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Understanding the piezoelectricity of high-
performance potassium sodium niobate ceramics
from diffused multi-phase coexistence and domain
featurey

Xi-xi Sun,1® Junwei Zhang,1° Xiang Lv,*@ Xi-xiang Zhang, ©2** Yao Liu,° Fei Li{2¢
and Jiagang Wu = *2

The understanding of high piezoelectricity in potassium sodium niobate (KNN)-based ceramics with
a new phase boundary has been limited to unpoled samples. Here, the phase structure, domain
structure, and phenomenological theory were studied on both unpoled and poled samples by taking
(0.99 — x)(Ko.48Nags2)(Nbg 9555b0.045)03—0.01SrZrOz—x(Big sAgo 5)ZrOs ceramics as an example.
Shifting the phase transition temperatures to room temperature can result in the coexistence of
a ferroelectric matrix containing an orthorhombic—tetragonal (O-T) coexisting phase and
rhombohedral (R)-related polar nanoregions (PNRs), and then the miniature and nanoscale domain
structure can be demonstrated. During the poling process, the R phase-related PNRs can facilitate
domain switching and polarization rotation, resulting in a single domain structure and enhanced
evidence of the R phase. Therefore, high piezoelectricity originates from a single domain feature as
well as the diffused multi-phase coexistence in association with R phase related PNRs. This study
provides a systematic approach to understand the physical mechanisms of enhanced piezoelectricity

rsc.li/materials-a in KNN-based ceramics.

1. Introduction

Owing to the replacement of lead-based piezoceramics with
lead-free ones, lead-free piezoceramics have been gaining
popularity for more than 20 years.'”* Potassium sodium niobate
(KNN)-based ceramics are endowed with a high piezoelectric
coefficient (ds3) and moderate temperature stability due to the
elaborate control of “composition design vs. phase structure”.*
The state-of-the-art d;; of non-textured KNN-based ceramics can
reach 570 £ 10 pC/N, and is 700 pC/N for textured KNN-based
ceramics.”® Unfortunately, the related physical mechanisms
need further exploration even if high piezoelectricity can be
empirically achieved.

Both intrinsic and extrinsic contributions are considered
when explaining the origin of piezoelectricity.® The intrinsic
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contribution mainly originates from the lattice distortion that
is closely related to the phase structure, while the extrinsic
contribution arises from the domain wall motion and domain
switching.® Previous publications mostly attributed the
enhanced piezoelectricity of KNN-based ceramics to the multi-
phase coexistence and miniature domain structure.” In addi-
tion, the grain boundary also affected the piezoelectric prop-
erties in the form of the coupling effect among grains.*® Such
a coupling effect was closely related to the grain size of piezo-
ceramics, Le., the relatively large grains could promote the
piezoelectric properties.*® The multi-phase coexistence
claimed by Wu et al. was achieved by simultaneously shifting
the rhombohedral-orthorhombic phase transition tempera-
ture (Tr-o) or/and orthorhombic-tetragonal phase transition
temperature (To_r) to room temperature by doping with some
indispensable additives." Therefore, most studies mainly
focused on the relationship of composition design and piezo-
electricity as well as the control ability of the additives to Tr_o
and To_t, but ignored how the additives affected the phase,
domain and local structure of KNN-based ceramics. For
example, when the same or a similar method was used to
construct phase boundaries (i.e., simultaneously shifting Ty o
and Tor of KNN ceramics to or near room temperature),
different phase structures were reported.”'® Generally, the
addition of additives would inevitably destroy the long-range
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order of KNN ceramics to some degree, resulting in the
increased degree of diffuseness due to the occurrence of polar
nanoregions (PNRs)."* Particularly, Li et al. recently revealed
that PNRs played a critical role in the ultra-high piezoelectricity
in PMN-PT single crystal and Sm-doped PMN-PT ceramics.'>"
However, few publications were reported to disclose the rela-
tionship between the diffuseness degree and enhanced piezo-
electricity in KNN-based ceramics.

