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Effect of electric hysteresis on fatigue behavior
in antiferroelectric bulk ceramics under
bipolar loading

Pratyasha Mohapatra, Duane D. Johnson, Jun Cui and Xiaoli Tan 2 *

Antiferroelectric ceramics are exploited for applications in high energy-density capacitors due to their
reversible electric-field-induced phase transitions. The difference in the fields between the forward and
reverse transition is termed electric hysteresis. As accumulation of hysteresis loss is detrimental to
antiferroelectric capacitors, especially in high-frequency applications, the effect of hysteresis on the
long-term operation performance must be evaluated. We investigate the effect of hysteresis on fatigue
behavior in two antiferroelectric ceramic compositions with comparable recoverable energy densities
(056 vs. 0.64 J cm™>), having a large and small hysteresis of 239 kV cm™! and 3.9 kV cm™,
respectively. In test cycles of 2.5 x 10° of £60 kV cm™ bipolar fields, the ceramic with large hysteresis
exhibits a 72% decrease in the recoverable energy density and a 71% decrease in the energy efficiency.
In contrast, the small hysteresis ceramic shows a 4.5% degradation in energy density and 0%
degradation in energy efficiency. These results demonstrate that reducing the electric hysteresis of
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1. Introduction

The rapid increase in energy generation from renewable
resources, especially over the last decade, has led to a growing
demand for high energy-density capacitors. Antiferroelectric
(AFE) materials are considered as one of the best candidates
for these high-energy/high-frequency power conditioning appli-
cations, like DC inverters in renewable sources and electric
cars, due to their near zero remanent polarization and fast
discharge rates.”” During the charging stage of the AFE capa-
citor, it undergoes a field-induced transition to ferroelectric
(FE) phase storing energy (W), and then releases part of the
stored energy (W;.) as it returns to the AFE phase when the
electric field is removed during the discharge stage.? The phase
transitions, however, are associated with electric hysteresis
(AE), corresponding to dissipated energy (Wj,ss) which cannot
be recovered during the operation of the capacitor and reduces
its operating efficiency. Like ferroelectrics, AFE capacitors
undergo deterioration in their performance when exposed to
extended periods of dynamic fields.”® Such deterioration limits
the operational life of an AFE capacitor.

Electric fatigue is the decay in material performance under
the impact of a prolonged application of alternating electric
fields. In a FE material, fatigue manifests as the reduction in
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antiferroelectric capacitors is essential for higher energy efficiency and longer service lifetime.

maximum polarization, remanent polarization, and the max-
imum induced strain with increasing cycles of electric field.”™®
A deterioration in the properties adversely affects the operation
reliability and life of FE devices. The origin of fatigue has been
attributed primarily to (i) electrochemical factors: pinning of
domain walls by charge carriers that inhibit domain wall
movement and (ii) mechanical factors: formation and propaga-
tion of microcracks that disintegrate the active material. Fati-
gue from electrochemical origin can be generally recovered by
annealing over 300 °C, but the damage from mechanical factors
is permanent. AFE ceramics (like ferroelectrics) also undergo
fatigue: i.e., loss in the maximum polarization and maximum
strain when subjected to repeated electric loading.>®'°
Although the fatigue resistance of AFE ceramics is presumably
superior to the FE counterparts,” the degradation of polariza-
tion and strain poses a great hindrance in their widespread
application as high energy-density capacitors and large-
displacement actuators.

The fatigue behavior can be affected by both intrinsic and
extrinsic factors. Intrinsic factors are characteristic to the
ceramic like (i) composition, (ii) domain structure, and (iii)
grain morphology; while the extrinsic factors depend on exter-
nal conditions like (i) applied electric field amplitude, (ii)
electrode material, (iii) test temperature, (iv) frequency of the
loading signal, (v) polarity of loading, and (vi) sample surface
conditions. Influences of these factors on fatigue have been
mostly studied in ferroelectrics.”®'>™* During its service,
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an AFE capacitor undergoes back-and-forth phase-transition
cycles, each of which is associated with an electric hysteresis.
An accumulation of the hysteresis loss energy can prove detri-
mental to the capacitor, especially in high-frequency applica-
tions. As such, there is an urgent need to evaluate the effect of
hysteresis on the long-term operation performance of AFE
capacitors. In the literature, there are only a few reports on
the fatigue behavior of AFE ceramics™*'*"*™'* and, to the best
of our knowledge, there has been no study on the influence of
hysteresis on the fatigue of AFE materials.

