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Abstract
The influence of stress on the small-signal dielectric permittivity and piezo-
electric coefficient of polycrystalline lead-free perovskite 0.92(Na1/2K1/2)NbO3–
(0.08 − x)Bi1/2Li1/2TiO3–xBaZrO3 (x = 0, 0.02, 0.04, 0.06, and 0.07) was
characterized under different constant uniaxial stress up to −200 MPa within a
temperature range of −150 to 450◦C, revealing stress-induced suppression of the
electromechanical response aswell as shifts in the phase boundaries. For all com-
positions, the interferroelectric and ferroelectric–paraelectric phase transitions
were shifted to higher temperatures under the uniaxial compressive stress. Inter-
estingly, the sensitivity to the applied stresswas found to increasewith increasing
BZ/BLT ratio in the system. The origin of a different extent of stress-sensitivity
with BZ/BLT ratio is suggested to be related to the change in the crystal structure.
Additionally, at temperatures below −50◦C, the relative permittivity showed a
significant increase under applied compressive stress.
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1 INTRODUCTION

(KxNa1 − x)NbO3 (KNN) has been investigated for
several decades as a possible replacement for lead-
containing compositions 1,2 due to the reported high Curie
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temperature, 𝑇𝐶 , and relatively large piezoelectric coef-
ficient (>100 pC/N), high acoustic vibration velocities,
and low density. 3,4 In particular, piezoelectric coefficients
(𝑑33 = 416 pC/N) comparable to Pb(Zr,Ti)O3 for textured
Li, Ta, and Sb-doped KNN have been observed. 5 KNN is
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a solid solution of the two end members of orthorhom-
bic symmetry KNbO3 (Amm2) and NaNbO3 (Pbcm).
At room temperature, the optimum electromechanical
properties have been observed in the vicinity of the phase
boundary separating the orthorhombic phases, namely,
K0.5Na0.5NbO3, 6 where the average crystallographic
structure of K0.5Na0.5NbO3 is considered orthorhombic
(Amm2). However, there remains debate in the litera-
ture about the nature of the phase. 3,7–14 In addition to
Wang and Li, who demonstrated that the perovskite-type
ABO3 subcell of KNN possesses monoclinic symmetry,15
researchers have suggested that the room-temperature
structure is monoclinic Pm.14,16 Nevertheless, with
decreasing temperature from the nonpolar cubic Pm3m
symmetry, there is a phase transition to tetragonal (T)
P4mm at 420◦C, orthorhombic (O) Amm2 at 220◦C, and
rhombohedral (R) R3c at approximately −123◦C. It is
known that the orthorhombic–tetragonal phase boundary,
which occurs in the vicinity of room temperature, is
critical to these properties.17 Here, a broad multiphase
region has been demonstrated to be the origin of the
nearly temperature-insensitive ferroelectric properties
over a wide temperature range.4,18
It has been demonstrated, however, that the phase-

boundary region can be engineered through chemical sub-
stitution on theA- and B-site leading to awidermultiphase
region3 and the formation of an R–T phase boundary,17,19
both of which have been suggested to enhance the elec-
tromechanical properties.4 Although many chemical sub-
stitutions shift the 𝑇R−O, 𝑇O−T, and T–C phase boundaries
to lower temperatures, as shown by Li et al.,4 certain chem-
ical elements have been found to increase phase transition
temperatures, allowing for the tuning of the phase regions
𝑇R−O and 𝑇𝐶 .3 For example, Li shifts the ferroelectric–
paraelectric phase transition 𝑇𝐶 to a higher temperature,20
whereas zirconates, such as BaZrO3, increase the 𝑇R−O
phase boundary as larger B cations favor the lower temper-
ature phase. As such, simultaneous chemical modification
of the 𝑇R−O and 𝑇O−T phase boundaries is a promising
approach to improving the functional properties of KNN-
basedmaterials by establishing the R–T phase boundary at
room temperature.17,21 This strategy has already reported
compositions with enhanced functional properties and
temperature stability.22 It should be noted that the excep-
tional functional properties of PZT are often attributed to
the existence ofmixed R and T phases at room temperature
and the vertical nature of the R–T phase boundary.23
Among the reported KNN-based compositions

with chemically engineered R–T phase boundaries
at room temperature,21 compositions containing
Bi1/2Li1/2TiO3 and BaZrO3 show excellent piezoelec-
tric properties.24 Importantly, the phase boundary and
associated functional properties can easily be tuned by