Meanwhile, the most reported domain structures were taken
from the unpoled ceramics.*'® However, the net piezoelec-
tricity of KNN-based ceramics can only be observed by applying
an external electric field that will necessarily induce domain
switching and domain wall motion."” Therefore, the observa-
tions of domain structures for both unpoled and poled samples
are crucial to understand the physical origin of high piezo-
electricity in KNN-based ceramics.”® Currently, chemical
etching is used to observe the domain structures of poled KNN-
based ceramics,*?° while this method may destroy the subtle
domain structures due to the irreversible destruction.**
Recently, the ultra-fine domain structures of lead-free piezo-
ceramics were revealed using a transmission electron micro-
scope (TEM) with high resolution;*>** however, the related
investigations are rarely reported in KNN-based ceramics.

Here, we chose (0.99 — x)(Ko.4sNag.52)(NDg.9555D0.045)03—
0.01SrZrO3-x(Big 5A20.5)ZrO; (KNNS-SZ-BAZ) ceramics as an
example**** (as described in detail in the ESI}), and the ob-
tained piezoelectric properties further verified the success and
validity of KNNS-SZ-BAZ ceramics (see Table S1t). We studied
the phase structure, domain structure, and electrical properties
of KNNS-SZ-BAZ ceramics, particularly focusing on how
(Big.5Ag0.5)Z1r0O; affected the phase structure, diffuseness degree
and domain structure before and after the poling process. The
domain structure and phase structure of the unpoled and poled
KNNS-SZ-BAZ ceramics (x = 0.035) were respectively revealed
by TEM and the temperature-dependent imaginary part of
permittivity (¢”-T). Based on the observed results, we system-
atically discussed the physical mechanisms of the enhanced
piezoelectric properties. Therefore, this work contributes to
understanding the physical mechanisms of the high piezo-
electricity in KNN-based ceramics.
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2. Experimental procedure

The detailed descriptions for composition design, material
preparations, and characterization of phase structure, domain
structure and electrical properties, as well as phenomenological
theory can be found in the ESILt

3. Results

3.1 Phase structure

The phase structures of unpoled and poled KNNS-SZ-BAZ
ceramics are analyzed in Fig. S1-S5.1 Here, the phase diagrams
of unpoled and poled KNNS-SZ-BAZ ceramics were depicted by
reading Ty o from ¢’-T curves, and Tyt & T, from both ¢'-T and
¢"-T curves, as shown in Fig. 1(a and b). For the unpoled
ceramics, To.r monotonically reduced to or below room
temperature, while Tr_o increased slightly and then completely
diffused to room temperature, resulting in R-O-T phase coex-
istence at x = 0.035. For the poled ceramics, To 1 also mono-
tonically reduced to or below room temperature, while Ty o
almost remained unchanged at x = 0-0.035, resulting in
a nominal O-T phase coexistence at x = 0.035. Therefore, the
discrepancy in the phase structure of the ceramics (x = 0.035)
before and after the poling process seems to be a crucial point
for understanding the origin of high piezoelectricity.

To achieve this goal, in situ Raman spectra were obtained
and temperature-dependent dielectric properties were studied
for the ceramics (x = 0 and 0.035), as shown in Fig. 2. The
unpoled ceramics with x = 0 exhibited two abnormal areas in
the Raman spectra, respectively, due to the involvement of R-O
and O-T phase transitions (Fig. 2(a)). Furthermore, the R-O
phase transition exhibited a much larger zone than that of the
O-T phase transition, indicating the diffused R-O phase tran-
sition. This was also proved in unpoled ¢’-T curves, in which
a diffused Ty o and a sharp T, were observed (Fig. 2(d)). v,
mode, representing double degenerate symmetric O-Nb-O
stretching vibration, exhibited two anomalies in position with
increasing temperature (Fig. 2(b)).>* The temperature points of
two anomalies were consistent with Tg o and To_r in the
unpoled ¢’-T curve (Fig. 2(d)). The unpoled ceramics (x = 0.035)
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Fig. 1 Phase diagrams of (a) unpoled and (b) poled KNNS-SZ-BAZ ceramics as a function of x. Data of dashed and solid lines were collected

