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The search for high piezoelectric and electromechanical properties near morphotropic phase boundaries (MPB)
in lead-free ceramics has attracted considerable interest. The MPB can be obtained in the compositiontemperature phase diagram by combining stabilized rhombohedral (R) and tetragonal (T) ends, which possess
cubic (C) to R or C to T transitions, respectively. The R-end is usually realized by doping ions Zr 4+ , Hf 4+ or Sn4+
at the Ti4+ site, whereas the T-end can be generated by Ca2+ doped at the Ba2+ site of BaTiO3. Our recent
computational work (Phys. Rev. B. 93, 144111, 2016) showed that Cd2+ doped BaTiO3 can be considered as a
potential T-end. In the present study, we synthesized (Ba1− x Cdx)TiO3 ceramics to investigate the eﬀects of Cd2+
on the phase transition, dielectric, ferroelectric and piezoelectric properties of the ceramics. Although our
results show that Cd2+ fails to stabilize the T phase, i.e., the transition temperatures vary little with Cd2+
concentration, the electrical properties are found to be optimized for Cd2+ % of 5%. The optimization of the
properties is related to the microstructural features including grain size and sample density.

1. Introduction
Piezoelectric materials are energy conversion (electrical and mechanical) devices with many applications ranging from sensors to
actuators [1–4]. Desirable piezoelectric properties, such as a signiﬁcant
polarization variation under external stress or electrical stimuli, may be
achieved at ferroelectric or inter-ferroelectric transitions [5–10].
Therefore, utilizing instabilities in polarization at a ferroelectric
transition is crucial for realizing new piezoelectric materials [4,11–
14]. A common strategy is to chemically modify existing ABO3
perovskite
ferroelectrics,
such
as
PbTiO3,
BaTiO3,
and
(K0.5 Na 0.5) NbO3, by substitution at A and/or B sites of the perovskite
motif [15–17]. For example, in (K0.5 Na 0.5) NbO3 systems, Li+, Sb5+ and
Ta5+ are always used to tune the inter-ferroelectric Tetragonal (T)→
Orthorhombic (O) and Orthorhombic (O)→ Rhombohedral (R) transition temperatures to room temperature to enhance the piezoelectricity
[12,18,19].
In the BaTiO3 systems, it is known that substituting Ti4+ with Zr4+,
Hf4+, or Sn4+ will increase the inter-ferroelectric T→ O and O→ R
transition temperatures, and ﬁnally stabilize the R phase [20–23].
Similarly, the substitution of Ba2+ with Ca2+ in BaTiO3 results in a
decrease of the inter-ferroelectric T→ O and O→ R transition tempera-
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tures to stabilize the T phase. More importantly, several recent studies
have already shown that by combining the stabilized R phase composition (with Zr4+, Hf4+, or Sn4+ concentration above a certain threshold)
and the stabilized T phase composition (with Ca2+ concentration
above
some
threshold),
a
pseudo-binary
system
with
the so-called morphotropic phase boundary (MPB) can be formed
Ba(Zr0.2Ti 0.8) O3 − x (Ba 0.7Ca 0.3)TiO3
[24–27].
The
reported
(BZT-BCT), Ba(Sn 0.18Ti 0.82)O3 − x (Ba 0.7Ca 0.3)TiO3 (BTS-BCT) and
Ba(Hf0.2Ti 0.8)O3 − x (Ba 0.7Ca 0.3)TiO3 (BHT-BCT) all exhibit large electro-mechanical responses with d33 over 500 pC/N [25–32]. The three
ions (Zr4+, Hf4+, or Sn4+) stabilize the R phase whereas only one ion,
Ca2+, stabilizes the T phase. Thus, an outstanding question is whether
there are other 2 + ions which can serve as a T phase stabilizer. Our
recent density function theory (DFT) calculations, guided by statistical
inference, showed that Cd2+ can electronically act in a very similar
manner to Ca2+ with relatively larger ionic displacements [33]. In
particular, Cd2+ together with Pb2+ and Ca2+, have large model
amplitudes for ferroelectric distortion in the tetragonal phase compared to Ba2+ [33]. Our machine learning inference model, that relates
the Curie temperature, TC, to the symmetry modes and unit cell
volumes, predicts that TC should increase with increasing Cd2+ at the
Ba2+ site [33]. Although Cd2+ is highly toxic and would not be used in
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Fig. 1. (a) and (b) X-ray proﬁles of (Ba1− x Cdx)TiO3 (x=0.02, 0.05, 0.10, 0.15, 0.20 and 0.25) measured at 2θ =10–80° and 2θ =44.5–46°, respectively. The structures are always
tetragonal. (c) Tetragonality factor (c/a−1) as a function of Cd2+ concentration. The tetragonality factor decreases with increasing Cd2+ concentration.

