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ABSTRACT

Deconvoluting the extrinsic and intrinsic contributions to electrostrain is of great importance to understand the hardening mechanism of
piezoceramics. Here, in situ electric-field high-energy x-ray diffraction measurements are performed to investigate the polycrystalline barium
calcium titanate hardened by precipitation, a recently developed hardening technique that pins domain walls with fine intragranular precipi-
tates. The effect of precipitates on extrinsic and intrinsic mechanisms is examined. Under a low-frequency and large-signal field, the precipi-
tates suppress non-180° wall motion, which is the major source of loss, by 40%. Anisotropy is observed in the field-induced lattice strain,
which is dominantly contributed by an intergranular effect instead of pure piezoelectricity. At small fields, the lattice strain is barely affected
by precipitates, while both lattice strain and strain from non-180° domain wall motion are suppressed and are coupled with each other at

large fields, leading to an unchanged relative percentage of the extrinsic contribution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0115726

The electrostrain of a ferroelectric material during the application
of an electric field is contributed by intrinsic and extrinsic mecha-
nisms.' The intrinsic contribution refers to the strain from lattice
response, e.g., polarization extension/contraction and polarization
rotation, while the extrinsic contribution refers to the response of
domain walls or interphase boundaries, e.g., domain wall motion and
field-induced phase transition."”” These two types of contributions are
difficult to separate by macroscopic measurement. However, with the
development of synchrotron radiation facilities, deconvoluting the
intrinsic and extrinsic contributions by in situ electric-field x-ray dif-
fraction (XRD) became possible and has been extensively utilized in
various ferroelectric materials at different conditions.” "’

Understanding the extrinsic contribution to electrostrain is
important for designing piezoelectrics for high-power applications. In
these applications, the piezoelectrics are driven at resonance frequency
and a large vibration velocity,'' where the mechanical quality factor
Q. (ie., the reciprocal of the mechanical loss tan 0) is the main
parameter defining the figure of merit. Domain wall motion is the
dominant origin of mechanical loss during vibration, which causes
severe temperature rise. ' In addition, the vibration amplitude of a

piezoelectric driven at resonance frequency is proportional to Q,,."”
To reduce mechanical loss and enhance Q,,, hardening is adopted to
suppress domain wall motion.'”'* The state-of-the-art piezoelectric
hardening is done by chemical doping, which introduces charged
point defects, usually oxygen vacancies, to establish an internal bias
field and to stabilize the ferroelectric domains.””'* However, the
mobility of oxygen vacancies leads to a deterioration of the hardening
effect at high vibration velocities, increased temperature, or even with
time. 19,20

Alternative hardening methods are based on the composite
approach in which secondary-phase particles are introduced to stabi-
lize domains.”"”” The hardening mechanism was considered to origi-
nate from the strain incompatibility between piezoelectric matrix and
secondary-phase particles.”’ However, the introduction of secondary-
phase particles into the powder mixture before the sintering step ren-
ders them embedded into the grain boundaries and triple junctions.
This leads to locally limited influence on the domain walls in the grain
interior. Recently, precipitation hardening was proposed for ferroelec-
tric ceramics, which enables to introduce fine secondary-phase precipi-
tates into the grain interior, acting as pinning centers for domain wall
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motion.”””* The advantage of hardening using a secondary phase is
that the hardening effect can be stable at large vibration velocities,” at
high temperatures,” and with time, since the secondary-phase par-
ticles are more stable than oxygen vacancies.

In a model system Ba,;Cay3TiO5 (BCT), the samples with pre-
cipitates have an enhanced mechanical quality factor Q,,, decreased
unipolar strain-field hysteresis, and suppressed large-signal polariza-
tion.”” All these changes in property hint at a hardening effect.
Transmission electron microscopy (TEM) has revealed a refinement
of the domains in the vicinal region, which could be the origin of
domain wall pinning. However, a bridge between the precipitate effect
on the static domain structure and macroscopic property changes is
missing, ie., there is no experimental observation of the precipitate
effect on the dynamic domain response to electric field. With in situ
electric-field XRD, it is possible to extract the extrinsic contribution
from the non-180° domain wall motion, and therefore quantify the
effect of precipitates on it.