Here, fatigue behavior is studied and compared for two AFE
compositions with drastically different electric hysteresis (AE)
but with comparable recoverable energy densities (W,.). Both
compositions are La- and Sn-doped lead zirconate titanate. The
ceramic with small hysteresis is (Pb.925L80.05)(Zr0.425MN0.40Ti0.18)O3,
as reported in a previous study,'® which is abbreviated as
PZ-S (S: small hysteresis). The large hysteresis composition is
(Pbg.o7La0.02)(Z10.59SN0.31Ti0.10)03 and is abbreviated as PZ-L
(L: large hysteresis). The effect of hysteresis on fatigue mechanism,
its manifestation on maximum polarization, strain and energy
storage properties are thoroughly investigated. This study will be
instrumental in the design of high energy-density AFE capacitors
aimed for reliable performance with a long lifetime.

2. Experimental procedure

The ceramics in the present study are prepared with the solid-
state reaction route. High-purity oxides (>99.9%) of PbO,
La,0;, ZrO,, SnO,, and TiO, were weighed in stoichiometric
quantities for both compositions: (Pby g;La,.02)(Zro.50510.31Tig.10)03
(PZ-L) and (Pby gz5La0.05)(Zr0.425N0.40Ti0.18)03 (PZ-S). A 3-5% excess
of PbO was included to compensate for the lead loss in the
subsequent high-temperature processing steps. The oxides
were milled in ethanol for 6 hours. After drying, the milled
powders were uniaxially pressed into a cylinder and calcined at
935 °C for 4 hours. After another milling and drying, 10 wt.%
polyvinyl alcohol binder was added, and pressed pellets were
buried in PbZrO; powders in a double crucible arrangement
during sintering at 1350 °C for 3 hours.

The top 200 pm layer was polished off from both flat
surfaces of the sintered pellets. The disk samples were then
annealed at 250 °C for 30 minutes to relieve any stresses
incurred. The density of the sintered pellets was determined
using the Archimedes method. The phase purity and crystal
structure were analyzed with X-ray diffraction from the
annealed samples. Scanning electron microscopy (SEM) was
performed on the fractured surface of the sintered pellets to
reveal the grain morphology. For the dielectric property
measurement, silver paste electrodes were fired on at 800 °C
for 5 minutes. The temperature dependent dielectric constant
and loss tangent were measured at 1, 10 and 100 kHz at a rate of
4 °C min~' during heating.

For bipolar electric field cycling and electric property mea-
surements, the sintered pellets were polished to ~0.4 mm
thick disks. Ag-Pt bilayer 6 mm diameter electrodes were
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sputtered on the flat surfaces. The samples were submerged
in a dielectric fluid (Fluorinert™ FC-40, 3M) to prevent arcing
during the bipolar fatigue tests under a triangular waveform
with a peak field (Eqax) of 260 KV ecm ™! at a frequency of 10 Hz.
The Eqax was selected nearly 25 kv em™' above the critical
transition fields of the compositions to ensure the ceramics
attain polarization saturation during the electric cycling. Three
samples of each composition were tested for 2.5 x 10° cycles at
room temperature. During the fatigue tests, polarization (P) vs.
electric field (E) curves were recorded with a standardized
ferroelectric test system (Precision LC II, Radiant Technologies)
at the first cycle and after a preset number of cycles. In
addition, the macroscopic longitudinal strain (S;) vs. electric
field (E) was recorded at the first cycle and after 2.5 x 10° cycles.
These P vs. E and S; vs. E curves were all recorded at the
frequency of 1 Hz.

After fatigue tests, the Ag-Pt bilayer electrodes were chemi-
cally etched away to expose the fatigued surfaces underneath
the electrodes, which were then examined with SEM. Then, the
top 100 pm layer of the ceramic under the electrode was
mechanically polished off to inspect the fatigue damage in
the interior of the sample.

