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A  normal  to  relaxor  ferroelectric  phase  transition  was  observed  to accompany  a  tetragonal  to  pseudocu-
bic  phase  transformation  in  (1 − x)(0.84(Bi0.5Na0.5)TiO3-0.16PbTiO3)-xPb(Mg1/3Nb2/3)O3 (BNT-PT-xPMN)
ceramics.  The  addition  of  PMN  was  found  to gradually  refine  the domain  morphology,  such  that  the mor-
photropic  phase  boundary  intrinsically  evolved  into  coexisting  tetragonal  ferroelectric  microdomains  and
pseudocubic  nonergodic  polar  nanoregions  (PNRs).  The  mechanism  of generating  remarkably  enhanced
electrostrains  was  ascribed  to the  oriented  growth  of  PNRs  and  subsequently  rapid  switching  of  tetrago-
elaxor ferroelectric
rgodic and nonergodic phase
trains
omain switching

nal domains  along  the  electric  field  direction  by means  of in  situ synchrotron  X-ray  diffraction,  through
which  the symmetry  of  PNRs  was  found  to be  intrinsically  tetragonal.  The  key  reason  for  an  additional
polarization  current  peak  was attributed  to  a significant  reduction  of the  unit  cell  anisotropy  at  a critical
field  at  which  a  simultaneous  shrinkage  of the  lattice  constant  ct led to a  relatively  low  electrostrain
compared  to  those  previously  reported  in  other  bismuth-containing  relaxor  ferroelectrics.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Giant electrostrains of up to ∼0.4% have attracted lots
f attention in recent years in some perovskite-structured
elaxor ferroelectric ceramics such as (Bi1/2Na1/2)TiO3 (BNT) and
i(Mg0.5Ti0.5)O3 (BMT) based solid solutions [1–7]. The com-
ositional modification could induce an evolution of dielectric
elaxation behavior, during which a normal ferroelectric to relaxor
hase transition temperature (Tfr) or an ergodicity to nonergodicity
reezing temperature (Tf) was gradually shifted close to room tem-
erature (RT). Because of the appearance of ergodic relaxor phases,
he response of ferroelectric ceramics to external electric fields
as gradually dominated by a reversible transition process from

rgodic to long-range ferroelectric ordering, leading to a significant
nhancement of electrostrains [2,6,8]. According to the literature
urvey, contributions to large strains seemed to be concerned with
he electric field induced phase transition, domain switching, elec-
rostrictive effects and converse piezoelectric effects. However,
he features of strains in response to electric fields are extremely

ifferent with varying compositions, even in the same matrix
ompositions but modified by different additives, involving the
esponse speed of strains to electric fields, the hysteresis degree

∗ Corresponding author. Fax: +86 551 62905285.
E-mail addresses: piezolab@hfut.edu.cn, rzzuo@hotmail.com (R. Zuo).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.10.013
955-2219/© 2015 Elsevier Ltd. All rights reserved.
of strains during loading and unloading [9,10], the threshold fields
for generating large strains and the thermal stability of strains in
addition to the strain magnitude [10,11]. Although large-strain-
generating compositions were frequently reported, yet these issues
seemed to need more cares. Particularly, how to optimize each
contribution to strains would be a more urgent and fundamental
issue. Further investigation of the physical mechanism for generat-
ing large strains would be of much interest as well because a couple
of questions are still not well understood.

BNT and Pb(Mg1/3Nb2/3)O3 (PMN) are typical relaxor fer-
roelectrics in lead-free and lead-containing perovskite family,
respectively. Both of them can form a complete solid solution
with PbTiO3 (PT) and simultaneously exhibit an obvious change in
structural symmetry, dielectric ferroelectric and electromechanical
strain behaviors. As shown in Fig. 1, a morphotropic phase bound-
ary (MPB) between rhombohedral (R) and tetragonal (T) phases was
observed as 10–15 mol% PT was added into BNT [12] or as ∼32 mol%
PT substituted for PMN  [13]. According to the phase diagram of
BNT-PT systems [12], a typical ferroelectric to antiferroelectric
phase (called as nonpolar phases later) transition anomaly disap-
peared as PT content exceeded 15 mol%. The temperature at this
dielectric anomaly was  usually called as the depolarization tem-
perature (T ) of BNT-based piezoelectric ceramics. It intrinsically
d
corresponded to Tfr at which an electric field induced ferroelectric
to relaxor phase transition occurred, and mostly tended to decrease
as donor dopants or other perovskite phases were added [1,7,14].