In the present work, in situ electric-field XRD was performed to
deconvolute the extrinsic and intrinsic contributions in BCT samples
without and with precipitates. The effect of precipitates on the
dynamic response to the electric field was monitored by comparing
the non-180° domain wall motion and field-induced lattice strain in
the two samples. The relationship between the intrinsic and extrinsic
contributions to electrostrain, as well as the relative extrinsic contribu-
tion, is discussed. This work provides a direct observation of the effect
of precipitates on the non-180° domain wall motion and field-induced
lattice strain under low-frequency, large-signal electric fields, enabling
a better understanding of precipitation hardening.

The polycrystalline BCT samples were synthesized by the
solid-state reaction method. The starting powders were BaCOj;
(Alfa Aesar, 99.95%), CaCO; (Alfa Aesar, 99.99%), and TiO, (Alfa
Aesar, anatase, 99.6%). The detailed process was reported else-
where.”” The as-synthesized, sintered, and quenched samples are
single phase without precipitates. To introduce the precipitates,
the aging process was conducted by annealing the quenched sam-
ples at 1200 °C for 72 h and then at 1300 °C for 24 h. The samples
were cut into dimension of 5 x 1.5 x 1 mm?, and the two opposite
5x 1.5mm” faces were electroded with Ag paste for the in situ
electric-field XRD measurement.

In situ electric-field XRD was conducted at the beamline P02.1 at
the Deutsche Elektronen-Synchrotron (DESY). The energy of the x
rays was 60keV (wavelength: 0.2073 A). A schematic of the experi-
mental setup is depicted in Fig. 1(a). Transmission geometry was
adopted in combination with a two-dimensional detector; the sample-
to-detector distance was set as ~120 cm. A customized sample stage
designed for in situ electric-field XRD measurement is depicted in the
inset of Fig. 1(a). The sample was immersed into the silicone oil, and
its bottom electrode was in contact with the metal base, which was
connected to high voltage. The top electrode was connected to the
ground through a metal wire.

Before the in situ electric-field XRD measurement, the samples
were poled at 4kV/mm for 15 min at room temperature. The ds; val-
ues of the as-poled samples are 88 pC/N (without precipitates) and
86 pC/N (with precipitates). During the diffraction measurement, an
electric field with a unipolar triangular waveform was applied, and the
applied field direction was the same as that of the poling field. The
field was ramped up from 0 to 3kV/mm in 25 s and ramped down to
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FIG. 1. (a) Experimental setup for the in situ electric-field XRD measurement. A
photo of the sample stage is depicted in the inset. (b) Sector division for the two-
dimensional pattern.

0kV/mm at the same rate. XRD patterns were collected continuously
during the application of field, with an exposure time of 0.5 s for each
pattern.

The obtained 2D patterns were divided into 10 sectors to study
the orientation-dependent structural response, as depicted in Fig. 1(b).
Each sector has an angular range of 20°, which is slightly larger than
the range commonly adopted, in order to have better statistics since
the grain size of the samples is large (~15um). The directional
difference & between the scattering vector Q of each sector and the
applied field E is denoted by ¢ (the corresponding sector is denoted by
J-sector).

The crystallographic structure of the matrix BT phase (BaTiO3-
rich BCT solid solution) at the virgin state was determined to be
tetragonal (Rietveld refinement in Fig. S1, Tables S1 and S2). Unlike in
some other materials,” > no field-induced phase transition has been
observed in the samples investigated in the present study. The quanti-
fication of non-180° domain wall motion was performed based on the
intensity interchange of 002 and 200 reflections with field. An intensity
interchange can be observed in both BCT samples without and with
precipitates [Figs. 2(a) and 2(b)], namely, the 002 reflection increases
and the 200 reflection decreases with increasing field. An opposite
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FIG. 2. Evolution of the 200 and 002 reflections of the BTss phase in samples (a) without and (b) with precipitates as a function of electric field. (c) and (d) '138'2 of samples with

increasing field in directions with 0°, 50°, and 90° to the electric field. (e) and (f) 7{S,
trend is observed for the two reflections as the electric field decreases.
The extent of the non-180° domain wall motion is quantified by®
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where fyo, is the multiple of the 002-oriented domain fraction (hkl-
oriented denotes the domains oriented with their hkl pole parallel to
the Q) with respect to that at the unpoled state. 7y, represents the
fraction of switched domains from 200- to 002-oriented compared to

at the maximum field and remanent state as a function of the angle between Q and E.

