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A B S T R A C T   

Solid solutions of BiFeO3 and BaTiO3 are promising lead-free piezoelectric materials, especially around the 
morphotropic phase boundary at 0.67BiFeO3-0.33BaTiO3. Still, these materials are challenged by phase insta-
bility and limited understanding of the processing-properties relationship. Here, we investigate mechanochem-
ical activation and the use of BaTiO3 as seed particles for the 0.67BiFeO3-0.33BaTiO3 phase. Contrary to 
expectations from seeding in lead-based perovskites, the BaTiO3 seeds do not promote the 0.67BiFeO3- 
0.33BaTiO3 perovskite phase neither during the mechanochemical activation nor the subsequent sintering, but 
cause an inhomogeneous structure with remnant BaTiO3. This results in ceramics with weaker low-field piezo-
electric response than that of the unseeded route, but with higher field-induced strain, even up to 150 ◦C. Both 
routes produce ceramics of high density and without significant secondary phases visible by X-ray diffraction. 
This demonstrates the advantage of mechanochemical activation and the possibility to tailor the piezoelectric 
response of 0.67BiFeO3-0.33BaTiO3 through the processing route.   

1. Introduction 

The constant efforts to develop environmentally friendly solutions 
and the pressure from the European RoHS directive to limit and ulti-
mately ban lead-based piezoceramics [1], have significantly increased 
the attention of scientists and industries on lead-free alternatives for 
piezoelectric ceramics. Niobium- and bismuth-based lead-free piezo-
electric systems have shown encouraging results [2–8]. Yet, the 
large-scale production of these materials is still hampered by several 
factors, such as cost and processing challenges [9]. 

Among the bismuth-based systems, BiFeO3 (BF), has drawn much 
attention in the piezoceramic industry due to its interesting properties 
and its high Curie temperature (TC) of ~825 ◦C which make BF a good 
candidate for high-temperature applications [10–12]. Nevertheless, 
difficulties in obtaining BF without secondary phases, its high coercive 
field and electrical conductivity combined with modest piezoelectric 
activity, make pure BF unsuitable for commercial applications [13,14]. 

The addition of other perovskites to BF is a common way to enhance its 
electromechanical properties [9,15,16]. Solid solutions of BF and 
BaTiO3 (BT) have been thoroughly studied, due to the presence of a 
morphotropic phase boundary (MPB) near 0.67BF-0.33BT. This MPB 
improves the electromechanical properties of the material, but at the 
cost of a lower Curie temperature (570–605 ◦C, compared to 825 ◦C of 
pure BF) [9,17–21]. 

Mechanochemical synthesis and mechanochemical activation of 
pure bismuth ferrite and other BF-based system have already been 
performed by different research groups [22–26]. However, mechano-
chemical activation of binary BF-BT ceramics does not appear to be well 
studied, only two publications have been found, and the first does not 
contain any piezoelectric characterization [27], while in the other spark 
plasma sintering was used [28]. To provide the next step towards opti-
mization of the promising mechanochemical-assisted processing, we 
propose here two synthesis routes for 0.67BF-0.33BT based on the 
mechanochemical activation of either all the constituent oxides and 

* Corresponding author. 
E-mail address: ahua@dtu.dk (A.B. Haugen).  

Contents lists available at ScienceDirect 

Journal of the European Ceramic Society 

journal homepage: www.elsevier.com/locate/jeurceramsoc 

https://doi.org/10.1016/j.jeurceramsoc.2022.10.024 
Received 3 June 2022; Received in revised form 15 September 2022; Accepted 12 October 2022   

mailto:ahua@dtu.dk
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2022.10.024
https://doi.org/10.1016/j.jeurceramsoc.2022.10.024
https://doi.org/10.1016/j.jeurceramsoc.2022.10.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2022.10.024&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of the European Ceramic Society 43 (2023) 350–361

351

carbonate for BF-BT, or combine the constituent oxides for BF with 
already formed BT particles to act as seeds for formation of the perov-
skite BF-BT phase. The latter was inspired by the previous work on Pb 
(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), where PT seeds were added to the 
constituent oxides of PMN to facilitate the formation of the perovskite 
phase during mechanochemical treatment [29]. The impact of these 
approaches on the microstructural, compositional, electrical and elec-
tromechanical properties of the prepared ceramic are evaluated and 
discussed. We also measured piezoelectric parameters at elevated tem-
peratures (up to 200 ◦C) to assess the possible use of this material in real 
applications. The mechanochemical activation was successful in making 
BF-BT without significant secondary phases while having low conduc-
tivity and high temperature stability. Furthermore, the microstructure 
and piezoelectric properties can be controlled by the processing route: 
using BT seeds decreases the homogeneity and the low-field piezoelec-
tric response, but at the same time gives higher field-induced strain. 
Both methods result in reproducible properties and should be further 
considered in the search of optimal processing conditions for 
BF-BT-based ceramics. 

2. Experimental 

Two different processing routes (Fig. 1) with mechanochemical 
activation were used to compare the effect of BT seeds on the formation 
and properties of BF-BT. They are explained in the following sections. 

2.1. Synthesis without BT seeds 

Starting powders Bi2O3 (Alfa Aesar, 99.999%), Fe2O3 (Alfa Aesar, 
99.995%), TiO2 (Alfa Aesar, 99.8%), BaCO3 (Alfa Aesar, 99.8%) were 
first pre-milled individually to ~1 µm of average particle size and sub-
sequently homogenized in the stoichiometric ratio. The milling and 
homogenization steps were both performed using a planetary mill 
Retsch PM400 mill (Haan, Germany), polyethylene (PE) vials and yttria- 
stabilized-zirconia (YSZ) milling balls with a diameter of 3 mm using 
absolute ethanol as the liquid medium. For both procedures the mill was 
set at 200 min− 1 of main disc rotational frequency and the powders were 
milled for 4 h. The solvent was removed by drying the powders over-
night at 80 ◦C and the powders were sieved with a 50-μm mesh after 

each pre-milling and homogenization. The homogenized powder 
mixture was then inserted into a tungsten carbide (WC) vial (80 ml) with 
14 WC milling balls of 10 mm in diameter and mechanochemically 
activated using a planetary mill (Fritsch, Germany) for a total of 40 h 
with a main-disk rotational frequency of 300 min− 1 and a vial-to-disk 
rotational frequency ratio (k) of − 2. The activated powder mixture 
was subsequently milled in a planetary mill with absolute ethanol to 
ensure uniform particle distribution. Afterwards the powder was dried 
and sieved with a 50-μm mesh. 

