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Lead-free (Nag 5K 43)(Nb;_,Sby)O3 (NKNS,) ferroelectric ceramics were reported to exhibit an
ultrahigh electrostrain (dynamic d;3* (=S/E) of 800-1100pm/V) in a relatively low driving
electric field range (1-4 kV/mm). As evidenced by in-situ synchrotron x-ray diffraction and dielec-
tric measurements, the mechanism of generating large strains was ascribed to both the low-field
induced reversible rhombohedral-monoclinic phase transition (1-2kV/mm) and the enhanced do-
main switching (2-4 kV/mm) owing to the normal to relaxor phase transformation, which contrib-
ute to ~62% and ~38% of the total strain, respectively. The results indicate that the NKNS,
compositions would have excellent potentials for applications of lead-free actuator ceramics.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904476]

Ceramics for actuator applications need to exhibit large
strains under an external electric field. Most of actuator
materials have been so far mainly based on lead-based (anti)
ferroelectric ceramics. ' However, the high concentration of
toxic lead oxide results in serious environmental problems
and hence the research and development of lead-free alterna-
tives have been a hot topic in recent years.

The electric field induced large strains of 0.3%—0.4%
have been recently reported in some modified (Big sNag 5)TiO;
(BNT) based lead-free relaxor ferroelectric ceramics.”™ It
was considered that the large strain in these ceramics is
mainly attributed to the reversible phase transition from an
ergodic relaxor state with a nearly cubic phase to a long-
range ferroelectric tetragonal phase with a large anisotropy
(large c/a ratio).*® However, the electric field amplitude
required for achieving large strains in BNT-based ceramics
is usually in the range of 6—8 kV/mm, such that the dynamic
piezoelectric coefficient d33* (S;ax/Emax) 18 usually in the
range of ~500-700pm/V. The (Na,K)NbO; (NKN) based
ferroelectric ceramics have also been considered as one of
the most promising lead-free candidates because these mate-
rials exhibit excellent piezoelectric properties (quasi-static
piezoelectric coefficient ds; is in the range of 200490 pC/N)
by forming the polymorphic phase boundary (PPB) that sep-
arating two ferroelectric phases,”'” similar to the traditional
morphotropic phase boundary in Pb-based ferroelectric
materials such as Pb(Zr,Ti)O; (PZT). Unfortunately, these
lead-free NKN based PPB compositions were reported to
own lower strain values than PZT-based and BNT-based per-
ovskite systems.“*13 However, compared with BNT-based
lead-free ceramics, an ultralow coercive field (usually E. less
than 1kV/mm) of NKN-based ceramics would make them
promising for actuator applications.

»Author to whom correspondence should be addressed. Electronic addresses:
piezolab@hfut.edu.cn and rzzuo@hotmail.com. Tel.: 86-551-62905285.
Fax: 0086-551-62905285.
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In the present study, an ultrahigh electrostrain in a
relatively low driving electric field range (dynamic d33* of
8001100 pm/V in the field range of 1-4kV/mm) was real-
ized in (Nags5:Kga4g)(Nb;_ySby)O3 (NKNS,) lead-free
ceramics. The mechanism of generating large strains was
particularly explored in terms of a series of measurements,
such as the dielectric spectroscopy, polarization and strain
loops, the polarization current density loops, and in-situ syn-
chrotron x-ray diffraction (XRD).

The NKNS, powders were synthesized via a conventional
solid state reaction method and the as-calcined powders were
mixed with 1 mol. % CuO as the sintering aid to reduce the
sintering temperature. The detailed experimental procedure
for preparing NKNS,, ceramics could be referred elsewhere.'*
The as-sintered samples were ground and polished to a thick-
ness of 0.5 mm. Silver paste was painted on both major surfa-
ces and then fired at 600°C. The dielectric constant as a
function of temperature and frequency was measured by an
LCR meter (E4980A, Agilent, Santa Clara, CA) from room
temperature to 500°C. Both polarization and strain versus
electric field (P-E and S-E) loops under unipolar and bipolar
electric fields were measured using a ferroelectric test system
(Precision LC, Radiant Technologies, Inc., Albuquerque, NM)
connected with a laser interferometric vibrometer (SP-S 120,
SIOS Meftechnik GmbH, Germany) at a fixed frequency of
1Hz. For in-situ XRD measurement, gold electrodes were
sputtered onto two major sides of polished samples. The XRD
measurement was taken at beam line of 14B1 (4 =1.2378 A)
at Shanghai Synchrotron Radiation Facility.