the unpoled state. Iiq and I} are the integrated intensities of the hkl
reflections under electric field and at unpoled state, respectively, which
were obtained by fitting of the 002 and 200 reflections with pseudo-
Voigt shape function (representative fittings are depicted in Fig. S2),
using the software LIPRAS.” Since the samples were poled, #y, is a
non-zero value before the application of field. Therefore, njs, was
derived by subtracting 1100;, which is the value of the state after the pol-
ing and before the in situ electric-field XRD measurement, to extract
the fraction of switched domains induced only during application of
the unipolar electric field. The absolute 7y, values as a function of
electric field are depicted in Fig. S3, where it can be noticed that the
b of the sample without precipitates is two times higher as that of
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the sample with precipitates, indicating that precipitates also suppress
the domain wall motion during the poling process.

The 1§, of the samples without and with precipitates obtained
from different J-sectors as a function of electric field is depicted in
Figs. 2(c) and 2(d). The different field dependences of 1S, in the 0°-,
50°-, and 90°-sectors reflect an orientation-dependence of domain tex-
ture induced by the field. The 1555 values of the sample with precipi-
tates are smaller than those of the sample without precipitates in each
sector, indicating that the non-180° domain wall motion is suppressed
by precipitates. For both samples, the {5, exhibits negligible change
below the electric field of ~0.6kV/mm, which approximately coin-
cides with the coercive field [0.65 and 0.75kV/mm for samples with-
out and with precipitates, respectively, Fig. S4(a)]. Thereafter, 15,
changes almost linearly with field. This indicates that, for a poled sam-
ple, a critical field amplitude is required to activate substantial non-
180° domain wall motion, and this critical field in comparable to the
coercive field.

To study the orientation-dependence of non-180° domain wall
motion, the 755, values at 3kV/mm and at the remanent state (i.e., the
state after the application of unipolar electric field) are plotted as a
function of . For both samples, 75, is almost zero in the 60°-sector,
indicating that the domain texture is least affected in the domains with
their [001] direction 60° from the field. At the field of 3 kV/mm, the
neey values of the sample with precipitates are ~60% of that of the
sample without precipitates in the sectors with é of 0°-40°and 90°
(the n5e5 values in the 50°-80° sectors are rather small and, thus, the
1oy, ratio between the samples with and without precipitates has a
large error), indicating that the suppression of the non-180° domain
wall motion from precipitates is nearly isotropic. The 7, values at the
remanent state are close to zero in most sectors for both samples, indi-
cating that the non-180°domain wall motion induced by the unipolar
field is predominantly reversible. Considering that the samples were
poled several days before the measurement, a natural aging leading to
a reduction in macroscopic polarization by slow domain wall motion
is possible, which was previously reported in BaTiOs.”' The natural
aging can also be indicated by a slight drop in the d; of the sample

scitation.org/journal/apl

without precipitates two days after the poling (from 88 to 86 pC/N),
while the ds; remained unchanged for the sample with precipitates.
The relatively large remanent 73S, in the 0°- and 10°-sector of the
sample without precipitates could be attributed to this depolarization
process.

The longitudinal field-induced lattice strains with increasing field
in (111)-, (002)-, and (022)-oriented cells are depicted in Figs. 3(a)
and 3(b), which were derived by calculating the relative change of the
d-spacing of different reflections in the 0°-sector. The strain analyzed
with hkl reflections corresponds to the cells oriented with their (hki)
parallel to the field. Anisotropy is observed in field-induced lattice
strain, and even negative field-induced lattice strain appears in some
orientations. In general, the sample with precipitates has smaller field-
induced lattice strain in all orientations when compared to the sample
without precipitates.