from &”=T and ¢ =T curves, respectively (Fig. S2 and S51).
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Fig.2 In situ temperature-dependent Raman spectra of unpoled ceramics with x = 0 (a) and x = 0.035 (i). Raman shift of the »; mode of unpoled

ceramics with x = 0 (b) and x = 0.035 (j). Temperature-dependent ¢, ¢”,

and tan ¢ of unpoled KNNS—-SZ-BAZ ceramics with x = 0 (c—e) and x =

0.035 (k—m) as well as poled ones with x = 0 (f-h) and x = 0.035 (n—p). The Raman shift of the »; mode was extracted from Fig. S6.t

also exhibited two abnormal areas in the Raman spectra
(Fig. 2(1)), respectively, due to the involvement of R-O&O-T and
T-C phase transitions (Fig. 2(j)). Of particular importance was
that the R-O and O-T phase transition zones converged into
a single one, whose area was much larger than that of the R-O
phase transition zone in the unpoled ceramics (x = 0), indi-
cating the further increased diffuseness degree of Tx_o and/or
To-r- This phenomenon was further proved in the unpoled &"-
T curve, in which the converged Tr-o and To-r (e.g., Tr-080-T)
was observed (Fig. 2(1)). In addition, ¢-T and ¢”-T curves of the
unpoled ceramics exhibited different To_t or Tr_ogo-t values for
a given composition (e.g., x = 0 or x = 0.035) (Fig. 2(c, d, k and
1)). This discrepancy was attributed to the occurrence of PNRs
and enhanced with increasing diffuseness degree.>®*” There-
fore, the discrepancy of Tgr_ogo-r in unpoled ceramics (x =
0.035) was much larger than that of T r in unpoled ceramics
(x=0).

After the poling process, both the dielectric response and
diffuseness degree were changed. The poled ceramics (x =
0 and x = 0.035) exhibited an increase in ¢’ at To_r and Txr_ogo-
r (Fig. 2(c, f, k and n)), indicating an enhanced dielectric
response at phase boundaries. ¢/-T curves showed reduced
To-r and Tr_osro-r While the opposite changes were observed
in ¢’-T curves, resulting in a reduced discrepancy in To_r and
Tr-osTo-1- Meanwhile, tan 6-T curves of poled ceramics with x
= 0 exhibited substantially reduced tan 6 and more sharpened
anomalies at phase transitions (Fig. 2(e and h)), while the
poled ceramics with x = 0.035 only exhibited the sharpened
anomalies without the reduction of tan ¢. Of particular
interest was that the separation of Tx_o and To_r was observed
in the poled ceramics with x = 0.035, accompanied by
diffused Tr-o and sharp To_r (Fig. 2(0)). Therefore, the poling
process can substantially reduce the diffuseness degree of the
ceramics with x = 0, but a decreased effect was observed for
the ceramics with x = 0.035, which was further confirmed by
the variations of the diffuseness degree (vy). After poling,

This journal is © The Royal Society of Chemistry 2019

v (x =0and x = 0.035) reduced from 1.32 and 1.57 to 1.19 and
1.52, respectively (Fig. S4 and S77).