A part of the batch was doped with manganese. This was done by 
adding 0.1 wt% MnO2 (99.9%, Alfa Aesar) to the mechanochemically 
activated powder and homogenized in a planetary mill with absolute 
ethanol. A part of the Mn-doped batch was then calcined at 750 ◦C for 
4 h with a heating and cooling rate of 5 ◦C/min. The calcined powder 
was subsequently milled using a planetary mill with absolute ethanol in 
order to ensure uniform particle distribution, then dried and sieved with 
a 50-μm mesh. Pellets were made by uniaxial pressing of the powder and 
sintered at 1020 ◦C for 2 h with a heating and cooling rate of 2.5, 5 and 
10 ◦C/min. 

2.2. Synthesis with BT seeds 

For this processing route, Bi2O3 (Alfa Aesar, 99.999%) and Fe2O3 
(Alfa Aesar, 99.995%) were mixed with commercial BaTiO3 (99.7% Alfa 
Aesar) in a stoichiometric ratio. All the powders were pre-milled indi-
vidually to ~1 µm and later homogenized together in a planetary mill. 
The mixture was then mechanochemically activated for 40 h in the same 
way as described in Section 2.1. After the activation, the powder was 
milled in a planetary mill with absolute ethanol to ensure uniform 
particle distribution, dried and sieved with a 50-μm mesh. A part of the 
batch was then doped with Mn, calcined and sintered in the same way as 
described in Section 2.1. Since it was not possible to densify the undoped 
(and non-calcined) seeded samples when using the low heating rates 
(2.5 and 5 ◦C/min, presented in more detail in the results section), only 
10 ◦C/min was used to sinter the doped seeded and non-calcined 
samples. 

Fig. 1. Schematic representation of the two processing routes (unseeded or seeded) with their main steps used in this work.  
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2.3. Sample labelling 

Table 1 explains the labelling of the prepared samples. 

2.4. Characterization 

X-ray diffraction (XRD) analysis was used to study the phase 
composition of the powders and crushed sintered samples (X′Pert PRO 
MPD diffractometer with Cu-Kα1 radiation; PANalytical, the 
Netherlands). The samples were analyzed in the range between 10◦ and 
70◦ using a step width of 0.016◦ and with an integration time of 100 s. 
Unit cell parameters were refined using the Rietveld method [30] 
implemented in the GSAS package [31], following the IUCr guidelines 
[32]. The peak profiles were simulated through a Finger-Cox-Jephcoat 
pseudo-Voight function considering the Pm-3m, P4mm, and R3c crys-
tallographic models of BT – ICSD #230094, #259053, and #7770, 
respectively. 

The densities of the samples were measured by AccuPyc III 1340 
Pycnometer, (Micromeritics, USA) using helium gas. 

To investigate the sintering behavior of activated powders, dynamic 
sintering curves of powder compacts were recorded upon heating with a 
heating stage microscope (Leitz, Wetzlar, Germany) at a heating rate of 
5 ◦C/min. The powder compacts were pressed with a uniaxial pressure 
of 100 MPa and the shrinkage of the compacts was measured continu-
ously from digitized images taken every 10 s 

The microstructure of fractured and polished sintered samples was 
investigated by field-emission scanning electron microscope (SEM) (JSM 
7600 F, JEOL, Japan) operated in backscatter electron mode, equipped 
with an Inca Energy Detector (energy-dispersive X-ray spectroscopy, 
EDS). Sintered samples for SEM investigation were prepared with the 
procedure described as follows. The sintered pellet was embedded in 
VersoCit-2 resin (Struers A/S, Denmark) and subsequently grinded with 
1200 and 2400 grit SiC papers (Struers A/S, Denmark). Later, the sample 
was polished with 3-μm and ¼-μm diamond pastes (Struers A/S, 
Denmark). The final fine polishing of the samples was performed with a 
colloidal silica suspension (Struers A/S, Denmark). The samples were 
placed on carbon tape and carbon coated by sputtering a few-nm-thick 
layer of carbon (Balzers SCD 005, BAL-TEC GmbH, Germany). 

Polarization, current density, and strain vs. electric field were 
measured with a TF1000 ferroelectric/piezoelectric test system (aix-
ACCT, Germany) using a sinusoidal waveform at 1 Hz of driving field 
frequency. Field-induced strain (d33*) was calculated from unipolar 
strain loops as d33* = (Smax-S0)/Emax, where Smax and Emax are the strain 
and electrical field at the highest field amplitude, respectively, and S0 is 
the strain at zero field (remanent strain). The unipolar strain measure-
ments were conducted by applying unipolar fields in sequence as single 
sinusoidal waveforms. There was a few seconds of delay, during which 
no field was applied, in between each unipolar single cycle. The longi-
tudinal piezoelectric charge coefficient d33 was measured on a 
PiezoMeter System PM300 d33 meter (Piezotest, UK), while the piezo-
electric coupling coefficients (kt and kp) were measured with an E4990A 
impedance analyzer (Agilent, USA). For these piezoelectric measure-
ments, the samples were poled at 8 kV/mm in silicone oil for 30 min at 
room temperature. Dielectric measurements (permittivity and loss) were 
performed on unpoled samples with an LCR meter 4310 (Wayne Kerr, 

UK). The measurement curves were smoothed to remove outlier points 
that appeared due to poor contact. 