The bipolar strain loops of NKNS, ceramics are shown
in Fig. 1(a). It can be seen that most of compositions exhibit
typical butterfly strain loops except for the y <0.02 sam-
ples, which exhibit a sprout-shaped S-E curve with an
almost neglectable negative strain (S,¢,), because the Cu-O
defect dipoles can provide a restoring force to recover the
switched polarization vectors after removal of the electric
field.'"> Moreover, the variation in shape of strain loops

© 2014 AIP Publishing LLC
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FIG. 1. (a) Strains as a function of bipolar electric fields of NKNS, ceramics
measured at room temperature at a frequency of 1 Hz and (b) the variation
of Spols Sposs Snegs d33, and d33* with changing the Sb content.

with increasing y was accompanied by a distinct change of
the S,., and positive strain (S,,s) values, as clearly seen in
Fig. 1(b). Sy, first increases till y =0.09 and then starts to
decrease with further increasing y. The largest S,., value
just corresponds to the maximum quasi-static piezoelectric
coefficient d3; value (230 pC/N) because both of them ben-
efit from irreversible contributions after electric cycling. By
comparison, the largest S, value (~0.32%) appears in the
y=0.12 sample instead of in the y=0.09 sample, which
just generates the highest dynamic piezoelectric coefficient
ds3*. It is worthy of note that such a large electrostrain
value appears in the sample (y=0.12) with an obviously
non-zero S;., and a considerable quasi-static ds3 value,
which should be definitely different from the strain behav-
ior observed in recently reported BNT based lead-free
relaxor ferroelectrics.*® For the latter, the formation of the
largest electrostrain (Spes or ds33*) was ascribed to the re-
versible nonpolar (ergodic) to polar (ferroelectric) phase
transformation, such that ds; or S, was usually zero.*6

To understand the mechanism of generating large strains
in NKNS, lead-free ceramics, the normalized dielectric con-
stants (&/¢,,) measured at 10 kHz as a function of the normal-
ized temperature T/T,, are shown in Fig. 2(a), where T,, is
the temperature at the dielectric maxima (e,,). One can see
that the sharpness of the dielectric peak near T,, gradually
decreases with increasing y, meaning that the studied compo-
sitions become more and more diffuse. Generally, the dif-
fuseness of the phase transition can be determined from the
modified Curie-Weiss law 1/e—~1/e,, = (T-T,,)"/C at T > T,
where 7 is the indicator of the diffuseness degree.'® The 7
values as a function of the Sb content can be then obtained
by fitting the In(1/e—1/e,,) versus In(T-T,,) curves, as shown
in Fig. 2(b). The y value of the y=0 sample is 1.02, which
nearly equals to the value for the pure NKN sample,'” indi-
cating that it should belong to a normal ferroelectric, This
also indicates that the addition of 1mol.% CuO did not
change the dielectric diffuseness behavior of NKN ceramics.
However, the y value reaches 1.5 and 1.7 for the y=0.07
and y = 0.16 samples, respectively. Similar phenomenon was
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FIG. 2. (a) Normalized dielectric constants /e, at 10kHz versus normal-
ized temperatures T/Ty,, of NKNS,, ceramics, and (b) the diffuseness degree
y values determined by a modified Curie-Weiss law according to the ¢-T
curves above T,,,. The inset of Fig. 1(b) shows the reciprocal dielectric con-
stants near Tj,.

