq. (2) is applicable, and the frequency range used in this
study can be considered as the high frequency region in the theoretical predictions

since the loop—area decreases with increasing frequencies. The data are shown in Fig.
2(a) and the dotted line represents a fitting in terms of < 4 >oc f'E;. Clearly, the

theoretically proposed scaling relation in Eq. (2) cannot be directly applied to the data
obtained in this study.
On the other hand, earlier experimental work by Liu ef al." on the scaling

behavior of PZT thin film also showed different relation. In those studies, the scaling

takes the form of < 4 >oc f~°E;. To check the validity of the relation on the bulk
system, i.e., soft PZT ceramic, we plot the data of <4> against f°E, . The data are

shown in Fig. 2(b) and the dotted line represents a fitting in terms of < 4 >oc f'°E; .

Large deviation is also observed in this case. Therefore, this implies that the
experimentally obtained scaling relation for the reduced structure i.e. thin film is not
applicable to the bulk ceramics.

It is clearly seen that the scaling relations from both the theoretical prediction
and the experimental investigation are not applicable for the soft PZT ceramic in this

present study. To obtain the suitable scaling relation, one can fit the data with



<A>c f"E] where m and n are exponents to be determined directly from the

experimental data. By plotting <4> against f at fixed E,, one obtains the exponent m.
On the other hand, the exponent » can be obtained from plotting <4> against Ej at
fixed /. As plotted in Fig. 3, it is revealed that the data can be much better fitted (with

R” = 0.97), within the measured uncertainty, by

<A>x fE, (5)

It should also be noted that there is more deviation from the minor loops
without saturation at small field amplitudes, and these data were excluded from the
fitting reported. The scaling relation obtained indicates that area <4> decays more
slowly with fand grows more slowly with £ than the theoretical prediction, Eq. (2). It
is also interesting to see that the area <A> also decays slightly slower with £, but
grows much more slowly with £ than the PZT thin film, Eq. (3). There have also been
reports on the scaling studies on other bulk systems, such as ferroelectric single
crystals TGS!® and antiferroelectric bulk system BP0,9A0,116, with very different
scaling relations as compared to that of this current study on bulk ceramic. Though
these are bulk systems, these are still different types of materials, as compared to the
ceramic studied here, thus their scaling behaviors cannot be directly compared.

An explanation for the difference may come from the spin-interaction terms as
considered in the (&%)* and (@)’ models, in which the spin-flip just has one

1.%? This requires overcoming high energy barrier. Potts

contribution, i.e. spin-reversa
model used by Liu er al.'® also has the spin orientation in various domains in
directions not anti-parallel to the direction of E, hence requires lower energy barrier

for spin-flip to occur, which results in a higher exponent of 3 in the E, term, as

compared to the exponent of 2 in the theoretical models. However, in ceramics, there



are influences of many depolarizing effects, arisen from domain walls, grain
boundaries, space charges, immobile defects efc., which may retard the external field.
Consequently, the energy barrier is very much higher, which leads to slower spin-flip
kinetics. Therefore, a low exponent for the E, term is expected from the ceramics
rather than the (@)%, (@%)* and Potts models, and thin films. This may be the case, as
also reported in Ref. 18, why the decay of the area 4 with frequency f and field

amplitude E, is much smaller than those from theoretical prediction i.e.
<A>oc f°E, instead of < 4> fE].

In addition, the f~term shows an exponent of —1/4, smaller in absolute value
than that of PZT thin-film (exponent is —1/3)."® To explain the difference, not only the
contribution from the domain switching and ionic-type in thin films,'” one may need to
consider the additional contributions to hysteresis properties from space charges on

3 immobile defects,24

grain boundaries, induced electric—field from interface layers,’
etc. Since our system is a bulk—ceramic type; therefore, these depolarizing effects,
acting as a buffer to spin—reversal mechanism, will be stronger than those in thin film
structure. As a result, the hysteresis area must show a relatively weaker dependence on
fthan that observed in thin films. More importantly, this study shows the difference in
experimentally observed scaling behavior between thin film and bulk ceramics,
suggesting the different universality class between them.