3. Results and discussion 

3.1. Mechanochemical activation and sintering of BF-BT 

XRD analysis performed on the powder mixtures at selected time 
intervals (Fig. 2) shows the gradual amorphization of the mixture con-
stituents, visible as significant broadening of the peaks between 25◦

< 2θ < 30◦, and increased background signal. The most significant 
change appears already within 15 h of milling for both U (unseeded) and 
S (seed) mixtures. After 30 h of milling, the amorphization of the mix-
tures reached a steady state as no significant differences are present 
between 30 and 40 h of milling. Such steady-state conditions with an 
uncompleted reaction is often observed during mechanochemical 
treatment of reacting powders [33]. In both cases, as shown in Fig. 2, 
crystalline phases still remain in the mixtures. For the U-mixture, all the 
reactants (BaCO3, TiO2, Bi2O3 and Fe2O3) are present, but in very small 
amounts. In the S-mixture, traces of Fe2O3 and Bi2O3 can be detected, 
but the most significant is the large amount of remaining crystalline BT. 
During the milling, the BaTiO3 diffraction peaks only slightly shift in 
position (from 31.60◦ to 31.52◦ 2θ for the (110)pc peak) and slightly 
broaden (from 0.27◦ to 0.36◦ full width at half maximum for the (110)pc 
peak). This indicates that the reduction of BaTiO3 particle size and the 
incorporation of BiFeO3 into the solid solution during the mechano-
chemical treatment is modest. With PbTiO3 seeding during the synthesis 
of PMN-PT [29], the formation of the PMN-PT perovskite started during 
the mechanochemical activation. Based on the phase analysis results of 
the mechanochemically activated BT-seeded BF, it is observed that the 
behaviour of BaTiO3 as a seed for BF-BT formation is fundamentally 
different from the PbTiO3. 

The sintering behaviour of the activated powders (prior to any 
addition of Mn dopant or any calcination) was also studied by heating 
stage microscopy (Fig. 3). The sample prepared with the U-route shows 
an initial shrinkage of ~5% at 300 ◦C, possibly due to decomposition of 
carbonates or hydroxides formed during the mechanochemical activa-
tion [34]. The densification starts at approximately 900 ◦C and con-
tinues until 1070 ◦C; above 1100 ◦C melting starts, as seen by the 
expansion of the pellet. The S-route sample has a similar initial 
shrinkage at 300 ◦C, followed by the onset of densification at ~700 ◦C, 
which continues until 965 ◦C. A plateau is then present between 965 ◦C 
and 1080 ◦C, after which a second densification step is observed with a 
steep increase in shrinkage up to 1100 ◦C. After 1100 ◦C, the pellet starts 
to melt with the corresponding expansion of the pellet (again consistent 
with the change in the pellet shape). The double shrinkage process is 
indicative of a two-stage sintering where two components of the mixture 
sinter in separate temperature windows. Considering that the sintering 
of BF typically occurs at a much lower temperature (700–900 ◦C) [14] 
than that of BT (>1200 ◦C) [35,36], we propose here (with the data 
shown subsequently supporting this hypothesis) that the 
low-temperature sintering stage is most likely related to a BF-rich 
perovskite, while the high-temperature sintering is related to BT-rich 
perovskite. This suggest that the seeding process leads to segregation 
of perovskites with distinct compositions as already inferred from the 
XRD data (Fig. 2). 

The XRD patterns of the two powder mixtures after Mn doping and 
calcination, before any sintering, is shown in Fig. 4. Both the S- and U- 
routes give crystalline powders with a perovskite structure after calci-
nation. The S-route powder appears phase-pure, while a few, low- 
intensity non-perovskite peaks indexed as Bi5FeTi3O15, similar as 
observed during BiFeO3-SrTiO3 synthesis [16], are visible in the 
diffraction pattern of U-Mn-calcined powder (Fig. 4b). This supports the 
role of BaTiO3 seeding in preventing the formation of the Bi5FeTi3O15 
secondary phase as no TiO2 is present in the initial mixure (see Fig. 2) 
that would react with Bi2O3 and Fe2O3 to form the secondary phase. 

Table 1 
Labelling of the samples.  

Abbreviation Meaning 

U Unseeded route (seeSection 2.1) 
S Seeded route (seeSection 2.2.) 
Mn Addition of 0.1% wt. MnO2 

C Calcined at 750 ◦C for 4 h with a heating and cooling rate of 5 ◦C/ 
min 

2.5, 5, 10 Heating and cooling rate of sintering in ◦C/min.  
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A closer look at the perovskite peaks in both powders shows some 
significant differences (Fig. 4b). The U-route powder’s peaks are rela-
tively narrow and symmetric, indicating the average structure being 
cubic (Pm-3m) perovskite, while the S-route powder’s peaks are broader, 
asymmetric, and revealing a left-side shoulder. These features indicate 
the presence of a secondary phase, in addition to Pm-3m, with higher 
volume per formula unit (V/Z). Considering the stable room- 
temperature BaTiO3 and BiFeO3 phases, the Rietveld refinement plots 
show that the tetragonal P4mm best matches with the observed shoul-
ders, while the R3c model has lower V/Z and neither shoulders nor 
unsplit peaks between 45º < 2θ < 46º, meaning that it does not fit the 
experimental profile (Fig. 4c-d). This is consistent with the presence of 
BaTiO3 (with a P4mm symmetry at room temperature) [37] in the 
mechanochemically activated S-mixtures (Fig. 2b). Furthermore, it in-
dicates that the BaTiO3 seeds do not sufficiently react neither during 
mechanochemical activation, as discussed earlier (see Fig. 2), nor during 
subsequent calcination, apparently resulting in an additional perovksite 
phase with tetragonal symmetry persisting after calcination (Fig. 4d). 