Therefore, the discrepancy in the phase structure of the
ceramics with x = 0.035 before and after poling should be
ascribed to the diffuseness of Tx_ogo-1- To-r and To_r converged
together before poling, which was the main reason why the
temperature-dependent Raman spectra, ¢’-T curve, and Riet-
veld refinement revealed a diffused R + O + T phase coexistence.
After poling, Tro and To.r were separated, resulting in
a nominal O-T phase coexistence in the ¢’-T curve. Here, it can
be deduced that the R phase did exist in both unpoled and
poled ceramics with x = 0.035 in the form of a diffused phase
(i.e., R phase related PNRs), while the ferroelectric matrix
mainly possessed an O + T coexistence phase. The status of the
R phase was rearranged and strengthened by an external elec-
tric field, resulting in the separation of Tx_o and To_r. A similar
phenomenon was also reported in BCTZ ceramics.*® Brajesh
et al. observed the diffused R + O + T phase coexistence in both
unpoled and poled BCTZ ceramics and the increased content of
the R phase in poled BCTZ ceramics by carefully analyzing the
phase structure.”® However, we cannot provide more direct
evidence to show the specific form of the R phase due to the
impossibility of collecting data, which was also one of the most
difficult challenges in lead-based relaxors.>

3.2 Domain structure

Fig. 3(a-c) show that typically large domains with a scale of 0.2~
1 pm were observed in the unpoled ceramics with x = 0, which
were also reported in pure KNN ceramics with the O phase.** In
contrast to the situation of the unpoled ceramics with x = 0, the
unpoled samples with x = 0.035 exhibited complicated domain
structures with striped, wedged, nanoscale, and irregular
shapes (Fig. 3(d-h)). Striped domains with scales of 30-65 nm
and 65-160 nm were observed in Fig. 3(e), and they were often
reported in KNN- and lead-based ceramics with high piezo-
electricity.">** Fig. 3(f) exhibited nanodomains with a scale of

J. Mater. Chem. A, 2019, 7, 16803-16811 | 16805
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Fig. 3 Domain structures of unpoled ceramics with x = 0 (a—c) and x = 0.035 (d—h). (i) High-resolution TEM (HR-TEM) image of a typical domain
wall in unpoled ceramics with x = 0.035. "GB" represents the grain boundary.

30-45 nm parallel to each other, and they were also observed in
KNNS-BNKH ceramics and believed to be responsible for the
improved piezoelectricity.” The wedged domains were consid-
ered as the typical domain patterns for rhombohedral PZT
(Fig. 3(g))-** Interestingly, ultra-fine nanodomains 4-5 nm in
width and 7-27 nm in length were clearly observed in Fig. 3(h),
and they exhibited an irregular distribution. These ultra-fine
nanodomains were related to the local structural heteroge-
neity (e.g., PNRs).” Finally, a representative domain wall sepa-
rating nanoscale domains in Fig. 3(e) was enlarged to see the
transition of two adjacent domain areas (Fig. 3(i)). The domain
wall with a scale of 20-28 nm was comprised of several ultra-fine
nanodomains with a scale of 8-10 nm, indicating a gradual
transition along 1 — 2 — 3 — 4, as marked by the white arrows
in Fig. 3(i). Such a gradual transition was believed to decrease
the domain wall energy and then reduce the total free energy.®

Fig. 4(a—f) show the domain structures of the poled ceramics
with x = 0.035. In contrast to the situation of the unpoled
ceramics with x = 0.035, the poled ceramics with x = 0.035
exhibited simplified domain structures. The major area of the
poled samples exhibited striped domains with a scale of 50—
150 nm along the direction of the electric field (Fig. 4(b and e)).
Of particular importance is that a single domain zone was

16806 | J. Mater. Chem. A, 2019, 7, 16803-16811

clearly observed in Fig. 4(c), which was also reported in BCTZ
ceramics by in situ TEM and believed to be responsible for the
ultrahigh piezoelectric properties.’* To further confirm the
single domain structure, we deliberately cut the single domain
zone into three areas with different thicknesses, forming two
obvious stairs (Fig. 4(c)). In this case, the similar and contin-
uous distribution would still be observed in a single domain
zone, but not be found in a multi-domain zone, as simulated in
Fig. S8.f A similar and continuous domain distribution was
observed in this work when crossing the stairs (Fig. 4(c)), further
proving the single domain zone. In the center of striped and
single domain zones, an area filled with blurry domains was
observed (as marked by the dashed box in Fig. 4(d)). The blurry
domains were highly suspected to be related to the local
heterogeneity.” In addition, the core-shell structure was also
observed, as shown in Fig. 4(f). The shell around the core
exhibited wedged domains after poling (Fig. 4(f)). The simpli-
fication of the domain structure after poling was mainly due to
the disappearance of 180°-domain walls and the reorientation
of non-180° domains.*