changing the Bi1/2Li1/2TiO3 and BaZrO3 ratio, that is,
0.92(Na0.5K0.5)NbO3–(0.08 − x)Bi1/2Li1/2TiO3–xBaZrO3
(KNN–100xBZ, where x= 0, 0.02, 0.04, 0.06, and 0.07). For
example, previous works have shown a maximum room
temperature piezoelectric coefficient, 𝑑33 = 348 pC/N for
x = 0.06, where compositionally tuned the coexistence
of rhombohedral and tetragonal phases is present at
room temperature.24 However, the influence of varying
external fields, such as a change in temperature and
mechanical stress on the piezoelectric coefficients, are
not well understood. It should be noted that substitution
of A and B-cations in ABO3-perovskites with different
ionic radii can induce a change in the internal chemical
pressure, akin to externally applied hydrostatic pressure.
It is well known that externalmechanical fields can shift

phase-transition boundaries in perovskite ferroelectrics,
which can be used to tune functional properties,25 induce
new phases in thin films,26 or create a morphotropic
phase boundary.27 In addition, through tailoring of the
microstructure, the internal stress can also enhance the
dielectric response.28 The previous work has shown that
uniaxial29 and biaxial30 compressive stresses increase the
Curie point through the stabilization of the lower sym-
metry polar phase, whereas hydrostatic stress leads to a
stabilization of the higher temperature cubic phase that
reduces 𝑇𝑐.31,32 These mechanical fields can act analo-
gously to a chemical substitution, which are known to
exert a chemical pressure that can shift phase boundaries
depending on the relative size of the dopant cations.32,33
The importance of chemically tuning the phase bound-

aries has also been identified in KNN-based materials.4
This led to the suggestion in subsequent investigations
in the KNN-based materials that chemically tuning the
rhombohedral–orthorhombic phase boundary to higher
temperatures and the orthorhombic–tetragonal phase
to lower temperatures would eventually result in the
exclusion of the orthorhombic phase all together and
a rhombohedral–tetragonal phase boundary near room
temperature.17,24,34 This is particularly interesting, as the
R–T phase boundary has been suggested to be responsible
for the enhanced electromechanical properties observed
in numerous ferroelectric material systems, most notably
Pb(Zr,Ti)O3.23 There are, however, limited studies on
the influence of stress on the stable phase in KNN-
based compositions, although the previous work has
shown that mechanical fields can induce a shift of the
interferroelectric O–T phase transition as well as the
ferroelectric–paraelectric Curie point.35,36 For example, a
stress-dependent Raman study of Li-doped KNN reported
a shift in the O–T phase transition to room tempera-
ture under hydrostatic pressure, the increase of Li content
in the system leads to lower symmetry and therefore
shifts the phase transition to a higher pressure value.37 In
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contrast, applied uniaxial compressive stress has been
shown to stabilize lower symmetry phases,35,38–41 resulting
in an increase in both interferroelectric and ferroelectric–
paraelectric phase boundaries.
Nevertheless, despite the numerous developments

in optimizing the electromechanical properties of
KNN-based materials, very few reports are available on
the influence of mechanical stress on the functional
properties either at room temperature or at a higher
temperature.35,42–44 Such investigations are important
for practical applications of functional materials as they
experience a harsh environment, that is, under high
stress and temperature. As such, in this work, stress-
and temperature-dependent functional properties of a
series of 0.92(Na0.5K0.5)NbO3–(0.08 − x)Bi1/2Li1/2TiO3–
xBaZrO3 (x= 0, 0.02, 0.04, 0.06, and 0.07, KNN–xBZ) were
investigated to reveal the influence of mechanical stress
on the temperature-dependent functional properties as
well as the O–T and R–T phase boundaries. Importantly,
this work comprehensively demonstrates the influence
of uniaxial mechanical stress on the chemically tuned
phase boundaries and functional piezoelectric response of
KNN-based compositions.