The XRD patterns of the samples after sintering (doped with Mn, both 
with and without a calcination step, for all heating rates) are shown in  
Fig. 5 (for notation see Table 1). The XRD patterns of the undoped 
samples are shown in the supplementary information, Fig. S.1. All doped 
and undoped samples appear to consist of a perovskite phase without 

any crystalline secondary phases. This is an important aspect to consider 
since BF-BT is prone to form several secondary phases, such as sillenite 
and mullite [9]. Mechanochemical activation thus reveals itself as a 
valuable processing method for BF-BT-based piezoceramics. 

No peak splitting is visible in the diffractograms of the sintered 
samples in Fig. 5, and they were therefore refined using cubic Pm-3m 
symmetry. This is a centrosymmetric space group which, in theory, does 
not allow piezoelectricity. However, as XRD probes the average struc-
ture, it is not uncommon to observe an average cubic structure 
(including for BF-BT) [38], knowing that the local structure is likely 
non-centrosymmetric (as previously confirmed by Raman spectroscopy) 
[39]. 

Some of the diffraction peaks were asymmetric or had shoulders that 
were not perfectly fit by the Pm-3m (see supplementary information, 
Fig. S.2). No firm conclusions can be made as to the origin of those 
asymmetries and shoulders, but similar as for the calcined powders 
(Fig. 4), tetragonal P4mm seemed to be a possible candidate, while 
rhombohedral R3c did not fit in any of the patterns due to its lower V/Z. 
The presence of the P4mm phase is less clear in the XRD patterns of the 
sintered pellets, as compared to those of calcined powders, indicating 
that some degree of interdiffusion involving BaTiO3 seeds and the pre-
cursors for BiFeO3 has occurred during the heating and sintering. 

The value of the Pm-3m lattice parameter a is shown in Fig. 6 for all 
the doped samples. All S-samples have a larger unit cell than the U- 
samples. The difference is not large, but it is statistically significant and 
correlates with the peaks shown in supplementary information, Fig. S.2. 
Although its physical origin is unclear, it is yet another indicator of 
structural difference between the two routes, most likely related to the 
BT seeds in the S route seemingly not reacting to a sufficient degree 
during the mechanochemical activation and calcination stages. 

Density and grain size of all samples are listed in Table S.1 in the 
supplementary information. The microstructures of sintered and pol-
ished Mn-doped samples are shown in Fig. 7 (U-samples) and Fig. 8 (S- 
samples). They all appear to be dense, i.e. 96–97% relative density, with 
closely packed grains of size between ~3 and ~10 µm. Micro-
structurally, the undoped U-samples (supplementary information, 
Fig. S.3) appear similar to the Mn-doped U-samples, while the undoped 
S-samples (supplementary information, Fig. S.4), appear to be more 
porous. The microstructure of the undoped S-sample with the slowest 
heating rate (S-2.5) is not included, since it was not possible to obtain a 
homogeneous and dense sintered pellet for this material. The interme-
diate sintering rate (5 ◦C/min) also resulted in sample S-5 having a 
lower density (90%) and being prone to cracking and mechanical 
breaking. Since this happened only in the S-samples, where BaTiO3 

Fig. 2. XRD patterns showing gradual amorphization of stoichiometric mixtures by high energy milling. a) Mixture of constituent oxides and carbonates (unseeded, 
U-samples) and b) mixture with BT perovskite seed (S-samples). Symbols above the peaks corresponds to (#) for BaCO3, (+) for Fe2O3, (¤) for Bi2O3, (@) for TiO2 and 
(*) for BaTiO3. 

Fig. 3. Temperature dependent shrinkage of a pellet of activated U- and S- 
powder mixtures directly after the mechanochemical activation. 
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seeds are present, we propose that this is caused by separate sintering of 
the two phases (BaTiO3- and BiFeO3-rich, respectively). Furthermore, it 
only happens during sintering with slow heating rate, since the extra 
time available at lower temperatures allows the BiFeO3-richer phase to 
sinter more extensively before the sintering of the BaTiO3-rich phase can 
be activated. When this happens, the BiFeO3 densification seems to be 
constricted by the stagnant BaTiO3 phase and causes cracking and 
breaking of the ceramic due to internal stresses. 

In the U-samples, bright phases are present between the grains, and 
in seemingly higher concentration in samples prepared with fast heating 
rates, without calcination (e.g. U-Mn-10 and U-Mn-5 in Fig. 7). 
Standard-less EDS analysis (not shown here) indicated that these inter-
granular inhomogeneities are Bi-rich, in agreement with other obser-
vations in sintered BiFeO3-based ceramics [14,16]. Slower heating rates 
reduce the amount of Bi-rich phase, most likely kinetically, i.e., by 
increasing the time during which the Bi-rich phase can react with the 
other elements to convert to the final BF-BT perovskite. By implement-
ing a calcination step, the presence of the inhomogeneities is reduced to 
minimal levels even with fast heating rates (U-Mn-C-10 in Fig. 7). This 
result thus suggests the key role of the additional reaction occurring 
during the calcination step and explains why the amount of secondary 
phase has reduced to below the XRD detection limit in the sintered 
samples (Fig. 5). Unlike suggested in previous studies [20], no evidence 
of thermodynamic immiscibility of BF and BT can be deduced from the 
present study. In fact, secondary phases can be mostly eliminated by 
prolonging the diffusion reaction and/or introduction of a calcination 
step, all of which is consistent with kinetically stabilized 
inhomogeneities. 

