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ABSTRACT

The ferroelectric, ferroelastic, and dielectric properties as well as the crystal structure were investigated for polycrystalline donor doped lead
zirconate titanate (PZT) with grain sizes ranging from 0.25 to 5 μm, which were prepared using a novel zirconium titanium hydrate precur-
sor (ZTH) with a specific surface area of 310 m2/g. Piezoforce microscopy was used to investigate the change in the domain structure,
revealing a change in the domain configuration from a complex 3D structure to a simple lamellar domain formation at a 1 μm grain size
that corresponded to a rapidly increasing internal mechanical stress observed with in situ synchrotron x-ray experiments. The correlation
between the change in domain configuration, increasing internal stresses, effects of poling on the crystal structure, and the macroscopic fer-
roelectric and ferroelastic properties are discussed in detail, allowing a deeper understanding of size effects in polycrystalline donor doped
PZT ceramics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029659

I. INTRODUCTION

Despite a significant increase in research on lead-free piezo-
ceramics over the last decade, lead-containing compositions still
dominate the market.1 Among them, lead zirconate titanate
(PbZrxTi1−xO3, PZT) based systems are most commonly used in
actuator or sensor applications. For this reason, an overwhelming
amount of research has been published on the electromechanical
properties of PZT across multiple length-scales, revealing consider-
able details about the strain mechanisms.2–4 Therefore, PZT acts as
a model system for applied piezoceramics, making it the de facto
reference material against which all other systems are compared.
The research and commercial interest is due to the huge number of
applications for PZT, which is in large part based on the excellent
electromechanical properties that can be substantially modified by

defect chemistry as well as processed through various methods,
including the low-cost mixed oxide route. Importantly, however,
the ceramic microstructure, that is, grain size, is influenced both by
the doping and by the synthesis procedure,5 which have been
shown to significantly influence the macroscopic properties such as
piezoelectric charge coefficient (d33), dielectric permittivity (εr),
and coercive electric field (EC).

6–9 For example, early work on
barium titanate (BaTiO3) showed a maximum permittivity at a
grain size of ≈1 μm,10 which is still the subject of scientific investi-
gations.6 Furthermore, thin films or layers of ferroelectric materials
have different properties and phases in contrast to conventionally
produced materials. This results, among other factors, from their
variation in particle sizes,11 which typically ranges from a few
hundred nanometers to several micrometers. Thin films show in
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general much smaller grain sizes in contrast to conventionally man-
ufactured polycrystalline bulk materials.11

Apart from the microstructure, which describes the grain size,
morphology, and their interactions, the domain structure inside the
grains also has a significant impact on the dielectric and electrome-
chanical properties. The domain structure in PZT varies depending
on stoichiometry12 and doping,13 as well as the loading history of
the sample, that is, the application of external thermal, electrical,
and mechanical fields. The formation of ferroelectric domains is a
consequence of a phase transformation from a higher symmetry
paraelectric phase to a lower symmetry ferroelectric phase. The
domain structure represents, therefore, the energy minimization
between the elastic, electric, and surface energy on one side and the
domain wall energy on the other side.14 Different boundary condi-
tions lead to a different twinning from a complex 3D-domain
structure to a simple lamellar twinning as shown earlier.7,14–17

The orientation of the spontaneous polarization is bound to
the local crystal structure. In the PZT system, under the consider-
ation of a rhombohedral and a tetragonal crystal structure, domain
configurations of 71°, 109°, and 180° as well as 90° and 180° are
possible, respectively. Internal mechanical stress fields, however,
can be only accommodated by 71° and 109° domain walls for the
rhombohedral phase and 90° domain walls for the tetragonal
phase.18 MacLaren et al. calculated peak stresses of about 1 GPa,
which are at least partially accommodated by additional defects
such as dislocation arrays in the boundaries. However, only
non-180° domain configurations contribute to a decrease in elastic
energy.14,19,20 A more detailed consideration with regard to 90° and
180° domain walls is shown in Figs. 1(a) and 1(b). With 90°
domain walls, a change of the crystal orientation causes a strong
mechanical stress field [Fig. 1(a)].18,21,22

Fundamental investigations of the influence of grain size on
the properties of donor-doped PZT ceramics have already been
carried out by various research groups.7,15,25 A systematic investiga-
tion of the grain size influence in connection with a variation of

the defect chemistry and its effect on the electromechanical proper-
ties of PZT ceramics with grain sizes down to the sub-micrometer
range, however, is not available. Therefore, in this work, we com-
prehensively discuss the effect of grain size in donor doped PZT
ceramics.

