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A B S T R A C T   

Due to environmental concerns, extensive research has been carried out to develop high-performance lead-free 
piezoceramics capable of replacing commercial lead-based materials. The lead-free (Ba0.7Ca0.3)TiO3 − Ba 
(Zr0.2Ti0.8)O3 system has emerged as a candidate for room temperature transducer applications because a high 
piezoelectric charge coefficient is achieved in this system for compositions at the morphotropic phase boundary. 
However, conventional ceramic processing of these eco-friendly piezoceramics demands high energy con
sumption because long-lasting, high-temperature heat treatments are needed, which often lead to microstruc
tural degradation that compromises the material reliability. Field-assisted flash sintering has started to be 
explored since the application of an adequate electric field was shown to significantly reduce the sintering time 
and temperature, thereby controlling grain growth. In this work, Ba0.85Ca0.15Zr0.1Ti0.9O3 ceramics are obtained 
by current-controlled flash sintering of mechanosynthesized nanopowders. Exhaustive control of the sintering 
parameters allows tailoring of the microstructure, which allows dense fine-grained flash-sintered ceramics 
exhibiting a high electric field-induced strain response to be obtained.   

1. Introduction 

BaTiO3-based piezoceramics, a family of lead-free perovskite struc
ture piezoelectric materials, have attracted research interest worldwide 
because environmental regulations demand robust cyclic reliability for 
future piezoelectric technologies [1–3]. In this context, the (Ba,Ca)(Zr, 
Ti)O3 system has emerged as a candidate for room temperature trans
ducer applications since a high piezoelectric charge coefficient is ach
ieved for compositions at the morphotropic phase boundary [4–6]. In 
particular, the Ba0.85Ca0.15Zr0.1Ti0.9O3 compound (hereafter labeled 
BCZT) has received special attention because of its potential application 
as an active element for energy harvesting or bioimplanted transducers 
[7–9]. However, in addition to its rather low Curie temperature, an 
important drawback of BCZT is the difficult control of grain growth 
during conventional ceramic processing, thereby compromising reli
ability [10–12]. The required high sintering temperatures usually lead 
to abnormal grain growth (often shaping a bimodal microstructure) that 
results in a dramatic reduction in mechanical and electrical breakdown 
strengths, hindering BCZT transfer into applications [13,14]. 

Tailoring the microstructure toward sub10 μm-scale grain size is 
then desirable, but notable functionality degradation has been reported 
for fine-grained BCZT [15–17]. Therefore, novel synthesis and/or sin
tering methods for microstructure refinement are required to obtain 
high-performance BCZT ceramics with tailored microstructures. In this 
respect, nonconventional, faster-kinetic sintering routes requiring lower 
sintering temperatures and times should be explored. Flash sintering, for 
instance, is a novel field-assisted sintering route that is attracting 
growing interest because high-density ceramics can be obtained in a few 
minutes and at lower temperatures than those in conventional sintering 
[18–20]. In addition to the lower time and energy consumption, flash 
sintering also offers better grain growth control through proper selection 
of the electric current profile [21,22]. 

Although flash sintering has been used to obtain a wide variety of 
structural ceramics, its application for sintering electroceramics is still 
limited and is even scarce for piezoelectrics. Furthermore, works related 
to flash sintering of piezoceramics have been mainly focused on 
obtaining dense ceramics but have not paid true attention to tailoring 
the microstructure to enhance functional properties. In this work, 
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current-controlled flash sintering of highly reactive, mechanosynthe
sized nanopowders is used to obtain fine-grained BCZT with promising 
properties. Sintering parameters for obtaining sub10 μm-grain sized 
ceramics are established, and the functional properties are character
ized. The results show that high-density BCZT ceramics with a homo
geneous 2 µm grain size can be obtained by current-controlled flash 
sintering at moderate temperature and in a few minutes. Flash sintered 
BCZT ceramics exhibit good ferroelectric, piezoelectric and electrome
chanical properties. 

