N journal

J. Am. Ceram. Soc., 98 [12] 3670-3672 (2015)
DOI: 10.1111/jace.13989
© 2015 The American Ceramic Society

Rapid Communication

A Novel BiFeO;-BaTiO;-BaZrO; Lead-Free Relaxor Ferroelectric Ceramic
with Low-Hysteresis and Frequency-Insensitive Large Strains

Donggeng Zheng and Ruzhong Zuo®

Institute of Electro Ceramics & Devices, School of Materials Science and Engineering, Hefei University of

A novel (0.67—-x)BiFeO3-0.33BaTiOs;—xBaZrO; lead-free
relaxor ferroelectric ceramic was developed by a solid-state
reaction method. Measurements of temperature-dependent
dielectric permittivity and the polarization/strain hysteresis
loops demonstrated an obvious evolution of dielectric relaxor
behavior at room temperature (RT) from nonergodic to ergodic
states. A significantly enhanced electrostrain of ~0.37% at
7 kV/mm with a relatively small hysteresis of ~39% and a
low-frequency sensitivity was found at x = 0.04, showing large
potential for actuator applications. This was basically attribu-
ted to a rapid response of forward and backward switching
between ergodic and ferroelectric phases owing to similar free
energies and large local random fields.

I

E NVIRONMENTAL concerns have stimulated wide interests
in making lead-free ferroelectric materials. One of these
attempts is to develop new lead-free ceramics with large elec-
tromechanical strains for actuator applications. In terms of
the relationship between electrostrain S and polarization P:
S = QP where Q is the electrostrictive coefficient, which is
usually weakly dependent on the composition of perovskite-
type materials, it seems better to seek ferroelectric materials
with a large spontaneous polarization. This relationship is
valid not only for electrostrictive materials, but also for
relaxor ferroelectrics.! Tt is believed that the polar nanore-
gions (PNRs) play an important role in relaxor behavior. An
ergodic relaxor can freeze into a nonergodic relaxor near a
critical freezing temperature 7> Large electrostrains of
0.3%-0.4% were recently reported in (BigsNags)TiOs
(BNT)-based lead-free relaxor ferroelectrics near 717
Unfortunately, their strains displayed serious hysteresis
(>60%).*® BiFeO; (BF) was recognized as a potential lead-
free material owing to its excellent intrinsic polarization
(P> 100 pC/em?).” A giant strain response (above 5%) was
observed in BF thin films.® By comparison, BF ceramics gen-
erally exhibit low polarization and strain values owing to
their poor electric insulation. Solid solution ceramics of
(1—x)BF—xBaTiO; (BT) can exhibit a relatively large sponta-
neous polarization of 42 uC/cm? at x = 0.33.°

In this work, a new lead-free solid solution of BF-BT-
BaZrO; (BZ) was constructed. Their dielectric, ferroelectric,
and electromechanical strain properties were systematically
explored.
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II. Experimental Procedures

The (0.67—x)BF-0.33BT-xBZ (x = 0-0.08) ceramics were
fabricated by a solid-state reaction method. High-purity
(>99.0%) raw materials of Bi,O3, Fe,O3;, BaCO;, TiO,, and
ZrO, were mixed in alcohol, and then calcined at 700°C—
800°C for 12 h. The as-pressed samples were sintered at
990°C for 2 h in alumina crucibles. The dielectric properties
at various frequencies were measured using an LCR meter
(Agilent E4980A, Santa Clara, California) in a tube furnace.
The S-E loops were measured using a ferroelectric test sys-
tem (Precision multiferroelectric; Radiant Technologies Inc,
Albuquerque, New Mexico) connected with an accessory
laser interferometer vibrometer (AE SP-S 120E, SIOS
MepBtechnils, GmbH, llmenau, Germany).

I11.

The dielectric permittivity (e;) and loss tangent (tan J) of
BF-BT-xBZ ceramics are shown in Fig. 1(a). All samples
exhibited typical frequency dispersion and diffuse phase tran-
sition behavior near the temperature (7,,) at dielectric max-
ima (g,). The diffuseness degree y can be calculated from a
modified Curie-Weiss law 1/e—1/ey, = (T—Ty)"/C at T > Ty,
and another parameter AT .. Was defined as the difference
between two Ty, values measured at 1000 and 1 kHz. A sig-
nificant increase in both y and AT, ., values was observed
with increasing x [Fig. 1(b)]. The 7} value can be obtained
by fitting the measured dielectric permittivity versus tempera-
ture curves to the Vogel-Fulcher relationship f = f,-exp(—E,/
(k(T,—Ty)), where E, is the activation energy,” as shown in
Fig. 1(c). Increase in the calculated E, with x indicated pro-
gressively large dynamics and small size of PNRs.!° In addi-
tion, the relaxor phase at room temperature (RT)
transformed from a nonergodic state to an ergodic state. The
decreased tan o at elevated temperatures with increasing x
indicated the improvement of the electric insulation.