Although the qualitative explanation of the differences has been presented, a
quantitative approach seems to be needed to include the other contributions, in
addition to simple spin-interaction. Interestingly, it is theoretically known that the
domain reversal can be explained by the nucleation and growth concept.” Interestingly,

10,11

earlier works " reported that the domain reversal can be characterized by an effective

characteristic time (combining simultaneous contributions from both the new domain



nucleation rate and the domain boundary motion velocity) ' oc E;'. If one considers

that at a given frequency this effective characteristic time represents the response of

the domain reversal to the varying external field, and should hence be proportional to
the hysteresis area, e.g. < A > E,'. Therefore, if this domain reversal term is
combined with the theoretical term which considers only a pure spin-flip mechanism
< A>oc E,, one would see the relation < 4 >oc E,, which is in good agreement with

the current study. This clearly shows that there is still space for improvement in
theoretical models.
In summary, we have studied the scaling behavior of the dynamic hysteresis of

ferroelectric bulk system, i.e., soft PZT ceramic. The scaling relation of the soft PZT
ceramic takes the form of < 4 >oc f™*E,, which differs significantly from that of the

theoretical prediction®”"” and that of the PZT thin film'®. The differences are
attributed to additional contributions from depolarizing effects within the ceramics, as
compared to more physically simple structure in thin film, and to simple spin-
interaction proposed in the theoretical models. This study clearly serves as a survey
to show that more improvement of the theoretical approach is needed to predict the

scaling behavior in bulk ceramics.
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List of Figure Captions

Fig. 1 Hysteresis loops for soft PZT ceramic (a) at various fand Ep = 18 kV/cm

and (b) at various Ey and f= 100 Hz.
Fig. 2 Scaling of hysteresis area <4> against (a) f'E, and (b) f~""E, for soft
PZT ceramic.

Fig. 3 Scaling of hysteresis area <A> against f *E, for soft PZT ceramic.
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ABSTRACT

In this study, we performed experiments on soft-PZT bulk ceramics to
investigate the effects of electric field—frequency, electric field—amplitude, and
mechanical stress on the hysteresis area especially the scaling form. The hysteresis
profiles under the effects of relevant parameters were obtained. At stress-free
condition, the investigation found the area scales with frequency and field—amplitude
in power—law form; however, with different set of exponents in comparing to those in
the investigation on thin films structure. This indicates the dimensional dependence of
the exponents. On the other hand, with compressive stresses turning on, the same set of
the exponents with the stress—free condition is found to confirm universality. In
addition, the scaling form of the area to triple parameters; i.e., frequency, field—
amplitude, and stress in a power law form was obtained. The study is therefore
successful in modelling how the hysteresis area decays with increasing stresses at
high—frequencies which provides another step closer in understanding real bulk

ferroelectric materials.

Keywords: Scaling, Stress, Hysteresis, soft PZT



1. INTRODUCTION

Lead zirconate titanate (Pb(Zr;<Tix)O3 or PZT) ceramics have been employed
extensively in sensor and actuator applications, as well as smart systems. The most
widely studied and used PZT compositions are in the vicinity of the morphotropic
phase boundary (MPB) between the tetragonal and rhombohedral ferroelectric
phases.”® However, to meet the requirements for specific applications, PZT ceramics
are usually modified with dopants.>* Generally, donor (higher-valency) additives
induce “soft” piezoelectric behaviors with higher dielectric and piezoelectric activities
suitable for sensor and actuator applications.'” In many of these applications, as well
as in more recently developed ferroelectric random access memories (Fe-RAMs), the
dynamic hysteresis characteristics have become important consideration.”® In addition
to the domain kinetics studies,” the dynamic hysteresis, i.e., hysteresis area <4> as a
function of the field amplitude £, and frequency £, presents a lot of information critical
for many ferroelectric applications whose performance is related to the signal
amplitude and frequency."® Theoretical studies have been carried out to understand the

dynamic response of hysteresis curves in spin systems.”'' In particular, attention is
focused on scaling law < 4 >oc f“E” (where a and 8 are exponents that depend on the
dimensionality and symmetry of the system). The theoretical three-dimensional models
(P and (@)’ with O(N) symmetry (N—o0)) by Rao et al® and other
investigators”'? proposed two scaling relations applicable to the low-fand high-f limits

as follows,

<A>x fPE as f—>0, (1)