also observed in Zr** doped BaTiO3 and Ta " doped NKN
systems.'®!? Tt is of note that as the Sb content is beyond
0.07, the dielectric properties start to exhibit a slight fre-
quency dispersion beside the diffuse phase transition behav-
ior. The calculated relaxation degree AT,..x between two
T, values measured at 100kHz and 100Hz in these
compositions increases gradually with increasing y. The fre-
quency dispersion behavior of the y > 0.07 samples is shown
in the inset of Fig. 2(b) using y=0.12 as an example
(AT e1ax =5°C as y=0.12). These results indicate that the
substitution of Sb>" for Nb>" has induced an obvious
normal-relaxor transformation, which corresponds to the
phase structure change from orthorhombic (O) symmetry
(y <0.07) to the coexistence of the O and rhombohedral (R)
symmetries (y > 0.07)."*?° As a consequence, the formation
of the dielectric relaxation in NKNS, samples seems to be
related to the appearance of the R phase, although it is funda-
mentally due to the formation of polar nanoregions
(PNRs).?! The disordered distribution of different ions at one
or more equivalent crystallographic sites would lead to the
formation of random local fields which are responsible for
the growth of PNRs.?? The enhancement of local random
fields with increasing the Sb substitution content will result
in a gradual increase of the dynamics of PNRs as well as a
decrease in size of PNRs.

Fig. 3 shows P-E loops and corresponding J-E (dP/dt-E)
curves for different compositions. It can be seen from
Fig. 3(a) that the y <0.02 samples exhibit an obviously
constricted and double-like hysteresis loop induced by the
pinning of the domain wall motion from Cu-O defect
dipoles, i.e., the ferroelectricity in these compositions is re-
stricted.?® During electric loading, a transition between a re-
stricted ferroelectric state and a normal one would occur in
y <0.02 samples, similar to the antiferroelectric-ferroelectric
or relaxor-ferroelectric transition.”**> However, the CuO-
doped NKN ceramics exhibit largely observable quasi-static
ds3 values even in y=0 sample."* This is intrinsically
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FIG. 3. The bipolar P-E loops and corresponding J-E curves of NKNS,
ceramics: (a) y=0, (b) y=0.02, (c) y=0.05, (d) y=0.07, (e) y=0.09, ()
y=0.1,(g) y=0.12, and (h) y =0.16.

different from those observed in some antiferroelectrics' or
in some relaxor ferroelectrics close to the ergodic and noner-
godic phase boundary (or in the vicinity of their freezing
temperatures).*®?*?” The observed transition behavior in
y <0.02 samples should be achieved by reversible domain
switching, thus generating the forward-switching peaks E;
(and E,’) and backward-switching peaks E, (and E,)."> As
y > 0.02, the backward-switching current peaks E, and E,’
start to disappear and only a single polarization current peak
corresponding to the normal domain switching was observed
during electric loading, as shown in Figs. 3(c)-3(h). The
result implies that the pinning effect of domain walls does
not work any more because of gradually increased domain
switching dynamics as mentioned above. Moreover, the
decrease of the coercive fields E. (denoted as E; in Fig. 1)
further confirms that the substitution of Sb>* makes the do-
main switching easier. It can be also seen that the saturated
polarization P,,,x values do not change obviously as y > 0.07
(except for the y = 0.16 sample because of a small amount of
secondary phases based on the solubility limit of Sb>" in the
NKN lattice).'* That is to say, all relaxor compositions are
ferroelectric in nature. Therefore, a long-range ferroelectric
ordering can be electrically induced in these compositions,
accompanied by an obvious domain switching process. In
addition to the domain switching during loading, a phase
structural transition from R phase or O phase to monoclinic
(M) phase was already confirmed in our previous work by
means of high-resolution synchrotron XRD.?® As known,
the useful electrostrain value (i.e., Spos) generated in a
ferroelectric composition generally equals to the amount of
poling strains (Sp,) minus the irreversible strain parts (i.e.,
Sheg)- The enhanced domain switching and electric field
induced O-M and R-M phase transitions would significantly
contribute to the increase of the E, value with increasing
the Sb content (see Fig. 1(b)). By comparison, the reversibil-
ity of R-M phase transition?® will lead to the minimum Shes
value. The electric field induced irreversible O-M phase tran-
sition®® would dominantly contribute to the observed S, in
Fig. 1, which was thus found to gradually decrease with
increasing y owing to the reduction of the O phase amount
within the O-R phase coexistence zone. As a result, both S
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and d33* values monotonously increase with increasing the
Sb content, reaching 0.32% and 800 pm/V, respectively, at
y=0.12.

