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PACS 77.84.-s – Dielectric, piezoelectric, ferroelectric, and antiferroelectric materials
PACS 77.80.B- – Phase transitions and Curie point

Abstract – The electrical and structure behaviors are somehow deviated in (1-x)(Bi0.5Na0.5)TiO3-
xBaTiO3 (BNT-xBT), which is unusual for regular ferroelectrics whose structure transition is
always accompanied with the ferroelectric one. To understand this problem, a dynamic ferroelastic
measurement was used as a new way (besides ferroelectric and structure views) to determine its
transition. It is found that for x< 5%, they showed a typical ferroelastic phase transition, whereas
it was a strain glass transition for 5%<x< 8% (previously regarded as morphotropic phase
boundary region). The new ferroelastic characterization provides a unique aspect to understand
complex ferroelectric materials, such as BNT-xBT.

Copyright c© EPLA, 2012

Introduction. – Recently, (1-x )(Bi0.5Na0.5)TiO3-
xBaTiO3 or BNT-xBT attracts lots of research interests
as a candidate for Pb free high performance piezoelectric
material [1–3]. This material has relatively high Curie
temperature and a nearly vertical morphotropic phase
boundary (MPB) separating a rhombohedral (R) phase
and a tetragonal (T) phase, which (in principle) can
generate high piezoelectricity [4–6]. These advantages
make it a highly promising substitution material for lead
zirconate titanate (PZT) to avoid environmental and
health problems.
However, BNT-xBT undergoes a complex phase transi-

tion sequence and has complex domain structures, which
increases the difficulty to understand its behavior and
further optimizing the properties. For example, pure BNT
undergoes a transition sequence of R-T and T-C (C
as cubic phase) at 300 ◦C and 540 ◦C determined by
XRD and neutron measurements, and also confirmed by
DSC [7–10]. On the other hand, its electrical properties,
like ferroelectricity, piezoelectricity and pyroelectricity,
encountered a drastic drop around 200 ◦C and its dielectric
peak temperature (Tm) appeared at 320

◦C, deviated from
the transition temperature determined by these structure
measurements [11–15].
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Another problem is related to the MPB of BNT-xBT.
Relatively large piezoelectricity and permittivity were
reported at the MPB, phase boundary between ferroelec-
tric R and T phases [1]. But detailed structure experiments
show a pseudo-cubic structure (nearly non-transforming
state) for this region from XRD [16], neutron [17] and
TEM [18] measurements. These characters do not coin-
cide with those of conventional ferroelectric MPBs which
possesses hierarchical domain structure with coexistence
of different ferroelectric phases [19].
It is obvious that structure and electrical behaviors

of this material are highly divergent, so only viewing
from these two aspects cannot solve the above puzzles.
A different aspect and new measurements are needed to
further understand and clarify these problems. In fact,
structure phase transitions are always accompanied with
elastic anomalies, and ferroelectric transition has the
secondary order parameter as ferroelastic strain ordering,
so a ferroelastic study may be a possible way to understand
this material, linking the structure transition and its
ferroelectric one. Currently, a lot of studies only focused on
“ferroelectric BNT-xBT” [2,3], but scarce effort has been
made to study the “ferroelastic BNT-xBT” [20], especially
no one used the multi-frequency dynamic ferroelastic
measurements to characterize this material.
In this work, we used typical ferroelastic characteri-

zation methods [21] to study BNT-xBT. We found that
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Fig. 1: (Colour on-line) Average structure measurements of BNT-xBT. (a)–(d) DSC heat flows and (e)–(h) XRD profiles at
different temperature of BNT-2BT, BNT-4BT, BNT-6BT, and BNT-7BT, respectively.

when x< 5%, it shows a typical ferroelastic transition; but
when 5%<x< 8%, BNT-xBT shows a strain glass tran-
sition, namely it transits into a frozen short-range order
state. (Strain glass is a frozen disordered ferroelastic state
with short-range strain order only [22]. It is an important
ferroic glass in ferroelastic paralleled to spin glass in ferro-
magnetic [23] and relaxor in ferroelectric materials [24].)
Several puzzles can be explained by adding this ferroelastic
viewpoint. These findings provide new information about
the transition of BNT-xBT and may lead to new under-
standings of this material.

Experimental. – Ceramic samples were fabricated
with a conventional solid-reaction method. The calcination
was performed at 900 ◦C for 4 h and finally sintered at
1100 ◦C–1200 ◦C for 2 h buried in protective powders with
the same composition in a sealed crucible. Heat flow was
analyzed by DSC-Q200 from TA Instrument. Dynamic
mechanical analysis (DMA) and zero-field-cooling or field-
cooling (ZFC/FC) strain measurement were done by
DMA-Q800 from TA Instrument, too. The structure
was analyzed by an X-ray diffraction analysis meter
for a temperature range between −100 ◦C and 350 ◦C
(Shimadzu 7000 XRD).