2. Experimental procedure 

2.1. Sintering experiments 

Perovskite Ba0.85Ca0.15Zr0.1Ti0.9O3 nanocrystalline powders were 
obtained by mechanosynthesis from stoichiometric mixtures of analyt
ical grade BaO2 (Fluka, ≥ 95% peroxide basis), TiO2 (Cerac, 99.9% pure 
anatase), CaTiO3 and BaZrO3 (both Alfa Aesar, 99% metals basis) using 
tungsten carbide milling media in a high-energy planetary mill (Fritsch 
Pulverizette 6). Milling conditions were tailored to produce 10 g of 
nanopowder after 12 h of milling. The mechanosynthesized powder 
consisted of nanosized crystals with an average size of ~15 nm, exhib
iting nanometer-scale chemical homogeneity. More details of the syn
thesis procedures and powder properties can be found elsewhere [12]. 

The mechanosynthesized single-phase nanocrystalline powder was 
then uniaxially pressed at 270 MPa to form the dog-bone shaped (sup
plementary Fig. S1a) green sample. A typical flash sintering setup 
(supplementary Fig. S1b) was employed, where the sample was placed 
in the furnace center hanging by its handles from two platinum elec
trodes. Platinum paint was used to ensure good electrical contact be
tween the sample and the electrodes. Electrical contacts were 
adequately painted so that a uniform current flowed along the sample. A 
CCD camera was used for monitoring the sample shrinkage during the 
flash event. 

In a conventional flash sintering experiment, the power supply works 
initially in voltage control mode, holding the sample at a constant 
electric field with a ramping furnace temperature. For materials with a 
negative temperature coefficient, the conductivity increases with tem
perature, and as a consequence, the electric current flowing through the 
sample slowly rises until an avalanche-like process occurs [18]. The 
power supply then changes to current control mode, maintaining a 
constant current to avoid overflow. In this work, flash sintering was 
carried out by using a current-controlled flash sintering (CCFS) setup, 
which was demonstrated to improve both density and microstructure 
homogeneity and has been shown to be an optimal approach for con
trolling grain growth [22–24]. In a CCFS experiment, the power supply 
works exclusively in current control mode while an adequate working 
temperature is maintained. 

Samples were heated at a rate of 10 ◦C/min from room temperature 
until reaching the sintering temperature, which ranged from 1050 ◦C to 
1200 ◦C depending on the experiment. The samples were then held in 
current control exclusively imposing a ramp-like current profile until the 
preset current limit was achieved. Finally, the samples were left to dwell 
until reaching the maximum current for 5 min (Supplementary Fig. S2). 
Conventional sintering (CS) was also carried out at 1450 ◦C for 4 h to 
obtain a control sample for comparison purposes [12]. The conventional 
sintered sample exhibited high densification (95% of the theoretical 
density) and a typical bimodal microstructure containing abnormally 
grown grains separated by regions of smaller grains. The average grain 
sizes for the two populations of grains are 8.5 µm and 28 µm. The 
microstructure, dielectric response, and ferroelectric hysteresis loop 
showed the expected behavior (Supplementary Fig. S3). 

2.2. Microstructure and functional properties 

Flash-sintered, dog bone shaped specimens were cut into 10 mm × 3 

mm × 1 mm samples to avoid density inhomogeneities, which could be a 
critical issue in the vicinity of the electric contacts. Density was 
measured using a typical Archimedes setup. After that, samples were 
polished and then chemically etched for 1 min. The microstructure was 
assessed by using a field-emission scanning electron microscope (JEOL, 
JSM-7001 F). The average grain size was determined from SEM images 
by taking a statistically ample grain population. X-ray diffraction pat
terns of the most representative samples were obtained by using syn
chrotron radiation at beamline BM25 of the ESRF. A high flux 
monochromatic beam with a wavelength of 0.495 Å (~25 keV) was 
provided for measurement in transmission mode. The data were 
collected by using a high-resolution six-circle diffractometer. 

Samples were then gold sputter coated on their parallel faces to 
ensure electrical contact for electrical characterization. An LCR meter 
(Agilent E4980A) was used to measure permittivity data of unpoled 
samples at various frequencies, ranging from 1 kHz to 1 MHz. Samples 
were placed in a closed-loop cryogenic system for ranging the temper
ature from 20 K up to 390 K. Electric field-induced polarization (P-E) 
hysteresis loops were measured in a typical Sawyer-Tower configuration 
by applying a triangular electric field with an amplitude of 2 kV mm− 1 at 
a frequency of 1 Hz and at room temperature. Unipolar electric field- 
induced strain (S–E) curves were obtained by using a WayCon induc
tive position transducer. Voltage was applied by a combination of a 
signal generator (Agilent 33120 A) and a power signal amplifier (Trek 
663). 