dx.doi.org/10.1016/j.jeurceramsoc.2015.10.013
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.10.013&domain=pdf
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mailto:rzzuo@hotmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2015.10.013


516 R. Zuo et al. / Journal of the European Ce

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0 0.0

0.2

0.4

0.6

0.8

1.0

ne
w

 M
PB

 lo
ca

tio
n

FET

FER

PM
N-PT (68/32)(M

PB)

PT

PMN

BNT

H
t
t
r
B
k
t
l
t
p
B
c
r
t
e

(
c
t
d
p
P
p
e
o
d
t

2

a
p
a
s
h
(
a
e
i
p
a
w
d
2
w
t

BNT-PT (8 7/13)( MPB)

Fig. 1. Schematic phase diagram of BNT-PT-PMN ternary system.

owever, giant strains reported in BNT-based binary or ternary sys-
ems were generally not observed in the proximity of Tfr but close
o the Tf although this issue was mostly vague in the literatures. As
eported, there was a much smaller difference between Tf and Tfr for
NT-based relaxor ferroelectrics than for BMT-based systems. This
ind of difference was believed to probably contribute to different
hermal stability of large strains [10]. Moreover, the achievement of
arge electrostrains usually requires a relatively high driving elec-
ric field of up to 6–7 kV/mm in most of BNT based solid solutions
robably because of their specific domain structures [5–7,9,15,16].
y comparison, most of R PMN-PT solid solutions have a low coer-
ive field (Ec) and exhibit a typical dielectric relaxor behavior. As a
esult, the substitution of PMN  for BNT can be expected to modify
he domain morphology and further to optimize the dielectric and
lectromechanical strain behavior.

In this work, a specially-designed new composition system of
1 − x)(0.84BNT-0.16PT)-xPMN (abbreviated as BNT-PT-xPMN) was
onstructed by mixing two systems PMN  and BNT-PT together in
erms of their respective phase transition behavior and possibly
ifferent domain structures. The aim to do so is to see how the
hase or domain structures of this system vary with changing the
MN content and the electric field magnitude, and how the ergodic
hases or nonergodic phases respond to the variation of external
lectric fields, and particularly to further make clear the mechanism
f generating large strains by means of temperature or composition
ependent synchrotron X-ray diffraction (XRD), dielectric proper-
ies and polarization (strain) versus electric field (P(S)–E) curves.

. Experimental

The BNT-PT-xPMN  (x = 0–0.45) composition points were drawn
s red dots in Fig. 1, being distributed on both sides of a theoretically
redicted MPB  line of BNT-PT and PMN-PT binary systems by fixing

 constant ratio of BNT to PT. The ceramics with different x were
ynthesized by a conventional solid-state reaction method using
igh-purity oxides: Bi2O3 (99.0%), Na2CO3 (99.8%), PbO (99.0%),
MgCO3) 4·Mg(OH) 2·5H2O (99.0%), Nb2O5 (99.5%) and TiO2 (99.0%)
s raw materials. The powders were weighed and ball-milled with
thanol and zirconia media for 4 h, and calcined twice after drying
n a closed alumina crucible at 850 ◦C for 2 h. After calcination, the
owder mixture was ball-milled again for 6 h with 0.5 wt% PVB as

 binder. The granulated powder was uniaxially pressed into discs
ith a diameter of 10 mm and a thickness of 1 mm.  The compacted

iscs were sintered in the temperature range of 1100–1200 ◦C for

 h. To minimize the vaporization of Pb, Na and Bi, sample discs
ere buried in the sacrificial powder of the same composition. For

he electrical measurements, silver paste was painted on major
ramic Society 36 (2016) 515–525

sides of the discs and fired at 550 ◦C for 30 min  as electrodes. The
specimens were polarized in a silicone oil bath at RT under a dc
field of 3–4 kV/mm for 15 min.

