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1 | INTRODUCTION

Piezoelectric ceramics are functional materials that can convert
mechanical energy into electrical energy and vice versa.' > They
have been proven to have diverse applications in electronic and
power devices, such as actuators, ultrasonic transducers, energy
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Abstract

(K, Na)NbOs3-based lead-free piezoelectric materials are considered a promising candi-
date to replace a lead-containing counterpart in actuator applications, with electrical fa-
tigue being a major concern during this transition. This study elaborates on a promising
material with a nominal composition of 0.92(K,sNajs)NbO3-0.02(Bij gLij ) TiO3-
0.06BaZrO5; (BZ6) and evaluates its unipolar fatigue resistance. After 107 cycles of uni-
polar fatigue, the strain variation of the BZ6 ceramic is within 8% of its initial value, and
both its S(E) and €33(E) curves exhibit less pronounced asymmetry than that of PIC151.
Strain asymmetry and the development of internal bias fields are observed in the
composition, which originates from the agglomeration of space charge during unipolar
cycling, The post-annealing treatment allows the full restoration of electrical properties
for the fatigued BZ6 ceramic, making it highly suitable for actuator applications.

KEYWORDS
(K, Na)NbOs, electrical properties, lead-free piezoceramics, unipolar fatigue resistance

harvesters, smart sensors etc. For example, piezoelectric sensors
are used for real-time monitoring of electrical equipment,
helping maintenance personnel to detect equipment failures
promptly, thereby ensuring the safety and reliability of the power
system. And piezoelectric materials are also applied in ultrasonic
detection technology to effectively identify defects and failures
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within electrical equipment.”’ Through these innovative appli-
cations, piezoelectric materials not only enhance the operational
efficiency of the state grid but also promote the intelligence and
sustainable development of the power system. The lead-
containing piezoelectrics represented by Pb(Zr,T1)O5; (PZT)
dominates the market due to the exceptional comprehensive
performance. However, PZT-based ceramics are confronted
with increasing concerns over the adverse environmental and
human health issues of toxic lead. As government regulations on
lead content in ceramic components become stricter, these
concerns are heightened, driving the piezoelectric materials
research community to shift focus towards the development of
new environmentally benign alternatives.

Potential candidate materials considered to replace lead-
containing compounds in applications include potassium so-
dium niobate (KNN),* bismuth sodium titanate (NBT),"
and barium titanate (BT).'""'? Recently, Zhang et al. selected
the (0.98—x) (K sNag 5)NbO3—0.02(Bij 5Lij 5) TiO3—xBaZrO5
system as a prototype for the engineering-phase composition
of KNN-based piezoelectric ceramics. This system has
demonstrated high electromechanical performance (normal-
ised strain ds3* of 470 pm/V"), along with high relative
density, low leakage current, and fracture toughness. Enhanced
domain wall contributions and improved domain wall mobility
are considered reasons for the high electromechanical per-
formance of the investigated lead-free KNN system. How-
ever, practical applications not only require excellent
piezoelectric performance but also reliability and long-term
stability during cyclic electrical loading to ensure a successful
industrial implementation.

For actuator applications of piezoelectric components, the
most common electrical loading scenario is the unipolar drive
mode, where the electrical signal cycles between zero and

14-16 :
However, uni-

maximum field without reversing polarity.
polar cycling often induces fatigue effects, as demonstrated by
deteriorated unipolar strain and polarisation and emergence of
internal bias (E,;,), which can affect component performance
and service life.'" ™" For PZT family materials, although there
are a large number of fatigue research literature available for
references,””' the charge agglomeration model is frequently
cited to explain the unipolar fatigue behaviour of PZT ce-
ramics, which reveals the redistribution of charge carriers and
their agglomeration at grain boundaries and internal defects
during the cycle.”*>* However, it is worth mentioning that the
fatigue research of KINN-based ceramic materials is still rela-
tively scarce.”” " In addition, for newly developed lead-free
ceramics, such as BZG6-based materials, the traditional PZT
29731 Therefore, it is
particularly urgent and important to study the fatigue charac-
teristics of these promising lead-free compositions in depth. In

fatigue model may not be fully applicable.

order to further improve the unipolar fatigue resistance of
lead-free materials, it is highly demanded to understand the
mechanism of unipolar fatigue.