2 EXPERIMENTALMETHODOLOGY

Lead-free polycrystalline 0.92(Na0.5K0.5)NbO3–
(0.08 − x)Bi1/2Li1/2TiO3–xBaZrO3 + 1 wt.% MnO2
(x = 0, 0.02, 0.04, 0.06, and 0.07) was fabricated by the
conventional solid-state processing route. The raw mate-
rials K2CO3 (99.9%), Na2CO3 (99.9%), Nb2O5 (99.99%),
Bi2O3 (99.9%), Li2CO3 (99%), TiO2 (99.99%), BaCO3
(99.99%), and ZrO2 (99.9%) were mixed in stoichiometric
proportions and milled in a planetary mill (P-7, Fritsch,
Idar-Oberstein, Germany). All compositions were doped
with 1 wt.% MnO2. Following this, the resulting powders
were calcinated at 1000◦C for 5 h and subsequently
sintered between 1140 and 1160◦C, depending on the
compositions, for 5 h. Additional details of the synthesis
can be found elsewhere.12,24
For microstructure analysis, samples were first ground

using an 18 μm grinding disc to ensure flatness. Subse-
quent polishing steps of 9, 6, 3, and 1 μm were performed
using respective polishing pads and diamond suspension,
with a final polishing step with silica oxide polishing
suspension. The microstructure images were collected
using a scanning electron microscope (Helios NanoLab
600i FIB Workstation, FEI Company, Oregon, USA) at
a magnifications of 1250–5000×. Grain size analysis was
performed using ImageJ software,45 onminimum 3micro-
graphs of respective samples,where at least 100 grainswere
measured per micrograph.

Following sintering, cylindrical samples were ground to
0.500 mm (±0.01 mm) in height and 5.8 mm (±0.01 mm)
in diameter with a surface grinder. Following this, Pt elec-
trodes of approximately 70 nm thickness were sputtered
on the two opposing 5.8 mm circular faces for stress- and
temperature-dependent dielectric and piezoelectric mea-
surements. The sputtered samples were kept at 120◦C for
2 h before applying an electric field to avoid issues related
to moisture content. The samples were poled in a silicone
oil bath at 120◦C for 30 min with an applied electric field
of 4 kV/mm and subsequent field cooling to ∼25◦C.
A screw-type load frame (Instron 5967, Instron GmbH,

Germany) with an integrated cooling and heating cham-
ber was used for the electromechanical experiments. The
experimental setup was presented in previous works.46,47
For electrical contacts, two tungsten carbide loading dies
were attached to the samples for uniaxial stress. The
load frame software (Bluehill LE Software, Instron) was
used to control the load and loading rate by supporting
constant compressive stress between −5 and −200 MPa,
whereas the samples were heated from −150 to 450◦C
at a rate of 2 K/min. Liquid N2 was used to cool the
samples down to −150◦C in a thermal chamber (TK
26.600.LN2, Fresenberger). This equipment is based on
an integrated piezoelectric actuator (P-025.80, PI Ceramic
GmbH, Germany) that partially loaded the sample using
a sinusoidal waveform with an amplitude of ±0.5 MPa at
various frequencies between 0.5 and 140Hz.A customLab-
VIEW program was developed to control and evaluate the
obtained data.47

3 RESULTS AND DISCUSSION

Microstructure analysis revealed that the average grain
size for samples with low BZ content showed unhomog-
enized grain size distribution compared to those with
higher BZ content (see Figure S1). For example, in the
case of KNN–0BZ and KNN–2BZ, the grain-size distribu-
tions were bimodal showing smaller average grain sizes of
1.3± 2.19 and 1.64± 1.41 μm, respectively, as well as a larger
average grain size of 10.54± 3.77 and 7.06± 2.11 μm, respec-
tively. A similar grain size distribution effect has been
observed for Li- and Ta-modified KNN ceramics.48–51 In
contrast, the average grain size for highBZ content samples
showed single grain size distribution, where KNN–4BZ
and KNN–7BZ displayed average grain size ranges of
2.72 ± 1.35 and 1.80 ± 0.72 μm, respectively. Interestingly,
however, KNN–6BZ grain size showed a sudden unho-
mogenized increase of some grains as a phenocryst effect,
which was determined by a bimodal distribution with
1.47 ± 1.01 μm for the matrix and 5.90 ± 2.10 μm for the
large grains, although the origins for this behavior remain



GADELMAWLA et al. 2329

6000

4000

2000

R
el

at
iv

e 
P

er
m

itt
iv

ity

4503001500-150

Temperature (°C)

300

200

100

0

d 3
3

(p
C

/N
)

 100 Hz
 1 kHz
 10 kHz
 100 kHz

f (Hz)
 0.5 
 1 
 5 
 10 
 20 
 40 
 80 
 90 
 110 
 120 
 140 

KNN-0BZ KNN-2BZ KNN-4BZ KNN-6BZ KNN-7BZ

F IGURE 1 The relative permittivity (top row) and piezoelectric coefficient 𝑑33 (bottom row) of KNN–xBZ under −5 MPa (i.e., x = 0, 2, 4,
6, and 7). Gray dashed lines indicate 25◦C.