As shown in Fig. 8, the S-samples are overall less homogeneous than 
the U-samples and of a different character in that < 1 µm spherical in-
homogeneities are present (examples highlighted with blue circles). 
Standard-less EDS analysis (not shown here) indicated that the in-
homogeneities have a very similar composition to the matrix while 
being slightly richer in Bi and Fe, similar as previously found in studies 
on BF-BT [20,40]. In those studies, however, the reported in-
homogeneities are on a larger length scale (4–5 µm diameter cores with 
1 µm shell thickness). In our S-samples, despite the inhomogeneities 
being < 1 µm in diameter, meaning that the spatial resolution of the EDS 

analysis might not be sufficient to precisely identify their chemical 
composition, the inhomogeneities are clearly visible in the SEM image. 
The additional calcination step or slower heating rates appears to have 
little effect in reducing the amount of inhomogeneities. Similar in-
homogeneities have also been observed during conventional solid-state 
synthesis of BiFeO3-SrTiO3 ceramics [16]. In that study, it was showed 
that the inhomogeneities are kinetically stabilized and can thus be 
almost entirely eliminated by mechanochemical activation of powder 
reagents, prior to sintering. A similar effect is observed here by using 
oxide and carbonate reagents (U-route; Fig. 7) instead of BT seeds 
(S-route; Fig. 8) during mechanochemical activation. 

To summarize the structural part of our study, the results presented 
so far point towards one major difference between the two processing 
routes, which is the persistence of the BaTiO3 seeds in the S-samples. The 
BaTiO3 seeds are only marginally affected by the mechanochemical 
activation (Fig. 2), particularly from the viewpoint of the reaction of the 
seeds with Bi2O3 and Fe2O3. The seeds are clearly present as a separately 
densifying phase during sintering (Fig. 3). After calcination, BaTiO3 is 
still present, as seen by XRD (Fig. 4) and even after sintering we can find 
signatures of the initial BaTiO3 seeds in the form of inhomogeneous 
microstructure (Fig. 8). 

The purpose of the S-route was to use BaTiO3 as a seed for the for-
mation of perovskite BF-BT, based on previous success with this 
approach using PbTiO3 seeds in PMN-PT. Our idea that this could be 
transferred to the BF-BT system and improve the densification proved to 
be unsuccessful. Nevertheless, despite inhomogeneities being clearly 
identified by SEM analysis in the ceramics prepared by using BaTiO3 
seeds (see Fig. 8), a high density (>96–97%) and apparent XRD-phase- 
pure perovskite (Fig. 5) were achieved for both processing routes in 
this work. Since BF ceramics are known to be challenging to process 
[14], this is a notable achievement. Due to the thermodynamic insta-
bility of BiFeO3 between ~450 ◦C and ~770 ◦C [9,41], quenching is 
often used in the processing of BF-based system to shortening the 
lingering time in this temperature range of instability and reduce the 
formation of secondary phases such as sillenite and mullite,. This work 
shows that it is possible to obtain high density and phase purity also 
without the quenching step, which increases the industrial viability of 
BF-BT. In addition, it will be shown in the next section that the ceramics 

Fig. 4. XRD patterns of the U-route (a) and S-route (b) powders after calcination at 750 ◦C. The insert in (b) highlights the secondary phase peaks Bi5FeTi3O15 [17] 
(indicated with *) in the U-Mn-calcined powder. The close-up of {111}pc and {200}pc reflections display the simulated peak deconvolution considering the cubic 
Pm-3 m and tetragonal P4mm perovskite for c) U- and d) S-route powders. 
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prepared from BT seeds showed large field-induced strains, even greater 
than those of ceramics prepared without seeds (U-batch). 

3.2. Ferro-, piezo- and dielectric properties of BF-BT 

Ferro-, piezo- and dielectric properties were studied for all sintered 
samples doped with Mn. The undoped BF-BT samples were highly 
conductive, as often shown in literature [38], and were therefore not 
further investigated. 

Polarization, current density, and strain vs. electric field loops 
measured at room temperature are shown in Fig. 9. All the Mn-doped U- 
and S-samples have well-developed hysteresis loops with a coercive field 
~3 kV/mm and a remanent polarization between 24 and 34 µC/cm2. It 
is clear that there are large differences in the shape of the hysteresis 
loops and the Pr and Ec values between the S- and U-samples of other-
wise identical processing conditions, especially for the samples with 
long processing times (U-Mn-C-2.5 vs. S-Mn-C-2.5 and U-Mn-C-5 vs. S- 
Mn-C-5). The Pr values are overall higher for the U- than the S-samples. 
In the U-samples, the Pr decreases when the available reaction time is 
reduced (i.e., heating rate is faster and calcination step is removed). No 
such clear trends can be observed in the S-samples. An overview of ferro- 
, piezo- and dielectric properties of materials from the literature with 
similar composition as ours is presented in Table S.2 (supplementary 
information). All the Pr values are in the high end compared to the 
previously reported values (Pr =15–30 µC/cm2) for the same composi-
tion [38,42–45]. Since higher polarization values are typically observed 
for more homogeneous BF-BT ceramics (e.g. made by quenching) [9], 
the higher values of Pr could indicate that our mechanochemically 
activated samples show a higher level of homogeneity than BF-BT pro-
cessed by traditional solid-state methods. The hysteresis loops of the 
S-samples tend to have a significantly more slanted shape than the 
U-samples, a well-known indication of a wider distribution of coercive 
fields [38], which clearly correlates with the observed chemical in-
homogeneities (see Fig. 8). 

The difference in the switching behaviour between the U- and S- 
samples becomes more visible in the current density loops (Fig. 9c and 
d). The U-samples display a well-defined, single switching peak at the 
same value as the coercive field (as determined from the intercept of the 
P-E loop at P = 0), while the switching current of the S-samples is 
distributed over a wider range of electric field values and appears to be a 
combination of two peaks. This suggests inhomogeneous domain 
switching occurring in two stages. A similar behaviour was also seen in 
BF-BT with core-shell structures [20]. 