3. Results

3.1 Structure of the AFE ceramics

X-ray diffraction patterns of the sintered ceramics are shown in
Fig. 1 for the two compositions (PZ-L and PZ-S). Both composi-
tions exhibit a perovskite structure. Impurities, if any, are in
quantities below the detection limit of the X-ray diffractometer.
The peaks of the patterns are indexed with the pseudo-cubic
unit cell.'”"'® The splitting of the (200) pseudo-cubic peaks in
both compositions indicates a tetragonal distortion of the
perovskite structure.'® The peaks for PZ-S shift towards higher
20 angles, compared to PZ-L, suggesting smaller lattice
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Fig. 1 X-ray diffraction spectra of the two AFE ceramics PZ-L and PZ-S.
(a) The whole spectra in the 20 range of 20-70°. (b) The close view of the
200 pseudo-cubic peak.
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parameters. Such decrease in PZ-S is expected due to the higher
concentration of smaller ionic radii La*" (1.36 A) ions, which
substitutes a much larger Pb®" (1.49 A) on the A-site of the
perovskite structure. Moreover, PZ-S also has a high Ti**
(0.605 A) concentration on the B-site, which is smaller than
sn** (0.69 A) and Zr** (0.72 A).° The lattice parameters of PZ-L
were determined to be @ = 4.109 A and ¢ = 4.081 A, and for PZ-S,
a = 4.083 A and ¢ = 4.065 A. The unit cell volume of PZ-S is
67.767 A, which is smaller than that of PZ-L (68.886 A®). The
splitting of the (200) pseudo-cubic peak is much more promi-
nent in PZ-L than in PZ-S, as illustrated in Fig. 1b. This suggests
a stronger tetragonal distortion in the crystal structure, as also
evidenced from the 1 — (c/a) ratio (tetragonality) of the two
lattices (0.7% for PZ-L and 0.4% for PZ-S). A ¢/a ratio closer to
unity (in PZ-S) indicates a near cubic structure and minimum
lattice distortion.” The relative density of the AFE ceramics was
determined to be 96.9% for PZ-L and 97.5% for PZ-S.

The as-sintered ceramics were mechanically fractured and
then thermally etched at 1140 °C for 30 minutes to better reveal
the grain boundaries during SEM imaging. The grain size and
morphology of the two AFE ceramics are illustrated in
Fig. 2. The average grain size was quantified using the linear
intercept method. The PZ-L ceramic has a larger grain
size of 11.9 & 2.7 pm while PZ-S shows a smaller grain size of
2.8 = 0.4 pm. The suppressed grain growth in PZ-S can be
attributed to the higher content of La*" which is known to
inhibit grain growth.'®*' It should be noted that the two AFE
ceramics display distinctive fracture features. The PZ-L ceramic
fractures in a conchoidal mode, suggesting a strong grain-
boundary mechanical strength. On the other hand, PZ-S shows
primarily intergranular fracture.

3.2 Properties of the AFE ceramics

3.2.1 Dielectric properties. Fig. 3 shows the temperature
dependence of the dielectric constant (¢;) and loss tangent
(tan d) of the two ceramics at 1 kHz, 10 kHz and 100 kHz. For
PZ-L (Fig. 3a), the dielectric constant increases continuously
from its room temperature value to reach a maximum at 149 °C
(Ty), after which it shows a plateau region before it drops after
181 °C. PZ-L is in AFE state at room temperature, indicated by
its low tan ¢ values. At the first anomaly at T,,,, the tetragonal
AFE phase transforms to a paraelectric multicell cubic struc-
ture. At the second anomaly, the multicell cubic transforms to a

Fig. 2 SEM micrographs of the fracture surface of as-sintered ceramics:
(@) PZ-L, (b) PZ-S.
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Fig. 3 Temperature dependence of dielectric constant (¢) and loss
tangent (tand) of the AFE ceramics measured during heating. (a) PZ-L,
(b) PZ-S.

single-cell cubic structure. No frequency-dependent dispersion
is observed in the ¢, characteristic to the AFE behavior. The loss
tangent (tan ¢) remains low in a large range of temperature and
increases at high temperatures in the single-cell-cubic
paraelectric phase.

The dielectric behavior of PZ-S is presented in Fig. 3b. The
room-temperature value of ¢, is much higher than PZ-L. The &,
increases to reach its maximum at ~77 °C (Ty,) but there is no
plateau region. Also, the AFE to paraelectric transition is much
more diffuse compared to that of PZ-L. The ¢, and tan é show
apparent frequency dispersion at temperatures below T;,. The
loss tangent is higher at room temperature than PZ-L and
decreases to remain low up to 200 °C until it increases at high
temperatures. The high room-temperature ¢, lowered Ty,
suppression of the plateau region, and the increased frequency
dispersion are similar to earlier studies and are attributed to
the high La®*" concentration.’®** La*" is expected to promote
the formation of polar nano-regions that facilitate diffuse phase
transitions and introduce relaxor characteristics in lead zirco-
nate titanate ceramics. It is interesting to note that in the
Pby_1 sxLa (Zr.425N0.40Ti0.15)03 (X = 0.00-0.06) series, La®" dis-
rupts the long-range FE order and impose both relaxor and AFE
characteristics to the compositions of x = 0.04, 0.05, and 0.06.%°
La*" was also reported to further stabilize the AFE order in
Pb(Yby/,Nby/5)0.62Ti0.0503 ceramics.*