II. EXPERIMENTAL METHODOLOGY

A. Preparation of the ceramics

PZT samples were prepared from high purity PbO (Alfa
Aesar, >99.99%) and a zirconium titanium hydrate precursor
(ZTH). To obtain the equivalent molar ratio of Zr/Ti = 0.52/0.48, a
mixture of two different ZTH with Zr/Ti = 57.6/42.4 and 44.8/55.2
were used (Crenox GmbH, >99.99%). Anatase titanium dioxide
hydrate particles with a BET specific surface area of 380 m2/g were
produced by hydrolyzing a titanyl sulfate solution. In a second step,
the zirconia component was precipitated on the surface of the tita-
nium dioxide nanoparticles by using a Zr-containing solution and
subsequent neutralization by adding sodium hydroxide. The
mixture was then filtrated, washed, and dried. Details regarding the
synthesis method can be found elsewhere.26–28 The resulting BET
specific surface area of the ZTH was 310 m2/g, which gives a d50,
BET of 4 nm by using the equation d50,BET ¼ 6/ρ � SBET , where ρ is
the density of the material and SBET is the specific surface area of
the powder. SBET was measured using a Flow Sorb II 2300
(Micromeritics). The ignition loss of the ZTH was measured after a
heat treatment at 1100 °C for 4 h. La2O3 was dried at 600 °C for
2 h. Due to the complex sintering behavior of ZTH, a PbO excess
of 2 mol. % was used. The chemical composition used was
Pb1:005La0:01V 00

Pb0:005
(Zr0:52Ti0:48)O3.

PbO, ZTH, and La2O3 were mixed and attrition-milled for 3 h
at 1000 rpm in isopropanol using Y-TZP milling balls (2 mm diam-
eter), according to the above-mentioned stoichiometry by including
the ignition loss of the ZTH. After drying the slurry in a rotating
evaporator, the powder mixture was sieved in a 160 μm mesh metal

FIG. 1. (a) Schematic representation of a 90° domain wall. (b) Simple 180° domain configuration showing the change in mechanical stress and spontaneous polarization
across the domain wall.23 Black arrows indicate the spontaneous polarization magnitude in the unit cells. Blue and green arrows mark the existing tensile (blue) and
compressive (green) stresses, respectively.22,24
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sieve. Calcination was performed at 600 °C for 2 h in alumina cru-
cibles. The calcinated powder had a BET specific surface area of
6.3 m2/g, corresponding to a d50,BET of 120 nm. Without a further
milling step, the powder was formed into cylinders of 12 mm diam-
eter by uniaxial pressing and subsequent cold isostatic pressing at
400MPa. The samples were sintered in a closed alumina crucible at
sintering temperatures TS = 875–1250 °C for 2 h. For temperatures
above 1100 °C, a powder bed out of PbZrO3/ZrO2 was used.

29 The
grain size was calculated after a statistical analysis of 300–500
grains (AnalySIS, Soft Imaging).

B. Piezoresponse force microscopy

The local domain structure was investigated by piezoresponse
force microscopy (PFM) with an AFM Dimension 3000 (Veeco
Instruments) and by using a Pt/Ir conductive tip (Nanosensors) at
ω = 10 kHz and Vac = 20 VPP applied to the tip. PFM signals were
demodulated with two lock-in amplifiers (Signal Recovery 7225
and 7265, AMETEK). The samples were polished with an addi-
tional polishing step by using an alkali suspension (Mastermet,
Struers GmbH). After the ceramographic preparation, the samples
were annealed at 500 °C for 4 h to remove the crystallographic
texture induced by mechanical stresses during polishing.

C. In situ electric-Field-Dependent synchrotron
x-ray diffraction

Synchrotron x-ray experiments were performed at beamline
P02.1 at PETRA III of the Deutsches Elektronensynchrotron (DESY)
in Hamburg, Germany.30,31 The wavelength was λ = 0.207015 Å,
and data were collected with a Perkin Elmer 2D detector with a
sample-to-detector distance optimized for high angular resolu-
tion.30 The bar-shaped samples with dimensions of approximately
1 × 1 × 5 mm3 were prepared with platinum electrodes on polished
opposing long sides. The electric field for in situ experiments was
applied with a TREK 10/40A-HS-H-CE in a specially developed
sample environment.32,33

Data analysis was performed with the software package
MAUD.34 Due to significant anisotropic reflection broadening, a
structure model consisting of a tetragonal P4mm and a monoclinic
model Cm phase was used for the refinement. For poled samples,
additional strain and texture parameters were used with a structure
model consisting of a tetragonal P4mm and a rhombohedral R3m
phase. Detailed information can be found elsewhere.2,3,13

D. Electromechanical and dielectric measurements

High field strain and polarization were measured using a pie-
zoanalyzer (aixACCT TF Analyzer 2000) equipped with a laser
interferometer for strain measurements, a high voltage source,
and a virtual ground device for the polarization measurement.
The disk-shaped samples had a thickness of 1 mm and a diameter
of 10 mm. Silver electrodes were prepared by firing a silver paste
(Gwent C2060217D3) on the ceramic disks at 600 °C. The
samples were then subsequently poled at room temperature at
5 kV/mm. The unipolar large field polarization and strain were
measured at 2 kV/mm using a triangular waveform with a fre-
quency of 25 mHz. The large field piezoelectric coefficient was

then calculated by d*33 ¼ Smax/Emax. Similar samples were used to
analyze the dielectric permittivity of the poled (ε0pol) and unpoled
(ε0unpol) samples between 20 and 106 Hz by using a LCR-Meter
4284A (Hewlett Packard).