The strain loops (Fig. 9e and f) are all well developed and symmet-
rical. Non-calcined samples (Fig. 9e) exhibit maximum strain up to 
~0.3% for both U- and S-samples. However, the negative strain peaks in 
the S-sample are of lower magnitude and less sharp, consistent with its 
broader switching current peaks. Among the calcined samples (Fig. 9 f), 
the highest positive strain (up to ~0.35%) is found in the S-samples and, 
similar as for the non-calcined S-sample, the calcined S-samples all have 
very small negative strain. The less pronounced negative strain branches 
in the S-samples suggest a low remanent strain and thus a tendency of 
backswitching during field release. This is consistent with the larger gap 
between the first and last P-E measurement point in the S-samples 
(marked with an arrow in Fig. 9b). Such behaviour istypically inter-
preted in terms of backswitching occurring during the time between the 
measurement field cycles when no field is applied (i.e., the initial po-
larization state is closer to zero because of partial depoling occurring 
before the application of field, effectively resulting in a gap between this 
first and last polarization measurement point). In addition, back-
switching behaviour, as in so-called hard ferroelectric materials, is 
characterized by a double switching current peak [46], which is also 
observed in the S-samples (Fig. 9d). 

The d33 values of the characterized samples are shown in Table 2. 
Here we can see that the S-samples all have significantly lower d33 
values (33–47 pC/N) than the U-samples (97–115 pC/N). The highest 

Fig. 5. XRD patterns of sintered BF-BT ceramics. All diffraction lines can be 
indexed by the perovskite BF-BT. a) Samples from unseeded route (U-samples) 
and b) samples with BaTiO3 seed (S-samples). 

Fig. 6. Lattice parameter a of the fitted Pm-3 m cubic symmetry shown for the 
BF-BT ceramic samples prepared by different routes. 
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values in either processing route were 115 pC/N for U-Mn-C-10, and 47 
pC/N for S-Mn-10. The d33 values of the U-samples fall within the range 
of previously reported values for Mn-doped BF-BT with ~33% BT 
(70–230 pC/N, see Table S.2) [38,42–45]. 

We also measured piezo-, ferro- and dielectric properties of a few 
selected samples at higher temperatures. These samples are S-Mn-10, as 
the S-sample with the highest d33, and its U-sample counterpart, U-Mn- 
10. Additionally, in the supplementary information, we also included U- 
Mn-2.5 to see the effect of heating rate, U-Mn-C-2.5 to see the effect of 
calcination, and finally S-Mn-C-2.5 to have one extra comparison of the 
synthesis route (seeded vs. unseeded). 

Temperature-dependent dielectric measurements at three different 
frequencies are shown in Fig. 10 for U-Mn-10 and S-Mn-10 (the plots for 
U-Mn-2.5, U-Mn-C-2.5 and S-Mn-C-2.5 are shown in supplementary in-
formation, Fig. S.5). Starting from dielectric losses, their strong diver-
gence at temperatures above 400 ◦C observed at the lowest measured 
frequency (1 kHz) clearly suggest a contribution from electrical con-
ductivity. The most significant feature of the dielectric behaviour is a 
frequency-dependent peak in the permittivity around 300–400 ◦C. It is 
also present in all other measured samples (shown in supplementary 
information, Fig. S.5), and is more diffuse in the S-samples than in the U- 
samples. Based on the presented results, the difference in the sharpness 

Fig. 7. SEM micrographs of the sintered U-samples. The red circles indicate the presence of intragranular unreacted Bi-rich phase.  

Fig. 8. SEM micrographs of the sintered S-samples. The blue circles indicate examples of spherical inhomogeneities.  

G. Ferrero et al.                                                                                                                                                                                                                                 



Journal of the European Ceramic Society 43 (2023) 350–361

357

of the anomalous peaks between the U- and S-samples could in part be 
attributed to their differences in the level of homogeneities (compare 
Figs. 7 and 8). Frequency-dependent peaks in the dielectric permittivity 
are probably related to the relaxor behaviour as reported for various BF- 
BT-based ceramics [47–53]. Similar frequency-dependent peaks were 
also observed in other BF-BT samples, where it was correlated with a 

core-shell structure [20,40]. In addition, previous reports suggest a 
relaxor-like behaviour induced by Mn doping [47], which was also used 
in the present study. Quantifying the degree of relaxor behaviour by 
fitting the temperature-dependent dielectric permittivity to a modified 
Curie-Weiss law [54] results in dispersion coefficients, γ, in the range of 
1.6–1.8 for our materials. This is similar to other BF-BT ceramics of the 
same composition [55] and indicating a behaviour in between that of a 
normal ferroelectric (γ = 1) and a material with a complete diffuse 
phase transition (γ = 2), where the diffuse phase transition has been 
related to structural disorder, microscopic heterogeneities and stoi-
chiometric fluctuations [56]. 

Polarization-, current density- and strain-electric-field hysteresis 
loops from 25◦ to 200◦C are shown in Fig. 11 for U-Mn-10 and S-Mn-10 
(the same samples as those from dielectric analysis in Fig. 10). For both 
samples, the overall shape of the hysteresis loops is qualitatively un-
changed with increasing temperature, until the leakage current starts 
dominating the polarization response, seen in the large polarization- 
field hysteresis with rounded loop edges. This does not happen until 

Fig. 9. a,b) Polarization vs. electric field, c,d) current density vs. electric field and e,f) strain vs. electric field hysteresis loops of sintered BF-BT, all measured at room 
temperature. The loops are shown for a,c,e) non-calcined and b,d,f) calcined samples. 

Table 2 
d33 of the BF-BT measured at room temperature.  

Unseeded Samples d33 

(pC/N) 
Seeded Samples d33 

(pC/N) 

U-Mn-C-2.5  108 S-Mn-C-2.5 40 
U-Mn-C-5  103 S-Mn-C-5 38 
U-Mn-C-10  115 S-Mn-C-10 33 
U-Mn-2.5  105 – – 
U-Mn-5  105 – – 
U-Mn-10  97 S-Mn-10 47  
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200 ◦C for U-Mn-10 and 150 ◦C for S-Mn-10. Considering that conduc-
tivity is one of the major issues in BF-based materials, this finding 
confirms the high quality of the samples. The seeded sample also shows 
good thermal stability in terms of strain (Fig. 11f). The coercive field 
decreases from ~2 to ~1 kV/mm for both samples with increasing 
temperature from room temperature to 100 ◦C, as expected due to 
thermally activated domain switching. 