The nonlinear dielectric response of selected samples was evaluated 
at room temperature by measuring the variation in the real and imagi
nary parts of the permittivity with the variation in amplitude of the 
applied subswitching ac electric field at 1 kHz. A capacitance compar
ator bridge specially designed for this type of measurement was used to 
perform the characterization [25]. Samples were then poled at 4 kV 
mm− 1 for 20 min in a silicone bath at room temperature and subse
quently aged for 24 h before further measurements to avoid the influ
ence of the aging process. A d33-meter (KCF Technologies, PM3500) was 
used to determine the static longitudinal direct piezoelectric coefficient. 

3. Results and discussion 

3.1. Current-controlled flash sintering 

A comprehensive study on how flash sintering parameters influence 
the BaTiO3 (BTO) microstructure has been recently published [22]. 
Since BCZT is a modification of BTO, flash conditions that allowed us to 
obtain dense BTO ceramics are used as starting points for this work. 
Conventional flash sintering experiments were performed under 
different electrical conditions (Supplementary Fig. S4), showing that a 
low electric field and/or high current density are required to obtain 
dense BCZT. Taking into account that there exists an inverse relation 
between the applied electric field and the temperature at which the flash 
event takes place [19,20], relatively high furnace temperatures are 
needed to make a useful CCFS experiment. For low furnace tempera
tures, the electric field that the power supply has to provide for main
taining the current flow is very high, and thus, low densities are 
achieved (Supplementary Fig. S4). 

To probe the effect of current density on the CCFS of BCZT, an initial 
experiment was carried out at different maximum current values while 
the furnace temperature was maintained at 1200 ◦C. A second experi
ment was then performed at different furnace temperatures using the 
current density that previously yielded the best densification. The re
sults show a direct relation between density and electrical current, 
except for the highest current (100 mA/mm2) for which the sample 
broke due to the common damage that appears in high current flash 
events. Flash sintered samples are known to suffer electrochemical 
blackening and high reduction near the anode, leading to mechanically 
fragile specimens, as has been reported for several materials [20,22,26]. 
The evolution of electrical parameters measured during CCFS is 
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recorded in Fig. 1. Higher densities are achieved with increasing furnace 
temperature, which in turn yields a lower necessary electric field, as 
expected [20,22,26] (a full characterization of the electrical parameters 
during sintering can be found in Supplementary Fig. S5). The density 
values and the corresponding grain sizes are displayed in Table 1. As 
shown, fine-grained highly dense BCZT ceramics can be obtained by 
CCFS at a temperature 200 ◦C lower than that of conventional sintering 
and in a few minutes. 

Regarding the microstructure, representative SEM images are shown 
in Fig. 2. A direct relation between average grain size and both 
maximum current density and furnace temperature seems to be clear. 
The grain size distribution becomes broader with increasing current 
density, while it stays reasonably constant with increasing furnace 
temperature, as shown in Supplementary Fig. S6. A high current density 
seems to be critical for a less homogeneous microstructure, which could 
be related to local heating or the percolative nature of flash sintering 
[20,26]. More detailed pore density information is found in Supple
mentary Fig. S7, where a distinction can be made between the two 
aforementioned sintering experiments. On the one hand, for constant 
furnace temperature experiments, increasing current correlates with the 
extinction of intragrain pores but at the cost of producing intergrain 
pores. This fact can be explained in terms of hotspot formation and 
localized overheating at grain boundaries [20], which correlates to the 
low density and fragility obtained for the sample sintered at 
100 mA/mm2. On the other hand, for constant current experiments, 
increasing the furnace temperature reduces both the size and density of 
the two pore types, which is similar to the expected behavior of a con
ventional sintering experiment at different temperatures. 