unclear. Interestingly, pores were observed primarily along
the grain boundaries, which increased with increasing
BZ content. In addition, the relative density range for all
samples was 98.3%–98.7%.
The temperature-dependent small-signal dielectric

and piezoelectric properties were investigated for KNN–
100xBZ (x = 0, 0.02, 0.04, 0.06, and 0.07) from −150
to 450◦C under −5 MPa uniaxial stress as a function of
frequency (Figure 1). A bias stress was applied duringmea-
surements to ensure the electrical and mechanical contact
of the sample during measurement. Previous reports,
however, show that a uniaxial stress of −5 MPa as equiva-
lent to the stress-free state for PZT and Li-doped KNN,40,47
as the macroscopic critical stress field required to induce
domain switching or other nonlinear, hysteretic processes
in these ceramic compositions is at least an order of mag-
nitude higher than the applied bias stress. Following the
electrical poling procedure, the piezoelectric coefficient
𝑑33 was measured at room temperature with a Berlincourt
meter (PiezoMeter System PM300) using a mechanical
force of 11 N and frequency of 110 Hz for KNN–0BZ, 2BZ,
4BZ, 6BZ, and 7BZ, revealing values of 150, 173, 160, 242,
and 145 pC/N, respectively. These 𝑑33 values correspond
well to the observed measured 𝑑33 values under −5 MPa,
which were 157, 190, 169, 246, and 160 pC/N, confirming

that the −5 MPa prestress did not significantly alter the
poled state at room temperature. Please note, the 𝑑33 value
of the respective compositions reported in the previous
work is slightly different than that of our measured value.
The difference in 𝑑33 could be related to the difference
in processing condition as well as the poling conditions.
Nevertheless, the focus of this work, that is, stress-induced
variation in polymorphic phase boundaries should not be
affected by the variation in 𝑑33 value.
The temperature-dependent dielectric and piezoelectric

responses (Figure 1) show several interesting phenomena
with variations in the BZ/BLT ratio. First, at low BZ con-
tent, there is a frequency dependence of the relative per-
mittivity above theO–T phase boundary consistent with an
increase in electrical conductivity. However, with BZ con-
centrations of above 2 mol%, this was no longer observed.
Interestingly, the temperature-dependent dielectric data
show increased conductivity at low measurements fre-
quencies for all compositions, although the temperature at
which the increase in conductivity is observed in shifted to
higher temperatures with increase BZ content. Although
the origin of this remains unclear, this could result from
oxygen vacancies due to the enhanced K, Na, and Bi
volatilization in materials with lower BZ content.52–54 Sec-
ond, there is an apparent reduction in the Curie point
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with BZ, which was determined as the temperature of the
maximum permittivity in temperature-dependent dielec-
tric data. Here, 𝑇𝐶 was shifted from 376◦C for KNN–0BZ
to 176◦C for KNN–7BZ, showing a nearly linear decrease
with a slope of approximately −28.4 ± 1.5◦C/mol% BZ. In
comparison, the interferroelectric phase boundary shifted
to a lower temperature up to 2BZ, then slightly increased
at 4BZ, and after that decreased again with increasing BZ
content.Wuet al. reported a similar shift in theKNN–BLT–
BZ system associated with a diffused interferroelectric
phase boundary, that is, O–T and R–T for<4BZ and ≥4BZ,
respectively.19 This shift can be related to the different ionic
sizes of both A and B-site cations upon increasing BZ in
the system. Furthermore, the substitution of Ti4+ by larger
Zr4+ cation in the B-site causes an increase in the inter-
nal chemical pressure that has the same effect as increased
externally applied hydrostatic pressure, which favors the
high-temperature phase with smaller unit cell.19,55–57 In
addition, an anomaly in the dielectric response of KNN–
6BZ and 7BZ was observed only at 100 Hz. However, the
origin of anomaly remains unclear, this could be related
to the dielectric relaxation, which was previously reported
in BaTiO3–BaZrO3 solid solution as a result of increased
BaZrO3 in the system.58,59 The substitution of Zr4+ dis-
rupts ferroelectricity, which is the driving force for relaxer
behavior due to the cation displacements in the B site.58
All the investigated compositions show two phase tran-