3.2.2 Electric field-induced polarization. The polarization
response of the AFE ceramics to the first cycle of applied
electric field is presented in Fig. 4a. Both compositions show
double hysteresis loops characteristic to AFE materials. When

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) The P vs. E and (b) S3 vs. E hysteresis loops measured on the

PZ-L (black) and PZ-S (red) ceramics at their virgin state.

the applied electric field increases, the ceramic undergoes a
field-induced AFE to FE phase transition at a critical field (Eg).
This forward transition in the PZ-L ceramic is indicated by an
abrupt increase in polarization at 35.3 kV cm ™! after which the
polarization saturates when the entire ceramic transforms to
the FE phase,'®** reaching a maximum (Ppa,) of 38.1 uC cm ™2
at 60 kv cm™'. During unloading of the electric field, the
induced FE phase remains stable at electric fields much below
Er and eventually transforms back to the AFE phase at another
critical field (E,) revealed by the sharp drop in polarization. The
remanent polarization (P;) at 0 kV em ™" is near 0 (0.1 pC cm™?),
indicating an almost complete recovery of the AFE phase.
The difference in the applied fields, measured at halfmaximum
polarization, is the electric hysteresis (AE),>® which is 23.9 kv em ™"
for PZ-L. Such a hysteretic transition behavior is consistent with
previous reports on similar AFE compositions.***”

In contrast, the PZ-S ceramic transforms to the FE phase in a
more gradual and diffuse manner. The resulting P vs. E loop is
oblique and slim. Such slim loops were also observed by
Chen et al.'® in AFE ceramics with high La*" concentrations.
An increase in La** concentration is expected to introduce
random local fields that disrupt the long-range AFE order and
promote diffuse phase transitions and slanted hysteresis
loops.>>*®?° The higher La** concentration in PZ-S also leads
to a lower saturation polarization, with a Pp,ax of 26.7 pC cm ™2

This journal is © The Royal Society of Chemistry 2021
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at 60 kv ecm™'. The electric hysteresis AE for PZ-S is
3.9 kV em ™, significantly smaller than the PZ-L ceramic.

In capacitor applications, the forward AFE to FE transition
occurs during charging as energy is stored (W) and the reverse
FE to AFE transition takes place during discharging as part of
the stored energy is released as useful recoverable energy (Wr.).
The unrecovered stored energy is the energy loss (Wjss), which
leads to heat dissipation in the capacitor. The energy properties
of a capacitor are quantified as follows:

Prn'd.’(
Wy = J EdP (1)
P,
Pr
We=—|  Ear @
Pmi\x
Wioss = Wst — Wre (3)
0 = (WeelWe) X 100% @)

where E is electric field, P is polarization, P, is the remanent
polarization at 0 kV cm ™" field and P, is the maximum
polarization at peak field. The energy efficiency » quantifies
the effectiveness of the capacitor in releasing the stored energy;
a higher value of 5 is always desired.

In the PZ-L ceramic, the sharp increase in polarization at Er
and the high maximum polarization result in a high W of
1.36 ] cm . Nevertheless, owing to the large hysteresis, a major
portion of the stored energy is unrecovered with Wj.s of
0.80 J cm . This results in a Wy of 0.56 ] cm >, corresponding
to an u of 41%. The slanted shape of the loop and a low
maximum polarization in PZ-S lead to a much lower Wy of
0.73 ] cm™®. However, the reduced hysteresis indicates an
extremely low Wiae (0.09 J ecm™?), which results in an even
higher W, (0.64 ] cm?) than that of PZ-L. The energy efficiency
n of PZ-S is 88%, more than twice that of PZ-L.

3.2.3 Electric field-induced strain. The macroscopic long-
itudinal strain (S;) induced by the applied electric field is
displayed in Fig. 4b. The S-E loops show the same hysteretic
behavior as their corresponding P-E loops. For PZ-L, S; remains
almost zero when the ceramic is in AFE till Ey is reached, where
it shows a sharp increase marking the AFE to FE phase
transition. S; reaches a maximum of 0.32% (Smayx) at the peak
field of 60 kv cm ™. The strain gradually decreases upon field
removal when the FE to AFE transition occurs. Under the fields
in the opposite polarity, a highly symmetric lobe of the strain
loop is developed.