Employing the video footage obtained with the CCD camera, the 

difference between both sets of sintering experiments can be further 
studied by recoding the shrinkage evolution of the samples. Supple
mentary Fig. S8 gathers a shrinkage evolution comparison as a function 
of the most representative sintering parameters (i.e., sintering time, 
current density and applied electric power) for both sintering experi
ments. Two clear dissimilarities can be made again. On the one hand, for 
constant furnace temperature experiments, samples undergo a similar 
shrinkage evolution regardless of the maximum current density. In fact, 
shrinkage becomes stagnant for all cases upon reaching approximately 
50 mA/mm2. However, the samples end up having different densities, 
indicating that this stagnation may correspond to a change in the 
densification regime from intragrain densification to intergrain densi
fication and localized melting if a high current is reached. Optimal 
densification for these experiments may be reached by employing lower 
current densities at lower rates. On the other hand, for the case of 
constant current experiments, samples undergo different shrinkage 
evolution during sintering. In fact, some samples do not become stag
nant, indicating that the furnace temperature, and therefore the electric 
field, has a nontrivial effect on the densification dynamics. An appro
priate set of furnace temperature, current density and current rate is 
therefore crucial to achieve a fine-tailored microstructure. It must be 
noted that the shrinkage data reported in Supplementary Fig. S8 should 
be taken carefully since the video footage is contaminated with tem
perature fluctuations. The purpose of these data is to show a qualitative 
comparison of shrinkage regimes and their change relation to sintering 
parameters. For a quantitative analysis of the obtained density, the 
Archimedes method is preferred, as reported in Table 1. 

3.2. Functional characterization 

Although fine-grained BCZT ceramics are desirable because of the 
improvement in the mechanical properties and dielectric strength, the 
overall material performance will depend on how functional properties 
change with grain size reduction. Hence, the dielectric, ferroelectric and 
electromechanical responses of CCFS samples are evaluated and 
compared with those of the CS sample. Fig. 3 shows the temperature 
dependences of the real (Fig. 3a) and imaginary (Fig. 3b) parts of 
dielectric permittivity for the higher density samples. The CCF sintered 
samples display a broader permittivity peak than the CS sample. 
Furthermore, the temperature of the maximum permittivity is lower in 
the CCF sintered samples than in the CS counterpart. The crystallo
graphic transitions detected in the dielectric response of coarse-grained 
BCZT seem to merge into a single event for the fine-grained ones, which 
is a common feature of grain size downscaling of BCZT ceramics [16,27]. 
No evident relaxor behavior is evidenced from the frequency de
pendences of the dielectric response of the CCF sintered samples (Sup
plementary Fig. S9). 

The ferroelectric character of the samples is evidenced in Fig. 4a, 
thereby revealing that the ferroelectric to paraelectric phase transition 
occurs above room temperature for all samples. Some differences in the 
ferroelectric response are found between the CCFS and CS samples, 
particularly the drop in the remnant polarization values, which may be 
related to differences in lattice distortion, as discussed below. The 
electric field-induced strain is displayed in Fig. 4b. A good 

Fig. 1. Evolution of electrical parameters of CCFS experiments. (a) Current 
density profile and grain size of samples sintered at different maximum electric 
current densities. Furnace is held at 1200 ◦C for all cases. (b) Electric field 
profile and grain size of samples sintered under different furnace temperatures. 
The current density was maintained at 70 mA/mm2. In both experiments, 
samples are left to dwell for 5 min after reaching their respective 
maximum current. 

Table 1 
Sample density (ρ) and average grain sizes (Ø) obtained in controlled current 
flash sintering experiments carried out using different electric current densities 
and furnace temperatures. The dwell time was maintained at 5 min.  

T = 1200 ◦C J = 70 mA/mm2 

J (mA/mm2) ρ (%) Ø (µm) T (◦C) ρ (%) Ø (µm) 

30 93,9 0,90 ± 0,38 1050 94,6 1,30 ± 0,85 
50 97,7 2,23 ± 0,90 1100 97,0 1,88 ± 0,98 
70 99,1 2,15 ± 0,91 1150 97,6 1,95 ± 0,79 
100 81,5 3,1 ± 1,2 1200 99,1 2,15 ± 0,91  
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electromechanical response is obtained for fine-grained CCF sintered 
BCZT with particular flash sintering conditions, i.e., for a relatively high 
current density and moderate furnace temperature. Values for some 
dielectric, ferroelectric and electromechanical properties of CCF- 
sintered BCZT are shown in Table 2, showing that fine-grained CCF- 
sintered BCZT can show promising functional properties. Better prop
erties are obtained for dense samples sintered at lower temperatures 
(70/1100 and 70/1150), which could be explained in terms of the lower 
concentration of point defects. It is well known that higher sintering 
furnace temperatures lead to a higher concentration of point defects 

such that the domain wall pinning effect becomes more relevant, leading 
to a drop in piezoelectric properties [28]. 