electron microscopy (SEM) was employed to characterize the surface
microstructure. Ferroelectric hysteresis loops were measured with a
ferroelectric tester at 10 Hz. The electro-strain was measured with
disk-shaped samples by a MTI 2000 photonic sensor under an electric
ﬁeld of 2000 V/mm.

lead-free piezoelectrics, it is helpful to enrich the BaTiO3-based electroceramic data and improve the statistical inference model [33]. Thus, we
investigate here the eﬀect of Cd2+ on various properties of BaTiO3
ceramics. In the present study, we synthesized (Ba1− x Cdx)TiO3 ceramics
and systematically studied the phase transition, electrical and microstructural properties of the system. The phase structure and phase
transition temperature are measured as a function of Cd2+ concentration and the phase diagram of (Ba1− x Cdx)TiO3 system is established.
Our key result is that Cd2+cannot stabilize the T phase as Ca2+ is able
to. However, we ﬁnd that the electrical properties are optimized at
Cd2+% ∼5%, and a study of the microstructure shows that the underlying reasons for this relate to optimal grain size and sample density at
Cd2+% ∼5%.

3. Results and discussions
3.1. Crystal structure
We used X-ray diﬀraction to obtain the phase structure of our
samples at room temperature. The proﬁles of (Ba1− x Cdx )TiO3
(0 ≤ x ≤ 0.25) ceramics within 2θ =10–80° are presented in Fig. 1(a).
All the samples show a BaTiO3-like perovskite structure, characterized
by tetragonal symmetry. To identify the phase structure variation for
samples with diﬀerent Cd2+ concentrations, the characteristic diﬀraction peaks of <200>T within 2θ =44.5–46° are shown in Fig. 1(b). The
two tetragonal peaks tend to shift to smaller angles and become closer.
Fig. 1(c) shows the tetragonality factor c / a − 1, where a and c are lattice
constants, as a function of Cd2+ concentration. With increasing Cd2+
concentration, the tetragonality factor (c / a − 1) gradually decreases.
This crystal structure evolution with Cd2+ concentration is not consistent with our previous DFT calculations, which indicate that Cd2+
gives rise to larger displacement amplitudes for a ferroelectric distortion in the tetragonal phase relative to Ca2+ [33]. This suggests that

2. Experimental procedure
The (Ba1− x Cdx)TiO3 (0 ≤ x ≤ 0.25) ceramics were fabricated by a
conventional solid-state method with the raw materials of BaCO3
(99.8%), CdO (99%), and TiO2 (99.9%). The calcination was performed
at 1200 °C for 3 h and sintering was done at 1400 °C for 3 h in air. The
sintered samples for dielectric and ferroelectric measurements were
polished to obtain parallel sides and painted with silver electrodes. The
dielectric permittivity was evaluated using a HIOKI3532 LCR meter at
diﬀerent frequencies (0.1/1/10/100 kHz). The crystal structure of the
samples was measured using X-ray diﬀraction (XRD). Scanning
1115
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Fig. 2. (a) The temperature dependence of real and imaginary parts of dielectric constant ε = ε′ − iε″ for a typical Cd2+% ∼5% sample. The transition temperatures are determined from
the peak temperature of the real part dielectric constant as indicated by the arrows. P denotes a broad frequency-dependent relaxation peak in the imaginary part of dielectric constant.
(b) The temperature-composition phase diagram for (Ba1− x Cdx)TiO3 ceramics. It is characterized by three horizontal phase boundaries separating cubic, tetragonal, orthorhombic and
rhombohedral phases.
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Fig. 3. (a) Dielectric constant for each of the transitions as a function of concentration. The three groups of data correspond to the C-T, T-O and O-R transitions, respectively. (b)
Dielectric constant at room temperature as a function of concentration. The maxima of the dielectric constants all occur for Cd2+% ∼5%. Lines in the ﬁgure are guide to the eye.

T-O and O-R transitions in the imaginary part of dielectric constant at
low frequencies is probably due to the relaxation of domain walls [35].
The peak temperatures from the ε-T curves then allow us to
establish the temperature-composition phase diagram for
(Ba1− x Cdx)TiO3 (0 ≤ x ≤ 0.25) ceramics, as shown in Fig. 2(b). It is
characterized by three phase boundaries separating the C, T, O and R
phases, and the phase boundaries are essentially horizontal, indicating
that Cd2+ doping has little inﬂuence on the phase transition temperatures of pure BaTiO3. The TC essentially has a constant value and does
not increase. The O and R phases are not suppressed, i.e., Cd2+ does
not act as a T phase stabilizer. Thus, Cd2+ doped BaTiO3 cannot be
used as a T-end, a result again inconsistent with our DFT results and
machine learning predictions for (Ba1− x Cdx)TiO3. The inaccuracy of our
prediction can be attributed to the fact that our training data is limited.
It is known that the predictive ability of a statistical inference model
will be restricted if the training data can not oﬀer enough information
[36,37]. Our training set in Ref. [33] did not contain any Cd2+-based