The PZ-S ceramic does not show an abrupt increase in S; as
field increases. The AFE to FE transition is diffuse around Ey,
which leads to a slanted S-E loop. The loops display a small
offset to the negative field with a minor asymmetry. The Sy, is
0.11% in positive lobe (S*) and 0.09% in the negative lobe (S7).
The maximum strains in PZ-S are significantly lower than PZ-L,
which may be attributed to the correlation between strain and
polarization in these compounds.®*=*

J. Mater. Chem. C, 2021, 9, 15542-15551 | 15545
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3.3 Fatigue of the AFE ceramics

Fig. 5 and 6 show the evolution of the hysteresis loops of the
two AFE ceramics under bipolar cyclic electric fields. Selected
P-E loops for PZ-L at the first cycle (blue) and after 1.6x 10°,
6.5 x 10°,1.3 x 10° and 2.5 x 10° cycles are displayed in Fig. 5a.
It is evident that Er gradually shifts to lower values during
cycling and eventually the AFE to FE transition becomes very
diffuse. The maximum polarization (P,,) decreases while the
remanent polarization (P,) increases with the number of cycles.
After 2.5 x 10° cycles, the double loops almost become a
slanted single loop with considerable P, and apparent coercive
fields, suggesting the stabilization of the induced FE phase
upon electric cycling.*”

The fatigue effect on the field-induced strain in PZ-L is
shown in Fig. 5b. After 2.5 x 10° cycles, the S-E loop becomes
slanted asymmetric, analogous to the P-E loop. The Spax
decreases by 52% in the S* lobe while by 65% in the S~ lobe.
Development of asymmetry in the S-E loop after fatigue was
also observed in previous studies on AFE ceramics.”®'°
Another notable feature in the S-E loop after fatigue is the
presence of negative strains in the S~ lobe. A negative strain is
indicative of FE behavior. Therefore, the strain behavior con-
firms the stabilized FE state in the fatigued sample revealed by
the P-E loops.
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Fig. 5 Hysteresis loops of the PZ-L ceramic during fatigue under bipolar
electric fields. (a) The P vs. E loops. (b) The S—E loops.
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Fig. 6 Hysteresis loops of the PZ-S ceramic during fatigue under bipolar
electric fields. (a) The P vs. E loops. (b) The S—E loops.

The P-E loops of PZ-S were measured at the first cycle, and
after 1.6 x 10, 6.5 x 10°, 1.3 x 10° and 2.5 x 10° cycles and are
displayed in Fig. 6a. In contrast to PZ-L, PZ-S shows almost no
change in the loop characteristics even after 2.5 x 10° cycles,
with all the loops overlapping on each other. The S-E loops at
the first cycle and after fatigue of PZ-S display very minor
reduction in Smax, indicating a high resistance to electric
cycling (Fig. 6b). Both lobes of the double loops become slightly
more slanted after fatigue owing to an increase in the diffuse-
ness of the phase transitions. The Sy, in the S lobe remains
larger than that in the S~ lobe after fatigue.

The evolution of P,,,, and P, are compared in Fig. 7 for PZ-L
and PZ-S, averaged for three samples in each composition. The
Prax in PZ-L shows minor drop till 3.2 x 10° cycles after which
the decline is almost logarithmic. After 2.5 x 10° cycles, the
Ppax reduces by 23.7% from its virgin state value. The P,
remains stable till 3.2 x 10> cycles before it shows a dramatic
increase. On the other hand, the PZ-S ceramic displays a small
reduction of 3.0% in Py, after 2.5 x 10° cycles of bipolar fields.
Apart from the behavior of the average values, PZ-L shows a
greater variation in their polarization values indicated by the
large error bars. The deviation shows an increase with the
number of cycles, indicating a poor reliability at high cycles
in AFE capacitors made of PZ-L due to electric fatigue. The error
bars in Fig. 7b for PZ-S are smaller than the symbols on the

This journal is © The Royal Society of Chemistry 2021
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curves, indicating that the variation in its polarizations remains
low throughout the cycles of fatigue tests. Therefore, the
ceramic with small hysteresis (PZ-S) not only shows excellent
resistance to fatigue but also high stability and reliability in the
performance.

