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The internal friction and storage modulus of Ba(Zry,Tig g)O3-x(Bag;Cag3)TiO3 (BZT-xBCT) Pb-
free ceramics have been measured by dynamic mechanical analysis. The anelastic properties show
clear anomalies with regard to the transformations between cubic (C), tetragonal (T), orthorhombic
(O), and rhombohedral (R) phases, which are all of ferroelastic in nature. The previous reported
T-R transition region in the BZT-xBCT system can be divided into the T-O and O-R transitions,
consistent with recent studies on the appearance of an intermediate O phase. Based on the internal
friction and storage modulus results, a revisited version of BZT-xBCT phase diagram is proposed.
©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916713]

I. INTRODUCTION

Piezoelectric materials have the desirable property of
energy conversion involving mechanical and electrical
domains."> Amongst known piezoelectric materials, the
lead oxide based compounds, for example, PbZr; _,Ti O3
(PZT), PbMg; 3Nb; ;303-xPbTiO3 (PMN-PT), and PbZn, /3
Nb,/303-xPbTiO; (PZN-PT), are the current workhorses
for a vast range of applications such as piezoelectric actua-
tors, sensors, and transducers.’™ However, due to issues
with lead toxicity, there is an urgent need for high perform-
ance lead-free alternatives.®™®

Liu and Ren previously reported that a BaTiOs-based
lead-free ferroelectric system, Ba(Zr,,Tiyg)O3—x(Bag7Cag 3)
TiO; (hereafter abbreviated as BZT-xBCT), exhibits a large
electro-mechanical response, with a ds3 over 600 pC/N.”'% It
is of potential interest as an alternative to lead-based systems
as the phase diagram of BZT-xBCT was shown to be similar
to that of PZT, PMN-PT, and PZN-PT, i.e., it consisted of
three regions: paraelectric cubic (C), ferroelectric rhombohe-
dral (R), and ferroelectric tetragonal (T).9’10 The phase bound-
ary separating R and T phases leads to a large instability in
the polarization state, and consequently a significant variation
of the polarization can result under external stress or electric
field.”'""'? Furthermore, the R-T phase boundary originates
from the triple point, which is also shown to be a tricritical
point.”'*™'> The second order phase transition nature at this
point further leads to a more isotropically flattened energy
profile so that the polarization can be easily rotated by exter-
nal stress or electric field. Therefore, the longitudinal piezo-
electric coefficient d3; in BZT-50BCT is reported to be about
620 pC/N.>10
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It is known that that there is no group-subgroup relation-
ship between the ferroelectric R and T phases.'®™'® Various
studies focus on how the ferroelectric T phase transforms
smoothly to the ferroelectric R phase.'**” For example, neu-
tron and X-ray diffraction investigations on PMN-PT, PZN-
PT, PZT single crystals, and ceramics have shown the pres-
ence of an intermediate phase (IP) (can be either a monoclinic
(M) or an orthorhombic (O) phase) linking T and R in the
MPB region.'*?° For the BZT-xBCT system, recent Rietveld
refinement on high resolution X-ray diffraction results also
suggest an O phase bridging the T and R phases and the phase
sequence is identical to that observed in BaTiO;, i.e.,
Tetragonal — Orthorhombic — Rhombohedral upon cool-
ing.®%° Recent TEM observations on BZT-xBCT and PMN-
PT ceramics further show that such an intermediate phase (IP)
can be considered as a nano-scale adaptive phase of nano-
regions with T and R symmetries.”>"**! Thus, the nature of
the phase transition in BZT-xBCT remains an outstanding
question to be carefully examined.

By far, the most commonly applied technique used to
characterize the transition behavior is dielectric spectros-
copy.”!''?%3 The dynamic response to an AC electric field
gives the real part (¢') and the imaginary part (¢”) of the per-
mittivity and their ratio is the dielectric loss, tand = Ei,/,
However, because there is strong coupling between lattice
distortions (strain) and the ferroelectric order parameter
(polarization), it is inevitable that there will be changes in
elastic and anelastic properties associated with the discrete
phase transitions in the BZT-xBCT lead-free system.’*>°
The real part of the elastic response to a dynamic stress field,
expressed as the storage modulus (E'), is the inverse of the
mechanical susceptibility. The imaginary part of the
response is the loss modulus (E”). And the mechanical loss
(i.e., internal friction) is given by Q! = £, Softening of

=L
elastic storage modulus often appears near a structural

© 2015 AIP Publishing LLC
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ferroelectric phase transition, whereas the relaxation of order
parameters, motion of phase boundaries, and nucleation of a
new phase over the course of a phase transition typically
give rise to an internal friction peak.?” Therefore, mechanical
spectroscopy provides additional insights into the structural
evolution from a slightly different perspective.’®*~?