E. Ferroelastic measurements

Ferroelastic measurements were conducted with a screw-type
load frame (Z030, Zwick GmbH & Co.KG). The applied load was
controlled by a load cell and the displacement was measured with a
custom-built linear variable differential transformer system.35

Cylindrical samples with a height of 6.00 mm (±0.01 mm) and a
diameter of 5.80 mm (±0.01 mm) were loaded from an initial
preload of −5MPa to a maximum load of −500MPa and unloaded
to preload. The loading rate of 5 MPa/s was used during the
measurements.

III. RESULTS AND DISCUSSION

A. Part I: Domain and crystal structure in the
unpoled state

1. Domain structure (PFM)

Figure 2 shows an overview of the PFM analysis of samples
with different grain sizes, where Figs. 2(a)–2(e) illustrate the PFM
in-plane signal and Figs. 2(b)–2(f ) show the corresponding simpli-
fied domain configurations in the highlighted grains. The average
grain sizes of the ceramics are 4.67 μm, 1.40 μm, and 0.55 μm. The

FIG. 2. PFM analysis of the in-plane signal of samples with different grain
sizes. (a) 4.67 μm, (c) 1.40 μm, and (e) 0.55 μm. (b), (d), and (f ) show the
corresponding simplified domain configuration in the marked grains.
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sample with an average grain size of 4.67 μm [Figs. 2(a) and 2(b)]
shows a complex twinned domain structure with several configura-
tions within one grain. It is also apparent that some grains display
domain structures consistent with both rhombohedral and tetrago-
nal phases. Smaller grains of about 2 μm show several 90° domain
configurations within one grain. The diameter of most uniform
domain configurations is larger than 1 μm [Fig. 2(a)]. The sample
with a grain size of 1.40 μm [Figs. 2(c) and 2(d)] still shows a
complex domain structure within the grains; however, most grains
show a single type of domain configuration or the coexistence of
two different domain configurations. The diameter of these
uniform domain configurations is around 1 μm in most grains
[Fig. 2(c)]. By further decreasing the grain size to 0.55 μm
[Figs. 2(e) and 2(f)], the domain configuration is found to change
into a simple lamellar and mostly 90° domain structure. The com-
plexity of the domain structures reaches a minimum and the size of
the domain structures is in the range of the grain size.

As already described, the formation of ferroelectric domains
and their configuration is due to the equilibrium between the
energy penalty for the formation of a domain wall, the electrical
depolarization energy, and the mechanical stress field.14,36 The
polarization energy results from the depolarizing electric field
inside a ferroelectric that is proportional to the polarization and
can be described by Edepol ¼ �L � P/ε0, where L is the depolariza-
tion vector.36 Theoretical calculations suggest that the domain size
d is proportional to the square root of the ceramic grain size g,
d/ ffiffiffi

g
p

.37,38 This has also been demonstrated in PZT ceramics in
the compositions around the morphotropic phase boundary
(MPB).7,25,39,40 Figure 3 shows the observed domain sizes as a func-
tion of the grain size for a range of doped PZT systems; the corre-
sponding fit shows good agreement with other literature data. It is
apparent from this dependence between domain size and grain size
that the increase in the domain wall density ρD within the material

follows the relation ρD / 1/
ffiffiffi
g

p
.20 Material parameters such as

unit cell distortion depend on the composition of the solid solution
and are an intrinsic property. Even poled materials, with significant
domain reorientation and reconfiguration of stress states, exhibit
the same unit cell distortion in the remanent state as in the
unpoled state.3 The unit cell distortion, on the other hand, has a
fundamental correlation with the stress states at the domain wall.18

Even though the thickness of domain walls is still a matter of
debate, the stress amplitude at a domain wall and its thickness are
correlated. When the domain wall density increases, the volume
fraction of the material, affected by the structural distortions near a
domain wall, increases for decreasing grain sizes.