The relative densities of sintered samples were evaluated by
the Archimedes method. The phase structures were analyzed at RT
using a conventional powder X-ray diffractometer (XRD, D/Mzx-rB;
Rigaku, Tokyo, Japan) with CuK�1 radiation. The grain morphol-
ogy was observed by using a field-emission scanning electron
microscope (FE-SEM, SU8020, JEOL, Tokyo, Japan). Before the SEM
observation, the samples were polished and thermally etched at
∼950 ◦C for 30 min. The dielectric properties were measured using
an LCR meter (Agilent E4980A, Santa Clara, CA) in a temperature
range of 20–400 ◦C and at a frequency range of 0.1 kHz-1 MHz. The
quasi-static piezoelectric strain constant d33 of poled samples was
measured by a Berlincourt-meter (YE2703A, sinocera, Yangzhou,
China). The planar electromechanical coupling factor kp was deter-
mined by a resonance-antiresonance method with an impedance
analyzer (PV70A; Beijing Band ERA Co. Ltd., Beijing, China). A
ferroelectric testing system (Precision multiferroelectric, Radiant
Technologies Inc., Albuquerque, NM)  was used to measure the
polarization-electric field (P–E) hysteresis loops and electric field-
induced strain (S–E) curves. In-situ high-resolution synchrotron
XRD measurement was carried out under various electric fields or at
different temperatures at Shanghai Synchrotron Radiation Facility
(SSRF) using beam line 14B1 (� = 1.2378 Å).

3. Results

3.1. Phase structural transition, microstructure and normal
ferroelectric to relaxor phase transition

Fig. 2 demonstrates RT XRD patterns of BNT-PT-xPMN  ceramics.
A single perovskite structure could be clearly identified for all com-
positions according to their typical diffraction patterns. Moreover, a
typical T symmetry could be identified as x < 0.325, as evidenced by
both the peak splitting of the (0 0 2) and (2 0 0) diffraction lines and
the single (1 1 1) diffraction peak. When x ≥ 0.4, a sharp and narrow
peak profile of both (2 0 0) and (1 1 1) diffraction lines suggested
a pseudocubic (PC) structure. Slowly scanned (2 0 0) diffraction
lines in a 2� range of 45–46.5◦ were fitted by using a Gaussian
peak shape function for samples with x = 0.275–0.425, as shown
in Fig. 2(c1)–(c8). The structural symmetry of the samples can be
well established from the peak splitting and the relative intensity
of these reflection lines. The (0 0 2)T /(2 0 0)T and (2 0 0)PC peaks
could be simultaneously detected in the x = 0.325–0.385 samples,
indicating that there existed an MPB  between T and PC phases.

The microstructure of the selected samples is shown in Fig. 3. It
is evident that the introduction of PMN  had an obvious influence
on the evolution of the microstructure. Pure BNT-PT (x = 0) showed
relatively large grains and a relatively low density (∼95%). With
the introduction of PMN, the grain size decreased and the sam-
ple density slightly increased (>97% as x ≥ 0.3). The average grain
size, as estimated with a linear interception method, increased from
∼6 �m for the x = 0 sample to ∼3–4 �m for the x = 0.3, x = 0.375 and
x = 0.425 samples. It is worthy of note that the grain morphology sig-
nificantly changed from polyhedra to irregular shapes with adding
PMN  into BNT-PT. Two kinds of grains with different contrasts were
observed in samples with x > 0 probably as a result of different crys-
talline surfaces they have. There were no traces of secondary phases
as identified by the XRD results in Fig. 2.

Fig. 4(a)–(g) shows the temperature and frequency dependence

of dielectric permittivity (�r) of BNT-PT-xPMN ceramics before and
after poling. It can be seen that a spontaneous relaxor to ferroelec-
tric transformation occurred at temperatures Tfr in virgin samples
with x ≤ 0.3 in terms of clearly observed frequency-independent
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nto a nonergodic phase transition at Tf upon cooling [17–19]. Par-
icularly, there is not any detectable difference in the dielectric
ermittivity-temperature curves for the x ≥ 0.4 samples before and
fter poling, meaning that these samples should be dominantly
omposed of ergodic phases at RT [17,20], as shown in Fig. 4(f–i). For

