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ABSTRACT

Hard piezoelectrics are essential for high-power applications, the market share of which has increased significantly over the past few years.
Acceptor-doping hardening, which relies on oxygen vacancies, has been proven to be a good practice to improve mechanical quality factors.
However, the high mobility of oxygen vacancies restricts the use of acceptor-doping hardening to low driving fields and temperatures. Here,
we extend the design of hard-type piezoceramics via precipitation hardening and demonstrate its large potential in (Ba,Ca)(Ti,Zr)Os. A soft-
to-hard transition has been realized in (Ba,Ca)(T1,Zr)O5 ceramics with an introduction of precipitates, where the mechanical quality factor
and coercive field increase by over 180% and 120%, respectively. Through synchrotron x-ray diffraction and Rayleigh analysis, it is revealed
that the hardening effect is attributed to the inhibition of domain wall motion by the intragranular CaTiO3 precipitates. This precipitation-

hardening approach offers great potential for the design of hard piezoceramics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146096

High-power applications, e.g., ultrasonic motors, actuators, trans-
formers, and transducers, which work at resonance frequencies and
large vibration velocities, are in increasing demand in many fields. The
high energy losses in high-power applications can lead to severe heat
generation that degrades device performance.' * Hard piezoceramics
with high mechanical quality factor (Q,,) and low losses (mechanical
and dielectric loss) are essential for these high-power applications.”
In general, to achieve the “hardening” effect, piezoceramics are doped
with lower valence cations, resulting in defect dipoles formed by
acceptor substitution centers (negatively charged) and induced oxygen
vacancies (positively charged) due to charge compensation.” The
alignment of defect dipoles with spontaneous polarizations through
defect-dipole reorientations can pin the domain walls and, thus,
increase Q,,. However, hardening by defect dipoles is limited to low
driving fields and low temperatures due to the mobile nature of oxy-
gen vacancies.””

In analogy with metal technology,'’ precipitation hardening,
which introduces intragranular precipitates that can directly interact
with domain walls and strongly pin them, was proposed and validated

in the (Ba, Ca)TiO; (BCT) system.'" It was suggested that the harden-
ing effect in a BCT solid solution originated from the fine domains in
the vicinity of intragranular precipitates, where the domain wall
motion was suppressed, leading to enhanced Q,, by ~50% and slightly
enhanced piezoelectric coefficient (ds3). Subsequently, a more effective
piezoelectric hardening via coherent plate-like precipitates has been
realized in the (Li, Na)NbO; (LNN) solid solution, where the Q,,
exhibits an increase by a factor of ten."”

Ba(Zry,Tip5)O03-(Bag ,Cap3)TiO5 (BCTZ) is an important lead-
free ferroelectric material, which has attracted great interest due to its
high piezoelectric properties, e.g., ds3 ~ 620 pC/N."” It has been dem-
onstrated that BCTZ is a promising candidate to replace the commer-
cial ferroelectric material Pb(Zr,_,Ti,0;) (PZT).'*"” Although the
excellent small-signal and large-signal piezoelectric properties are
comparable to those of soft PZT, BCTZ does not possess many of the
functional characteristics of PZT materials. For instance, to date, no
hard BCTZ materials similar to PZT-4 or PZT-8 were reported.
Consequently, it is highly desired to explore the possibility of whether
hard piezoelectric properties can be obtained in BCTZ piezoceramics.
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Here, in this Letter, we report on excellent hard electromechani-
cal properties achieved in the BCTZ lead-free piezoceramic via a
precipitation-hardening approach. Precipitation-hardened BCTZ sam-
ples feature strongly suppressed polarization and strain but greatly
enhanced Q,,, and coercive field (E,). Succinct results on the piezoelec-
tric hardening effect were correlated with detailed studies on the struc-
ture by synchrotron x-ray diffraction (XRD) and scanning electron
microscopy. It is demonstrated that the intragranular precipitates can
strongly inhibit domain wall motion, which leads to significant piezo-
electric hardening effect on BCTZ piezoceramics.

Bag g3Cag 17Ty 902101003 samples were prepared by the conven-
tional solid-state reaction method. Starting powders of BaCO; (Alfa
Aesar, 99.8%), TiO, (Alfa Aesar, 99.9%), CaCOs (Alfa Aesar, 99.99%),
and ZrO, (Alfa Aesar, 99.5%) were weighed according to stoichiome-
try and ball-milled at 250 r/min for 20 h in ethanol. After drying, the
powders were calcined at 1200°C for 4 h and ball-milled again at
250 r/min for 20 h. The calcined powders were first uniaxially pressed
and then cold-isostatically pressed (with a pressure of 357 MPa) into
disks with a diameter of ~10mm and a thickness of ~1.5mm. The
green bodies were sintered at 1450 °C for 4 h using a tube furnace fol-
lowed by air quenching. To introduce the precipitates, two-stage aging
was adopted to nucleate the precipitates at the first stage (1150 °C) for
72 h and grow them at the second stage (1300 °C) for 48 h (Fig. S1 of
the supplementary material).