4. Discussion
4.1 Energy storage properties against fatigue

The energy storage properties of AFE capacitors can be
extracted from the recorded P-E loops. Fig. 8 illustrates the
evolution of Wy and W), of the two ceramics during bipolar
cycling. Both Wy and W, in PZ-L show an initial gradual
decrease till 3.2 x 10° cycles. During this period, the Py, and P;
are stable, and the P vs. E loops become more diffuse at the
forward and reverse transitions. The small reduction in W, is
attributed to the gradual reduction in the Py, while the
reduction in W, stems from the increase in diffuseness of
the phase transitions which makes the loops slanted and
slimmer, reducing the enclosed loop area. After 3.2 x 10°
cycles, Wioss in PZ-L shows a drastic rise while W, exhibits a
small increase. The increase in Wj,ss (~50%) is attributed to
the sharp rise in P, which marks the gradually stabilized FE

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry C

a 1 6 hMAddiy B AR ALY AL A ALY LA ALLL B AL IR AL B
= PZ-L |

1.2-. W, y

"g ] ]
5 0_8 ] A A—bbdb-4 A 2 a _..
; 4 Wloss J
0.4 ]

04 i

o
2

1 PZ-S

-
N
1

st

W (J/lcm?®)
o
(<]

| IS S [N T WY N AT SN NN WU N ST ST S |

0.4
Wloss
04
LG PR B W PR R BT
10° 10" 102 10° 10* 10° 10°
Cycles

Fig. 8 Evolution of Wy and W ss during cycling of bipolar electric fields in
(a) PZ-L, and (b) PZ-S. The values are extracted from P—E loops in Fig. 5
and 6.

phase in PZ-L. In contrast, both W and W, in PZ-S change
very little throughout the 2.5 x 10° cycles. Compared to their
initial values, W decreases by 5% while Wj.s; decreases by 7%
after fatigue.

For energy storage capacitors, the most important properties
are the recoverable energy density W,. and the energy efficiency
n. The evolution of these two properties during electric cycling
are comparatively shown in Fig. 9. Even though W, and W,
are quite different in the two compositions, the initial W, in
PZ-L and PZ-S are comparable (0.56 vs. 0.64 ] cm ™). However,
after multiple cycles of bipolar loading, the two ceramics show
distinctions in performance. The W,. of PZ-L shows a gradual
increase till 3.2 x 10° cycles after which it drops sharply, by
72% from its initial value after 2.5 x 10° cycles. The large
decrease in W, is due to the sharp increase in W, during the
late stage of fatigue test. On the other hand, PZ-S has a higher
initial value of W, and it remains mostly steady during fatigue,
only a 4.5% decrease after 2.5 x 10° cycles. The energy
efficiency # shows a similar trend as W.. It drops to 12% in
PZ-L after 2.5 x 10° cycles, indicating 88% of the stored energy
cannot be released. PZ-S, in contrast, demonstrates a remark-
able stability. Its n value remains constant at 88% even after
2.5 x 10° cycles due to the proportional decrease in Wy, and
Wioss.- FOr an operating capacitor at a designated energy density
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Fig. 9 Evolution of (a) the recoverable energy density, W,., and (b) the
energy efficiency, 5, during cycling of bipolar electric fields in PZ-L and
PZ-S. The values are extracted from P—E loops in Fig. 5 and 6.

and operating field, it can be seen that the ceramic with a small
hysteresis, such as PZ-S, would display a much longer service
life with excellent stability in performance. It should be noted
that PZ-S can be referred to as a relaxor antiferroelectric
ceramic. The strategy of designing relaxor antiferroelectric
compositions for high performance energy-storage capacitors
has been recently demonstrated in both lead-containing'” and
lead-free perovskite compounds.®*™*3

4.2 Fatigue mechanisms of the AFE ceramics

4.2.1 Electrochemical factors. The fatigue in bulk FE and
AFE ceramics have been attributed primarily to two main types
of factors: (i) migration and accumulation of electrochemical
charge species or (ii) mechanical impairment by microcracks.
In most cases, both factors can work concurrently to contribute
to electric fatigue. Mechanical damage is easier to identify since
it results in microcracks that can be detected with a micro-
scope. Electrochemical causes of fatigue originate from the
formation, migration and accumulation of charged species or
defects that lead to pining of domain walls or phase boundaries
and hinder their movement under electric field. In lead zirco-
nate titanate ceramics, these defects can be the donor or
acceptor dopants at A or B sites of the ABO; perovskite lattice,
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or oxygen vacancies due to doping or PbO loss during
sintering.*®*”

The increase in the diffuse nature of the AFE-FE transitions
during repeated bipolar cycling can be attributed to the pinning
of both domain walls and phase boundaries. Pinning of the
phase boundary impedes the phase transitions. If the impedi-
ment is strong, many domains or grains may not even trans-
form into the FE phase, which can lead to the decrease in the
maximum polarization and make the phase transition gradual
and to occur over a range of fields. In the meantime, charged
point defect pinning can occur to the FE domain walls in the
induced FE phase.’® A higher field may be required to overcome
the increased energy barrier and move the domain walls.