<A>x fE} as f—>o . ()



Apart from its theoretical importance, since reliable measurement of the
hysteresis at ultra-high frequency is still a big challenge, it is technologically helpful to
understand the scaling behavior so that the ultra-high frequency of the hysteresis can
be predicted. Hence, there has been a great deal of interest in the scaling behavior of

the dynamic hysteresis in ferromagnetic and ferroelectric thin films.'*'*

However, only
few investigations on ferroelectric and antiferroelectric bulk systems have been
repor‘[ed.ls’16 On a contrary, bulk ferroelectric materials are useful and widely used in
many applications.® Furthermore, to date, there has been no report on the scaling
behavior studies of ferroelectric hysteresis loops of bulk ferroelectric ceramics.
Interestingly, some discrepancies between the theoretical predictions and the
experimental results have already been reported for ferroelectric thin-films

11,14,17-21
systems.

For extended two-dimensional system, the theoretical studies have
predicted the scaling relation at high-f limit as in Eq. (2). The experimental

investigation, however, on PZT thin films' has resulted in a different relation, i.e.,

<A>x fPE) as f—>o . 3)

Additionally, another scaling relation has been obtained for the SrBi;TaqO4

thick films, i.e.,"”

<A>x fPE; as f—oo . 4)

As can be seen, the dimensionality of the structure e.g. thin films in Ref. 19 and
thick films in Ref. 17 has a strong effect on the exponent of the scaling relation in Eqgs.
(3) and (4). It is therefore of great interest to investigate the form of this scaling

relation for bulk systems. Hence, one of the aims of this present study is to investigate



the scaling behavior of the dynamic hysteresis of the technically important and
commercially available soft PZT bulk ceramic.

More importantly, in many applications the ceramic specimens are often
subjected to mechanical loading, either deliberately in the design of the device itself or
because the device is used to change shapes as in many smart structure applications or
the device is used under environmental stresses.'>*** A prior knowledge of how the
material properties change under different load conditions is inevitably crucial for
proper design of a device and for suitable selection of materials for a specific
application. Despite the fact, material constants used in many design calculations are
often obtained from a stress-free measuring condition, which in turn may lead to
incorrect or inappropriate actuator and transducer designs. It is therefore important to
determine the properties of these materials as a function of applied stress. Previous
investigations on the stress-dependent electrical properties of many ceramic systems,
such as undoped-PZT, PLZT, BT, PMN-PT, PZT-BT, PMN-PZT,*>? and PZT and
SBT thin films™?* have clearly emphasized the importance of the subject. Many
investigations have already revealed interesting results on the electrical properties of

25,26,30,35

the soft PZT ceramics under applied stress. The ferroelectric properties of the

soft PZT ceramics have been observed to change significantly with the applied

stress.3 0,35

However, it is interesting that there have been no report on the influence of
the external stress on the scaling behavior of any materials. Therefore, the main aim of

this study is to establish the scaling behavior of the dynamic hysteresis responses of

soft PZT bulk ceramics under the influence of the external stress.



2. EXPERIMENTS

A commercially available soft PZT ceramic (PKI-552, Piezo Kinetics Inc.,
USA) was used in this study. Denoted as Navy Type VI, this ceramic is designed for
applications that require high electromechanical activity and high dielectric constant.
Its properties are (measured by the supplier): longitudinal charge coefficient ds; = 550
pm/V; planer coupling factor k, = 0.63; dielectric constant (1 kHz) & = 3400; Curie
temperature 7¢ = 200 °C; bulk density = 7.6 g/cm’. The disc-shaped samples with
diameter of 10 mm and thickness of 1 mm were pre-poled by the supplier.