The crystallographic phase of the samples was determined using
synchrotron x-ray diffraction (XRD) at the beamline P02.1 of the
Deutsches Elektronen-Synchrotron (DESY). The energy of the inci-
dent beam was 59.8keV (L = 0.2073 A). A transmission model was
adopted to ensure the diffraction information is from the bulk interior.
A two-dimensional (2D) detector (Dectris Pilatus3 X CdTe 2M) was
used for data collection. The microstructure was characterized by
scanning electron microscopy (Philips XL30 FEG). Samples were
ground and polished before the measurement. The back-scattered
electron (BSE) detector was used to distinguish the precipitate from
the BCTZ phase.

Silver electrodes were sputtered on both the top and bottom
surfaces of the samples before assessing the electrical properties.
Frequency dependence of the dielectric permittivity was quantified
using an impedance analyzer (Alpha-Analyzer, Novocontrol, Germany).
Polarization and strain hysteresis were measured with a triangular-
waveform electric field up to 3kV/mm at 1 Hz using a Sawyer-Tower
circuit equipped with an optical sensor (D63, Philtec, Inc., USA). A pol-
ing process was conducted at 4 kV/mm at 30 °C for 30 min in a silicone
oil bath. After aging for 24 h, the piezoelectric charge coefficient ds; was
determined using a commercial Berlincourt meter (Piezotest PM300,
Singapore). Planar electromechanical coupling coefficient k, and
mechanical quality factor Q,,, were quantified based on the impedance-
frequency spectrum near the resonance frequency obtained by the
impedance analyzer (Alpha-Analyzer, Novocontrol, Germany). The
sub-coercive AC field dependence of permittivity was determined using
the same analyzer interfaced with a high-voltage unit (HVB 300,
Novocontrol, Germany).

Samples with a relative density of 95% and an average grain size
of 16.5 um (which was determined on a statistic over 150 grains) were
prepared. There were no signs of microcracking after quenching treat-
ment. As a microcrack is an important concern, quenching of this
sample geometry for the case of NBT-BT has recently been simulated
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FIG. 1. SEM images of (a) S, and (b) S, samples; (c) synchrotron XRD patterns of
the S, and S, samples; (d) magnification for the 4.20° and 5.94° diffraction peaks.

and validated with a thermal camera and quantification by elastic
modulus.”® As depicted in Fig. 1(a) and schematically illustrated in
Fig. S1 of the supplementary material, almost no secondary phase can
be observed in the as-quenched sample (S,,) from the SEM image with
the BSE mode, verifying that the formation of the secondary phase
was avoided by air quenching. To facilitate the generation of homoge-
neous precipitates, two-stage aging was adopted according to the the-
ory of diffusional phase transitions in solids'’ and previous work
about BCT precipitation.'" The S, samples were first-stage aged at a
low temperature of 1150 °C for 72 h to form more nuclei and then
second-stage aged at a high temperature of 1300 °C for 48 h to grow
the precipitates. (Two-stage aged samples were denoted as S,.) As
revealed in Fig. 1(b), precipitates can be visualized by the features with
lower contrast as indicated by the orange arrows. The number density
of the intragranular precipitates is relatively high, while the size of the
precipitates is about several hundreds of nanometers.

The synchrotron XRD patterns of the S, and S, samples are pre-
sented in Fig. 1(c), indicating that the S, sample exhibits a pure perov-
skite phase, while a secondary phase has been traced in the S, sample.
An enlarged figure of the region in the dashed square (depicted in the
inset) marks the reflections arising from the CaTiO; (CT) phase in the
S. sample, which are absent in the S, sample. It indicates that the CT
precipitates were introduced during the aging process. The intensity
and position of the 110, 002, and 200 reflections of the matrix phase
(BCTZ phase) in the S, and S, samples are comparable except for a
slight difference in the peak profiles, as depicted in Fig. 1(d). Le Bail fit-
ting was performed to determine the lattice parameters of the matrix
phase in the S, and S, samples using software GSAS'® (Table I).