Synchrotron X-ray diffraction (SXRD) patterns of CCFS BCZT samples 
showing high electric field-induced strain (i.e., samples 70/1150 and 
70/1100) were measured. Additionally, CS BCZT was also measured for 
comparison purposes. Fig. 5 displays three of the most significant re
flections showing that the coarse-grained sample exhibits phase coex
istence. The 222 reflection shows an asymmetry that does not 
correspond to a single tetragonal phase. In addition, the 400 and 440 
reflections show a distribution of intensities that correspond better to a 
mix of phases than to a single tetragonal phase. SXRD results lead to the 
assumption that coarse-grained BCZT exhibits a polymorphic phase 
boundary, which occurs between the orthorhombic Amm2 and tetrag
onal P4mm phases [29–31]. Meanwhile, for the CCFS samples, the re
flections clearly show a pseudocubic phase at room temperature. This 
crystallographic signature can explain the behavior of permittivity, 
where successive transitions merge into a single transition, and seems to 
indicate that tetragonal polymorphs are not present. However, the SXRD 
results cannot explain the high field-induced strain shown in Fig. 4b for 
these samples, leading to the consideration that other mechanisms, such 
as electric-field-induced phase transformation, could be present [32]. 

To shed light on the possible origin of the high field-induced strain 
response of fine-grained BCZT, the nonlinear dielectric behavior was 
evaluated. The nonlinear dielectric response of coarse-grained BCZT has 
been reported in a recent work [33]. The results, in the framework of the 
Rayleigh model, showed that the functional response of this material is 
mainly due to irreversible motion of ferroelastic domain walls, as previ
ously evidenced [34]. Rayleigh law predicts that a relation between the 
increments of real and imaginary permittivity exists, such that an incre
ment in the dielectric constant necessarily involves a certain increment in 
the dielectric losses. The model assumes that the nonlinear behavior is 
related to the irreversible motion of the domain walls in a random pinning 
center field [35], giving to the relation Δε’’/Δε’= 0.42 [36]. 

Fig. 6 shows the real permittivity increment as a function of the 
applied electric field amplitude for the same samples that are studied by 
SXRD. On the one hand, the coarse-grained BCZT sample exhibits a large 
nonlinear response, i.e., a large variation in the dielectric permittivity, 
as expected [33]. Furthermore, the relation Δε’’/Δε’ fulfills the Rayleigh 
law, thereby indicating that the major contribution to the nonlinear 
response in coarse-grained BCZT is the irreversible motion of domain 
walls [36,37]. In the context of the Rayleigh model, other extrinsic ef
fects are not taken into account since the amplitude of the applied 
electric field is significantly lower than that of the coercive field [35]. 

Fine-grained BCZT samples, on the other hand, display a signifi
cantly lower nonlinear response, which could be expected by grain size 

Fig. 2. Microstructure of the sintered samples. SEM images of BCZT samples sintered under different thermal and electrical conditions: (a) 30 mA/mm2, 1200 ◦C; (b) 
50 mA/mm2, 1200 ◦C; (c) 70 mA/mm2, 1200 ◦C; (d) 70 mA/mm2, 1050 ◦C; (e) 70 mA/mm2, 1100 ◦C; (f) 70 mA/mm2, 1150 ◦C. The dwell time was 5 min for 
all cases. 

Fig. 3. Dielectric response of representative BCZT samples obtained by CCFS. 
Temperature dependence of the (a) real and (b) imaginary permittivity of 
samples sintered under different conditions, measured at 1 kHz. The dielectric 
response of the conventional sintered sample is also plotted for comparison. 
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reduction, as reported for soft PZT [38]. A drastic decrease in the 
domain wall contribution should lead to a dramatic drop in the 
field-induced strain. However, this is not observed for these samples 
(Fig. 4b); therefore, another mechanism seems to contribute to the 
functional response of the CCFS BCZT. The values of the relation 
Δε’’/Δε’ for fine-grained samples are significantly lower than the value 
predicted by the Rayleigh model, suggesting that an additional contri
bution to the real permittivity exists. That is, an intrinsic contribution 
plays a crucial role in the functional response of fine-grained BCZT. The 

combination of the results obtained from SRDX and the nonlinear 
response rule out the irreversible movement of domain walls as the 
origin of the high strain response, while suggesting that other intrinsic 
mechanisms, such as field-induced phase transformation, play an 
important role in the functional response of these materials. 