In the present study, we investigated the phase transition
behavior of the Ba(Zry,Tigg)Os—x(Bag-,Cag3)TiO; (BZT-
xBCT) Pb-free polycrystalline system using dynamic
mechanical analysis (DMA). The storage modulus and
mechanical loss showed clear anomalies in the transformation
process between the cubic (C), tetragonal (T), and rhombohe-
dral (R) phases and the intermediate phase (IP). The previ-
ously reported T-R transition region in the BZT-xBCT system
can be divided into T-IP and IP-R transitions, consistent with
a recently reported appearance of an intermediate orthorhom-
bic (O) phase.28’33’40 Based on our internal friction and storage
modulus results, we revisited the structural phase diagram of
the BZT-xBCT system, which is consistent with the ones
reported recently.”**%*! Our results suggest that the measure-
ment of anelastic properties provides a suitable approach to
monitor the phase transition in piezoelectric systems, espe-
cially the BaTiO; based systems.

Il. EXPERIMENT

BZT-xBCT ceramics with 0.20 < x < 0.45 were fabricated
by the conventional solid-state reaction method using starting
chemicals BaZrO; (98%), CaCO; (99.9%), BaCO; (99.95%),
and TiO; (99.9%). The calcination was performed at 1350 °C,
and sintering was done at 1450 °C in air. The sintered samples
for dielectric measurement were polished to obtain parallel
sides and painted with silver electrodes. The dielectric permit-
tivity and dielectric loss were evaluated using a HIOKI3532
LCR meter at different frequencies (0.1/1/10/100 kHz). The
sintered samples for anelastic measurement were cut into rec-
tangular shapes of dimensions 1.0 x 2.0 x 20mm®. The stor-
age modulus and mechanical loss were measured by DMA
measurement in a three point bending mode. Such dynamic
mechanical properties as a function of temperature were meas-
ured at different frequencies (0.2/0.4/1/4/10Hz) with a con-
stant displacement amplitude of 5 pum (the corresponding
strain amplitudes were 0.57 x 1077).

lll. RESULTS

A. The transition behavior in the composition region
with transition sequence cubic — rhombohedral

Figure 1 shows the dielectric permittivity (¢'), dielectric
loss (tand), elastic storage modulus (E), and mechanical
losses (Q~') for BZT-xBCT samples in the composition
region with transition sequence cubic — rhombohedral during
cooling. Peaks in both dielectric and anelastic properties are
clearly visible around 330K and 337K for BZT-20BCT and
BZT-25BCT, respectively. The frequency independent peaks
in the dielectric permittivity and in dielectric loss correspond
to the paraelectric-ferroelectric phase transition (7,.) from
cubic to rhombohedral phase. As the transition is also coupled
with the lattice distortion, there exists a sharp elastic storage
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FIG. 1. The temperature dependence of dielectric permittivity (¢'), dielectric
loss (tan d), elastic storage modulus (E’), and mechanical loss (Q~") for (a)
BZT-20BCT and (b) BZT-30BCT samples during cooling.

modulus dip and mechanical loss peak at T,.. Another anom-
aly, which is barely discernible in the storage modulus E', is
clearly seen in mechanical loss 0! around 200K, as indi-
cated by Pk in Fig. 1. In the dielectric loss tan d, the corre-
sponding anomaly is located at even lower temperature. Some
frequency dependence of the peaks in dielectric loss (tan d)
and mechanical loss (Q~") can be observed. The Pk peak is
attributed to the relaxation of domain walls and will be dis-
cussed later in the discussion part.