 = 0.325–0.385 samples, they were located at the coexistence zone
f T and PC phases and simultaneously exhibited typical dielectric
elaxor behavior as manifested by Fig. 4(b–e). It can be seen that the
ielectric relaxor behavior around Tm of this ternary system became
tronger and stronger with the substitution of PMN, as character-
zed by the diffuseness degree �, which is calculated by a modified
urie–Weiss law (1/�–1/�m = C-1(T–Tm)� ) [21] and another param-
ter �Trelax, which can be defined as the difference between two
m values measured at 1 kHz and 1 MHz. As shown in Fig. 4(j), both
alues steadily increased with increasing the PMN  content. This
s because the disordered distribution of different ions with vari-
us sizes and valences at one or more equivalent crystallographic
ites would cause the formation of random local (strain or electric)
elds, which are responsible for either breaking long-range ferro-
lectric domains into PNRs or further promoting the growth of PNRs
22,23]. The substitution of PMN  tended to enhance the random
ocal fields of the ternary system, resulting in a gradual increase of
he dynamics of PNRs and a decrease in size of PNRs. Therefore, a

 to PC structural transformation at RT was just accompanied by
 normal ferroelectric to relaxor phase transition for the BNT-PT-
PMN  ternary system. As a result, the MPB  within 0.325 ≤ x ≤ 0.385
ctually evolved into a coexistence of T ferroelectric microdomains

nd PC nonergodic PNRs. Concerning the x = 0.385 sample, a small
art of nonergodic phases might have changed into ergodic phases
t RT with the decrease of Tf values, as pointed out infra.
Fig. 5. The phase diagram of BNT-PT-xPMN ceramics (Tm was determined at 1 kHz).

Because a full relaxor state is expected at RT as x ≥ 0.385,
the Tf value can be obtained by fitting the measured dielectric
permittivity versus temperature curves at different frequencies
to the Vogel-Fulcher relationship [17,19]. It can be also roughly
estimated by a field-induced ferroelectric to relaxor phase transi-
tion temperature Tfr’, which was grasped in dielectric permittivity
versus temperature curves for poled samples (see Fig. 4(b)–(e)).
In combination with the analysis of XRD results (Fig. 2), a

composition-temperature-phase diagram could be approximately
drawn, as plotted in Fig. 5. It can be seen that the BNT-PT-
xPMN  compositions at RT exhibited a T phase with ferroelectric
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acrodomains as 0 ≤ x < 0.325, then a two-phase coexistence
f T phases with microdomains and PC phases of nonergodic
NRs as 0.325 ≤ x < 0.385, and finally transformed into a single
C phase composed of nonergodic and/or ergodic PNRs. These
esults demonstrate that the addition of PMN  played a significant
ole in refining the domain morphology of BNT-PT-xPMN  ternary
ystem.

.2. Polarization switching behavior of BNT-PT-xPMN ternary
ystem

Fig. 6(a–e) depicts RT P–E loops for samples with x = 0.275 ∼ 0.45
nd the corresponding current density loops (J–E). Obviously,

 nearly saturated and square P–E loop together with a single
harp polarization current peak (P1) were observed during loading
lectric fields for the x = 0.275–0.375 samples, which are charac-
eristic of normal ferroelectrics (x = 0–0.3) or nonergodic relaxors
x = 0.325–0.375). Although the x = 0.385 sample was also located
t the T and PC phase coexistence zone (MPB), its P–E loop was
bviously pinched and its J–E curves exhibited three polariza-
ion current peaks (P1–P3 as indicated in Fig. 6(c)). This should
e extremely interesting for most of relaxor ferroelectrics since

t was rarely reported previously. Two split current peaks have
een frequently observed in a couple of relaxor ferroelectrics
6,10,11,24,25] as their Tf values were adjusted close to RT, which
orrespond to the back-switching process of both field induced
rgodic-to-ferroelectric (P2) and nonergodic-to-ferroelectric (P1)
hase transition, respectively [6,26,27]. As x ≥ 0.4, P–E loops of
hese samples were still pinched firstly (x = 0.4–0.425) and then
ecame extremely slim (x ≥ 0.45), accompanied by two  obviously
eparated current peaks (P2 and P3) even for samples entering into

 pure ergodic phase zone (x ≥ 0.425) at RT. This significantly dif-
ers from the common sense that only a single polarization current
eak formed during unloading could be observed for a pure ergodic

hase or an ergodic phase dominated composition, together with a
olarization current platform instead of a sharp current peak dur-

ng loading [6,10,11,28]. That is to say, the polarization current peak
3 indicated in Fig. 6(c–e) for the x = 0.385–0.45 samples should
ops for the corresponding ceramics samples in which P–P3 stand for the polarization
 and (g) the variation of both maximum polarization Pmax and remanent polarization

not be attributed to the field induced ergodic to ferroelectric phase
transition.