2. Crystal structure (bulk, synchrotron x-ray diffraction)

Figure 4(a) depicts the x-ray diffraction patterns of all investi-
gated grain sizes; subscripts C, T, and R denote pseudocubic, tetrago-
nal, and rhombohedral indexing, respectively. With a decreasing
grain size, the 111C reflection shows a continuous peak broadening,
whereas the 200C reflection demonstrates a clear structural trend
toward the non-tetragonal symmetry. While the sample with the
largest grain size shows a pronounced tetragonal splitting of the
200C reflection, with decreasing grain size, the reflections exhibit a
continuously increasing asymmetric broadening down to about 1 μm
as well as a decrease in reflection splitting. Particularly, the low angle
002T reflection is shifted to higher angles, indicating a decrease in
unit cell distortion. For the samples with grain sizes below 1 μm, an
additional intensity can be observed, and below 0.5 μm, a clearly
visible additional reflection appears, which can be attributed to a
non-tetragonal phase or domain wall effects.13 More details can be
found in Fig. S1 of the supplementary material.

Using Rietveld refinement, the unit cell distortion ηT was
determined,

ηT ¼ cT
aT

� 1,

with cT and aT being the lattice parameters of the tetragonal unit cell.
More details about the refinement can be found in the supplementary
material. Figure 4(b) shows the change in unit cell distortion as a
function of grain size for the coexisting tetragonal and non-tetragonal
phases. The initial unit cell distortion at a grain size of 4.67 μm is
approximately 2.45% for the tetragonal and 1.50% for the non-
tetragonal phase. Interestingly, both unit cell distortions continuously
decrease with decreasing grain size in the unpoled state, where the
non-tetragonal phase shows a substantial decrease below around
1 μm and the tetragonal phase below around 0.5 μm, corresponding
to the observation of the additional reflection in Fig. 4(a) (black
arrow). This decrease in unit cell distortion reflects the increase in the
influence of the domain wall density on the structure. Since diffrac-
tion results in an average information about the crystal structure, the
increased volume fraction of the distorted structure in the vicinity of
domain walls is reflected by the decrease in unit cell distortion. This
corresponds well to previous work, where the influence of domain
walls was suggested to have an impact on the diffraction patterns.13

Diffraction data reveal that the decrease in the unit cell distor-
tion is also accompanied by a decrease in the unit cell volume for

FIG. 3. Domain size as a function of the grain size for different PZT ceramics.
Literature data: (0, 2.4 mol. % Nb,7 1.0, 2.0 mol. % La and 1 mol. %
La + 0.75 mol. % Fe,38 this work).
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the tetragonal phase, whereas the non-tetragonal phase shows no
change within the error range. Importantly, due to significant
reflection broadening in the non-tetragonal phase, the error bars
are significantly larger than in the tetragonal phase. Figure 5(a)
shows the characteristic relative unit cell volume. It is suggested
that the unit cell volume reduction is largely due to increasing
internal stress fields with decreasing grain size. Since the bulk
modulus of PZT was previously determined,41 the resulting quasi-
hydrostatic pressure can be calculated using the simplified Birch–
Murnaghan equation of state,42

p(V) ¼ 3B0

2
V0

V

� �7
3

� V0

V

� �5
3

" #
,

with V0 = 67.31 Å3 for a grain size of 4.67 μm and B0 = 92 GPa for
pressures up to around 5 GPa.41 The quasihydrostatic pressure,
recalculated from the relative change of the unit cell volume,
increases dramatically for grain sizes below 1 μm [Fig. 5(b)]. Since
the unit cell volumes are calculated from the unit cell parameters
determined from diffraction, they represent an average value over
the whole illuminated bulk volume. Therefore, the actual values at
the domain walls will be higher. Previous transmission electron dif-
fraction experiments lead to estimates of around 1 GPa for a unit
cell distortion of around 2.5%.18 Here, the average bulk volume
behaves as under a hydrostatic pressure of up to 250MPa for the
smallest grain sizes, which is in the range of the blocking force for
PZT materials at the MPB.43 The increasing effect of the mechani-
cal stresses on the domain and crystal structure as well as the spon-
taneous polarization is schematically illustrated in Fig. 6.

FIG. 4. (a) X-ray diffraction patterns of the 111C and 200C reflections for all investigated grain sizes. The black arrow indicates additional reflection. (b) Change in unit cell
distortions η as a function of the grain size for the two observed crystallographic phases.

FIG. 5. (a) Relative unit cell volume. (b) Recalculated quasihydrostatic pressure.
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B. Part II: Domain and crystal structure in the
poled state

1. Electric field-dependent crystal structure

The application of an electric field significantly changes the
observed diffraction patterns of PZT, which can be seen in Fig. 7(a)

for an applied field of 5 kV/mm for all investigated grain sizes. The
sample orientation, ψ = 45°, was chosen in order to investigate the
effects of the field-induced phase transformation.44,45 Interestingly,
the grain size influences the material response to the applied elec-
tric field. The largest investigated grain size shows only an intensity
shift between the 200C reflections compared to the unpoled state in

FIG. 6. Schematic representation of a microstructure for grain sizes below 1 μm and the observed domain configuration with the influence on the crystal structure and
electromechanical properties. The size of the black arrows indicates the spontaneous polarization magnitude in the unit cells.