Results. – Figure 1 shows the transition in BNT-
xBT by macro properties measurements of DSC and
XRD. Figures 1(a)–(d) are the DSC heat flow curves
of BNT-xBT for different compositions. When x< 5%,
such as BNT-2BT and BNT-4BT, there are clear
exothermic/endothermic peaks during cooling/heating
processes, which indicates 1st-order phase transitions.
But there are no heat flow peaks in figs. 1(c) and (d),
namely no obvious transitions for 5%<x< 8%, such as
BNT-6BT and BNT-7BT. These results can be confirmed
by XRD line scan, too (figs. 1(e)–(h)). For BNT-2BT and

BNT-4BT, there are clear splitting peaks below phase
transition temperature indicating a long-range symmetry
breaking phase transition (R-like symmetry). While XRD
profiles stay the same (pseudo-cubic symmetry) in a wide
temperature range for both BNT-6BT and BNT-7BT.
However, DSC and XRD are only effective to observe

the long-range phase transition. They are ineffective when
used to analysis local order-disorder change for a glass
transition: a frozen process from an ergodic state to a
nonergodic state with local (short-range) order only [25].
To detect a possible glass transition, new tools are needed,
like ac magnetic susceptibility measurement for spin glass
in ferromagnetic materials [26], permittivity measure-
ment for relaxor in ferroelectric materials [27] and stor-
age modulus measurement for strain glass in ferroelastic
materials [22]. Here we use DMA to detect the possible
glass state from the ferroelastic aspect. DMA in ac mode
records the elastic modulus and tangent delta as a function
of temperature and frequency. It is effective to reveal the
frequency dependence in ac modulus and analysis a possi-
ble frozen process. DMA in dc mode can be used to carry
out the zero-field-cooling (ZFC) and field-cooling (FC)
experiments with a bias stress field (25MPa for our exper-
iments). The difference between field-heating (FH) curves
after ZFC and FC indicate a history dependence process
as well as the loss of ergodicity, which is a primary char-
acter of glass transition to show the frozen process [28],
similar to the ZFC/FC experiments of relaxor and cluster
spin glass [29,30].
Figure 2 shows the temperature-dependent ferroelas-

tic properties measured by DMA. Figures 2(a)–(d) show
storage modulus curves and figs. 2(e)–(h) show tangent
delta curves in the heating process. For composition x<
5% (figs. 2(a), (b), (e), (f)), the storage modulus and
tangent delta show typical ferroelastic transition behaviors
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Fig. 2: (Colour on-line) DMA measurement of BNT-xBT. (a)–(d) storage modulus; (e)–(h) tangent delta; (i)–(l) ZFC/FC strain
curves with bias stress of 25MPa for BNT-2BT, BNT-4BT, BNT-6BT and BNT-7BT (in a heating process).

with elastic softening on storage modulus and sharp
peaks on tangent delta at the phase transition tempera-
ture. The frequency independence in the DMA dips/peaks
is another important feature of the ferroelastic transi-
tion, too. On the other hand, it is very interesting that
previous x> 5% “no-phase-transformation” samples (as
revealed by DSC and XRD), now show dips and peaks
for modulus and tangent delta in dynamic mechanical
measurement, indicating a possible transition (figs. 2(c),
(d), (g), (h)). However, the change during transition is
much smaller compared with that of the ferroelastic one.
The broaden deeps/peaks and the frequency dispersion
(see figs. 3(a), (b)) of storage modulus and tangent delta
demonstrate a gradual frozen process (strain glass transi-
tion) instead of a sharp disorder-order phase transition.
Figures 2(i)–(l) show the ZFC/FC strain curves of BNT-

xBT. The ZFC/FC curve usually is used to define the
history dependence (or independence) of the material. It
is a critical proof to reveal the frozen process of strain
glass transition [28–30]. For these samples with composi-
tion x< 5% (figs. 2(i), (j)), after ZFC (zero-field cooling),
the spontaneous ordered strain domains are in an isotropic
distribution and toll strain is small. But the same samples
after the FC (field-cooling) process, the FH (FC) curve
starts at a relatively large strain value and decreases grad-
ually with the temperature increasing. When it approaches
phase transition temperature, strain decreases quickly and
then coincides with the FH (ZFC) curve. This process
indicates that after FC, the spontaneous strain is ordered
by the bias stress field and formed large ordered strain
domains. For x> 5%, the difference between FH curves
after ZFC and FC also shows the history dependence and
nonergodic process for these samples, indicating the glass