To check the response of the domains to the electric field,
out-of-plane piezoresponse force microscopy (OP-PFM)
measurements were conducted on the unpoled samples with

This journal is © The Royal Society of Chemistry 2019
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Fig.4 (a) Poled sample of the ceramics with x = 0.035. (b—f) Correspondingly enlarged areas in (a). The solid red arrow indicated the direction of

the poling electric field.

x = 0.035, and the results are shown in Fig. 5(a—f). The ampli-
tude of OP-PFM exhibited obvious distributions of complex
domains, and the phase of OP-PFM also displayed the corre-
sponding orientation of these domains (Fig. 5(a and b)). Then,
phase and piezoresponse hysteresis loop measurements were
conducted (Fig. 5(c)). A typical butterfly-shaped amplitude loop
and a saturated phase loop were observed when applying an AC
voltage with an amplitude of 10 V. Particularly, the phase loop
exhibited the maximum phase contrast of 180°, indicating
complete domain switching. Such a low driven voltage was half

of that reported in KNN-BLT-BZ-MnO, and textured KNN-3T
ceramics,>** indicating easy domain switching. To further
reveal the easy domain switching, writing domain measure-
ments were conducted (Fig. 5(d and e)). The area within the
white box was written by a DC voltage of —10 V, while the rest of
the area was written by a DC voltage of +10 V. After writing, the
whole area exhibited a strong piezoresponse with a high
amplitude (Fig. 5(d)), and the phase displayed a distinct
contrast in the two areas (Fig. 5(e)). Then, the statistics of the
phase along the red line of Fig. 5(e) was collected and the results
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Fig. 5 (a) Amplitude, (b) phase, and (c) phase & piezoresponse hysteresis loop of out-of-plane PFM (OP-PFM) in the unpoled ceramics with x =
0.035. (d) Amplitude and (e) phase of OP-PFM in the ceramics with x = 0.035 after writing domain measurements. (f) Phase contrast along the red

line in (e).
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Fig. 6 (a—e) In situ TEM images of the unpoled ceramic with x = 0.035 under exposure to an electron beam.

are shown in Fig. 5(f). A phase contrast of 180° was clearly
observed, indicating that a bias voltage of £10 V can indeed
guarantee full domain switching on the surface of the unpoled
sample with x = 0.035.

The electron beam (e-beam) of TEM was reported to switch
the domain structures of hexagonal yttrium manganite
(YMnO3).** Considering the easy response of the domains to an
electric field, variations of the domain structure upon exposure
to an e-beam are highly expected. We thus chose an area con-
taining the striped, irregular and nanoscale domains (Fig. 6(a)).
And then, we deliberately exposed this area for near 3 minutes
and took a video to show the in situ variation with time. Due to
the occupation as large as 800 Mb, we thus only snapped the
images at different times (Fig. 6(a—€)). As the exposure time
increased, the domain walls among striped domains gradually
disappeared (as marked by the green dashed line), the irregular
domains became bulgy (as marked by the blue arrow), and the
nanodomains grew into larger ones (as marked by the red
dashed lines). These variations were mainly attributed to the
electric field caused by the e-beam, indicating a fast response to
an external stimulus.