FIG. 7. (a) X-ray diffraction patterns of the 111C and 200C reflections under an applied electric field of 5 kV/mm and (b) tetragonal unit cell distortion ηT of the unpoled,
remanent, and applied field state for all investigated grain sizes. Lines are guides for the eyes.
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Fig. 4(a), whereas all other grain sizes show a significant increase in
the reflection intensity of the non-tetragonal reflection as well as a
corresponding decrease in unit cell distortion.

In order to quantitatively investigate the structural changes,
the structure was analyzed with a texture refinement of all investi-
gated sample orientations.2,3 Figure 7(b) shows the resulting tetrag-
onal unit cell distortion of these refinements, revealing several
trends. As described before, for grain sizes above 1 μm, the unit cell
distortion of the unpoled and remanent state is the same and
decreases slightly toward smaller grain sizes. For grain sizes above
0.5 μm, the unit cell distortion was found to initially decrease
during the application of an electric field, but then subsequently
return to the original value of the unpoled state following removing
of the applied electric field. This contradicts the classical model of
the inverse piezoelectric effect, which predicts an increase of unit
cell distortion with the applied field. However, this is again an
effect of the averaging from the diffraction experiment.3 The
domains have a unit cell distortion of around 2.0% to 2.4%. A full
90° domain switching along the field would result in a similar
expansion of the respective grain. Due to intergranular stresses, the
resulting unit cell distortion of the switched domains is smaller
than the initial one. Therefore, the average unit cell distortion
decreases with increasing field, since more domains are switched.
In the remanent state, the unit cell distortion is determined by the
material composition and is identical to the unpoled state. More
information about the unit cell parameters can be found in Fig. S2
of the supplementary material.

The difference between the unit cell distortion of the unpoled
and applied field state is similar down to about 1 μm. For smaller
grain sizes, the difference increases significantly due to the strong
influence of the domain walls. This is a direct indication of the
quasihydrostatic pressure shown in Fig. 5(b). Between 1 μm and
0.5 μm, this value increases from below 50MPa to 150MPa. At this

high level of stress, the domain walls can still move reversibly, although
the resulting unit cell distortion is significantly decreased under the
applied field. For grain sizes below 0.5 μm, however, the switching
occurs irreversibly, which results in a significantly reduced unit cell dis-
tortion due to the same reasons as discussed before. However, the
redistributed stresses are too large for a reversible switching of the
domain configuration. This means that for small grain sizes, the unit
cell distortion decreases upon first poling and irreversibly remains in
the poled state. The difference in unit cell distortion between applied
field and remanent state is smallest at a grain size of 0.30 μm.

For large grains, the applied electric field results in a redistri-
bution of stresses due to the realigned domain structures. Since the
remanent and unpoled states have identical unit cell distortions,
this indicates that the unit cell distortion is mainly determined by
the intrinsic properties of the material. The complex domain con-
figurations in one single grain allow a redistribution of stresses and
an equilibrium develops between inter- and intragranular stresses.
For small grains, the simple domain structure can only lead to an
anisotropic deformation and distribution of stresses. Down to a
certain grain size, a reversible switching remains possible, although
with large differences in unit cell distortions. When the grain size
reaches a critical minimum size, the effects of the field-induced
processes are too large and result in an irreversible change in
domain configurations and unit cell distortion.

2. Electromechanical behavior

As can be seen from Fig. 8, a reduction of the grain size signif-
icantly influences the large field strain and polarization hysteresis
behavior. The coarse-grained samples exhibit a behavior well
known from the literature, marked by an increased remanent strain
and a reduction in coercive field. In contrast, a reduction in grain

FIG. 8. (a) Strain hysteresis loops and (b) polarization hysteresis loops for different grain sizes. With a decrease of the grain size from 4.67 μm to 1.27 μm, a slight
increase in the remanent strain Srem can be seen, while for a grain size of 0.30 μm, a significant reduction results (a). A detailed representation of the grain size influence
on Srem is shown in Fig. 9(d).
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size increases the coercive field [Fig. 9(a)], which was also observed
by other authors.8,25,46–48 This as well reduces the remanent strain.

The remanent strain is related to the distortion of the perovskite
lattice and the angle θ, which represents the deviation between the
polarization axis of a domain and the poling field. The maximum
remanent strain for tetragonal materials, thus, can be expressed as49

Srem,T ¼ cos2θ
� �� 1

3

� �
ηT :

For a reduction of the grain size, an increase in Srem can be
observed down to ≈0.6 μm. The trend of Srem observed in Fig. 9(d)
for grain sizes between 5 and 1 μm shows a very good agreement
with conventionally prepared PZT with identical effective donor
content.47 For grain sizes below ≈0.6 μm, a strong decrease in Srem
is observed. Considering only a minor change in the crystal struc-
ture, it can be concluded that an increased contribution to
non-180° domain switching processes leads to an increase in Srem
that is observed between 5 and 1 μm. This is in agreement with the
observed change in the domain configuration from a complex 3D
domain structure to a simple lamellar arrangement. Samples with a
grain size <1 μm show only a simple 90° domain configuration. If
the grain size is further reduced, there is a marked decrease in the
unit cell distortions ηT and ηR, which possibly leads to a sharp
decrease in Srem below ≈0.6 μm.