This study investigated the unipolar fatigue behaviour of
0.92(Kg sNag 5)NbO3-0.02(Bij 5Lig 5) T1O5-0.06BaZrO5  (BZ06)

piezoelectric ceramics. The results indicate that BZ6 ceramics
exhibit excellent unipolar fatigue resistance comparable to
commercially available soft PZT. After 10" cycles, BZ6 ce-
ramics showed no significant degradation in unipolar strain,
coupled with good piezoelectric performance, making this
system a promising candidate for actuator applications. Due to
the striking similarity in unipolar fatigue characteristics be-
tween BZ6 and PIC151 ceramics, the agglomeration of space
charges could also be applicable to rationalise the mild unipolar
fatigue behaviour of BZ6 ceramics.

2 | EXPERIMENTAL PROCEDURE

2.1 | Sample preparation procedure

The ceramic samples with a composition of 0.92(KsNay )
NbO3-0.02(Bip gLig 5) TiO5-0.06BaZ1O3, henceforth denoted
as BZ06, were meticulously crafted through the conventional
solid-phase reaction technique. Employing a selection of high-
purity raw materials—Na,CO;, KyCOj3;, NbyOs, BiOs,
Li,CO3, TiO,, BaCO3, and Z1rO,, the process began with a 24-
h drying phase at 120°C. These constituents wete then accu-
rately weighed to adhere to stoichiometric ratios. Following
this, the ingredients were immersed in ethanol and mixed for
24 h at a consistent 300 r/min, utilising zitconia balls to ach-
ieve a uniform dispersion. Post-mixing, the mixture was sub-
jected to a second drying phase at 120°C. The resultant powder
was first calcined in a sealed alumina crucible at 730°C for a
duration of 4 h, marking the initial stage of heat treatment.
Subsequently, the powder was processed through a 24-h ball-
milling regimen at 300 r/min, followed by a third drying
phase at 120°C. The powder was then meticulously sieved
through a 60-mesh screen. As the process advanced, the
powder underwent a second calcination at 930°C for 4 h. In
preparation for this, 1.0 wt.% MnO, (procured from China
National Pharmaceutical Group Corporation) was introduced
as a sintering aid, maintaining the established milling parame-
ters. The sintered powder was then transformed into discs,
each 10 mm in diameter and 1.5 mm thick, under a uniaxial
pressure of 10 MPa. These discs were further subjected to
cold-isostatic pressing at 200 MPa, employing filler powder of
the same composition (1LDJ-100/320-300, Chuan-Xi, China).
The final step involved sintering the discs at 1150°C for a
period of 5 h, culminating in the formation of the BZ6 ceramic
samples.

The thickness of as-sintered samples was reduced to 1 mm,
and then the two surfaces of the samples were polished to a
mirror-like surface by using a diamond polish with a grain size
of 3 pm, 1 pm, and 0.04 pum successively. It was shown that the
quality of electrode-surface contact had a significant effect on
the fatigue properties. In order to characterise the electrical
properties and electrodeposition, silver electrodes were coated
on both sides of the samples and sintered at 600°C for 30 min.
The samples were polarised in silicon oil at 120°C for 30 min
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under an electric field of 3 kV/mm for the measurement of
piezoelectric constant ds;.

2.2 | Sample characterisations

The surface microstructure of the polished samples was
studied by means of a scanning electron microscope (SEM,
Sigma 300, ZEISS, Germany) equipped with an energy
dispersive X-ray (EDX) detector. For the piezoresponse force
microscope (PFM) observation, the samples after sintering
were polished to about 1000 um in thickness. The PFM ex-
periments were performed using a commercial PFM (PFM,
Jupiter XR, OXFORD INSTRUMENTS, UK). The DC
voltage signal was applied for the local ferroelectric and
piezoelectric measurements. The domain morphologies were
also observed using a high-resolution transmission electron
microscopy (TEM, F 200, Japan) operated at 200 kV.