The increase in the remanent polarization in PZ-L suggests
that bipolar electric cycling tends to stabilize the induced FE
phase. As the amount of FE phase is negligible in the virgin
state, the increase in the fraction of the metastable FE phase is
attributed to the accumulated charged point defects during
fatigue cycling. The polar nature of the charged defects favors
the polar FE phase to minimize net charges and to reduce the
electrostatic energy. The accumulation of charged defects, and
their pinning of the FE domain walls and AFE/FE phase
boundaries are also suggested to be responsible for the asym-
metric degradation of the strain loops after fatigue, especially
in the PZ-L composition. Development of asymmetry is more
commonly seen during fatigue in the FE ceramics'*?°
in some AFE,” as FE domains progressively freeze with a
preferred polarization direction favored by clusters of point

and also

(1]

defects (Lap,, Vpp, Vo,
o — Vo). Under the applied field during electric fatigue,

etc.) and their complexes (e.g

the charged point defects and their complexes tend to align
themselves and form low-energy configurations. As a result,
internal-bias fields gradually develop, favoring certain FE
domains. These directionally biased FE domains give rise to
an ‘offset polarization’ and an ‘offset strain’.**™*>

4.2.2 Microcracking. Mechanical damage during electric
cycling is also one of the mechanisms of fatigue in FE and AFE
materials. The damage incurred by microcracking cannot be
relieved by heat treatments below the sintering temperature
and is thus, considered permanent. The surfaces of two fati-
gued samples were examined after etching the electrode and
are displayed in Fig. 10. The PZ-L ceramic displays extensive
microcracks underneath the electrode (Fig. 10a). The surface
prior to electrical loading does not have any cracks and has
similar appearance to the flat part in the upper right portion of
this micrograph. The cracks in the fatigued sample are situated
primarily along grain boundaries and sometimes within grains
(Fig. 10b). A large portion of the top layer of grains on the
ceramic surface appears to have been pulled away after the
etching process. Similar microcracking behavior was also
observed by Jiang et al.” in ferroelectric ceramics. Microcracks
adversely affect the phase transition in adjacent grains because
they can shield the applied electric field. As lesser number of
grains transform, the achievable maximum polarization
drops, as seen in the reduction of P, values in PZ-L.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 SEM micrographs of the surfaces of fatigued samples after the
electrodes were chemically etched. (a) PZ-L at lower magnification.
(b) PZ-L at higher magnification where microcracks along grain bound-
aries (arrow 1) as well as within grains (arrows | and lll) are seen. (c) PZ-S.

The non-uniform transition in grains gives rise to incompatible
stresses at grain boundaries, further promoting crack growth.”

A closer examination of the microcracks in PZ-L reveals
three types of microcracks (Fig. 10b): (i) transgranular cracks
enclosed inside grains (arrows marked I), (ii) intergranular
cracks along grain boundaries (arrow II), and (iii) transgranular
cracks across multiple grains (arrow III). These distinct types of
microcracks seem to indicate their different origins: the trans-
granular crack is likely to be caused by the incompatible strain
at the AFE/FE phase boundary within the grain while the

This journal is © The Royal Society of Chemistry 2021
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intergranular crack is resulted from the incompatible strain
at the grain boundary due to anisotropic nature of the piezo-
electric effect. During electric cycling, the AFE to FE transition
is accompanied with an increase in the crystal volume, which in
turn creates internal stress at the AFE/FE phase boundary as
well as the grain boundary. The piezoelectric and electrostric-
tive strains under applied field depend on crystallographic
orientations of individual grains. A mismatch in the strains
between two adjacent grains leads to stress concentrations at
the grain boundary. When the stress is sufficiently high, the
repeated action during electric cycling leads to microcracks
formation. It is interesting to note that virgin state PZ-L
mechanically fractures in the conchoidal mode (Fig. 2), indicat-
ing the grain boundaries are not mechanically weak initially.
The extensive intergranular microcracks in the electrically
fatigued sample indicate the large differences in local stresses
under mechanical and electric loadings.

In stark contrast, the ceramic with small hysteresis, PZ-S,
shows an intact surface underneath the electrode after fatigue
(Fig. 10c). Even in small and scattered pockets where the grain
structure underneath is revealed, no microcracks either along
grain boundaries or within grains are observed.