4. Discussions

For a perovskite ferroelectric, the piezoelectric coefficient can be
calculated using the equation d;; = 2we33Ps (o is an electro-
strictive coefficient, e3; is the dielectric permittivity and Pg
represents the spontaneous polarization).” « is related to the
order degree in cation arrangement, which decreased with
cation order from ordered to disordered.*® The substitution of
Nb>" with Zr*" significantly increased the disorder degree of
cation order, as proved by the XRD patterns and variations of y
(Fig. S1 and S47), indicating reduced «. In addition, increasing x
(from 0 to 0.035) slightly reduced P, and Py, suggesting
decreased Ps (Fig. S13t). Therefore, the understanding of
increased ¢, (or ¢') at room temperature plays a crucial role in
unveiling the origin of high ds; in the ceramics (x = 0.035).
Herein, the polar vectors of ferroelectric and PNRs were
considered to explain the increased ¢','> as shown in Fig. 7. The
model was rationalized by the following reasons: (1) the
ceramics with x = 0 exhibited a larger domain size with respect
to the ones with x = 0.035 (Fig. 3); (2) the ceramics with x =
0 exhibited a low degree of diffuseness before poling and
a substantially reduced degree of diffuseness after poling
(Fig. 2, S4 and S7%); (3) the ceramics with x = 0.035 still
exhibited a high degree of diffuseness before and after poling

16808 | J. Mater. Chem. A, 2019, 7, 16803-16811
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Fig. 7 Schematic diagram of polar vectors in the poled ceramics with
x=0(a)and x = 0.035 (b). "E" represents the applied electric field. After
poling, both ferroelectric domains and PNRs were observed in the
ceramics with x = 0 and x = 0.035. The dominating large domains with
their direction along £ and a few PNRs were found in the ceramics with
x = 0, in which the content of “collinear” PNRs was higher than that of
the "non-collinear” ones. The poled ceramics with x = 0.035 exhibited
the primary miniature domains with their direction along E, accom-
panied by an increased content of PNRs where the content of “non-
collinear” PNRs was higher than that of “collinear” ones.

(Fig. 2, S4 and S71); (4) the poled ceramics with x = 0 exhibited
a higher degree of saturation than that of the ones with x =
0.035 (Fig. $9-5117).

The ferroelectric materials with PNRs exhibit dielectric
relaxation, resulting in the dependency of frequency.”” The
room-temperature frequency dependence of dielectric proper-
ties in unpoled and poled samples with x = 0 and 0.035 is
discussed in Fig. S12+} in detail. Here, the discrepancies of ¢’ and
its related shape in To v and T, were also related to the rear-
ranged PNRs. The part PNRs were rearranged by the electric
field during the poling process, generating both “collinear” and
“non-collinear” PNRs, particularly for the poled ceramics (x =
0.035) (Fig. 7). Increasing the temperature to the phase transi-
tion temperatures would abruptly destroy the rearranged
“collinear” PNRs, resulting in a higher ¢, (or ¢’) and a sharper
dielectric anomaly (Fig. 2 and S77).

Therefore, the high ¢, of the ceramics (x = 0.035) was mainly
due to the existence of PNRs (particularly the “non-collinear”
PNRs) and their Tkr_ogo-r close to room temperature. Tr-ogo-t
approaching room temperature provided a relatively high
dielectric response, while the “non-collinear” PNRs could
further increased the permittivity."> That was the reason why
most publications reported similarly composition-driven

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) P—E loops and (b) energy barrier for domain switching of the ceramics (x = 0 and x = 0.035). (c) Schematic diagram of spontaneous
polarization (Ps) of R, O, and T phases in KNN ceramics. Phenomenological theory simulations for (d) unpoled and (e) poled ceramics with x =

0.035.

variations of di; and ¢P, in KNN-, BT-, and lead-based
ceramics.'”*”*® However, although the PNRs facilitated the
poling process, the high content of the “non-collinear” PNRs
made it difficult to achieve an ideal poling.”” This was the
reason why the poled samples with x = 0.035 exhibited a much
lower phase angle with respect to the poled ones (x = 0)
(Fig. S97), even though much higher d;; was found in the poled
ceramics (x = 0.035) (Table S1}). The existence of “non-
collinear” PNRs may stem from the large free energy difference
of the PNRs and ferroelectric matrix.'* Here, the ferroelectric
matrix mainly possessed an O-T phase coexistence, while the
PNRs may exhibit an R phase that was strengthened and
exposed after poling. Herein, a higher ds; value is expected if
one can change the “non-collinear” PNRs into the “collinear”
ones as much as possible, which has been achieved in Sm-
doped PMN-PT ceramics but was rarely reported in lead-free
ceramics."