The crystal structure of the samples was measured by an X-
ray diffractometer (XRD, D8 ADVANCE, BRUKER, Get-
many) using Cu Ka1 radiation with a scanning speed of 0.05°/s
in the 20 range from 20° to 60°. A quasi-static piezoelectric
ds3 metre (Z]-3A, Institute of Acoustics, Chinese Academy of
Sciences, Beijing, China) was used to measure the piezoelectric
constant ds; of the polarised samples after ageing for about one
day at room temperature. The electrical properties of the samples
were tested using a ferroelectric measurement system (TF
Analyser 2000E, aixACCT Systems GmbH, Aachen, Germany).
This includes the latge-signal hysteresis return P(E) and strain-
electric field S(E) curves and the small-signal piezoelectric
constant-electric field ds3(E) curve and dielectric constant-
electric field €33(E) curve. The electrical properties of the
fatigued samples were tested again after annealing at 300°C for
half an hour to investigate the effect of annealing on their fatigue
properties. To ensure the consistency and reproducibility of the
experiments, at least three samples were tested.

Fatigue tests were performed using a unipolar triangular
electrical signal with an amplitude of 2 kV/mm (2E¢) at a
frequency of 50 Hz for a total of 1 x 10’ cycles. Subsequently,
the ceramics were measured using a TF Analyser 2000E
ferroelectric measurement system at a frequency of 10 Hz and
3 kV/mm.

a) ()
BZ6

1{a.u.)

20 30 10 50
20(°)

FIGURE 1

3 | RESULTS AND DISCUSSION
3.1 | Unipolar fatigue properties of BaZrO;-
doped (K, Na)NbOj; ceramics

Figure 1 presents the X-ray diffraction (XRD) pattern of the
BZG6 ceramics, which reveals the characteristic features of a
typical perovskite structure. A critical analysis of the relative
intensity ratio, Ioo2/I500, near the 260 = 45°, is conventionally
employed to discern the phase structure of (K, Na)NbOs-
based ceramics. For piezoelectric ceramics with a tetragonal
symmetry that are randomly otiented, the 1002/1200 ratio is
1:2. A single thombohedral (R) phase shows only one (200)
peak. The crystallographic diffraction spectrum, magnified to
highlight the <002> planes, as depicted in Figure 1b, cleatly
demonstrates the coexistence of both rhombohedral and
tetragonal phases within the BZ6 ceramics. Extensive research
studies have underscored that compositions rich in the
tetragonal phase are endowed with enhanced fatigue resistance.
Complementing the XRD analysis, the scanning electron mi-
croscopy (SEM) image of the BZ6 ceramics' surface, as shown
in Figure 1c, unveils an intricate mosaic of irregular polygonal
grains interspersed with notable porosity. To further quantify
the microstructural attributes, the grain size distribution of the
BZ6 ceramics was analysed using a nano measurer software.
The average grain size (Ga) obtained by analysis is 2.28 mm,
and it can be seen from the figure that the material uniformity
of BZ6-based ceramics is good, and the uneven grain size may
lead to local stress concentration and affect the fatigue strength
of the material. It provides a quantitative description of the
material's microstructure and provides insights into its poten-
tial mechanical and electrical properties.

Piezoresponse force microscopy (PFM) has established itself
as an essential tool in the analytical arsenal, providing unparaleled
insights into the origins of the unique piezoelectric properties
that materials exhibit at the nanoscale. In this study, we harnessed
the power of PFM to examine the domain morphology of the
BZ6 ceramic, as illustrated in Figure 2a. The amplitude image,
captured through out-of-plane PFM (VPFM), unveils a complex
array of strip-like nano domains. Itis posited that the presence of
these domains plays a pivotal role in enhancing the piezoelectric
response. Figure 2b showcases the domain morphology image

(a) The XRD pattern of BZ6 ceramics and (b) the enlarged (002) diffraction peak, as well as (c) the SEM morphology and grain size.
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for BZ6. For the BZ6 sample, a 20-V voltage was found to be
adequate for achieving full domain switching, This is evident in
the phase contrast of the squares within the image, which stands
out from the surrounding regions.