Another measure of the domain switching occurring during elec-
trical poling is the remanent polarization Prem, shown in Fig. 9(c) as a
function of the grain size. Fesenko and Dantsiger50–52 have carried out
detailed work on the description of Prem, which can be described for
the tetragonal phase by the following expression:49,50

Prem,T ffi 6
1
3
þ 2
3
δ

� � ffiffiffiffiffi
ηT

p
C/m2,

where δ is the mobility of non-180° domain wall switching processes
during poling (extrinsic contribution).53

The distortion of the perovskite lattice and the number of
non-180° domain switching processes, thus, largely determine
the remanent polarization. From Fig. 9(c), it can be seen that
with a reduction of the grain sizes from 1 μm to about ≈0.6 μm,
Prem,T increases. In the range between 5 μm down to 1 μm
[Figs. 4(b) and 7(b)], the unit cell distortion only slightly decreases.
Since the unit cell distortion starts to decrease for grain sizes
below 1 μm, this increase occurs due to an increased number of
non-180 ° domain switching processes.

Even though Prem depends on both 180° and non-180°
domain switching processes, in contrast to Srem that only depends
on non-180° domain switching, the increase of Prem is analogous to
the increase of Srem with decreasing grain size, correlating with the
change in domain structure from a complex 3D domain configura-
tion to a single-lamellar structure (Fig. 2), as described earlier.
With this change in domain arrangement, the proportion of
non-180° domain walls increases and results in the increase in Prem.
For grain sizes below ≈0.6 μm, a reduction of the domain mobility
and the substantial reduction of the unit cell distortion lead to a
decrease of Prem, emphasized by the significant increase of Ec.

FIG. 9. Influence of the grain size on (a) the coercive field Ec, (b) the large field
piezoelectric coefficient d33* as well as (c) the remanent polarization Prem, and
(d) remanent strain Srem.
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The grain size dependence of the unipolar large field strain is
shown in Fig. 9(b). It is apparent that the field-induced strain has an
inverse correlation with the grain size dependence of Prem and Srem,
in good agreement with previous results.8,15,47 The increased poling
strain results in a higher degree of remanent polarization, which leads
to a decreasing amount of switchable domains along with a reduction
of the grain sizes from 5 μm to 1 μm. At a critical grain size of 1 μm
and below, a significant decrease in unipolar strain is observed, due
to a reduction of orientational variants and the coupling of the
domain walls to the grain boundaries.15 Thus, both the intrinsic and
extrinsic contributions to the large field strain decrease significantly
with a further decrease of the grain size. This is also marked by the
drastic increase in the coercive field shown in Fig. 9(a).

Figure 10(a) shows the frequency dispersion of the real ε0 and
imaginary ε00 part of the dielectric permittivity in the unpoled state
for two different grain sizes in the frequency range between 20 Hz
and 1MHz. The corresponding domain structure is shown in
Fig. 10(b). The frequency dispersion follows a logarithmic decrease,
which can be described by the following equation:54

ε0 ¼ ε00 � α � log(f ),

where ε00 is the initial permittivity and α is the slope of the frequency
dispersion. In this frequency range, the main contributions to the
dielectric permittivity are generated by the crystalline lattice (intrinsic
effect) and domain wall contributions, but also from nanometer-sized
polar areas (both of extrinsic character).36,55–58 Hereby, extrinsic
effects are, in most cases, responsible for the frequency dispersion in
the sub-GHz range. The observed frequency dispersion for the large-
grained sample shows the expected behavior, which is characteristic
for a donor doped PZT ceramic.59 The reduction in grain size leads
to a change in the frequency-dependent behavior of the relative per-
mittivity. Figure 10(a) shows a comparison between a fine-grained
(0.3 μm) and a coarse-grained (4.67 μm) PZT sample, where a

difference in the slope of the frequency dependency is apparent.
Comparable studies on BaTiO3 also show an increase in the slope α
with a reduction of grain size from ≈10 μm down to ≈1 μm and a
significantly increased permittivity in this grain size range.60–62 The
authors attribute this to the change in the domain structure in
BaTiO3, which consists exclusively of a lamellar 90° domain structure
for a grain size of 1 μm. According to Hoshina et al., the increase in
permittivity at this grain size is due to the increase in dipole polariza-
tion, generated by 90° domain wall vibrations. If the domain wall
density now increases, a significant increase in the permittivity, as
well as the frequency dependency can be expected with similar
domain wall mobility. A comparable phenomenon is also generally
observed for acceptor- and donor-doped PZT materials.63