The dynamic hysteresis (P—FE) loops were characterized at room temperature
(25 °C) by using a computer controlled modified Sawyer-Tower circuit with f covering
from 2 to 100 Hz and E, from 0 to 18 kV/cm. The electric field was applied to a
sample by a high voltage AC amplifier (Trek, model 610D) with the input sinusoidal
signal from a signal generator (Goodwill, model GAG-809). The detailed descriptions

3235 Effects of the external stress on the

of this system are explained elsewhere.
dynamic hysteresis were investigated with the compressometer, which was developed
for simultaneous applications of the mechanical stress and the electric field.*® The
compressometer cell consisting of a cylindrical brass cell with a heavy brass base, a
brass ram and a precisely guided loading platform provides true uniaxial stress during
mechanical loading. The prepared specimen was carefully placed between the two
alumina blocks and the electric field was applied to the specimen via the copper shims
attached to the alumina blocks. With this setting, the uniaxial compressive stress was
applied parallel to the electric field direction. During the measurements, the specimen
was immersed in a silicone oil to prevent high-voltage arcing during electric loading.

The compressive stress was supplied by the servohydraulic load frame and the applied

stress was monitored with the pressure gauge of the load frame. Measurements were



performed as a function of mechanical stress applied discretely between 0 and 24
MPa. During the measurements, a desired stress was first applied to the sample and
then the electric field with varying frequency was applied. The dynamic hysteresis
(P-E) loop was then recorded for each applied field and frequency. The measurements
reported were for the samples during their first mechanical stress cycle. It should also
be noted that the reported ferroelectric parameters were obtained after a total of 10

cycles of the electric field were applied to the sample at each constant stress.

3. RESULTS AND DISCUSSION

From the study, the hysteresis profiles for various frequencies f, field—
amplitude Ey, and stress o are obtained. Figs. 1(a) and 1(b) show examples of the
hysteresis loops at different f'but fixed £y (18 kV/cm), and at different £y but fixed f
(100 Hz), respectively, under a stress-free condition. As expected, the dependence of
the loop pattern and area <4> on fand E is remarkable. From Fig. 1(a), where Ej is
fixed, one sees the evolution of the pattern at different f. It is very interesting to
observe that as the frequency increases the hysteresis changes from an unsaturated
loop with near square shape and rounded at the tips at low frequency (2 Hz) to well
saturated loops at higher frequencies. The loop area <4>, remanent polarization (P,),
and coercive field (E£.) decrease with an increase of frequency. The observation that
the <4> decreases with increasing frequency in this high-f region is ascribed to the
delayed response of the spin reversal to the varying external field.'""'* Tt should also
be noted that in earlier works by Liu er al.'"®'® on PZT thin films, the dependence of
the P-E loop shape on frequency differed from that of the current work. Since the

magnitude of the applied field and the range of the frequency used were significantly



different, the observed difference could be due to the dependence of the loop shape
and size on both the field amplitude and frequency, as well as to the different
responses to an external field between thin films and bulk ceramics. Figure 1(b) shows
the dependence of the hysteresis loop on the amplitude of the electric field. For small
fields, the loop does not saturate and appears as an ellipse inclined at an angle to the £
axis. An increase in the amplitude of the field £y, makes the loop larger and increases
its angle of inclination. For a given frequency of 100 Hz, as shown in Fig. 1(b), loop
area <A>, remanent polarization (P,), and coercive field (E.) increase with an increase
of Ey until well saturated loop is achieved.

