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Abstract

The polarization degradation during electric field cycling in a ferroelectric ceramic is closely
related to the phase composition. In the present work, electric biasing in-situ transmission
electron microscopy (TEM) fatigue tests are conducted on relaxors of (1-x)(Bii2Nai2)TiOz—
xSrTi0s. It is directly observed that the ceramic of x = 0.25 features an irreversible relaxor-
ferroelectric phase transition and the domain walls in the metastable ferroelectric phase sweep
shorter and shorter distances during cycling. In contrast, the ceramic of x = 0.27 features a
reversible relaxor-ferroelectric transition and the domain walls in the transient ferroelectric phase

remain highly mobile even after 10* cycles.
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Polarization fatigue, as it can devastatingly affect the device performance, has been regarded
as a key issue of ferroelectric ceramics [1,2]. An important research topic is to identify the
factors that have critical impacts on their fatigue behavior; these include the external factors such
as field amplitude [3], cycling frequency [4], and test temperature [5]. However, factors that are
inherent to ferroelectric ceramics are thought to be more crucial. For example, addition of
aliovalent dopants and changes in phase compositions can lead to distinct fatigue behaviors in
lead zirconate titanate ceramics with similar chemical composition [6,7]. Lead-free piezoelectric
ceramics are known to have complex phase transitions in the electric field-temperature space,
their phase composition presumably plays a decisive role on their fatigue behavior.

Discussions on the phase composition-fatigue behavior relation have been made in all three
major lead-free piezoelectric ceramic systems. In BaTiOs-based ceramics, electric cycling in the
orthorhombic phase exhibits a worse fatigue resistance than in the tetragonal phase [8]. In
(Ko.5Nao.s)NbOs-based solid solutions, polarization degradation is considerably mitigated after
getting rid of the polymorphic phase transition [9]. In (Bi12Na12)TiOs-based relaxors, a fatigue-
free or even anti-fatigue phenomenon is observed when the relaxor-ferroelectric transition is
reversible [10-12]. Nevertheless, given the fact that the polarization fatigue is closely related to
the domain dynamics under cyclic electric field, experiments that can directly reveal the
microstructural evolution during cycling would be more insightful than bulk measurements. In
the present study, the electric biasing in-situ TEM is employed to compare the different
polarization degradation mechanisms in two (1-x)(Bi12Nai2)TiO3—xSrTiO3 (BNST100x, x =
0.25 and 0.27) relaxors [13,14].

BNST25 and BNST27 ceramics were fabricated using the solid-state reaction method, with

starting powders of Bi203 (99.9%), Na>;COs (99.9%), SrCOs (99.99%) and TiO: (99.99%). The



batched powders were mixed in a vibratory mill in ethanol for 6 hours, and dried in oven at

90 °C. Calcination was performed at 850 °C for 2 hours while sintering was carried out at

1100 °C or 1125 °C for 2 hours. The temperature-dependent loss tangent was measured at a
heating rate of 4 °C/min using an LCZ meter (Model 3330; Keithley, Cleveland, OH). The
polarization hysteresis loops were recorded at 1 Hz using a standardized ferroelectric test system
(Precision LC II, Radiant Technologies). For the in-situ TEM experiments on a FEI Tecnai G2-
F20 microscope, as-sintered pellets were mechanically ground and polished to 120 um thickness.
Disks of 3 mm in diameter were ultrasonically cut and the center portion was thinned to 10 pm
by mechanical dimpling. The dimpled disks were annealed at 250 °C for 1 hour to minimize the
residual stress before Ar-ion milling until perforation. During the fatigue tests on bulk ceramics
and with in-situ TEM, cyclic electric fields in a triangular waveform of 1 Hz were applied.

What is the difference between BNST25 and BNST27 in terms of the phase nature? Since
BNST25 has been discussed in detail recently [15], Fig. 1 focuses on BNST27 only. In the virgin
state (Fig. 1a), the entire grain is occupied with the nanoscale domains. The [112], zone-axis
diffraction pattern contains two sets of superlattice spots, 2{ooo} and 2{ooe} type marked by
the bright circle and arrow, respectively. It means that, BNST27 is a mixture of the
rhombohedral R3¢ phase and the tetragonal P4bm phase [16]. Subjected to a voltage of 420 V
(Fig. 1b), the nanoscale domains near the top corner of the grain transform into thin tweed-like
domains. In the corresponding diffraction pattern, the Y2{ooe} spots disappear while the "2{oo0}
spots become more discrete. Such events are interpreted as the field-induced P4bm to R3c phase
transition. Once the voltage is removed (Fig. 1c), not only the domain morphology, but also the
diffraction pattern resumes to the initial state, indicating that the phase transition is reversible.