Fig. 12a and b show the unipolar strain loops and their temperature 
development for the same two samples (U-Mn-10 and S-Mn-10). Like in 
the case of bipolar loops, the S-sample shows higher maximum strain (up 
to ~0.4% at 150 ◦C) than the corresponding U-sample (up to ~0.3% at 
150 ◦C) with the hysteresis area being similar. The d33* vs. temperature 
of all the samples that were investigated at elevated temperatures are 
shown in Fig. 12c. The d33* at room temperature of the S samples 
(~325–350 pm/V) is higher than for the U-samples (~275 pm/V), and 
this trend is maintained all the way up to 150 ◦C. Unlike the S-samples, 
which show a constant increase in d33* with temperature up to 
~500 pm/V at 150 ◦C, the d33*of the U-samples starts to decrease after 
reaching a maximum (up to ~325 pm/V) at 75–100 ◦C. All loops show 
non-zero strain after releasing the field back to zero, which is mostly 
likely related to the remanent strain. This effect is especially pronounced 
in the U-sample at 200 ◦C (see Fig. 12a). 

Planar and thickness coupling coefficients, kp and kt, were also 
measured between 25 and 250 ◦C. The signal for the S-samples was too 
low to interpret, but the data for the U-samples are shown in supple-
mentary information, Fig. S.6. Similar to the high-field piezoelectric 
response (d33*), we also see an increase in the piezoelectric response 
with temperature, but without the decay above 150 ◦C. 

Increased piezoelectric response with increasing temperature, as 
observed here for the S samples (Fig. 12c), was also previously observed 
in BF-BT [21,57,58]. An increase in the piezoelectric properties with 
temperature can originate from thermally activated domain switching, 
electric field-induced relaxor to ferroelectric phase transition, and/or 
intrinsic lattice strain [40,41]. However, we also observe a decay in the 
d33* of the U-samples above 100 ◦C. Since the low-field piezoelectric 
coefficients (kt and kp) of these same U-samples do not show a decay at 
higher temperatures and considering the large remanent-like strain 
identified especially at higher temperatures (see Fig. 12a), the decay in 
the d33* could potentially be related to a dynamic poling/depoling 
process assisted by the application of high electrical fields and thermal 
energy. Under the assumption that the U-samples exhibit a level of 
depoling during the delay between each unipolar field application (see 
experimental section), which is assisted by the thermal energy, a partial 
poling would occur during application of the unipolar field, resulting in 
a higher remanent-like strain and apparent decrease of the d33* with 
increasing temperature. Furthermore, the fact that this decay in the 
high-field response at high temperatures does not occur in the S-samples 

is consistent with the previously discussed different switching charac-
teristics of the U- and S-samples. In contrast to the U-samples, all bipolar 
strain loops of the S-samples show low negative strain (see Fig. 11f), 
indicating that they are more prone to reversible switching during the 
field cycle, which would make the depoling effect in between the indi-
vidual cycles less pronounced. While the exact mechanism is still un-
clear, the results suggest that the seeded route is efficient in making the 
ceramics more suitable for high-field strain applications. 

In summary, the different microstructures obtained from the two 
processing routes significantly affect all the studied functional proper-
ties of the BF-BT. The low-field piezoelectric response (d33, kp and kt) are 
all lower in the S-samples compared to the U-samples. The S-samples 
also have lower remanent polarization and more slanted hysteresis loops 
(due to a two-stage switching process and wider Ec distribution) than the 
U-samples. The features in the ferroelectric response support the pres-
ence of remnant BaTiO3-rich phase in the S-samples. While the presence 
of these inhomogeneities translates to poorer performance in general, 
they also lead to an interesting phenomenon, i.e., a higher field-induced 
strain response, both at room temperature and up to 150 ◦C. This 
response is most likely due to enhanced reversibility in non-180◦ domain 
switching or switching of other interfaces which is shown by the very 
small negative strain in the bipolar S-E hysteresis. 

4. Conclusion 

The effect of two different processing routes on the microstructure 
and functional properties of 0.67BiFeO3-0.33BaTiO3 (BF-BT) morpho-
tropic ceramics was assessed. Both routes used mechanochemical acti-
vation, and in general, the mechanochemical activation was successful 
in making BF-BT ceramics without significant secondary phases, with 
high density, low conductivity and decent piezoelectric properties at 
elevated temperatures. 

The seeding with BaTiO3 was expected to promote the formation of 
the BF-BT perovskite, but instead it caused the formation of BF-BT 
composite with partial solid solution formation. The BT seeds there-
fore served more as a source of inhomogeneity than assisting the BF-BT 
solid solution formation. An alternative could be to use an inverted 
seeding approach: BiFeO3 instead of BaTiO3 as the seeds, such that the 
Ba and Ti can diffuse into the less stable BF. 

On the other hand, the U-route led to a more homogeneous micro-
structure, especially when calcination and slower heating rates were 
used during sintering, although non-calcined samples also exhibited 
satisfactory properties and microstructure. 

The two different processing routes resulted in two types of piezo-
electric response. The U-samples had the highest ferroelectric, dielectric, 
and low-field piezoelectric response, while the S-samples had signifi-
cantly stronger high-field piezoelectric response. This work therefore 

Fig. 10. Dielectric permittivity and losses of a) U-Mn-10 and b) S-Mn-10 samples shown for three different frequencies. Note the different vertical scales in the 
two panels. 
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Fig. 11. Polarization, current density, and strain vs. electric field of sintered BF-BT measured at different temperatures. a, c and e) Sample U-Mn-10 and b, d, f) 
Sample S-Mn-10. 

Fig. 12. Unipolar strain curves from 30◦ to 200◦C of a) U-Mn-10 and b) S-Mn-10. c) d33* between 25 and 200 ◦C.  
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demonstrates how the processing route can be used to tailor the func-
tional properties of BF-BT. 