Figure 1(c) displays the hysteresis loops of the soft PZT ceramics under
different compressive stress during loading at fixed / of 100 Hz and fixed E, of 18
kV/cm. It should first be noticed that the area of the P—E loops decreases steadily with
increasing the stress. The P—E loop area indicates the polarization dissipation energy
of a ferroelectric material subjected to one full cycle of electric field application.’” This
amount of the energy loss is directly related to volume involved in the switching
process during the application of electric field.*® When the mechanical stress is
applied, more and more ferroelectric domains are constrained by the applied stress and
cannot be re-oriented by the electric field so as to participate in the polarization
reversal. Consequently, both the saturation and remanent polarizations become lower

. . . . 30.35
with increasing the compressive stress.”

The polarization dissipation energy is
consequently found to decrease with increasing the applied stress, indicating that the
sample volume contributing to polarization reversal decreases with the increasing

stress. In the stress-free state, the dissipation energy is ~ 8.1x10° J/m’; while at 24

MPa, the dissipation energy decreases to 3.8x10° J/m’ (< 50% of the stress-free state).

. - : - Lo 232430,38,39
Similar observation has also been found in other investigations.”*""""



To investigate the scaling behavior under stress-free condition, we first

followed the previous theoretical predictions on the loop—area®”'? by plotting the data
of <4> against f'E;. This bases on an assumption that Eq. (2) is applicable, and the

frequency range used in this study can be considered as the high frequency region

since the loop—area decreases with increasing frequencies. The data are shown in Fig.

2(a) and the dotted line represents a fitting in terms of < 4 >oc f'E. Clearly, the

theoretically proposed scaling relation in Eq. (2) cannot be directly applied to the data
obtained in this study.
On the other hand, earlier experimental work by Liu ef al."” on the scaling

behavior of PZT thin films also showed different relation. In those studies, the scaling

takes the form of < 4 >oc f~'°E;. To check the validity of the relation on the bulk
system, i.e., soft PZT ceramic, we plot the data of <4> against f°E,. The data are

shown in Fig. 2(b) and the dotted line represents a fitting in terms of < 4 >oc f'°E; .

Large deviation is also observed in this case. Therefore, this implies that the
experimentally obtained scaling relation for the reduced structure i.e. thin films is not
applicable to the bulk ceramics.

It is clearly seen that the scaling relations from both the theoretical prediction
and the experimental investigation are not applicable for the soft PZT bulk ceramic in

this present study. To obtain the suitable scaling relation, one can fit the data with

<A>c f"E] where m and n are exponents to be determined directly from the

experimental data. By plotting <4> against f at fixed Ey, one obtains the exponent m.
On the other hand, the exponent » can be obtained from plotting <4> against Ey at
fixed f. It should also be noted that there is more deviation from the minor loops

without saturation at small field amplitudes, and these data were excluded from the



fitting reported. It can be seen in Figs. 3(a) and 3(b) that the suitable exponent m for
the frequency component has the value of —0.25 (within the limit of experimental
errors), while the hysteresis area <4> is found to increase linearly with the applied
field amplitude Ey, hence the exponent » should take the value of 1.  Therefore, as
plotted in Fig. 4, it is revealed that the data obtained under stress-free condition can be

much better fitted (with R* = 0.97), within the measured uncertainty, by

< A>oc fOPE, (5)

Therefore, Eq. (5) is identified as the suitable scaling relation for the soft PZT
bulk ceramic under the stress-free condition. The scaling relation obtained indicates
that area <4> decays more slowly with f and grows more slowly with E than the
theoretical prediction, Eq. (2). It is also interesting to see that the area <4> also
decays slightly slower with £, but grows much more slowly with E than the PZT thin
films, Eq. (3). There have also been reports on the scaling studies on other bulk
systems, such as ferroelectric single crystals TGS' and antiferroelectric bulk system
BP0,9A0_116, with very different scaling relations as compared to that of this current
study on bulk ceramic. Though these are bulk systems, these are still different types of
materials, as compared to the ceramic studied here, thus their scaling behaviors cannot
be directly compared.