The variation of the electric field values E1–E3 corresponding to
the current peaks P1–P3, respectively, as a function of x is shown
in Fig. 6(f). The E1 value started to decrease slowly with increasing
x owing to the decrease of tetragonality (x = 0–0.32) and domain
sizes (PNRs, x = 0.325–0.385). The appearance of E2 indicated the
existence of ergodic phases. It can be seen that the coexistence of
ergodic and nonergodic phases occurred within a very narrow com-
position range. Among these studied compositions, it was  detected
only in the x = 0.385 sample, however, from which E3 started to
appear and became larger with increasing x. How to make clear the
origin of the P3 peak (E3) will be of much importance. Moreover,
the maximum polarization Pmax and remanent polarization Pr were
plotted as a function of the PMN  content, as shown in Fig. 6(g).
The Pmax values remained almost constant in the whole composi-
tion range, suggesting that a well-oriented long-range ferroelectric
ordering can be sufficiently established under 7 kV/mm even for
compositions of pure ergodicity. By comparison, a gradual decrease
of Pr values with increasing x and then a sudden drop at x > 0.4
demonstrate that recoverable contributions such as from the unsta-
ble domain switching or from ergodic to ferroelectric reversible
phase transition became more and more important.

3.3. Remarkably enhanced electrostrains at Tf and Tfr

RT bipolar and unipolar strain curves under 7 kV/mm at 1 Hz
are shown in Fig. 7(a and b), respectively. All these curves were
obtained from the measurement of non-first cycles. It can be seen
from Fig. 7(a), that the x ≤ 0.385 samples exhibited a typical but-
terfly loop with a large negative strain (Sneg), which is typical for a
normal ferroelectric or a nonergodic relaxor. When x ≥ 0.4, the but-
terfly shaped strain curves drastically converted into horn-shaped
ones nearly in the absence of Sneg, accompanied by a rapid increase

in the positive strain (Spos), as can be also seen in Fig. 7(b). The
maximum Spos value of ∼0.31% was  achieved in the x = 0.425 sam-
ple, in which the Sneg value just got close to zero (see Fig. 7(c)).
For a certain ferroelectric composition, poling strains are usually
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max and remanent polarization Pr, (e) both Spos and Sneg and (f) the hysteresis de
hanging temperature in which P1–P3 stand for the polarization current peaks; (h) 

nce of ergodic phases approximately at 95 ◦C. Sneg values gradually
rrived at zero at ∼105 ◦C and concurrently Spos value reached their
axima (Fig. 8(e)). This means that ergodic phases can be also

eversibly transformed into a long-range ferroelectric order driven
y an external electric field near Tfr [28]. It suggested that ergodic
hases should have similar free energies to resultant ferroelectric
hases considering possible phase coexistence of ergodic and fer-
oelectric phases in the proximity of Tfr. This is very similar to the
ase near Tf where ergodic and nonergodic phases have similar
nergies. As a result, the strain hysteresis was significantly depen-
ent on measuring temperature, and reached its maxima (∼50%)
pproximately near 105 ◦C (Fig. 8(f)).

As shown in Fig. 8(g), a single polarization current peak P1 was
bserved below 85 ◦C, indicating that a normal ferroelectric state
s dominant. However, there appeared two polarization current
eaks (P2 and P3) above 95 ◦C, even if the sample entered into a
ure ergodic phase zone as the temperature was higher than 105 ◦C.

nterestingly, three polarization current peaks P1–P3 were observed
t 95 ◦C. This phenomenon was very similar to that observed in
ig. 6(c). The appearance of P3 during increasing temperature sug-
ested that there must be an additional process inducing a rapid
hange of polarization vectors. The electric field values E1–E3 cor-
esponding to the P1–P3 were plotted as a function of temperature,
s shown in Fig. 8(h). The decline of E1 should be attributed to the
ecrease of tetragonality due to the increase of temperature. The

ncrease of E2 was caused by the decreased hysteresis of induced
erroelectrics back to ergodic phases owing to enhanced dynamics
f ergodic PNRs. It can be also seen that E3 increased nearly linearly
ith increasing temperature as well.