distortion modes by themselves may not be adequate to characterize
the phase structure of (Ba1− x Cdx)TiO3 ceramics.
3.2. Phase diagram
To further clarify the eﬀects of Cd2+ on the phase transition
behavior, we employed the temperature dependence of the dielectric
constant (ε-T) to determine the phase transition temperatures. The ε-T
behavior was measured in the temperature range −120 °C to 180 °C at
several frequencies 0.1/1/10/100 kHz. Fig. 2(a) shows a typical ε-T
(both the real and imaginary parts of dielectric constant ε = ε′ − iε″) at
four frequencies for Cd2+% ∼5%. The ε-T behavior is similar for
diﬀerent frequencies and no frequency dispersion is observed, indicating that Cd2+ doping does not give rise to the relaxor behavior observed
for Zr4+, Hf4+ and Sn4+. Within the temperature range of −120 °C to
180 °C , three dielectric peaks can be identiﬁed and correspond to C-T,
T-O, and O-R phase transitions, respectively. The broad peak between
1116

Ceramics International 43 (2017) 1114–1120

R. Yuan et al.

3.4. Ferroelectric properties
Fig. 4 shows the polarization (P) - electric ﬁeld (E) loops for BaTiO3
ceramics with diﬀerent Cd2+ concentrations. With increasing Cd2+, the
P-E loops become narrower and two thin P-E loops are observed at a
Cd2+ concentration of 0.20 and 0.25. Notably, the maximum polarization also decreases with Cd2+ concentration. Furthermore, the remanent polarization (Pr) and coercive ﬁeld (Ec) shown in Fig. 5(a) ﬁrst
increase and then decrease as a function Cd2+ concentration.
The maximum values for the properties appear at diﬀerent Cd2+
concentrations, the sample with Cd2+% ∼5% possesses a maximum
remanent polarization of ∼9.6 μ C/cm2 , whereas the sample with Cd2+%
∼15% has a maximum coercive ﬁeld of ∼3.3 kV/cm. As large Pr and
low EC values are often desired for ferroelectric materials, we plot in
Fig. 5(b) the ratio Pr/EC as a function of Cd2+ concentration. This
ﬁgure of merit is optimized for Cd2+% ∼5%.
Fig. 4. The polarization (P) - electric ﬁeld (E) loops for (Ba1− x Cdx)TiO3 ceramics. The PE loop becomes narrower and the maximum polarization decreases with increasing Cd2+
concentration.

3.5. Piezoelectric properties
Here we investigate the piezoelectric properties of (Ba1− x Cdx)TiO3
ceramics. Fig. 6(a)–(f) shows the characteristic butterﬂy electric ﬁeld
induced strain curves for all the ceramic samples with diﬀerent Cd2+
concentrations, measured with f = 10 Hz at room temperature. The
* (d33
* =Smax/Emax) values as a funcmaximum strain (Smax) and d33
tion of Cd2+ concentration are shown in Fig. 6(g). The strain values ﬁrst
* shows a
increase and then decrease with a dip at x=0.20, and d33
parallel tendency. Both properties are optimized for Cd2+% ∼5%.

compounds and may omit some signiﬁcant information about Cd2+,
eventually led to a deviation between the statistical inference prediction
and the real experimental results. Augmenting the experimental results
of Cd2+ doped BaTiO3 to our training set is valuable to improve the
inference model. And it is also of interest to understand how the
electrical (dielectric, ferroelectric, and piezoelectric) properties evolve
with Cd2+ concentration.

3.6. Microstructure
That the electrical properties are optimized at Cd2+% ∼5%, suggests
that the underlying cause may be related to the microstructure. In
order to study the microstructural evolution as a function of Cd2+
concentration, we investigated the surface morphologies using SEM
shown in Fig. 7(a)–(f). Visually, the grain size becomes smaller with
increasing Cd2+ and more pores are observed in the high Cd2+
concentration samples (x=0.20, 0.25) than in the low concentration
samples (x=0.05).
The average grain size for various Cd2+ concentrations calculated
from the SEM micrographs is shown in Fig. 8(a)–(f). The average grain
sizes with x=0, 0.05, 0.10, 0.15, 0.20, and 0.25 are 39.4 µm, 77.7 µm,
66.1 μm, 65.9 µm, 45.1 µm, and 44.6 µm, respectively. These results
clearly indicate that the low doped Cd2+ concentrations have a
promotive eﬀect on grain size, but show a reverse eﬀect for higher
dopings. We tried to understand such a phenomenon through the
intrinsic contribution of Cd2+. As the Cd2+ has a smaller radius than the
host ion Ba2+, it is possible that Cd2+ possesses a higher diﬀusivity. The