An explanation for the difference may come from the spin-interaction terms as
considered in the (&°)* and (®%)’ models, in which the spin-flip just has one
contribution, i.e. spin-reversal.*’ This requires overcoming high energy barrier. Potts
model used by Liu er al.'® also has the spin orientation in various domains in
directions not anti-parallel to the direction of E, hence requires lower energy barrier

for spin-flip to occur, which results in a higher exponent of 3 in the E, term, as



compared to the exponent of 2 in the theoretical models. However, in ceramics, there
are influences of many depolarizing effects, arisen from domain walls, grain
boundaries, space charges, immobile defects efc., which may retard the external field.
Consequently, the energy barrier is very much higher, which leads to slower spin-flip
kinetics. Therefore, a low exponent for the £y term is expected from the ceramics
rather than the (@)%, (@%)* and Potts models, and thin films. This may be the case, as
also reported in Ref. 18, why the decay of the area 4 with frequency f and field

amplitude E, is much smaller than those from theoretical prediction i.e.
<A>o f°E, instead of < 4> fE].

In addition, the f~term shows an exponent of —0.25, smaller in absolute value
than that of PZT thin-films (exponent is —1/3)."® To explain the difference, not only the
contribution from the domain switching and ionic-type in thin films,'” one may need to
consider the additional contributions to hysteresis properties from space charges on
grain boundaries, induced electric—field from interface layers,40 immobile defects,41
etc. Since our system is a bulk—ceramic type; therefore, these depolarizing effects,
acting as a buffer to spin-reversal mechanism, will be stronger than those in thin films
structure. As a result, the hysteresis area must show a relatively weaker dependence on
fthan that observed in thin films. More importantly, this study shows the difference in
experimentally observed scaling behavior between thin films and bulk ceramics,
suggesting the different universality class between them.

Moreover, as evident in Figs. 1(c) and 3(c), at any given frequencies the
hysteresis area <4> is found to decrease steadily with increasing the applied stress.
Therefore, instead of including only the field amplitude Ey and the frequency term f,

the scaling relation should also include the stress (o) term, i.e.

10



<A>oc f"ElG” (6)

However, due to increasing number of exponents, to simplify the problem, we

assume the validity of the scaling form < 4> (o)« f*E, for all applied stresses.
Consequently, the area <A> for each stress is plotted against f**E,, as shown in Fig.

5. As can be seen form the least—square linear fits, reasonably good linear relations can

be found. As a result, the condition of universality having m = —0.25 and » = 1 in soft—
PZT bulk ceramic systems is confirmed whereas the proportional constant in Eq. (6)

may still be a function of o . Therefore, to investigate the o —dependence of the area

<A> in details we generalize Eq. (6) by writing,

(4)=G(o)fE,+F (o), (7)

where both G (o) and F (o) are assumed to be a function of o representing slope—

function and y—intercept—function for a ‘linear—relation’ in Eq. (7), and their values are
presented via linear—fit functions in Fig. 5. Next, to obtain the scaling form as

indicating in Eq. (6), we assumed the slope—function G ¢ ) to take a form of power—

law function, i.e.

G(G):a+bac. (8)

However, for the y—intercept—function F ¢ ), the scattering data in F ¢ ) do
not follow a trivial power—law form. Instead, the best function that suits F' ¢ ) is

found to take a polynomial degree—3 function, i.e.

11



F(O‘) =a,+a0+a,06° +a,0°. 9

Next, performing a non—linear fit for GG ) gives a=2.73x10°+0.42x10°,
b=-0.38x10°£0.30x10°, and ¢ =0.44+0.17 with R* ~0.994. On the other hand, a
degree-3 polynomial fit for F¢G) gives a,=-046x10°+0.11x10°,
a, =97.30x10° £45.59x10°, a, =-9.52x10° +4.76x10°, a n d
a,=021x10’+0.13x10° with R’=~0.878. The fitting formalisms to relevant

parameters for the slope—function Eq. (8) and the y—intercept—function Eq. (9) are

presented in Fig. 6.