The anisotropy of the field-induced strain is quantified by strain
values in differently oriented cells at 3kV/mm, presented in a polar
plot. The angular coordinates represent the angle between the field
and the [001] direction (polar axis of a tetragonal sample). The radial
coordinates represent the amplitude of the field-induced lattice strain.
Obviously, both samples feature anisotropy in the field-induced lattice
strain. The largest positive field-induced lattice strain is found along a
nonpolar axis for both samples. Negative strain is apparent in direc-
tions nearly parallel or perpendicular to the polar axis. Moreover, there
are also some differences in the anisotropy of the samples without and
with precipitates. For example, the maximum strain is found in the
(111) directions for the sample without precipitates and in the (121)
directions for the sample with precipitates; after aging, the lattice strain
has a more significant decrease (more than 50%) in the (112)- and
(111)-oriented cells than in other investigated orientations.

Anisotropy in fleld-induced lattice strain is usually attributed to
polarization rotation’” or intragranular effects.” Polarization rotation
is an intrinsic feature of materials, which exhibit larger transversal
dielectric susceptibility than the longitudinal one.”” As a result, the
maximum piezoelectric response is observed away from the polar axis,
indicating that the polarization vector is easier to rotate than to

—@— without precipitates

12-%’.;? 40
%
9 *,;'022\\ 50

A TR
L . @

FIG. 3.(a) and (b) Longitudinal field-
induced lattice strain in differently oriented
cells. (c) Orientation dependence of the
field-induced lattice strain regarding the
angle between the electric field and
the polar axis.
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extend.” The intergranular effect refers to the elastic deformation of
grains, which is due to the difference in non-180° domain wall motion
of differently oriented grains and an adaptation of compatibility strains
in a polycrystalline material. The intergranular effect has been previ-
ously reported in polycrystalline Pb(Zr,Ti)O;, (Na;.,Bi;/;)TiOs-
BaTiO;, and BiFeO; materials.””

For the BCT samples, the negative field-induced lattice strain
in the [001]-oriented cells is attributed to the intergranular effect,
where non-180° domain wall motion is most favored and is, thus,
subjected to compressive stress from surrounding grains. Such neg-
ative lattice strain has also been observed in (Ba,Ca)(Zr,Ti)O; poly-
crystalline materials.”” In addition, an inflection point can be
noticed in the field-induced lattice strain of the sample without pre-
cipitates at the field of ~0.6 kV/mm [Fig. 3(a)], above which the lat-
tice strain increases stronger with field. For a freestanding crystal
without intergranular effect, a continuous increase in lattice strain
proportional to the field amplitude is expected. This inflection fea-
ture coincides with the change of 10, with field, indicating that
above 0.6 kV/mm, there is a large fraction of field-induced lattice
strain strongly coupled with non-180° domain wall motion in the
sample without precipitates, which is due to the intergranular
effect. For the sample with precipitates, since the non-180° domain
wall motion is largely suppressed, the part of lattice strain coupled
with domain wall motion is also reduced. Therefore, the samples
with precipitates are featured with smaller negative lattice strain,

(@)

ARTICLE scitation.org/journal/apl

weaker anisotropy [Fig. 3(c)], and an insignificant inflection point
in the lattice strain-field curve [Fig. 3(b)].

Another interesting observation is that the lattice strain in (111)-
and (112)-oriented cells is significantly reduced after the introduction
of precipitates, compared to other orientations. Considering the inter-
granular effect discussed above, the cells with these two orientations
are most affected, since they have minimum strain from non-180°
domain wall motions and are subjected to the largest tensile elastic
strain from the material.” As the sample with precipitates exhibits sup-
pressed non-180° domain wall motions, the elastic compatibility
strains also reduce, which is most significant in the (111)- and (112)-
oriented cells.

The macroscopic electrostrain contributed by lattice strain and
non-180° domain wall motion are calculated by Egs. (2) and (3),

respectively,”*’
> Fua (0°) s
Sezat = hkl—O, 2
> fua(0° )
ikl
Szzow = Sspon(0) X JZ [fur (6, E) — 1] cos® d sin 6 do, 3)
0

where S, and S..pw represent the longitudinal strain contributed
by lattice strain and non-180° domain wall motion, respectively. f;; is

(b)
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FIG. 4. (a) and (b) Intrinsic and extrinsic contributions to the macroscopic strain calculated based on diffraction data. The macroscopically measured unipolar strain is indicated
by the red solid line. (c) Relative extrinsic contribution to the macroscopic strain during the application of electric field. (d) Relationship between the extrinsic strain and intrinsic

strain in the samples without and with precipitates during the field increasing process.