B. The transition behavior in the composition interval
with transition sequence cubic — tetragonal —
intermediate phase — rhombohedral

With higher x, the transition sequence is modified from a
one step transition to multi-step transitions. The dielectric per-
mittivity (¢'), dielectric loss (tand), elastic storage modulus
(E"), and mechanical loss (Q~') as a function of temperature
for BZT-xBCT samples with x=35, 40, 45 are shown in
Fig. 2. These samples transform from cubic to tetragonal,
through the intermediate phase, and finally to the thombohe-
dral phase. Several anomalies in both dielectric and anelastic
properties can be seen in the three BZT-35BCT, BZT-40BCT,
and BZT-45BCT samples. As shown by the dashed line in
Fig. 2, the temperature axis can be divided into four regions by
three anomalies at different temperatures. The frequency inde-
pendent peaks in the dielectric permittivity and in dielectric
loss on the high temperature side correspond to the paraelectric
to ferroelectric phase transition (7,.) from paraelectric cubic to
ferroelectric tetragonal phase as shown in Figs. 2(al)-2(cl).
Similar to the transition from cubic to rhombohedral in Fig. 1,
there exists in addition an elastic storage modulus dip and a
mechanical loss peak at T, (as shown in Figs. 2(a2)-2(c2)).
With decreasing temperature, the dip in elastic storage modu-
lus and the peak in mechanical loss increase. Meanwhile, there
exists a peak in the dielectric loss but only a bump in the
dielectric permittivity at this temperature. These anomalies
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FIG. 2. The temperature dependence of dielectric permittivity (¢), dielectric loss (tan d), elastic storage modulus (E’), and mechanical loss (Q~") for (a) BZT-

35BCT (b) BZT-40BCT and (c) BZT-45BCT samples during cooling.

correspond to the transition from a tetragonal phase to an inter-
mediate phase (T7_;p). We note that such a phase transition
strongly affects the anelastic properties but is not mirrored in
the dielectric response. Such decoupling between anelastic and
dielectric properties may be the result of the fact that the
change of strain at this transition is more significant than that
of polarization. With further decrease of temperature, the inter-
mediate phase transforms into the rhombohedral phase at
Tip—g, resulting in a small dip in elastic storage modulus and a
fairly high mechanical loss peak. The anomaly in dielectric
properties at this transition Tjp_g is more obvious in dielectric
loss (a peak) but almost invisible in dielectric permittivity. In
the thombohedral phase, there exists a mechanical loss peak
around 200K (as noted by Pypox) due to relaxation processes,
as well as a broad dielectric loss peak at even lower
temperature.

C. The transformation behavior in the composition
region close to the triple point

Figure 3 further shows the dielectric permittivity (¢'),
dielectric loss (tan o), elastic storage modulus (E'), and me-
chanical loss (Q~!) for BZT-xBCT samples in the composi-
tion region close to the triple point where that paraelectric
cubic, ferroelectric tetragonal, rhombohedral, and intermedi-
ate phases coexist. The compositions near the triple point
represent the crossover between the two regions shown in
Figs. 1 and 2. Three BZT-xBCT samples with x =30, 32, 33
were investigated. Only one anomaly was found close to
350K in dielectric permittivity and elastic storage modulus.
The mechanical loss and dielectric loss show a transition
peak on the high temperature side and there is also a broad
relaxation peak located around 200 K. This is similar to the
transition behavior in the composition region with transition
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FIG. 3. The temperature dependence of dielectric permittivity (¢), dielectric Loss (tan d), elastic storage modulus (E'), and mechanical loss (Q~') of BZT-

30BCT (a), BZT-32BCT (b), and BZT-33BCT (c) samples during cooling.
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sequence cubic — rhombohedral, shown in Subsection IIT A.
However, the peak and dip are broader here, and more
importantly, the dielectric permittivity at the transition peak
is higher and storage modulus lower than at the composition
x=20, 25 in Fig. 1.

D. Phase diagram for BZT-xBCT system

Figure 4 shows the phase diagram for the BZT-xBCT
system deduced from the present anelastic (1 Hz) measure-
ments, together with the dielectric measurements (1 kHz).
The anomalies distinguishing the IP from T and R phases
have been reported by Damjanovic et al., where inflection
points can be identified in the storage and loss modulus of
BZT-50BCT.*® Good agreement was found for the phase
transition temperatures obtained from anelastic measure-
ments with those from dielectric measurements, diffraction,
and Raman scattering.”''?%33404! However, the origin of
the intermediate phase between the R and T phases is still
uncovered. Liu and Ren considered a single phase boundary
separating R and T, while TEM work by Gao et al. suggested
a T and R coexisted region.”?” Recent Rietveld refinement
on high resolution X-ray diffraction results also suggest an
orthorhombic (Amm2) phase bridging the T and R phases.”®
The BZT-xBCT phase diagram here includes an intermediate
phase; consequently the tetragonal to rhombohedral phase
boundary was divided into the T-IP and IP-R phase bounda-
ries, consistent with recent reports on the presence of an in-
termediate orthorhombic phase.?®2*4%4! The two T-IP and
IP-T phase boundaries are marked by blue and red lines,
respectively, in Fig. 4. The phase transition sequence at
MPB follows C-T-IP-R during cooling, not the same as Liu
and Ren reported, i.e., C-T-R 28334041