Fig. 4. Ferroelectric and electromechanical responses of representative BCZT samples obtained by CCFS. (a) Polarization-electric field (P-E) hysteresis loops and (b) 
field-induced strain of samples sintered under different CCF conditions, measured at 1 Hz and at room temperature. 

Table 2 
Values of the room temperature dielectric constant (ε’) and dielectric loss tangent (tan δ), uniaxial piezoelectric constant (d33), effective piezoelectric coefficient 
(Fig. 4b) in the low electric field region (d*), effective piezoelectric coefficient in the high field linear region (d**), maximum strain at 5 kV mm− 1 (smax), remnant 
polarization (Pr), saturation polarization (Ps), and coercive field (Ec) of the most significant samples. Sample labels correspond to conventional sintering (CS); CCFS 
70 mA/mm2, 1200 ◦C (70/1200); CCFS, 70 mA/mm2, 1150 ◦C (70/1150); CCFS, 70 mA/mm2, 1100 ◦C (70/1100); CCFS, 50 mA/mm2, 1200 ◦C (50/1200).  

Sample ε’ tan δ (%) d33 (pC/N) d* (pC/N) d** (pC/N) smax (%) Pr (µC/cm2) Ps (µC/cm2) Ec (kV/mm) 

CS 5110  1.99 390 750 150  0.159  7.0  18.2  0.19 
70/1200 5500  1.42 105 380 125  0.083  3.2  14.5  0.22 
70/1150 6880  1.53 140 470 180  0.136  3.9  16.4  0.21 
70/1100 7470  1.47 145 450 160  0.137  3.1  16.4  0.17 
50/1200 3290  2.06 100 370 140  0.085  6.2  13.7  0.55  

Fig. 5. Representative synchrotron X-ray diffraction peaks of selected BCZT 
samples. The 222, 400 and 440 reflections are plotted for the coarse-grained 
sample and for the fine-grained CCFS 70/1100 and 70/1150 samples. 

Fig. 6. Nonlinear dielectric response of representative BCZT samples. Increase 
in the real relative permittivity, Δε’, as a function of the applied ac electric field 
amplitude for the CS coarse-grained sample and for the fine-grained CCFS 70/ 
1100 and 70/1150 samples, measured at 1 kHz and at room temperature. Inset 
displays the relation between the increments of the real and imaginary 
permittivity, where values of Δε’’/Δε’ are also shown. 
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4. Conclusion 

Highly dense fine-grained Ba0.85Ca0.15Zr0.1Ti0.9O3 ceramics are ob
tained by current-controlled flash sintering of nanopowders. Adequate 
electric current control of the flash sintering event allows a refined 
microstructure with a grain size of ~2 µm to be obtained at furnace 
temperatures lower than 1200 ◦C (i.e., 300 ◦C lower than conventional 
sintering). Grain size effect features are observed in some functional 
properties of fine-grained samples, such as a broad temperature- 
dependent permittivity, moderate piezoelectric charge coefficient after 
poling, and reduced remnant polarization. However, an improved 
dielectric response and significant field-induced strain are obtained at 
room temperature. A basic crystallographic study shows that fine- 
grained materials exhibit a pseudocubic phase while showing unequiv
ocal ferroelectric character, which indicates a drastic refinement of the 
domain configurations. Analysis of the nonlinear dielectric response in 
the framework of the Rayleigh law shows that an intrinsic mechanism 
might play a relevant role in the high strain under the electric field 
response achieved. 
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[37] J.E. García, R. Pérez, D.A. Ochoa, A. Albareda, M.H. Lente, J.A. Eiras, Evaluation of 

domain wall motion in lead zirconate titanate ceramics by nonlinear response 
measurements, J. Appl. Phys. 103 (2008), 054108. 
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