A detailed representation of the grain size influence of ε00 and α
for both poled and unpoled samples is shown in Figs. 11(a) and 11(b).
In the unpoled state, no significant change can be observed down to
about 2 μm in grain size. Below 2 μm, however, a continuous increase
in permittivity occurs with decreasing grain size. A more significant
effect can be observed for the logarithmic dispersion α for these grain
sizes below 2 μm [Fig. 11(b)], where the slope increases by a factor of
two. The observed increase in ε0unpol and αunpol can be attributed to
the change from a complex 3D configuration to a single lamellar
structure and the increase in non-180° domain wall density as
described earlier. With smaller grain sizes, which are directly corre-
lated with smaller domain sizes, the polar ordering is reduced, and
simultaneously the domain wall mobility increases. This effect is
intensified by the decrease in unit cell distortion. A further reduction
in grain size between 0.5 μm and 0.25 μm shows only minor changes
in ε00 and α, which is likely due to the now dominating effect of
lower unit cell distortion and the increase in volume around a
non-180° domain wall that is affected by the domain wall itself.

For large grain sizes, Fig. 11(a) shows the expected picture of
an increase in ε0pol for tetragonal compositions due to the reduction
of the domain wall density during the polarization process,

FIG. 10. (a) Real ε’ and imaginary ε" part of the dielectric permittivity for two selected grain sizes. Influence of the grain size and (b) PFM in-plane signal showing the
corresponding domain structure.
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resulting in a reduction in domain wall clamping and, thus, to an
increase in the permittivity.59,64 Obviously, this has no influence on
α. For a grain size lower than 2 μm, however, the behavior of ε0pol
and the gradient α inverts. At a grain size of 0.25 μm, ε0pol is even
lower than ε0unpol and α is reduced by around 30% compared to the
unpoled state. At very small grain sizes, a significant reduction in
the distortion of the perovskite lattice and the tetragonal phase
content is observed, combined with a change in the domain com-
plexity. This interplay may lead to the observed change in the slope
α and the decrease in permittivity due to the polarization process.

The temperature-dependent dielectric permittivity of unpoled
PZT with different grain sizes, measured at 1 kHz [Fig. 12(a)],

displays a decrease in the maximum permittivity and a correspond-
ing increase in the Curie temperature, Tc, with decreasing
grain size. In contrast, Randall et al.15 reported that the grain size
(0.1–10 μm) does not influence the Curie temperature of Nb-doped
PZT. Previous work showed that undoped PZT displays a larger
shift in Curie temperature with decreasing grain size, which was
argued to be due to a space-charge effect rather than a grain size
effect. Okazaki and Nagata65 reported the effect of space charge on
the ferroelectric-paraelectric phase transition temperature using
BaTiO3 and La-doped PZT(65/35). It should be mentioned here
that the space charge effect reported in these previous works was
observed on electrically poled and aged samples. However, in our

FIG. 12. (a) Temperature-dependent dielectric permittivity measured at 1 kHz and (b) variation in Curie temperature, Tc, as a function of grain size.

FIG. 11. Influence of the grain size on (a) ε00 and (b) α for poled and unpoled samples.
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case, the shift in Tc is consistent for both unpoled and poled
samples. It is known that the existence of space charge could give
rise to significant internal bias fields during the poling process and
consequently influences the measured macroscopic P-E/S-E
loops.66 However, the fine-grained (0.3 μm) PZT sample does not
exhibit asymmetry in the P-E/S-E loops (Fig. 8). As such, a signifi-
cant effect of space charge in this sample can be excluded. The
influence of partial or full Schottky defects on Tc in non-
stoichiometric BaTiO3 has also been reported.67 Additionally, Tc of
non-stoichiometric BaTiO3 was found to be influenced by the
oxygen partial pressure, that is, below 10−15 atm (0.31 Pa), the Tc

increases. The fine-grained 0.3 μm and the 1.8 μm samples were

also investigated under vacuum conditions (Fig. S3 in the supple-
mentary material). However, no significant variation in Tc was
observed under air and vacuum atmosphere.