The strain curves of the BZ6 piezoelectric ceramics, both
pre-fatigue and post-fatigue across varying cycles under uni-
polar electric fields, are elegantly portrayed in Figure 3a. A
discernible trend emerges from these curves, indicating a subtle
decline in the strain of BZ6 ceramics as the fatigue process
unfolds. Figure 3b succinctly illustrates the correlation between
the strain values of BZ6 ceramics and the cycle count.
Remarkably, after enduring 107 unipolar cycles, the strain
variation of BZ6 ceramics remains confined within an 8%
deviation from its initial value, this is similar to the amount of
strain change for CZ5 and BN'T.” This performance is notably
superior to the commercial PIC151 ceramic, which exhibits a
strain reduction of approximately 15% under similar fatigue
conditions. The data suggest that the BZ6 ceramics exhibit a
robust field-induced strain behaviour, demonstrating resilience
against the effects of unipolar fatigue. It is noteworthy to
highlight that the anti-unipolar fatigue characteristic of BZ6
ceramics is not only commendable in itself but also stands out
as superior when compared to other (K, Na)NbOs3-based lead-

27,33 i : .
>? This comparative analysis not

free piezoelectric materials.
only underscores the exceptional fatigue resistance of BZ06
ceramics but also opens avenues for further exploration and
enhancement of piezoelectric materials, paving the way for
more durable and reliable applications in various fields.”

To delve deeper into the exceptional resistance to unipolar
fatigue exhibited by the field-induced strain of BZ6 ceramics, a
comprehensive study was conducted on the evolution of the
latge-signal hysteresis return P(E) and strain-electric field S(E)
curves as well as the small-signal piezoelectric constant-electric
field d33(E) and the dielectric constant-electric field &33(E)
curves, both before and after the unipolar fatigue. The findings
are captured in Figure 4.

Upon close examination of this figure, it is evident that the
cycling under unipolar electric fields causes the hysteresis re-
turn P(E) to shift along the negative ditection of X-axis, as
depicted in Figure 4a. And a discernible trend is observed in
the piezoelectric constant-electric field d33(E) curve, which
progressively shifts along the positive Y-axis with an increase
in the cycle number, as shown in Figure 4b. Concurrently, the
strain-electric field S(E) cutve and the dielectric constant-
electric field e53(E) curve exhibit a notable asymmetry from
left to right, as illustrated in Figure 4c and 4d, respectively. In

FIGURE 2 (a) Out-of-plane amplitude images and (b) domain morphology image for BZ6.
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FIGURE 3 (a) Ficld-induced strain curves of BZ6 ceramics before fatigue and after 10%, 10, 10°, and 107 unipolar electric field cycles, (b) strain and cycle

number N of BZ6 ceramics and comparison with soft PZT (PIC151),CZ5, BNT data.
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(a) Hysteresis return P(E), (b) piezoelectric constant-electric field ds3(E) curve, () strain-electric field S(E) curve, and (d) dielectric constant-

electric field £33(E) curve of BZ6 ceramics prior to fatigue and after cycling through the unipolar electric field of 10%, 10, 10°, and 107,

an effort to quantitatively analyse the degree of fatigue endured
by the material, a portfolio of key parameters has been
extracted from the data presented in Figure 4. These param-
eters, which serve as canonical indicators of material fatigue,
are summarised in Figure 5, which not only sheds light on the
underlying mechanisms that endow the BZ6 ceramics with
their remarkable fatigue resistance but also provides a robust
framework for further investigation and optimisation of
piezoclectric materials, ensuring their enduring performance
and reliability in various applications.

The degtee of asymmetry of the strain-electric field S(E)
curve and the dielectric constant-electric field €33(E) curve can
be quantified by the asymmetry factors ¥, and y,33, respectively,
which are defined in the following two equations:

_AST—AS” (1-1)
s T AT+ AS-
_ Ae; = Aesy

(1-2)

Vew = Aedy + Ae3,

where AS;;, and AS33 ate the strain changes in the positive and
negative electric field directions of the S(E) curve, respectively;
and A£3+3 and Ag33 are the changes in the dielectric constant in
the positive and negative electric field directions of the €33(E)
curve, respectively. The graphical representation in Figure 5a
delineates the progression of asymmetry factors, denoted as ,
and ¥,33, for the BZ6 ceramics in relation to the number of
unipolar cycles. The corresponding data for the PIC151

ceramics are also included to provide a comparative analysis.”
A visual inspection of the figure reveals that throughout the
range of cycles examined, the asymmetry observed in the S(E)
curve of the BZ6 ceramics is consistently less pronounced than
that of the PIC151 ceramics. Furthermore, the asymmetry in
the €33(E) curve for the BZ6 ceramics is significantly more
subdued compared to the PIC151, underscoring the superior
fatigue resistance of BZ06. In a holistic assessment, the BZ6
ceramics demonstrate a commendable resilience to unipolar
fatigue, which is on par with, if not surpassing, that of the
PIC151 ceramics. This comparative evaluation not only ac-
centuates the robustness of the BZ6 ceramics against fatigue-
induced asymmetries but also highlights their potential as a
superior alternative in applications where endurance under
cyclic electric fields is critical.