To further inspect if microcracks exist in the interior of
fatigued samples, a layer of 100 um under the electrode surface
was polished off from both PZ-L and PZ-S samples. PZ-L
displays macrocracks along the rim of electroded region and
clouds of propagating microcracks within the electroded
region. Another distinct feature is the presence of discoloration
beneath the electroded region in PZ-L, as shown in the optical
image in the table of contents entry. In contrast, PZ-S shows
neither microcracks nor discoloration, in line with the SEM
micrographs in Fig. 10c. Such discoloration and macrocrack
patterns are similar to those observed by Zhang et al'? in
fatigued FE lead zirconate titanate ceramics. The accumulated
charged point defects can act as color centers. Also the produc-
tion of V& during electric cycling is likely to be accompanied
with cation reduction, darkening the ceramic.'**° Further-
more, the formation of microcracks can drastically increase
light scattering, discoloring the electrically fatigued ceramic.

4.3 Hysteresis-dependent fatigue resistance

The large electric hysteresis seen in PZ-L during the phase
transitions is indicative of incompatible AFE and FE phases at
the phase boundary. The situation should be qualitatively
similar to the martensitic transitions in shape memory
alloys.”® The hysteretic energy (Wioss) would then be largely
expended in moving the high energy phase boundaries. During
repeating forward and reverse transitions, these phase bound-
aries can act as sites for crack initiation and also promote the
accumulation of charged defects, to relieve the elastic and
electrostatic energies. In contrast, the smaller tetragonal dis-
tortion in PZ-S may result in more compatible AFE and FE
phases with a smaller hysteresis in the displacive transitions."”

The hysteresis-dependent fatigue resistance can be rationa-
lized to be consistent with the strain-dependent fatigue
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resistance. Zhou et al.® reported that the AFE composition with
a higher electric field-induced strain (S;) suffered more severe
microcracking after fatigue. In the present work, the higher
macroscopic field-induced strain in PZ-L also corresponds to
more severe mechanical damage. In our previous work,'® we
found that the longitudinal strain S; during phase transition in
PbZrO;-based AFE polycrystalline ceramics is 4 to 5 times of the
transverse strain (S;). So S; can be used as an indicator of the
volume strain (S3 + 25;). A higher S; suggests a larger volume
expansion from the AFE unit cell to the FE unit cell, and in
turn, a larger lattice mismatch at the AFE/FE interface. An
incompatible AFE/FE phase boundary manifests itself as large
electric hysteresis AE. High S; and large AF are hence, expected
to come hand in hand, and both lead to fast and severe fatigue
damage. This is indeed the case in the previous work by
Zhou et al.,® as well as in the present work (Fig. 4b).

The two compositions with largely distinct electric hysteresis
not only show a variation in their fatigue resistance but also in
their fatigue mechanisms. For the large hysteresis composition
PZ-L, fatigue is believed to result from both electrochemical
and mechanical factors. The severe structural damage and
propensity of microcracks indicate that mechanical factors
may be the dominant mechanism in fatigue of PZ-L. The
limited change in Pp. and P; in PZ-L till 3.2 x 10> cycles
(Fig. 7a) and the low variability (small error bars) indicates a
homogeneous and mild degradation, which is similar to the
incubation period of fatigue seen in many FE ceramics.*® The
nucleation and fast growth of microcracks are presumed to
occur after this period till the measured 2.5 x 10° cycles. Since
microcracking in ceramics varies significantly from sample to
sample, the dispersion in the data increases beyond 3.2 x 10°
cycles. In contrast, in the small hysteresis composition PZ-S,
the absence of any microcracks and limited degradation in Py«
and P, suggest that electrochemical factors are the prevailing
fatigue mechanism. The lower field-induced strain also
indicates a lower lattice mismatch. In addition, the higher
concentration of La** donor dopant in PZ-S may reduce the
amount of oxygen vacancies in the ceramic, thereby reducing
the charged defects responsible for domain wall pinning.**

5. Conclusions

The fatigue behavior in bulk AFE ceramics with a comparable
recoverable energy density shows a strong association with
electric hysteresis. The mechanism of fatigue also exhibits a
correlation with the hysteretic nature of the electric-field-
induced phase transition. Mechanical damage seems to be
dominant in the composition with large hysteresis and electro-
chemical factors are prevalent in the small-hysteresis composi-
tion. The large-hysteresis composition shows a much more
severe fatigue deterioration in the maximum polarization,
increase in remanent polarization with asymmetric strain
behavior after fatigue, compared to the small-hysteresis com-
position. The recoverable energy of the large-hysteresis compo-
sition deteriorates dramatically by a 72% reduction after
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2.5 x 10° cycles, while the small-hysteresis composition shows
remarkable fatigue resistance and stability with only a 4.5%
reduction in recoverable energy and no change in the energy
efficiency. Thus, for the design of high energy-density capaci-
tors for long life and stable performance, compositions with
low hysteresis should be used.
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