sitions, that is, O–T or R–T, and T–C within the measured
temperature range. Interestingly, in permittivity, the Δ𝑇
(=𝑇O−T∕R−T − 𝑇𝐶) decreases as the 𝑇𝐶 shifts to lower tem-
peratures with an increasing BZ/BLT ratio. For example,
ΔT between interferroelectric and paraelectric phase tran-
sitionwas decreased from309◦C forKNN–0BZ to 128◦C for
KNN–7BZ, meaning that a stability of higher temperature
tetragonal phase decreased with increasing BZ/BLT ratio.
In addition, as shown in Figure 1, the sudden increase in
𝑑33 values around 𝑇𝑐 was diminished with decreasing Δ𝑇.
The temperature-dependent piezoelectric response dis-

played a maximum at the interferroelectric phase transi-
tion, where the observed maximum 𝑑33 values were 176,
216, 198, 280, and 171 for KNN–0BZ, 2BZ, 4BZ, 6BZ, and
7BZ, found at 46, 23, 34, 45, and 34◦C, respectively. Inter-
estingly, despite the changes in the BZ content, the tem-
perature of maximum 𝑑33 changes was found to remain
in the vicinity of room temperature, displaying variations
of ±10◦C. Among these compositions, KNN–6BZ shows
the highest maximum 𝑑33 of 280 pC/N and εr of 6402 at
45 and 215◦C, respectively, which is consistent with previ-
ous reports by Wang et al.24 That can also be related to the
sudden increase in grain size, as shown in the microstruc-
tural analysis.60 Previous researchers have attributed the
observedmaximum 𝑑33 value of KNN–6BZ composition to
the convergence of R–OandO–Tphase boundaries and the

formation of a new TPPT.24,61 However, it is suggested that
increasing internal pressure in the B-site due to Zr cations
leads to peak broadening and subsequently decreases the
relative permittivity in KNN–7BZ. Importantly, although
the compositional tuning can increase the 𝑑33 by mod-
ifying the polymorphic phase boundaries, a significant
decrease in electromechanical response was observed out-
side of the TPPT, demonstrating that temperature stability
remains a substantial research topic and requires further
understanding.
The maximum 𝑑33 values were observed at the interfer-

roelectric phase transition for all compositions. Although
previous investigations have shown that the 𝑑33 val-
ues increase close to the phase boundaries62,63 due to
the increased extrinsic contributions, other studies have
also observed a sharp peak near the depolarization
temperature.64,65 Such peaks near 𝑇𝐶 are related to the loss
of macroscopic polarization P3 and increase permittivity
𝜀′
33
,66 as expressed in the following equation:

𝑑33 = 2𝑄11𝑃3𝜀
′

33
𝜀0 (1)

where 𝑄11 is the electrostrictive coefficient, and 𝜀0 is
the permittivity of free space. Considering 𝑄11 is approx-
imately constant with temperature,67,68 the increase in
𝜀′
33

at the phase boundary leads to an increase in 𝑑33.
Eventually, however, the loss in polarization reduces the
piezoelectric response, resulting in the observed peak for,
for example, KNN–0BZ. In contrast, KNN displays an
additional peak at the lower temperature interferroelec-
tric phase boundary, which is understood to the related
to the temperature-dependent enhancement in domain
wall mobility lowering the threshold stress required for
domain wall motion consequently enhancing the extrin-
sic and intrinsic contributions47,69 to the macroscopic
piezoelectric coefficient. It is also expected that the extrin-
sic contributions are enhanced in the interferroelectric
phase-boundary region, where multiple phases are simul-
taneously present.
The depolarization temperature 𝑇𝑑, where the macro-

scopic polarization is lost, cannot be readily estimated here
with a fixed method for all compositions (Figure 1). For
example, Schader et al. determined 𝑇𝑑 by the inflection
point in the sharp drop in 𝑑33.47 However, the depolariza-
tion temperature in low BZ content samples, that is, 0BZ
and 2BZ, is closer to the Curie temperature than that of the
high BZ content samples, that is, 4BZ, 6BZ, and 7BZ, due
to the decrease in the sharpness of 𝑑33 slope with increas-
ing BZ. For example, the estimated 𝑇𝑑 values for 0BZ, 2BZ,
4BZ, and 6BZ were 374, 330, 262, and 199◦C, respectively,
whereas in the case of 7BZ, the estimation of a fixed value
of 𝑇𝑑 was not possiable due to the gradual decrease of
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𝑑33. A similar observation was reported for KNN–5BZ and
KNN–6BZ byWang et al.,24 where the decrease in 𝑐∕𝑎 ratio
with increasing temperature leads to a decrease in 𝑑33 and
the broader dielectric response resulted in a more gradual
𝑑33 loss.
As previously mentioned, although the composition-