Fig. 3: (Colour on-line) Frequency vs. transition temperature
curves: (a) BNT-6BT; (b) BNT-7BT (curves are fitting with
V-F law).

transition truly happens. However, it should be noticed
that the much smaller strain and the gradual moun-
tain shape of the FH (ZFC) curve together are impor-
tant features of strain glass because strain glass only has
nano-sized ordered strain and the randomly frozen domain
after ZFC can be excited and re-aligned during the FH
process.
The most important feature of a glass transition is

its frequency dependence on the transition temperature
during an ac measurement, which satisfies the Vogel-
Fulcher (V-F) relationship [22]. In figs. 3(a) and (b), the
frequency dependence of transition temperature Tg (by
DMA tan delta measurement) is shown by fitting to the
V-F law, and the ideal frozen temperature T0 (Tg at f = 0)
was also provided. The glass feature of BNT-6BT and
BNT-7BT in mechanical view is clear.

Discussion. – The above data and results revealed
the ferroelastic behavior of BNT-xBT. It is shown that
for x< 5%, it undergoes a ferroelastic transition, while
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Fig. 4: (Colour on-line) (a) A ferroelastic phase diagram of
BNT-xBT system; (b) a typical phase diagram of a strain glass
transition [31].

for 5%<x< 8%, it is a strain glass transition. There
are four important features for a strain glass transition
[21,31]: 1) frequency dependence of ac modules (fig. 3);
2) nonergodicity revealed by ZFC/FC curves (fig. 2); 3)
no change in the average symmetry by DSC and XRD
(fig. 1); 4) existence of a nano-sized domain observed by
TEM. Previous works are strongly supportive to verify
the domain sizes at different statuses [18,32,33]: When
x< 5%, people found relatively large domains (50 to
100 nm), whereas only found a nano-sized domain when
5%<x< 8%. Thus, the existence of strain glass in BNT-
xBT for 5%<x< 8% is clear and assured. (This may be
the first strain glass discovered in a ceramic system, also
in a ferroelectric material.)
Consequently, the ferroelastic phase diagram of

BNT-xBT can be created (fig. 4(a)). It is very similar
to the phase diagram of other strain glass materials
(fig. 4(b)) [21,31]: with increasing point defect concentra-
tion, the ferroelastic transition temperature continually
decreases and finally enters into a strain glass state when
the defect concentration is beyond a critical value. In
BNT-xBT, by doping BT into BNT, the larger Ba2+ ions
substitute the A site ions (Na1+ and Bi3+), then generate
random local strains and lattice distortions: Ba2+ is
regarded as point defect to the ferroelastic transition
in this system. With increasing BT concentration, local
strains and lattice distortions are increasing, and destroy
the long-range strain ordering with the formation of a
strain glass state.
It is worth noting that the ferroelastic measurement

consists very well with the structure transition. Several
“ferroelectric puzzles” can be explained by adding this
ferroelastic approach. For example: there is no trace
at Tm (the dielectric peak temperature) in ferroelas-
tic measurement (neither in the structure one); namely
it cannot be a transition related with structure change
or lattice deformation, hence not a typical ferroelectric
transition. Some authors proposed it may relate to the
superposition relaxation of different kinds of polar nano-
regions [34]. Also, as regards the state of “MPB” in
BNT-xBT system, though electrical properties enhance-
ment has been found around BNT-6BT, it seems that
this composition range is actually a glass state with local
order only in ferroelastic view, and simultaneously with a

pseudo-cubic structure as previously reported results in
XRD [16], neutron [17] and TEM [18] measurement. Find-
ing a strain glass state around the previous MPB region
provides strong evidence that this region is a short-range
glass state instead of a boundary for two ferroelectric
states (for unpoled samples). The details of the relation-
ship between ferroelastic and ferroelectric aspect in BNT-
xBT, as well as the origin of the enhancement around
BNT-6BT (not a MPB but a glass) will be discussed in
another paper.
Strain is considered as a secondary order parameter in

ferroelectrics and strain ordering is always accompanied
with ferroelectric transitions. Thus, few attention has been
paid to the ferroelastic nature of ferroelectric transitions
so far. To understand complex ferroelectric systems such
as BNT-xBT, a view from ferroelastic aspect actually
provides more enlightening information. Clearly, viewing
from the ferroelastic side can be another important way
to understand a ferroelectric material.

Conclusion. – Ferroelastic and strain glass transitions
of BNT-xBT have been studied in this paper. The strain
glass state is discovered at composition 5%<x< 8%,
which satisfies all the criteria to evaluate a strain glass.
Complex ferroelectric transitions and structure puzzles
can be well understood if a ferroelastic view is added.
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