On the contrary, BNST25 is known to undergo a field-induced irreversible relaxor-ferroelectric



phase transition and is not accompanied with any change in the crystal structure [15]. In other
words, the 2 mol.% more of Sr** in BNST27 has shifted the depolarization temperature (74)
down towards room temperature (Fig. 2a); so that the induced long-range ferroelectric order in
BNST?27 is disrupted upon removal of the field [17,18].

Does a reversible phase transition in BNST27 really correspond to a better fatigue resistance,
as similar to other (Bi12Nai2)TiO3-based relaxors? As can be seen in Fig. 2b, the polarization-
electric field (P-E) loop of BNST25 changes much more dramatically than that of BNST27
during electric cycling. After 10* bipolar cycles at +40 kV/cm, the maximum polarization (2Pp)
drops 38% in BNST25 while only 4% in BNST27 (Fig. 2c). On the other hand, the switchable
polarization (2P:) decreases by 39% in BNST25 but increases by 5% in BNST27. Note that
BNST27 displays a non-zero P; (Fig. 2c2), indicating the presence of ferroelectric phase. This
can traces its origin to the fact that roughly 20% of the grains in BNST27 contain a Sr-deficient
core full of lamellar ferroelectric domains [19].

In order to reveal the micromechanism for the strong fatigue resistance in BNST27, in-situ
TEM fatigue test is conducted on another [110], zone-axis aligned grain (Fig. 3). The reversible
relaxor-ferroelectric phase transition takes place in the center of the observed area under 420 V
(Fig. 3a-c). After 2x10° cycles, the same reversible process is seen (Fig. 3d-f). It should be noted
that the cyclic bias of 420 V used here is unipolar. Due to the reversible nature of the phase
transition, the responses under +420 V and -420 V are presumably symmetric. So, the unipolar
cycling result are presumably able to reflect the bipolar fatigue behavior at some lower cycle
numbers, in BNST27. After 10* cycles, the tweed-like domains with almost identical appearance

can still be induced at 420 V (Fig. 3g-1). Such a stable microstructural response during electric



cycling is perfectly consistent with the excellent fatigue resistance observed in the BNST27 bulk
ceramic.

The situation in BNST25 is completely different. In the virgin state, the grain observed along
its [001]. zone-axis is full of nanoscale domains (Fig. 4a). When a voltage of 300 V is applied,
the relaxor to ferroelectric phase transition occurs and wedge-shaped large domains form (Fig.
4b) [15]. The long domain walls trace along the <100>. direction, suggesting that they are very
likely on inclined {110}, planes. As the voltage increases, the two major wedge domains grow in
size, at the cost of the matrix in between (Fig. 4c). It implies that the wedge domains have the
polarization favored by the applied field, while the matrix domain does not. Subsequently, the
two long domain walls continue moving toward each other until their middle sections merge
(Fig. 4d). The voltage is then removed, but the domain morphology hardly changes (Fig. 4e).
Then, the voltage reverses the polarity. The merged domain walls first detach apart (Fig. 4f),
followed by the contraction of the two major wedge domains and the growth of the matrix in
between (Fig. 4g). After the voltage returns to 0 V from the negative peak value, the domain
morphology, again, mostly remains unchanged (Fig. 4h).

Unlike BNST27, the cyclic fields used for the fatigue test in BNST25 are selected to be
bipolar rather than unipolar. The reason is that, unipolar fields only lead to the cycling between
the remanent state and the poled state in the same polarity (Ps= Pm in BNST25), but the severe
fatigue degradation is often associated with a more complete polarization reversal process
[20,21]. Therefore, the domain switching dynamics is checked after 3x10* bipolar cycles at £420
V. As shown in Fig. 4i, those two major wedge domains are still present at 0 V. Under +420 V,
they do grow, but the growth is suppressed, i.e. the long domain walls are no longer able to

merge (Fig. 4j). Under -420 V, similarly, the domain wall motion occurs, but it sweeps a shorter



distance (Fig. 4k). Upon the removal of the voltage, the domain morphology at 0 V prior to this
checking cycle is restored (Fig. 41). Apparently, such a suppression of the domain wall mobility
in the form of reduced sweeping distance (~210 nm in the fresh state while ~55 nm in the
fatigued state) is the fundamental reason for the degradation of ferroelectric properties in the
BNST25 ceramic.