ally tuned KNN–BZ compositions display a large 𝑑33
value around room temperature, the piezoelectric response
is found to sharply decrease with both increasing and
decreasing temperature that limits the thermal stabil-
ity. Interestingly, uniaxial compressive stresses have been
found to improve the temperature stability range of fer-
roelectric phases in compositions, such as in BaTiO3,70
Pb(Zr,Ti)O3,47 and K0.5Na0.5NbO3.40 As such, investigat-
ing the influence of stress on the functional properties
of phase-boundary-engineered KNN-compositions is crit-
ical. The temperature-dependent small-signal dielectric
and piezoelectric properties were measured as a function
of different constant uniaxial compressive stresses up to
−200 MPa, as shown in Figure 2. Both the piezoelectric
coefficients and permittivity decreased with the applied
stress. Here, for low BZ contents of <4 mol%, the relative
permittivity remained relatively stable with applied stress,
whereas the 𝑑33 values show a significant decrease. This is
understood to be due to the thermal activation of ferroelas-
tic domains that results in a subsequent loss in the poled
domain state and piezoelectric response. This is espe-
cially apparent near the low temperature phase bound-
ary, where sharp loss is found. At higher BZ contents,

however, both the dielectrics and the piezoelectric prop-
erties were observed to be more stress-dependent at lower
temperatures, in addition to amore gradual loss of 𝑑33 over
a broader temperature range. This is due to the known
broadening of the phase transition region, which has been
suggested to be the origin of the temperature-stable fer-
roelectric behavior.3 Here, the influence of the relatively
large Zr4+ cation in the B-site to the phase stability through
internal chemical pressure and smaller unit cell volume is
critical, leading to a broadened dielectric response near 𝑇𝑐.
In this investigation, however, the broader phase region did
not result in enhanced thermal stability. In addition, the
dotted line represents the Curie point at −5 MPa, showing
the shift of 𝑇𝑐 to higher temperatures with stress.
At lower temperatures, that is, below −50◦C, the mag-

nitudes of change in 𝑑33 values under stress were different
from that at room temperature. For example, at −100◦C,
the decrease in 𝑑33 with stress was between 54% and 64%
for all samples, whereas at room temperature, the drop in
𝑑33 value for maximum stress was between 70% and 80%.
Thus, the extrinsic contributions are minimized at lower
temperatures due to the reduced thermal energy, reducing
the influence of applied stress on the overall macroscopic
response.71 Nevertheless, at lower temperatures from−150
to −50◦C, the relative permittivity increased under uniax-
ial load for all compositions (Figure 2). Such an increase
is possibly related to the increase in the number of 𝑎-axis
oriented domains parallel to the applied uniaxial stress
direction72 because at lower temperatures, the applied
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mechanical field is the main contributor to domain wall
motion. In addition, a previous study on KNN single crys-
tal showed an increase in the spontaneous polarization
by lowering the symmetry of the crystal structure, which
could be an additional possible intrinsic contribution to
the relative permittivity.29,73 However, in situ temperature–
stress-dependent XRD and TEM would be required to
illustrate a better understanding.
Furthermore, both interferroelectric and paraelectric

phase transitions were shifted to higher temperatures
under stress with varying sensitivities, depending on the
composition. Such a shift in phase-transition temperatures
was reported for several ferroelectric materials under uni-
axial stress, for example, PZT,47 BT,29 and KNN,40 where
the upward shift in phase-transition temperatures was
found to be associated with the mechanical stabilization
of the lower symmetry, lower volume phase. The decrease
in 𝑑33 and 𝜀𝑟 values under increased stress is related to the
mechanical clamping of domain wall motion and ferroe-
lastic switching,46,74 significantly reducing both domain
wall mobility and density. The degree of stress-induced
variation on phase-transition temperatures and functional
properties of KNN–xBZ increases with the increasing BZ
content, that is, KNN–0BZ shows the lowest change in 𝜀𝑟
under stress, whereas KNN–7BZ shows the highest sensi-
tivity. The difference in stress sensitivity is also observed
between interferroelectric and paraelectric phase transi-
tions, which can be related to changes in the unit cell
volume. Because of the large ionic radius of Zr4+ (0.72 Å)
compared to Ti4+ (0.605 Å) in the B site,57 the inter-
nal chemical pressure favors the rhombohedral over the
orthorhombic phase at room temperature, and conse-
quently, higher sensitive phase boundaries to the uniaxial
stress while heating.55,75 At the same time, the maximum
peaks of both 𝑑33 and 𝜀𝑟 were found to become broader
under stress, which is related to the increase of stress-
induced domain wall clamping of randomly oriented
grains.29,76,77
The stress-dependent variation in dielectric permittivity