Figures 5b,c present an intricate interplay between the
switchable polarisation strength 2P,, the negative strain S,
the internal bias electric field Ey,, and the piezoelecttic con-
stant ds3 as they evolve with the number of cycles for the BZ6
piezoelectric ceramics. These data encapsulate a wealth of in-
formation, revealing a dynamic and complex relationship
where the softening effect and the fatigue effect are in a state
of equilibrium during the unipolar fatigue of BZ6 ceramics.
The figure illustrates that there is a competitive relationship
between the softening effect and fatigue effect in the unipolar
fatigue process of BZ6 ceramics. Fatigue studies of PZT
piezoelectric ceramics show that unipolar fatigue can lead to
the formation of an internal bias electric field E};,,, where Ey,q,
can be obtained from the hysteresis tetutn P(E) or the
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FIGURE 5 (a) Relationship between asymmetry factors y; and y,33 and
the number of unipolar cycles N, (b) reversible polarisation strength 2P,,
negative strain S, (¢) internal bias electric field Eiy, piezoelectric
constant ds3 versus number of cycles N.

piezoelectric constant—electric field ds3(E) curve. However,
since the hysteresis return P(E) is measured by a relatively
comparative method, the Ey;,, calculated from the ds3(E) curve
is more reliable, which is defined as follows:

Ec,+Ec_

Ebias = - 2 (l -3)

whete Ec; and Ec_ represent the positive and negative co-
ercive fields, respectively, in the ds3(E) curve. A careful ex-
amination of the figure reveals that the reversible polarisation
strength 2P, and the piezoelectric constant ds; exhibits a

progressive increase within the initial 10° cycles. This obser-
vation suggests the presence of a softening effect, predomi-
nantly attributed to the increased mobility of domain walls. It
is noteworthy that this softening effect closely mirrors the
outcomes observed during the polarisation process to a sig-
nificant degree. Upon surpassing the 10° cycle threshold, the
fatigue effect emerges as a dominant factor, culminating in a
diminution of electrical properties, exemplified by a decrease
in the 2P, parameter. Concurrently, thete is a marked escala-
tion in the internal bias electric field Ey;,.. However, the sce-
nario for the negative strain S, (defined as the difference
between the residual strain and the minimum strain within the
strain-electric field S(E) cutve) presents a mote intricate pic-
ture. Generally, the escalation of §,., is typically ascribed to a
softening effect, which is associated with the heightened
mobility of domain walls. Nevertheless, in the context of the
current expetiments, the asymmetry observed in the S(E)
curve also plays a pivotal role in the observed increase in S,
This multifaceted interplay between softening and fatigue ef-
fects, along with the influence of domain wall dynamics and
curve asymmetry, provides a comprehensive understanding
of the material's response to cyclic loading, offering valuable
insights for the optimisation and application of piezoelectric
ceramics.

3.2 | Agglomeration of space charge carriers
at grain boundaries

Given the striking similarities in the unipolar fatigue charac-
teristics of BZ6 and PIC151 ceramics, it is plausible to surmise
that the mechanisms underlying the performance degradation
in both materials may share commonalities. In the realm of
PZT piezoelectric materials, the unipolar fatigue phenomenon
is predominantly ascribed to the accumulation of space charge.
This conceptual framework can be extrapolated to elucidate
the unipolar fatigue behaviour of BZ6 ceramics, as depicted in
Figure 6. Throughout the process of electric field cycling, the
polarisation direction within each domain undergoes incessant
transformation. However, due to the disparities in crystal
orientation, the polarisation vectors across adjacent grains at
the grain boundaries cannot fully compensate each other. This
mismatch results in the emergence of a localised depolarisation
field, denoted as ¢ and 6~ (as illustrated in Figure 6a). In
response, nearby free charge carriers are mobilised and redis-
tributed to counteract the effects of the depolarisation field, as
shown in Figure 6b. The convergence of these charge carriers
culminates in the formation of an internal bias field FEy;,,
which aligns with the direction of the applied electric field. The
cumulative effect of these bias fields results in a discernible
shift in the hystetesis return P(E). This shift can be interpreted
as a driving force behind the variability observed in the
properties of the BZ6 ceramics, including the asymmetry in the
S(E) and €33(E) curves. This mechanistic understanding of the
unipolar fatigue process not only enriches our comprehension
of the degradation dynamics in BZ6 ceramics but also offers a
valuable reference for the design and optimisation of robust
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piezoelectric materials capable of withstanding the rigours of
cyclic electric field applications.