What causes the distinctive fatigue behaviors in BNST25 and BNST27? It is well known that
oxygen vacancies (Vg) in pure (Bi12Na12)TiOs have excellent mobility under high temperature
or electric field, which makes it an ideal ionic conductor [22,23]. More importantly, the
Vo concentration is very sensitive to the aliovalent dopant [24]. Since polarization fatigue is
essentially a defect-related phenomenon, particular aliovalent dopants have been found,
unsurprisingly, beneficial to the fatigue resistance in (Bi12Nai2)TiOs-based ceramics [25-27].
However, the subtle difference in Sr?* concentration, which is equivalent to an isovalent dopant
on A-site in the ABO3 peroskite structure, is unlikely to create an impactful difference in defect
concentration between BNST25 and BNST27 [28]. When BNST2S5 is subject to bipolar cyclic
fields, the long walls of the wedge domains sweep back and forth (Fig. 4). It is known that the
sidewise motion of domain wall during polarization reversal initiates from a section stepping out
from the wall [29]. The head-to-head or tail-to-tail dipole configuration will be formed between
the step-out section and the matrix domain [30], giving rise to a local depolarization field (Eq).
Usually, Eq is sufficient to overcome the mutual repulsion between point defects of like charge
and have them segregated [31,32]. During the continuous sweeping, the long domain walls have
numerous opportunities to trap the charged point defects at the Eq sites, and eventually are

pinned [21]. In the present TEM experiment, no observable defect clusters are found attaching to



the domain wall in the fatigued state because the domain wall mobility degrades so quickly that
the trapped defects do not have enough time to accumulate [33].

In BNST27, there exist at least two main differences. First, the relaxor-ferroelectric phase
transition takes place in each and every electric cycle. The ferroelectric phase nucleates from the
relaxor phase and the formed relaxor/ferroelectric interface also bears uncompensated Eq.
However, the magnitude should be lower than a half of that in BNST25 since the nanoscale
domains on the relaxor side do not possess net polarization [34]. As a consequence, the driving
force for the defect accumulation is significantly reduced in BNST27. Second, there is no
polarization reversal in the induced ferroelectric phase in BNST27. During the reversible
relaxor-ferroelectric transition, the induced ferroelectric phase is of transient nature and exists
only within a very short period of time when the applied field is in the vicinity of its peak value;
it disappears before the unloading is complete. Even if the polarization alignment/domain
switching occurs during this transient period [35,36], the defect accumulation process would be
interrupted whenever the loading/unloading is below the critical fields. As polarization reversal
is essential for fatigue degradation, BNST27 hence exhibits a much stronger degradation
resistance. It should be pointed out that BNST27 is not a single relaxor phase at zero field, the
ferroelectric phase contributing to the P: will eventually lead to overall polarization degradation
after prolonged electric cycling.

In summary, the correlation between the polarization degradation and the phase transition
reversibility in (Bi12Na12)TiOs-based relaxors has been verified. The greater depolarization field
generated during the repeating polarization reversal under cyclic fields in the metastable
ferroelectric phase accounts for the more severe fatigue degradation in BNST25 where the

relaxor-ferroelectric transition is irreversible. In comparison, in BNST27 where the transition is



reversible, no polarization reversal occurs in the transient induced ferroelectric phase and the
relaxor/ferroelectric interface exhibits a reduced depolarization field, rendering a much stronger
fatigue resistance.
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Fig. 1. The reversible relaxor-ferroelectric phase transition in BNST27. TEM bright-field
micrographs taken at (a) virgin state, (b) 420 V, (c) 0 V. The insets display the selected area
electron diffraction patterns recorded from the top corner of the grain. The bright circles mark
the "2{ooo} superlattice spots while the bright arrow highlights a '2{ooe} spot. The long arrow in

(b) indicates the direction of the applied electric field.
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Fig. 2. Electric characterization on bulk ceramic samples. Loss tangent curves measured during

heating on poled (a;) BNST25 and (a2) BNST27 ceramics. The evolution of the P-E hysteresis

loops during bipolar electric cycling at + 40 kV/cm in (b1) BNST25 and (b2) BNST27 ceramics.

(c1), (c2) the variation of 2P, and 2P; with cycling number N, extracted from (bi) and (b2),

respectively.
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(a) virgin state (b) 420 V

Fig. 3. In-situ TEM fatigue test on BNST27. (a)-(c) The microstructural responses in a grain
observed along [110], zone-axis during the first unipolar cycle. (d)-(f) The responses after 2x10°
unipolar cycles at 420V. (g)-(i) The responses after 10* unipolar cycles at 420 V. The arrow in

(b) represents the direction of the applied/cyclic fields.
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Fig. 4. In-situ TEM fatigue test on BNST25. The domain morphology in a [001]. zone-axis
aligned grain at (a) virgin state, (b) 300 V, (¢) 360 V, (d) 420 V, (e) 0 V, (f) -180 V, (g) -420 V,
(h) 0 V during the first bipolar cycle. The bright arrow in (b) indicates the positive direction of

the applied field. (i)-(1) The domain dynamics after 3x10° bipolar cycles at + 420 V.
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