It was not possible to fully exploit the high TC of the BF-BT ceramics 
due to the appearance of leakage currents above 150 ◦C. Nevertheless, 
decent ferro- and piezoelectric properties can be obtained up to 150 ◦C. 
In particular, the enhanced performance between 75 and 150 ◦C makes 
it a possible candidate for medium-temperature applications. Despite 
being a complex system, we believe that with careful optimization and 
tailoring of the processing routes, BF-BT could become an industrially 
significant material for specific applications in the low to medium range 
of temperature, moving the piezoceramic industry a step closer to be 
completely lead-free in the future. 
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[8] J. Rödel, K.G. Webber, R. Dittmer, W. Jo, M. Kimura, D. Damjanovic, Transferring 
lead-free piezoelectric ceramics into application, J. Eur. Ceram. Soc. 35 (2015) 
1659–1681, https://doi.org/10.1016/j.jeurceramsoc.2014.12.013. 

[9] D. Wang, G. Wang, S. Murakami, Z. Fan, A. Feteira, D. Zhou, S. Sun, Q. Zhao, I. 
M. Reaney, BiFeO3-BaTiO3: a new generation of lead-free electroceramics, J. Adv. 
Dielectr. 8 (2018) 1–35, https://doi.org/10.1142/S2010135×18300049. 

[10] Y. Chen, K. Mei, C.M. Wong, D. Lin, H.L.W. Chan, J. Dai, Ultrasonic transducer 
fabricated using lead-free BFO-BTO+Mn piezoelectric 1-3 composite, Actuators 4 
(2015) 127–134, https://doi.org/10.3390/act4020127. 

[11] G. Catalan, J.F. Scott, Physics and applications of bismuth ferrite, Adv. Mater. 21 
(2009) 2463–2485, https://doi.org/10.1002/adma.200802849. 

[12] T. Stevenson, D.G. Martin, P.I. Cowin, A. Blumfield, A.J. Bell, T.P. Comyn, P. 
M. Weaver, Piezoelectric materials for high temperature transducers and actuators, 
J. Mater. Sci. Mater. Electron 26 (2015) 9256–9267, https://doi.org/10.1007/ 
s10854-015-3629-4. 

[13] M. Valant, A.K. Axelsson, N. Alford, Peculiarities of a solid-state synthesis of 
multiferroic polycrystalline BiFeO3, Chem. Mater. 19 (2007) 5431–5436, https:// 
doi.org/10.1021/cm071730. 

[14] T. Rojac, A. Bencan, B. Malic, G. Tutuncu, J.L. Jones, J.E. Daniels, D. Damjanovic, 
BiFeO3 ceramics: processing, electrical, and electromechanical properties, J. Am. 
Ceram. Soc. 97 (2014) 1993–2011, https://doi.org/10.1111/jace.12982. 

[15] Y. Shi, F. Yan, X. He, K. Zhu, G. Li, X. Dong, B. Shen, J. Zhai, Performances 
variations of BiFeO3-based ceramics induced by additives with diverse phase 
structures, CrystEngComm 23 (2021) 1596–1603, https://doi.org/10.1039/ 
d0ce01857k. 

[16] M. Makarovic, A. Bencan, J. Walker, B. Malic, T. Rojac, Processing, piezoelectric 
and ferroelectric properties of (x)BiFeO3-(1-x)SrTiO3 ceramics, J. Eur. Ceram. Soc. 
39 (2019) 3693–3702, https://doi.org/10.1016/j.jeurceramsoc.2019.04.044. 

[17] T.H. Wang, Y. Ding, C.S. Tu, Y.D. Yao, K.T. Wu, T.C. Lin, H.H. Yu, C.S. Ku, H.Y. Lee, 
Structure, magnetic, and dielectric properties of (1-x)BiFeO3-xBaTiO3 ceramics, 
J. Appl. Phys. (2011) 07D907, https://doi.org/10.1063/1.3554253. 

[18] T.H. Wang, C.S. Tu, Y. Ding, T.C. Lin, C.S. Ku, W.C. Yang, H.H. Yu, K.T. Wu, Y. 
D. Yao, H.Y. Lee, Phase transition and ferroelectric properties of xBiFeO3-(1-x) 
BaTiO3 ceramics, in: Curr. Appl. Phys., North-Holland, 2011, pp. S240–S243, 
https://doi.org/10.1016/j.cap.2011.01.037. 

[19] S.O. Leontsev, R.E. Eitel, Origin and magnitude of the large piezoelectric response 
in the lead-free (1-x)BiFeO3-xBaTiO3, Solid Solut., J. Mater. Res. 26 (2011) 9–17, 
https://doi.org/10.1557/jmr.2010.44. 

[20] I. Calisir, D.A. Hall, Chemical heterogeneity and approaches to its control in 
BiFeO3-BaTiO3, Lead. Free Ferroelectr. J. Mater. Chem. C. 6 (2017) 134–146, 
https://doi.org/10.1039/c7tc04122e. 

[21] M.H. Lee, D.J. Kim, J.S. Park, S.W. Kim, T.K. Song, M.H. Kim, W.J. Kim, D. Do, I. 
K. Jeong, High-performance lead-free piezoceramics with high curie temperatures, 
Adv. Mater. 27 (2015) 6976–6982, https://doi.org/10.1002/adma.201502424. 

[22] Z. Yu, J. Zeng, L. Zheng, A. Rousseau, G. Li, A. Kassiba, Microstructure effects on 
the energy storage density in BiFeO3-based ferroelectric ceramics, Ceram. Int. 47 
(2021) 12735–12741, https://doi.org/10.1016/j.ceramint.2021.01.133. 

[23] M.A. Khan, T.P. Comyn, A.J. Bell, Processing of nanoparticulate bismuth ferrite 
lead titanate (BFPT) through high-energy milling, J. Am. Ceram. Soc. 88 (2005) 
2608–2610, https://doi.org/10.1111/j.1551-2916.2005.00448.x. 
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