Appl. Phys. Lett. 121, 162904 (2022); doi: 10.1063/5.0115726
Published under an exclusive license by AIP Publishing

121, 162904-5


https://scitation.org/journal/apl

Applied Physics Letters

the texture parameter of hkl-oriented domains, which were obtained
in a similar manner as the calculation of fyg,. 71, is the multiplicity of
the hkl reflection and determined by crystallographic symmetry. S,
is the ferroelastic spontaneous lattice strain, which is expressed by the
lattice parameter ratio ¢/a-1 for tetragonal sample. Reflections of 111,
{200}, {210}, {211}, {220}, {310}, and {311} were adopted for the calcu-
lation of S, j,.

The S..jqr and S, pw of the BCT samples without and with pre-
cipitates are depicted in Figs. 4(a) and 4(b), respectively, as a function
of fraction of the applied field waveform. The orange area and green
area represent the S,, py and S, ., respectively. The macroscopically
obtained strain (optical displacement sensor) is indicated by the red
solid lines, which is in a good agreement with the sum of S, p1 and
S.ziar- The total strain of the sample with precipitates is smaller than
that of the sample without precipitates. From the areas under the
intrinsic and extrinsic strain in Figs. 4(a) and 4(b), it can be estimated
that the S, py is larger than the S, ,, for both samples.“

The relative extrinsic contribution (i.e., the ratio between the
S...pw and calculated total strain) during increasing field is depicted in
Fig. 4(c). The result below the field of 0.6 kV/mm is not provided since
the strain values are too small (at or below 0.0001%). Therefore, the
ratio is extremely scattered and not reliable. The relative extrinsic con-
tribution increases with increasing field and stabilizes at ~75% above
the field of ~1.25kV/mm for both samples. This indicates that the
precipitates lead to a decrease in the S,, pw and S, ., by a similar per-
centage at large and low-frequency field.

As discussed above, the lattice strain consists of a piezoelectric
part (polarization extension or rotation) and an elastic part (intergran-
ular effect). A question arises whether the decreased S,,,; in the sam-
ple with precipitates is due to a direct suppression of intrinsic
piezoelectric response or is a consequence of a suppression of non-
180° domain wall motion, so that the coupled lattice strain decreases.
The relationship between the S,, py and S, ., with increasing field is
depicted in Fig. 4(d). Two regimes can be observed, which are sepa-
rated by the inflection point. In the first regime, only S, . increases,
while S,,pw remains almost unchanged. In the second regime, both
S.zpw and S, ;¢ increase and have a linear relationship, indicating a
strong coupling between them. It can be suggested that the intrinsic
piezoelectric response dominates the S, ;, when the field is small since
non-180° domain wall motion is barely activated, while the intergran-
ular effect becomes prominent when at large field. This can be further
evidenced by the relationship between S,,,, and field (Fig. S5), where
both samples share a same strain-field slope below the field of
~0.75kV/mm, and the slope diverges above this field.

In summary, the effect of precipitates on the lattice strain and the
strain from non-180° domain wall motion of BCT samples has been
investigated by in situ electric-field high-energy XRD. The precipitates
reduced the extent of non-180° domain wall motion under large field
by 40%. An anisotropy is observed in field-induced lattice strain,
which is predominantly attributed to intergranular strain compatibil-
ity, and this anisotropy is reduced in the sample with precipitates. The
precipitates have negligible influence on the lattice strain of BCT under
a small field, while a prominent effect on the lattice strain from precip-
itates is observed through the intergranular effect under a large field.

See the supplementary material for the complete results of the
Rietveld refinement, macroscopically measured polarization-field and

ARTICLE scitation.org/journal/apl

strain-field hysteresis loops, and the intrinsic strain as a function of the
electric field.
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