Comparing with the anomalies in the dielectric proper-
ties, the ones in the anelastic properties seem more distinct,
especially in the internal friction. The same situation can
also be found in the anelastic measurement of PZT and
(Nag 5Bigp 5);_Ba, TiO; (NBT-BT) systf:ms.3g’42 However,
the reason for this is still unclear and one possibility is that
the energy is dissipated more upon mechanical excitation at

400
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FIG. 4. Phase diagram for BZT-xBCT deduced from the present anelastic
(at 1Hz) and dielectric 1kHz measurements. C=cubic, T =tetragonal,
R =rhombohedral, IP =intermediate phase. Solid lines are a guide to the
eye.
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the ferroelectric-ferroelectric transitions. But the exact rea-
son still needs further studies. Anyhow, it seems that the
measurement of anelastic properties (storage modulus, inter-
nal friction, etc.) provides a suitable approach to determining
the phase transitions in piezoelectric materials.

IV. DISCUSSION
A. The elastic softening at the triple point

It has already been shown that the triple point in the
phase diagram of BZT-xBCT corresponds to a very soft state
of polarization and thus can enable easy polarization rota-
tion."** This is also supported by the fact that the BZT-
30BCT, a triple-point composition, exhibits the highest per-
mittivity peak at T, compared to that for the off-triple-point
compositions, as shown in Figs. 1-3. Thus, there exists a
strong polarization softening at the triple point. As the mate-
rial is strongly electromechanically coupled, there should
exist a strong elastic softening as well.'” Besides the softness
in polarization, elastic softening plays an important role in
the high piezoelectricity regime at the MPB.*° Therefore, in
the present study, we compared the elastic storage modulus
softening at the paraelectric to ferroelectric transition tem-
perature, T.. The elastic storage modulus as a function of
temperature for BZT-xBCT (0.20 <x < 0.45) samples is pre-
sented in Fig. 5. In order to compare the lattice softening
during the transition, the elastic modulus of each composi-
tion is normalized by its own elastic modulus value at
150°C, respectively. As can be seen in Fig. 5(a), the phase
transitions, including T, Tr_;p, and T;p_g, are all character-
ized by a dip in elastic storage modulus. Here, we focus on
the paraelectric to ferroelectric transition only as we would
like to observe the anomaly of the triple point. The elastic
storage modulus at 7. (paraelectric to ferroelectric transition
temperature) drops by different amounts as a function of
composition x, compared to the elastic modulus of the para-
electric phase. Figure 5(b) thus shows the composition x
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FIG. 5. (a) Elastic storage modulus of BZT-xBCT for 0.20 <x<0.45 as a
function of temperature. These curves are normalized by their corresponding
elastic storage modulus at 450K. The elastic storage modulus is for fre-
quency 1 Hz. (b) The relative drop of elastic modulus at the paraelectric to
ferroelectric transition temperature, T, with respect to the elastic modulus in
the paraelectric phase (450 K).
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dependence of such softening. The elastic storage modulus
shows the lowest value near the triple point composition,
corresponding to an elastically “soft” state near the triple
point. Thus, at the triple point, the system is both electrically
and elastically soft.

B. The composition dependence of internal friction at
the transitions

It is generally believed that the larger energy dissipation
during the course of the phase transition leads to an increase
in internal friction and can decrease piezoelectric properties.
Figure 6 shows the composition dependence of the internal
friction at the cubic to tetragonal, tetragonal to IP, and IP to
rhombohedral transitions.