In addition to the defect chemistry, the phase transition tem-
perature can also be influenced by stresses, for example, hydrostatic,
biaxial, and/or uniaxial stresses.68–70 For example, Schader et al.
showed that the Tc of single-crystal as well as polycrystalline
BaTiO3, can be shifted to a higher temperature by applying uniaxial
compressive stress. Bi-axial compressive stress is also found to have a
similar influence on the phase transition temperatures.71 Previous
studies have demonstrated that hydrostatic stress stabilizes the high
temperature paraelectric cubic phase and, therefore, should result in

FIG. 13. (a)–(e) Macroscopic stress–strain measurements up to −500 MPa, and (f ) variation in coercive stress, remanent strain, and back-switching as a function of grain
size.
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a decrease in the Curie temperature as well as increase the
maximum permittivity.69,72,73 This indicates that the stress state in
the current study is not purely hydrostatic and, rather, a complex
stress state consisting of hydrostatic, extensional, and deviatoric
stress components. As has been described above, the variation in
grain size or domain wall density could induce a different degree of
internal stress in the material. As such, it is possible that the higher
temperature shift in Tc, observed in this work with decreasing grain
size, is a complex combination of defect chemistry and the internal
stress state related to the fine microstructures. Nevertheless, further
investigations such as temperature-dependent permittivity with
varying oxygen partial pressure can be useful to understand the pos-
sible influence of defects on Tc in the composition studied here.

C. Part III: Ferroelastic behavior

The grain-size dependent mechanical behavior of PZT is
shown in Fig. 13, displaying a ferroelastic response consistent with
previous reports.35 Interestingly, ferroelastic parameters, that is,
coercive stress, σc, and remanent strain, εr, determined from the
stress–strain measurements, show variation with grain size. Similar
to the coercive electric field (Ec), the coercive stress was also found
to be influenced by the variation in grain size, that is, σc increases
with decreasing grain size. On the other hand, the remanent strain
was found to increase up to 3 μm and then subsequently decrease
for the coarse-grained 4.67 μm sample. Notably, the nonlinearity at
the low-stress levels during mechanical unloading provides infor-
mation on the extrinsic contribution to the ferroelastic response.
The degree of back-switching, ηb, can be estimated by the parame-
ter 1-(εr/εi), where εr is the remanent strain and εi is the x axis
intersection of a linear fit of the linear region in the unloading
curve.35 During unloading, the stress–strain loop shows nonlinear-
ity due to domain back-switching at low-stress levels. In addition
to the vacancy mediated domain pinning mechanism, the back-
switching of non-180° domains is related to the intergranular
residual mechanical and electrical fields in the polycrystal. Grains
with an ideal orientation for ferroelastic switching are mechani-
cally coupled to their neighboring grains, which will, therefore,
experience a higher degree of intergranular elastic strain. After
unloading, the elastically deformed grains will expand again,
forcing a fraction of the switched domains back into their original
state. As such, a greater intergranular residual stress may enhance
domain back-switching. As can be seen in Fig. 13(f ), the extent of
back switching is maximum for the fine-grained samples up to
0.86 μm. On the other hand, samples with intermediate grain size
(domain complexity) show the lowest extent of domain back-
switching. This observation, in conjunction with the electric-field
dependent structure, further highlights the importance of domain
structure on the ferroelectric as well as on the ferroelastic response
of bulk piezoelectric materials.

IV. CONCLUSIONS

In general, complex 3D domain structures can be observed in
grains significantly larger than 1 μm. In this range with decreasing
grain size, however, the amount of non-180° domains increases due
to the relation between grain size and domain size. Therefore, the
non-180° domain switching with electric field increases and leads to

higher Prem and Srem. Due to the release of domain wall clamping
effects, the small signal permittivity increases after poling for grain
sizes above 1 μm.64 However, the frequency dependence is
unchanged. By applying an electric field, the ferroelectric domains
will realign along the poling direction, whereby the amount of
domain walls is reduced, resulting in less domain clamping and, thus,
higher permittivity.

Grain sizes below 1 μm lead to rapidly increasing mechanical
stresses, which are reflected in decreasing unit cell distortion and
the increase in the non-tetragonal phase fractions. Increasing
mechanical clamping with decreasing grain size increasingly
hinders domain switching. Due to the decreasing unit cell distor-
tion, the effect of domain switching is reduced, which leads to a
decrease in polarization and strain behavior. The pronounced
increase in EC also indicates higher mechanical clamping, resulting
in higher switching energies and therefore less domain switching.
The domain switching processes, which can be initiated by an
applied electric field, are increasingly irreversible for grain sizes
below 0.6 μm. For grain sizes below 1 μm, the frequency depen-
dence of the permittivity decreases significantly after poling. This
indicates high mechanical stresses and disorder, which influences
the domains and domain walls and their mobility. These stresses
lead to a clamped behavior after poling, which explains the steep
decrease in electromechanical properties with decreasing grain sizes
below 1 μm. The correlation between the change in domain config-
uration, increasing internal stresses, effects of poling on the crystal
structure, and the macroscopic ferroelectric and ferroelastic proper-
ties allows a deeper understanding of size effects in polycrystalline
donor doped PZT ceramics. Our work adds significant contribu-
tions to close the knowledge gap between technically applied poly-
crystalline PZT ceramics with grain sizes of 2–10 μm and thin films
with grain sizes well below 500 nm.

SUPPLEMENTARY MATERIAL

See the supplementary material for more details on structural
and dielectric characterization.
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