data, as shown in Figure 2, was used to develop a stress–
temperature phase diagram of the KNN–BLT–BZ system,
which is essential to provide more information about the
relationship between the thermal effects and electrome-
chanical properties. In order to study the effect of stress
on the phase transition, the first derivative of permittivity
as a function of applied stress was determined through-
out themeasured temperature range, as shown in Figure 3.
Temperatures below 0◦C are not shown in Figure 3, as all
phase transitions were found to occur at or above room
temperature. The first derivative of permittivity can pro-
vide a better method for determining the phase-transition
temperatures.78,79 All samples showboth an interferroelec-
tric and a ferroelectric–paraelectric phase transition peak,

(A)

(B)

(C)

(D)

(E)

F IGURE 3 Change in permittivity as a function of
temperature, 𝑑𝜀𝑟∕dT, where (A)–(E) represent KNN–0BZ, 2BZ, 4BZ,
6BZ, and 7BZ, respectively. The inset figures show the
interferroelectric phase transitions in more detail.

where the interferroelectric peaks are relatively lower than
that observed at the Curie temperature. In addition, peak
broadening and shifting can also be seen with increased
mechanical loading. Moreover, the peak shape, position,
amplitude, and width change upon increasing BZ content.
For example, at the paraelectric phase transition, KNN–
0BZ shows the most pronounced 𝑑𝜀∕dT, which is related
to high phase stability because the absence of the rela-
tively large Zr4+ cation in the B site leads to less internal
chemical pressure and smaller unit cell volume. Although
the case of KNN–7BZ, the T–C peak shows the lowest
amplitude among all compositions, where the significant
change in the peak width and amplitude is related to the
variation in internal chemical pressure due to the sub-
stitution of Ti4+ with Zr4+ in the B site. In addition,
the difference between the paraelectric and interferro-
electric phase transitions as well as the phase stability
decrease with increasing Zr4+ content in the system. That
leads to a decrease in the required temperature for phase
transition.80,81
The stress–temperature phase diagram of the KNN–

BLT–BZ system under constant uniaxial stress up to
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F IGURE 4 The temperature–stress phase diagram of polycrystalline KNN–xBZ (x = 0, 2, 4, 6, and 7) as a function of constant uniaxial
compressive stress (from −5 to −200 MPa). The error bars stand for the integrated peak width from Figure 3.

−200 MPa is shown in Figure 4, which is based on the
extracted data from Figures 2 and 3. Interestingly, the
increase of BZ over BLT content causes a significant
decrease in 𝑇𝐶 , whereas the interferroelectric phase tran-
sition was relatively less affected by substitution content.
This is directly related to the BZ/BLT ratio, which has a
direct influence on the crystal structure19,24 and, conse-
quently, the phase diagram. The change in tetragonality is
associated with the A-site cations, whereas such a small
cation, for example, Li, leads to higher tetragonality.82 In
contrast, the stability range of the rhombohedral phase is
directly related to B-site cations. For example, the substitu-
tion between Zr and Ti in the B-sites resulted in cation and
lattice disorder,55 where the structure reveals more tetrag-
onal distortion caused by the change in the octahedral
arrangement that leads toward a rhombohedral phase.56,83
Consequently, the increase in BZ over BLT in the system
decreases the Δ𝑇 between the interferroelectric and para-
electric phases and close phase transition sequence. In
contrast, the error bars in Figure 4 refer to the integrated
peak width from Figure 3 for the T–C phase transition.
The combined data from Figures 2 and 4 are used to

illustrate the effect of the stress-dependent phase bound-
aries on the piezoelectric coefficient 𝑑33 in KNN–xBZ.
Figure 5 shows a contour map of the observed 𝑑33 values
as a function of stress, temperature, and composition. The
maximum values of 𝑑33 were observed close to interferro-
electric phase boundaries, that is, either O or R depending
on composition. Similarly, an enhanced electromechan-
ical response near structural phase boundaries has also
been observed in other lead-free ferroelectrics, such as
KNN,84 NBT,85 and BCZT,86 where the maximum val-
ues were shown above the PPB. For example, in BCZT,
this effect is related to increasing the tilted phase bound-
ary of O–T across the convergence region.87 However,