As a result, from Egs. (7) to (9), it is therefore possible to write,

<A>_F(O-) = f*E (10)

A)-F
and by plotting this scaling area M against f**E, all the data should

G(o)
collapse onto a single linear line having a y—intercept at zero. The data—collapsing of
the scaling area from all f, Ey, and o was found to confirm Eq. (10) as evident in Fig.
7.

On the other hand, it is of interest if we are allowed to have the scaling of <A>
in a form given by Eq. (6). Therefore, by discarding minor loops which usually occur
at very low E, F(a) E<A>(E0 — 0) will be small in comparing to <A> and can be
discarded in Eq. (10) at some intermediately high fields. Consequently, we may write

<A> oc (a +bo* ) f*E, and by substituting the fitted parameters, it is found that

12



<A>_<Aa=o>:<A_Ag=o>°C f70.25E000.44’ (11)

where <A 0> refers to stress—free hysteresis area which will be a dominant term for

zero stress. Note that from the appearance of stress s , <A- A4 0>, referring to the

difference in energy dissipation between under—stress and stress—free condition,
increases with increasing stress suggesting a decay of <A> with s at a rate of s ** as

observed in experiments. As a result, from our studies, it may be concluded that in
bulk ceramics, the difference of the hysteresis area between under—stress and stress—
free condition scales with frequency, field—amplitude and stress via exponents m =
—0.25, n =1, and p = 0.44. However, at a particular fixed stress, Eq. (11) yields Eq. (5)
which is the original form for how the area scales with the frequency and the field—

amplitude.

4. CONCLUSIONS

In this study, we investigated the hysteresis properties of the soft—-PZT bulk
ceramics under the effect of mechanical stress at various frequencies and field—
amplitudes of the external applied electric field. The effect of the stress, frequency, and
amplitude on the hysteresis loop is notable in a good agreement with previous
investigations. Considering the scaling law for the loop—area, at zero stress, the
investigation found the area scales with frequency and the field—amplitude in a power
law function. However, the exponents to the scaling in this bulk ceramic system do not
match with previous investigation on thin films structure indicating that the exponent
is dimensionally dependent. On the other hand, with inserting the uniaxial stress, the

same set of exponents to frequency and field—amplitude in stress—free condition is

13



found which confirms the condition of universality in bulk system. Furthermore, the

difference of the energy dissipation between the under—stress and stress—free condition
is found to scale with f **E;°*. As a result, the study provides a detailed

understanding of how the energy dissipation of the hysteresis properties behaves in
response to various conditions especially the mechanical stress which is the novel
point in this study. Therefore, the study provides another step closer in modeling real
materials which may be used to boost up the technological development to obtain

highly functional applications made from ferroelectric materials.
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Fig
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Fig

List of Figure Captions

. 1 Hysteresis loops for soft PZT ceramic (a) at various f (Ey = 18 kV/cm and
o =0 MPa), (b) at various £, (f= 100 Hz and o = 0 MPa), and (c) at
various o (f=100 Hz and E, = 18 kV/cm).

. 2 Scaling of hysteresis area <4> against (a) f'E, and (b) f'"E; for soft
PZT ceramic under stress-free condition.

. 3 Hysteresis area <A4> against (a) f (at various £y and o = 0 MPa), (b) Ey
(various fand o =0 MPa), and (c) o (various fand Ey, = 18 kV/cm) for
soft PZT ceramic.

. 4 Scaling of hysteresis area <4> against [ **E, for soft PZT ceramic
under stress-free condition.

.5 Scaling of hysteresis area <A> against f **E, for soft PZT ceramic at
various compressive stresses.

. 6 Non-linear fits to the slope—function G ¢ dand the y—intercept—function

F G ) of the hysteresis area <4> under the effect of compressive stress

(4)- FG>

S

.7 The collapse of the scaling area against f"*E, on a same

linear—line (with small fluctuation) for soft PZT ceramic.
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Fig. 2(a)
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Fig. 2(b)
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