Fig. 4(a) shows the evolution of (222) pseudocubic
reflections for the y=0.12 sample under different external
electric fields. It is obvious that the y =0.12 virgin sample
basically belongs to an R phase (as E=0-0.5kV/mm), as
characterized by two split (222)/(22-2) diffraction lines. As
the applied electric field is above 1 kV/mm, an M phase with
three featured diffraction peaks (-402)/(042)/(402) can be
electrically induced. This electric field induced new phase
should be an My phase with a Cm symmetry, as sketched in
Fig. 4(b). The polar axis of the Cm symmetry lies close to
the [-201]y direction, i.e., close to the [111]g axis. Although
the electric field magnitude is further increased, no obvious
domain switching can be detected until E > 2 kV/mm. As the
electric field is above 2kV/mm, a distinct increase of the
peak intensity ratio between (-402)/(402) planes can be seen,
indicating that poling process has induced a considerable do-
main switching behavior along its polar axis direction.
Similar domain switching behavior was also observed in fer-
roelectrics with other symmetries such as T and R phases, in
which the intensity ratios between (002)/(200) planes and
(111)/(11=1) increased after poling, respectively.*® Figs. 4(c)
and 4(d) show the unipolar strain loops and the correspond-
ing strain values of the y = 0.12 virgin samples under various
electric field amplitudes. Because the amount of O phase is
very low in the y = 0.12 sample, the contribution of irreversi-
ble O-M phase transition to the strain during loading is negli-
gible. It can be seen that the generated strains show a drastic
increase in the field range of 1-2kV/mm, and then continue
to increase a little slowly after 2 kV/mm, as can be seen from
the slope of the strain versus electric field (S/E) curve
(Fig. 4(d)). Before 1 kV/mm, a very small contribution to the
strain should be ascribed to the electrostrictive effect. As dis-
cussed above concerning the in-situ XRD results, a large
contribution of ~62% of the total strain in the field range of
1-2kV/mm should be attributed to the electric field induced
reversible R-M phase transition. Further domain switching
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FIG. 4. (a) The (222) pseudocubic reflection lines for the y =0.12 sample
under different external electric fields, (b) the sketch of the unit cell of Mg
phase with Cm symmetry, (c) unipolar S-E curves of the y =0.12 sample
under different external electric fields, and (d) the generated strains and
dynamic d;3* values under each driving electric field.
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as E>2kV/mm would lead to the left ~38% of the total
strain. Interestingly, because the field induced R-M phase
transition easily occurs under a relatively low electric field
(~1kV/mm), an ultrahigh dynamic piezoelectric coefficient
ds3* value of ~1100 pm/V can be obtained. In a wide field
range of 14 kV/mm, a d;3* value as high as ~800 pm/V can
be maintained. As E =4kV/mm, the generated strain reaches
~0.32%, which is comprised the low-field phase transition
contribution (~0.2%) and the enhanced domain switching
contribution (~0.12%). Such a large domain switching con-
tribution was rarely observed in conventional PZT-based
ceramics.” It should be closely correlated in the current study
with the miniaturization of domain structures accompanied
by the Sb induced normal to relaxor transformation.
Compared with BNT-based lead-free large-strain ferroelec-
tric ceramics, the Sb substituted NKN ceramics in the current
study should have more potentials for actuator applications
because an extremely low driving electric field is required
for generating a large dynamic ds3* up to ~1100 pm/V.

In summary, low electric field induced large strain and
its corresponding structural mechanism in NKNS, ceramics
were investigated. An ultrahigh electrostrain of ~0.32% can
be generated under an electric field of 4kV/mm in the
y=0.12 sample. Such a large dynamic d;;* value of
800-1100 pm/V can be maintained in a wide field range of
1-4kV/mm. The mechanism of generating large strains in
NKNS, ceramics was ascribed to the low-field induced R-M
phase transition (1-2kV/mm) and the enhanced domain
switching, which contribute to ~62% and ~38% of the total
strain, respectively. The reversibility of R-M phase transition
was believed to produce the minimum irreversible strain.
The Sb substitution induced normal to relaxor phase transi-
tion enhances the dynamics of domain switching. The results
indicate that the NKNS,, compositions would have excellent
potentials for applications of lead-free actuator ceramics.

The authors would like to thank Shanghai Synchrotron
Radiation Source for use of the synchrotron radiation
facilities. Financial support from the National Natural Science
Foundation of China (Grant Nos. U1432113, 51402079, and
51332002) is gratefully acknowledged.
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