. Discussion

The substitution of PMN  was found to induce a phase structural

hange from a T normal ferroelectric to a PC relaxor ferroelec-
ric. A morphotropic phase coexistence between T and PC phases
as identified between x = 0.325 and x = 0.385 where piezoelectric
roperties (d33 ∼ 191 pC/N, kp ≈ 18.7% at x = 0.375) were obviously
Fig. 9. (a) Quasi-static d33, planar electromechanical coupling coefficient kp and
normalized strains d33

* (Smax/Emax) values of BNT-PT-xPMN  ceramics as a function
of  the PMN  content.

enhanced, as shown in Fig. 9. By comparison, the maximum nor-
malized strains d33

*∼440 pm/V was  reached in the ergodic phase
(x = 0.425) close to the ergodic and nonergodic phase boundary. It
seemed to be slightly lower than those usually observed in a few
bismuth-containing relaxor ferroelectric ceramics (usually ∼0.4%
at 7–8 kV/mm,  d33

*∼500–600 pm/V) [7,9,10,30].
In situ high-resolution synchrotron XRD was carried out to

ascertain how the phase structure or domain switching responded
to external electric fields. As shown in Fig. 10(a), the x = 0.375
composition at zero field was  located in the vicinity of MPB, as evi-
denced by the appearance of (0 0 2)T /(2 0 0)T and (2 0 0)PC peaks.
As a small electric field was applied, the PC phase immediately
disappeared and a pure T phase was  left. The intensity ratio of
(0 0 2)T and (2 0 0)T only slightly increased with increasing the field

up to 1 kV/mm. The interesting thing is that an obvious and rapid
c-axis-oriented domain switching occurred as the applied electric
field was  higher than 2 kV/mm,  as manifested by a significantly
increased (0 0 2)T /(2 0 0)T intensity ratio. As the electric field was
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Fig. 10. Evolution of the (1 1 1) and (2 0 0) diffraction lines with increasing the electric fields for ceramic samples: (a) x = 0.375 and (b) x = 0.425 in comparison with the
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orresponding diffraction lines of respective samples after the maximum applied 

iffraction lines fitted by a pseudo-Voigt function for the x = 0.425 sample.

urther increased, the (0 0 2)T /(2 0 0)T ratio exhibited a relatively
mall increase. The field value of 2 kV/mm at which a rapid domain
witching occurs just corresponded to the E1 value of the x = 0.375
ample as shown in Fig. 6(b and f). As the electric field was released
after poling), it can be seen that the c-axis orientation of domain
witching still existed but was partly recovered compared to the
tate under an electric field larger than 2 kV/mm.  Nevertheless, the
ffect of domain switching in the poled x = 0.375 sample was  still
ery strong compared to a usually observed ferroelectric. The two-
hase coexistence (MPB) and low domain wall energy (PNRs) in the

 = 0.375 sample would make polarization switching much easier
long the electric field direction, being responsible for enhanced
iezoelectric activities. Fig. 10(b) further certifies that the x = 0.425
ample should be an ergodic phase with a PC symmetry at zero field.
nly a small field up to 0.25 kV/mm could make it transform into a T
hase, which then exhibited a slightly increased c-axis-orientation
ith increasing the field up to 2 kV/mm.  A significantly enhanced

-axis orientation was suddenly finished upon the application of a
eld of 3 kV/mm,  as observed in the x = 0.375 sample. Although the
-axis orientation degree could be slightly increased with further
ncreasing the field, yet initial PC phase was completely recovered
s the electric field was released, suggesting that the field induced
rgodic to ferroelectric phase transition is reversible. The electric
eld value of 3 kV/mm at which a fast c-axis orientation occurs for
he x = 0.425 sample was just consistent with the E3 value in Fig. 6(e
nd f). For a normal ferroelectric or a nonergodic relaxor ferroelec-
ric, the E1 value achieved from its P–E loop should be its Ec value
t which the polarization vector responds to the electric field in the
astest way, as we observed in Fig. 10(a) for the x = 0.375 sample.
s a result, the P3 peak of the x = 0.425 sample in Fig. 6(e) should be

scribed to a rapid c-axis oriented T domain switching. This finding
hould also fit to other BNT-PT-xPMN  samples. In x = 0.325–0.375
amples, the coexisting T ferroelectric phase and PC nonergodic
c field was  totally released (poled); the electric field dependent changes of (2 0 0)

phase have very similar free energies such that both of them exhib-
ited a single switching process. Because of the appearance of a small
amount of ergodic phases, three polarization current peaks were
observed simultaneously in the x = 0.385 sample.