Since the phase boundaries of KNN-based ceramics belong
to the long-range phase transition, the classical phenomeno-
logical theory needs to be considered.” The easy domain
switching was experimentally verified by OP-PFM and TEM
(Fig. 3-6). Particularly, increasing x from 0 to 0.035 slightly
reduced P, and Py, but significantly decreased E. and the size
of the domains (Fig. 3, 8(a) and S13%). The miniature domains
were reported to be prone to switching under an electric field.*
The occurrence of PNRs in the ceramics with x = 0.035 seemed
to act as an “accelerator”, which reduced the energy barrier and
accelerated the process of domain switching (Fig. 8(b)). Herein,
the extrinsic contribution for enhanced piezoelectricity can be
attributed to the miniature domains and PNRs, which were easy
to switch with the electric field.

Shifting Tk o and/or To_r to room temperature not only
guaranteed high & but also enhanced the dielectric/

This journal is © The Royal Society of Chemistry 2019

piezoelectric response of the samples to an electric field, indi-
cating easy polarization rotation (Fig. 8(c)). To prove this, the
phenomenological theory at T = 25 °C was simulated for the
unpoled and poled ceramics with x = 0.035 (Fig. 8(d and e)).
Before poling, R, O, and T phases exhibited a relatively flattened
energy profile, indicating stable R-O-T phase coexistence and
easy polarization rotation among the three phases.* The rela-
tively high energy of the T phase was due to Tg_ogo-t = 43 °C,
which is higher than 25 °C. After poling, the energy difference of
the three phases was increased (Fig. 8(e)), indicating the
reduced degree of diffuseness within R-O-T phase coexistence,
as proved by ¢/-T and ¢”-T of poled ceramics (x = 0.035) (Fig. 2).
The O phase exhibited the lowest energy, while the T phase
possessed the highest energy, which was ascribed to its higher
Tr-ozo-r = 40 °C than 25 °C (Fig. 2). Particularly, the energy
difference of the ferroelectric matrix (with an O-T coexistence
phase) and R phase related PNRs was increased after the poling
process. That was the reason why the major PNRs still existed in
the “non-collinear” form in poled ceramics with x = 0.035, even
with the application of a high electric field. Therefore, the
intrinsic contribution for enhanced piezoelectricity can be
attributed to the diffused R-O-T coexistence phase associated
with easy polarization rotation and PNR inclusions.

5. Conclusion

The physical mechanisms of enhanced piezoelectricity in KNN-
based ceramics have been addressed. The phase structure,
domain structure and phenomenological theory were studied.
The addition of BAZ shifted Tx_o and To_r to room temperature,
generating the phase boundary in the ceramics (x = 0.035) at
room temperature. The unpoled ceramics (x = 0.035) exhibited
the coexistence of the O-T coexistence phase ferroelectric
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matrix and R phase related PNRs, forming a diffused R-O-T
coexistence phase at room temperature. After poling, the R
phase related PNRs were reinforced, resulting in the separation
of Tg_o and Ty 1. Due to the diffused R-O-T coexistence phase
with PNR inclusions, the permittivity and the polarization
rotation of the ceramics (x = 0.035) were significantly improved,
which contributed to enhanced piezoelectric properties as the
intrinsic contribution. The unpoled ceramics (x = 0.035)
showed complex and miniature domains, which were simplified
with the help of PNRs and the electric field. Herein, the nano-
scale domains and the single domain structure were observed
in the poled ceramics (x = 0.035), acting as the extrinsic
contributors.
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