TABLE 1. The lattice parameter comparison of the S, and S, samples.

Sample  a (A) b (A) c(A) ¢/a  Volume (A%)
Sa 399911 399911 4.01564 1.00413 64.2220
S. 3.99970 3.99970 4.01549 1.00395 64.2380
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Changes in the lattice parameter of the S, and S, samples can barely
be observed, which can be attributed to the following two reasons: (a)
the amount of precipitates is quite low in the S, sample; (b) the lattice
parameter of the BCTZ ceramic might be insensitive to the change in
composition.

The large-signal electromechanical properties of the S, and S,
samples by polarization and strain measurement are depicted in
Figs. 2(a) and 2(b), respectively. For the S, sample, the saturated polar-
ization Py, and the remanent polarization P, decrease by ~20% to
13.9 uC/em® and by ~10% to 8.0 uC/cm?, respectively; and the maxi-
mum strain Sy, decreases by ~60% to 0.08%. Note that the coercive
field E. of the S, sample significantly increases by ~120% (from 0.23
to 0.51 kV/mm). The small-signal electromechanical properties (ds3,
ky, and Qy,) of the S, and S, samples are depicted in Fig. 3. The S,
sample exhibits a Q,, enhancement from 68 to 192 (~180% enhance-
ment) compared to the S, sample. Notably, the increase in Q,,, and E.
is the most significant characteristics of piezoelectric hardening.'’
Meanwhile, ds; and k;, of the S, sample decreased from 395 to 190 pC/N
(by ~50%) and from 0.52 to 0.28 (by ~45%), respectively, which is a
common phenomenon in hardened piezoelectric materials since the
domain wall contribution to piezoelectricity is suppressed.”””' The prod-
uct of Q,,, and ds3 is one of the figures of merit (FOM) to evaluate piezo-
electric materials for resonance applications.” As displayed in Fig. 3, the
FOM of the S, sample is found to be much higher than that of the S,

Electric field (kV/mm)

sample, indicating that the precipitation approach is an effective harden-
ing method.

Figures 4(a) and 4(b) depict the frequency dependence of both
dielectric permittivity and loss of the unpoled S, and S, samples. A sig-
nificant increase in the low-frequency (1072-10 Hz) dielectric permit-
tivity can be observed in the S, sample, which is three times larger
than the S, sample. It is a strong indicative of the enhanced interfacial
polarization (Maxwell-Wagner effect)'** associated with an inhomo-
geneous dielectric medium containing more than one kind of materi-
als with different permittivity and conductivity. The enhancement in
the low-frequency permittivity in the S, sample should be attributed to
the increased interfaces between the CT precipitates and the BCTZ
matrix. Interestingly, it is further observed that the dielectric permittiv-
ity of the S, sample is smaller than that of the S, sample at high fre-
quencies (10%-10° Hz), which could result from the reduced domain
wall contribution.

Generally, the contribution of permittivity under weak fields can
be described by the Rayleigh law as™>**

&(Eo) = &init + 0, (1)

where (Ep) is the permittivity at the external electric field Ey, &, is the
initial permittivity, and o is the Rayleigh coefficient. The field-amplitude-
dependent permittivity and linear fittings of the permittivity-field
curves with Eq. (1) are depicted in Fig. 4(c). The &y of the S, sample
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FIG. 4. Frequency-dependent (a) dielectric permittivity and (b) dielectric loss of the
S, and S, samples; (c) subcoercive measurements of the dielectric permittivity of
the S, and S, samples.

(4071) is much higher than that of the S, sample (2175). Note that the
&n; includes both contributions from intrinsic lattice response and
reversible domain wall motion.”* As discussed above, there is only a
slight change in the lattice parameters between S, and S, samples,
which indicates that the intrinsic lattice contributions of the two sam-
ples should be comparable. Consequently, the largely declined &,
should be caused by the decreased reversible domain wall contribution.
Moreover, the S, sample (25 mm/V) has a much smaller o than the S,
sample (39 mm/V), suggesting that the irreversible domain wall motion
was also strongly suppressed.

In summary, the concept of precipitation hardening was vali-
dated in soft BCTZ piezoelectric ceramics by a combination of
quenching and a two-stage aging. The CT precipitates are demon-
strated to have a profound impact on both the small-signal and large-
signal electromechanical properties of the ceramics, leading to an
enhancement of Q,, by 180% and E. by 120%. The hardening mecha-
nism is attributed to the strong restriction to domain wall motion
caused by intragranular precipitates.

See the supplementary material for the temperature profile of the
precipitate-formation process.
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