Fig. 11 shows the evolution of typical (1 1 1) and (2 0 0) diffrac-
tion peaks of the x = 0.3 sample with varying temperature and the
applied electric field in order to explore the field dependence of
the phase structure near Tfr. As can be seen from Fig. 11(a), an RT T
phase at zero field transformed into a pure PC phase with increas-
ing temperature up to 125 ◦C, undergoing a coexistence of T and
PC phases roughly in the temperature of 70–95 ◦C. This result indi-
cated that the freezing of high-temperature ergodic phases into a
long-range T ferroelectric order is also a diffuse process, although
Tfr was approximately identified to be 89 ◦C by means of the mea-
surement of dielectric-temperature curves (Fig. 4). As a result, it
will not be difficult to understand why the maximum electrostrain
appeared at 105 ◦C instead of at 89 ◦C. As measuring temperature
was raised to 105 ◦C (Fig. 11(c)), the sample became a nearly pure
ergodic phase with a PC symmetry at zero field. It then underwent
a similar change of (1 1 1) and (2 0 0) diffraction lines with increas-
ing the electric field to that observed in the x = 0.425 sample. The
appearance of a T phase from a PC phase was  driven at a field as
small as 0.25 kV/mm.  After a slight domain switching along the field
direction, a rapid and sudden c-axis oriented domain switching
happened at 2 kV/mm which corresponds to the E3 value observed
in Fig. 8(h). It is certain that the formation of the P3 peak in J–E
curves for the x = 0.3 sample on the ergodic phase side should be
also attributed to the rapid c-axis domain orientation driven by an
electric field. The different thing is that as measuring temperature
was raised to 125 ◦C, the initial ergodic phase with a PC symmetry

could remain stable under a field of up to 2 kV/mm. A T phase simul-
taneously with a significant c-axis orientation suddenly appeared
as an electric field of 3 kV/mm was  applied. This field value approx-
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ig. 11. Evolution of the (1 1 1) and (2 0 0) diffraction lines of the x = 0.3 sample: 

ncreasing the electric field, respectively, in comparison with the corresponding dif
eleased (poled).

mated to the E3 value at 125 ◦C for the x = 0.3 sample (Fig. 8(h)).
nterestingly, if Figs. 10 (b) and 11 (c and d) were compared, it will
e found that a zero-field PC phase of ergodicity evolved directly

nto a T phases under a small electric field, instead of undergoing
n R phase firstly and then changing into a T phase as observed pre-
iously [10,31,32]. Moreover, it seems that this electric field value
bviously depended on the dynamics of ergodic PNRs.

As known, high-temperature ergodic PNRs may  have different
ymmetries such as T, R and so on [33,34], although their matrix
ompositions usually look like a PC phase [19]. Because the size
f PNRs is beyond the coherence length to be detected by an XRD,
he intrinsic symmetry of these PNRs can not be properly distin-
uished from that of the matrix. The application of external electric
elds played a role in lowering the energy fluctuation of the system,
uch that the amount of stably existing PNRs suddenly increased as
he applied electric field was above a threshold value. This process

acroscopically behaves like the oriented growth of PNRs instead
f a real phase transition. As a result, an inherent T symmetry of
NRs in this study could be visualized under the irradiation of X-
ay. The higher the measuring temperature above Tfr is, the larger
he dynamics of ergodic PNRs is and the higher the required electric
eld is (Fig. 11(d)). Following that, a rapid switching of T domains
long c-axis occurred as the electric field was higher than the cor-
esponding E3 value. If the symmetry of PNRs is intrinsically R in
ome cases, a structural phase transition from R to T symmetry
ay  be also possible after the visualization of R symmetry as a

esult of PNRs growth [6,31]. In this study, an obviously c-axis ori-
nted domain switching became much easier probably because of
he preferentially oriented growth of PNRs under the application
f electric fields, as we observed in textured ferroelectric ceram-
cs or domain-engineered single crystals [35,36]. This can be more
learly supported by carefully looking at Fig. 11(b) in which the