3.3 | Effect of annealing treatment on
unipolar fatigue samples

In addition to the agglomeration of space charge can lead to
the fatigue effect of piezoelectric ceramics, the mechanical
damage during the electric field cycling process should not be
ignored. It has been shown that simple annealing treatment can
fully or partially restore the piezoelectric properties of PZT
ceramics after bipolar’% and unipolar22 fatigue if there is no
mechanical damage inside the ceramics, such as microcracks or
electrode peeling. Therefore, we investigated the effect of

annealing treatment on the piezoelectric properties of BZ6
ceramics after fatigue.

Figure 7 presents a comparative analysis of the field strain
curves and large-signal electrical curves of BZ6 ceramics in their
pristine state, post-fatigue, and subsequent to annealing treat-
ment. The data reveals that the annealing process facilitates a
comprehensive restoration of the BZ6 ceramics' properties
following fatigue. This observation suggests that the unipolar
fatigue process does not result in any mechanical damage to the
material, such as microcracks ot electrode delamination, which
are typically irreparable through thermal treatments. The
annealing treatment's ability to fully rejuvenate the material's
characteristics underscores the predominance of reversible, non-
mechanical alterations, such as the reorientation of polarisation
vectors and the redistribution of space charges, during the

(c)
O'-m

EGX: ‘

- 000

Eblas

FIGURE 6 Schematic modelling of the agglomeration of space charge carriers at grain boundaries during unipolar fatigue processes. (a) Formation of a

localised depolarisation field, (b) redistribution of space charge carriers, (c) formation of an internally biased electric field.
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(2) Comparison of unipolar field-induced strain curves, (b) piezoelectric constant-electric field ds3(E) curves, (c) strain-electric field S(E) curves,

and (d) dielectric constant-electric field e33(E) curves of BZ6 ceramics before and after fatigue and annealing treatment.
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fatigue process. The recovery of the field strain and electrical
response to their pre-fatigue states is a testament to the resilience
and recoverability of the BZ6 ceramics, highlighting their po-
tential for applications where cyclic loading is involved.

4 | CONCLUSIONS

In conclusion, the present study delves into the unipolar fatigue
characteristics of lead-free piezoelectric ceramics, focusing on
BaZrO5-modified (K, Na)NbO;. An impressive resilience is
showcased by the BaZrO3-modified (K, Na)NbOj3-based lead-
free piezoelectric ceramics. Even after enduring 107 cycles of
unipolar electric field cycling, the field-induced strain experi-
ences a minimal reduction of approximately 8% relative to its
pre-fatigued state. The exposure to unipolar electric field
cycling instigates the manifestation of unipolar fatigue attri-
butes in (K, Na)NbOj3-based ceramics, characterised by the
formation of internal biased electric fields and the perturbation
or asymmetry in the electrical performance hysteresis loops.
The observed unipolar fatigue behaviour is elucidated by the
agglomeration of space charge carriers at the grain boundaries,
which is pivotal in understanding the underlying mechanisms.
Remarkably, the electrical properties of the fatigued samples
can be entirely revitalised through a straightforward annealing
process, a testament to the absence of mechanical damage
within the samples. This outcome underscores the ceramics'
exceptional endurance against unipolar fatigue and hints at a
dynamic interplay between the softening effect and the fatigue
effect throughout the unipolar fatigue process. The findings of
this study offer profound implications for the development and
fabrication of lead-free piezoelectric ceramic materials, partic-
ularly for their practical implementation in actuators.
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