Figures 2(a) and (b) demonstrated non-first-cycle S-E
loops for BF-BT—xBZ ceramics. The x = 0 sample showed a
butterfly bipolar strain loop and a almost linear unipolar
strain curve, because of an irreversible nonergodic-to-ferro-
electric phase transformation. The negative strains were
formed because the ferroelectric domain reorientation was
involved. It can be seen from Fig. 2(c) that the substitution
of BZ induced a pronounced increase in Spos up to ~0.37%
at x = 0.04 and simultaneously led to a almost zero Sye,.
The electric field induced large strain in relaxor ferroelectrics
was generally ascribed to reversible ergodic—ferroelectric
phase transformation.™* From Fig. 2(b), one can calculate
the normalized strain ds3* (=Smax/Emax) and corresponding
strain hysteresis (Hys. = Wiayx/Smax), as plotted in Fig. 2(d).
The largest hysteresis for the x = 0.04 composition could be
considered as a result of the time effect of forward and back-
ward switching of ergodic and ferroelectric phase transi-
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Fig. 2. (a) Bipolar and (b) unipolar S-E loops at 1 Hz for BF-BT—

XBZ ceramics, (c) positive strain (Spos) and negative strain (Syee),
and (d) ds3* and hysteresis degree as a function of x.

tion.!" Relatively small size of PNRs in this material would
make its response to fields fast. The maximum ds3* could
reach ~528 pm/V with a strain hysteresis of ~39%, which is
far lower than those of BNT-based relaxor ferroelectrics
(usually Hys. > 60%).>® A comparison among several typi-
cal lead-free ferroelectrics was made in Table I. Although the
(Nag sKg5)NbO; (NKN) and BT-based lead-free ceramics
were reported to have low hysteresis, yet their strain values
and ds3* values are relatively small.'>!?
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(a) Dielectric permittivity and loss tan 6 as a function of temperature and frequency for BF-BT-xBZ ceramics, (b) AT . and y values,

Figure 3 shows the effect of electric field and frequency on
strains for the x = 0.04 sample. The threshold driving field
E.r of the ergodic to ferroelectric phase transition was esti-
mated by making the derivative of lower half unipolar S-E
curves (dS/dE) [see Fig. 3(a)]. The maximum strain hysteresis
just appeared at the field where the maximum dS/dE was
reached (E.f), which is slightly lower than the field value of
the maximum ds3* [Fig. 3(c)]. This result further indicated
that the main contributions of strain and strain hysteresis
should originate from the ergodic and ferroelectric phase
transition at lower electric fields, instead of further domain
switching at large fields. As shown in Table I, the x = 0.04
sample possessed a relatively low E.¢ value than BNT-based
systems. In addition, it can be seen from Fig. 3(d) that the
dy3* slightly decreased, and the hysteresis degree and E.r val-
ues slightly increased with increasing frequency (0.2-100 Hz).
When the measuring frequency increases, the domain wall
motion lags and then its contribution to strains also drops.
Because of extremely large dynamics and small size (i.c.,
large random fields) of ergodic PNRs in BF-BT-xBZ
(x = 0.04) relaxor ferroelectrics, the response of domain wall
motion to electric field is very fast, such that both d33* and
E.r, and their strain hysteresis almost are frequency indepen-
dent.

IV. Conclusions

In summary, an obvious evolution of dielectric relaxor behav-
ior was found in a new lead-free BF-BT—-xBZ relaxor ferro-
electric ceramic, as confirmed by the temperature-dependent

Table I. Comparison of Ferroelectric and Strain Properties of BF-BT-xBZ (x = 0.04) Ceramics with Some Lead-Free
Ferroelectric Ceramics

Compounds E (kV/mm) Pax (nC/em?) Smax (%0) dy3* (pm/V) Hys. (%) E.r (kV/mm) Ref.

NKNS-LT-BZ 4 ~21 ~0.2 ~500 ~14.1 — [12]
BZT 4 ~19 ~0.18 ~450 ~5.2 ~ [13]
BNT-BAT 8 ~37 ~0.36 ~448 ~71.9 ~5.6 [3]
BNT-BNN 7 ~34 ~0.3 ~420 ~64.2 ~5.1 [4]
BNT-BKT-Nb 7 ~42 ~0.42 ~600 ~65.1 ~4.7 [5]
BNT-BT-NKN 8 ~44 ~0.45 ~562 ~69.3 ~4.1 [6]
BF-BT-xBZ 7 ~40 ~0.37 ~528 ~39.1 ~3.7 This study

(Na,K)(Nb,Sb)O3: NKNS; LiTaOs: LT; Ba(Al,;Ta;»)O3: BAT; Ba(Ni;2Nb;,)O3: BNN; (Big 5K, 5)TiO3: BKT.
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Fig. 3. (a) Unipolar S-E loops under different electric fields at 1 Hz
for the x =0.04 sample together with the dS/dE value during
loading. (b) Frequency dependence of unipolar strain. (¢) d33* and
the strain hysteresis degree with electric fields. (d) ¢s3*, the strain
hysteresis degree and E.r values with frequency.

dielectric permittivity and the ferroelectric polarization/strain
hysteresis loops. A significantly enhanced electrostrain of
~0.37% under 7 kV/mm (normalized strain, ~528 pm/V)
together with a relatively small hysteresis of ~39% and a
low-frequency sensitivity was produced in the x = 0.04 sam-
ple, as compared with the previously reported BNT-based
lead-free relaxor ferroelectrics.
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