 = 0.3 sample at 25 ◦C exhibited only a normal domain switching
ith the electric field instead of a rapid c-axis orientation because it

elongs to a T normal ferroelectric with macro-domain structures

t RT. If one compared the zero-field virgin sample with the post-
oled one (see Figs. 10 (b) and 11 (c and d)), it can be found that the
bove-mentioned field induced PNRs growth and switching pro-
different temperatures, at zero field, and (b)–(d) at 25 ◦C, 105 ◦C and 125 ◦C with
n lines of respective samples after the maximum applied electric field was totally

cess is completely reversible in an ergodic relaxor. According to the
above discussion, the physical mechanism of generating large elec-
trostrains near both Tf (x = 0.425) or Tfr (x = 0.3) could be updated
to an electric field induced reversible process involving both c-axis
oriented growth of PNRs and fast switching of T domains.

The (2 0 0) diffraction peak profiles of the x = 0.425 sample were
fitted by a pseudo-Voigt function (Fig. 10(b)). The calculated lat-
tice parameters, cell volume, lattice strain and volume fraction
(F) of domains aligned with the poling direction as a function of
electric field are shown in Fig. 12. It can be seen that an obvious
change of lattice parameters took place with increasing the elec-
tric field. Particularly, the ct value first increased with the field
from 0.25 kV/mm up to 2 kV/mm and then rapidly decreased at
3 kV/mm, and finally remained almost constant after 3 kV/mm.
There is only a slight change of at compared with ct. As a result,
the unit cell volume exhibited a similar change to the ct value,
as shown in Fig. 12(b). Interestingly, a sharp decrease of the cell
anisotropy (i.e., tetragonality c/a shown in Fig. 12(a)) and the cell
volume occurred at 3 kV/mm.  The former would largely facilitate
the domain orientation along c-axis. However, the shrinkage of the
unit cell volume tended to make the electrostrain smaller. It can
be more clearly seen from Fig. 12(c) that the lattice strain along c-
axis (the electric field direction) roughly calculated using the data
of Fig. 12(a) first increased with the field up to 2 kV/mm and then
became negative after 3 kV/mm.  It was  −0.083% as 6 kV/mm was
applied, which should be the main source of a relatively low elec-
trostrain observed in BNT-PT-xPMN  ternary system. The volume
fraction of domains parallel to the electric field direction can be
calculated by F = I(0 0 2)/(I(0 0 2) + I(2 0 0)), as shown in Fig. 12(d). It can
be seen that poling has resulted in a fast increase in the proportion
of domains aligned along the field direction (36% at 2 kV/mm to 58%
at 3 kV/mm). This should be basically responsible for the appear-
ance of the P3 peak in Fig. 6. It is worthy of note that the unit cell
volume of the zero-field sample (Fig. 12(b)) should not be a real vol-
ume  of the sample because the calculated value VPC only came from

the lattice parameters of the matrix phases without considering the
inherent symmetry of involved PNRs.
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he  applied electric field.

. Conclusions

A composition modulated phase structural transition from T to
C symmetry was found in BNT-PT-xPMN  ternary system, accom-
anying a normal to relaxor ferroelectric phase transformation.

 morphotropic phase coexistence between T and PC phases was
dentified within 0.325 ≤ x ≤0.385 where relatively high piezoelec-
ric activity was achieved in the x = 0.375 sample owing to sufficient
omain switching facilitated by a lower domain wall energy. The
volution of dielectric relaxation and polarization switching behav-
or for unpoled and poled samples manifested the coexistence of T
erroelectric microdomains and PC nonergodic PNRs at MPB. In situ
ynchrotron XRD measurements suggested that the physical mech-
nism of generating remarkably enhanced electrostrains at Tf or
fr should be more intrinsically attributed to the oriented growth
f ergodic PNRs and subsequently rapid switching of T domains
long the electric field direction, instead of just a reversible field
nduced ergodic to ferroelectric phase transition stated previously.
he rapid switching of T domains especially found in BNT-PT-xPMN
ernary system produced an additional polarization current peak
uring electric cycling. The driving force was provided by a sud-
en reduction of the unit cell anisotropy (tetragonality ct/at) at

 critical electric field at which a simultaneous shrinkage of the
attice constant ct led to a slightly low electrostrain (∼0.31% at

 kV/mm). These experimental results provided an updated insight
nto the structural essence of the electric field induced ergodic to
erroelectric ordering transition responsible for the mechanism of
enerating giant electrostrains in relaxor ferroelectric ceramics.
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