3.3. Dielectric properties
Having examined the composition dependence of crystal structure
and established the phase diagram for Cd2+ doped BaTiO3 ceramics in
Sections 3.1 and 3.2, we next investigated the dielectric, ferroelectric,
and piezoelectric behavior. The dielectric constant at each transition
temperature, i.e., the value of the dielectric peaks, varies with Cd2+
concentration. Fig. 3(a) shows the peak dielectric constants at the C-T,
T-O, and O-R phase transitions as a function of concentration. The
three transitions show similar tendency, ﬁrst increasing and then
decreasing with Cd2+ concentration. The maximum peak value occurs
for Cd2+% ∼5%. Fig. 3(b) shows the dielectric constant at room
temperature as a function of Cd2+ concentration. For the same
frequency (1 kHz), the largest dielectric constant occurs at Cd2+
concentration of 5%, similar to the dependence of the dielectric
constant at the transition temperature. As discussed later, this behavior
can be attributed to the microstructural features within the samples.

Fig. 5. (a) The remanent polarization Pr and coercive ﬁeld Ec as a function of Cd2+ concentration in (Ba1− x Cdx)TiO3 samples. A maximum remanent polarization of ∼9.6 μC/cm2 is
observed for Cd2+% ∼5% and a maximum coercive ﬁeld of ∼3.3 kV/cm exists for Cd2+% ∼15%. (b) Pr/EC as a function of Cd2+ concentration. This ﬁgure of merit is optimized for Cd2+%
∼5%. Lines in the ﬁgure serve as guide to the eye.
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Fig. 6. The change in the behavior of electric ﬁeld induced strain with Cd2+ concentration: (a) x=0, (b) x=0.05, (c) x=0.10, (d) x=0.15, (e) x=0.20, (f) x=0.25. (g) Maximum strain (Smax)
and Smax/Emax values as a function of Cd2+ concentration. Lines in (g) are guide to the eye.

Fig. 7. SEM surface morphologies for (Ba1− x Cdx)TiO3: (a) x=0, (b) x=0.05, (c) x=0.10, (d) x=0.15, (e) x=0.20, (f) x=0.25.

accumulate to the grain boundaries and subsequently pins those
boundaries, hindering the growth of the grain [39]. Competition
between the two mechanisms leads to a maximum of grain size around
Cd2+ ∼5%. Fig. 9(a) again shows the grain size as a function of Cd2+

diﬀusivity is known to proportional to the mobility of grain boundary,
i.e., the higher diﬀusivity results in a larger grain size [38]. Thus at
lower doping level (5%), Cd2+ enhances grain growth. However, once
doping level excess a critical value (possibly 10%), Cd2+ tends to
1118
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Fig. 8. Grain size distribution for BaTiO3 doped with diﬀerent Cd2+ concentrations: (a) x=0, (b) x=0.05, (c) x=0.10, (d) x=0.15, (e) x=0.20, (f) x=0.25. The average grain size decreases
with Cd2+ concentration.

Fig. 9. (a) Average grain size obtained from Fig. 8 as a function of Cd2+ concentration. (b) The relative density as a function of Cd2+ concentration. Both the grain size and relative
density are large for Cd2+% ∼5%.

concentration and the largest grain size is observed for Cd2+% ∼5%
where the electrical properties are optimal. Fig. 9(b) shows that the
relative density is large for Cd2+% ∼0% and Cd2+% ∼5% and then
decreases as a function of Cd2+ concentration. This monotonous

tendency can be attributed to the forming of pores with Cd2+ increasing. Therefore, the relatively high density and large grain size for
Cd2+% ∼5% are associated with the better electrical properties at this
concentration.
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4. Conclusions
We have systematically studied the eﬀects of Cd2+ on the phase
transition, electrical properties and microstructure of BaTiO3 ceramics.
The phase diagram of (Ba1− x Cdx)TiO3 shows that Cd2+ dopants do not
stabilize the T phase as Ca2+ does, although the two ions are
electronically similar and DFT calculations predict that Cd2+ should
show better properties than even Ca2+. Ceramics with Cd2+% ∼5%
show enhanced dielectric, ferroelectric and piezoelectric properties,
which can be attributed to the large grain size and high density of the
sample at this concentration. Our work suggests that doping BaTiO3
with Cd2+ might provide an interesting system for further study.
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