It is known that the internal friction peak at a phase tran-
sition, especially for low frequency (<10Hz) measurements,
is due to the influence of phase boundaries resulting from the
nucleation and growth of a new phase. Thus, the low-
frequency internal friction is related to the transformation
volume and is thus proportional to the heating rate % and the
reciprocal of the measurement frequency f. The internal fric-
tion associated with the phase transition is then given by>’

. A aM(T)dT
= — —
J dT dt ’

o 6]
where AJ is the average change of the compliance due to
the phase transition, J is the average compliance of the ma-
terial, M(T) is the volume fraction that has transformed to a
new phase at the temperature 7, and w = 2nf. Equation (1)
shows that the internal friction is inversely proportional to
the frequency and explains the different internal friction
peaks at the transition for different frequencies in Figs. 1-3.
For a given frequency (for example, 1 Hz in Fig. 6), the
%(TT)% ™! terms can be considered as constants and the in-
ternal friction is then only proportional to the elastic compli-
ance. Therefore, the larger change in elastic compliance AJ
results in higher internal friction.

It can be seen in Fig. 6 that the internal friction associated
with the paraelectric to ferroelectric transition (T,.) shows a
peak near the triple point (x =30). As shown in Fig. 5, it is

0.10 -
0.09 -
e}
c 0.08 |-
L
o
= 0.07 |
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FIG. 6. Measured internal friction for cubic to tetragonal, tetragonal to inter-
mediate phase, and intermediate phase to rhombohedral transitions as a
function of composition x for the BZT-xBCT system.
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known that the elastic storage modulus drops most dramati-
cally close to x = 30, thus the elastic compliance change AJ is
greatest there. According to Eq. (1), the internal friction is
proportional to AJ, thus there is peak at x = 30. This explains
the internal friction anomaly near x =30 in Fig. 6 and is con-
sistent with the fact that the material is elastically very soft at
the triple point (x = 30). Furthermore, we note that the internal
friction at the T-IP and IP-R phase transitions decrease almost
monotonically with the increase of x. This can be understood
in the same way. From Fig. 5(a), it can be found that the elas-
tic storage modulus at T7_;p and T;p_g increases with increas-
ing x, thus AJ decrease with x. According to Eq. (1), internal
friction drops with increasing x. And we also noted that inter-
nal friction at Ty_;p and T;p_g is much higher than that at T,
for the same composition x, as shown in Fig. 6. This may be
due to the larger change in elastic compliance AJ at those
transitions compared to the C-T phase transition.

C. The low temperature internal friction peak

The BZT-xBCT samples show an extra internal friction
peak at low temperature near 200 K, as indicated by Pk in
Figs. 1-3. This is in addition to the internal friction peaks
associated with the phase transitions from C-T, T-IP, and IP-
R. The low temperature peaks are frequency dependent and
thus a signature of the relaxation processes. If we assume the
relaxation process to be thermally activated, then the activa-
tion parameters may be found using the Arrhenius relation

H
T = Tg exp (/<B—T> , 2)

where 71 is the relaxation time, H is the activation energy, kg
is the Boltzmann constant, and (zg) is the intrinsic relaxation
time limit. Using @ = 2xf, we have

1 H
ﬁ = 19 exp (kB—T> . 3)

The activation energy associated with the relaxation peak
Proox was determined to be 0.73 £ 0.15eV for BZT-35BCT
and 0.55*0.16eV for BZT-40BCT, which are comparable
to the reported activation energy for interactions between do-
main walls and oxygen vacancies in ferroelectric phases.43’44
Such a peak due to domain wall motion has already been
observed in many ferroelectric materials, such as Pb-based
PZT and Pb-free BaTiO3 by anelastic measurement,** Thus,
we suggest that the relaxation peak Pk is the result of the
interaction between domain wall motion and diffusion of ox-
ygen vacancies in the BZT-xBCT samples.

V. SUMMARY

We have measured the anelastic properties, i.e., the internal
friction (Q~') and storage modulus (E') for Ba(Zry,Tiyg)Os—
x(Bag7Cag 3)TiO3 Pb-free ceramics by DMA. As the trans-
formations in this class of materials are all ferroelastic in na-
ture, mechanical loss peaks, and elastic storage modulus
anomalies associated with the transitions are observed. Our
results suggest that measurements of anelastic properties
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(storage modulus, internal friction, etc.) provide a suitable
approach to monitor and determine the phase transitions in
piezoelectric materials. The previous reported T-R transition
region in the BZT-xBCT system can be divided into the T-IP
and IP-R transitions by our anelastic measurement, consist-
ent with the recent reports.?*>*4%4! We find that near the tri-
ple point the elastic behavior is very softest and the internal
friction very large. Moreover, near 200K in all the BZT-
xBCT samples, we infer the presence of relaxation processes
controlled by domain wall motions.
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