in the case of KNN–xBZ, the maximum value of 𝑑33
was located on the lower temperature, lower symmetry
phase side of the interferroelectric phase boundary, and
a subsequent monotonic decrease up to the Curie point.
Previous investigations have suggested that this enhanced
electromechanical response in the vicinity of the interfer-
roelectric O–T and R–T phase boundaries is related to the
formation of nanodomains, reduces domain wall energy,
and enhances the polarization rotation.88,89 Moreover, the
𝑑33 values show a continuous decrease with the applied
stress with relatively higher values close to O–T and R–
T phase boundaries. In the contour plot and similar to
Figure 2, a significant increase of 𝑑33 values close to T–C in
KNN–0BZ and KNN–2BZ with increasing 𝜀𝑟. In contrast,
the continuous decreases of 𝑑33 after the interferroelectric
phase boundaries in KNN–4BZ, 6BZ, and 7BZ are observed
due to the diffuse in the phase boundarywith increasing Zr
content.19,33
The slopes of interferroelectric and paraelectric phase

boundaries in the phase diagram (Figure 4) are reported
in Table 1. Generally, the slope of the interferroelectric
phase transition shows higher values than the paraelectric
phase transition, which is not similar to the previous study
on the LKNN system, where the slopes of 𝑇𝐶 (0.09–0.12)
show higher values than 𝑇O−T (0.04–0.06).40 The differ-
ences in the slope between LKNN and KNN–xBZ could be
due to the differences in the chemical compositions and
different doping in the KNN system. Upon adding BZ to
KNN–0BZ, the O–T and T–C slopes decrease from 0.0736
and 0.0619 K/MPa to 0.0693 and 0.0543 K/MPa for KNN–
2BZ, respectively. However, by adding more BZ, the slope
increased to 0.0797 and 0.054 K/MPa for R–T and T–C in
KNN–4BZ, respectively. However, for KNN–6BZ and 7BZ,
the values of the slopes are decreased for both R–T and
T–C phase boundaries. The sudden increase in the slope



2334 GADELMAWLA et al.

-50 -100 -150 -200
-150

-100

-25

50

125

200

275

350

415

Stress (MPa)

T
e
m

p
e
ra

tu
re

(°
C

)

T

O

KNN-0BZ

-50 -100 -150 -200
0.00
25.0
50.0
75.0
100
125
150
175
200
225
250
275

d33 (pC/N)

T

R

KNN-7BZ

Stress (MPa)
-50 -100 -150 -200

T

R

KNN-6BZ

Stress (MPa)
-50 -100 -150 -200

T

R

KNN-4BZ

Stress (MPa)
-50 -100 -150 -200

T

O

KNN-2BZ

Stress (MPa)
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lines represent the phase transition lines from Figure 4. Some missed points are due to measurement artifacts.

TABLE 1 The shift in the interferroelectric and ferroelectric–paraelectric phase transition temperatures as a function of uniaxial
compressive stress (K/MPa) for KNN–xBZ

Phase boundary KNN–0BZ KNN–2BZ KNN–4BZ KNN–6BZ KNN–7BZ
Interferroelectric 0.0736 0.0693 0.0797 0.0717 0.0489
Ferroelectric–paraelectric 0.0619 0.0543 0.0754 0.0651 0.0566

can be related to the diffused phase transition and a new
phase boundary between R and T in KNN–4BZ combined
with an increase in the unit cell volume.19 Though, there
is no clear explanation why T–C phase boundary shows
the same trend as the R–T phase boundary. These data
provide essential information on the stability of dielec-
tric properties and the engineered phase boundary of
KNN–xBZ-based compositions under combined compres-
sive stress and temperature field. Nevertheless, additional
structural studies, such as in situ stress-dependent XRD
and TEM, would be required to illustrate a better under-
standing of the phase transitions and crystal structure
under load.

4 CONCLUSIONS

The influence of uniaxial stress on dielectric and piezo-
electric properties of 0.92KNN–(0.08 − x)BLT–xBZ (i.e.,
x = 0, 0.02, 0.04, 0.06, 0.07) was investigated within tem-
perature range from −150 to 450◦C with constant stress
steps from −5 to −200 MPa, where KNN–6BZ shows the
highest relative permittivity and piezoelectric coefficient
of the investigated compositions. All phase boundaries
were shifted to higher temperatures with increased stress.
The paraelectric phase boundary shows higher stress sen-
sitivity than interferroelectric phase boundaries. Due to
domain wall clamping, the increasing compressive stress
suppresses both relative permittivity and piezoelectric
coefficient. The difference between 𝑇𝐶 and 𝑇𝑑 increases

with increasing BZ content in the system. The change
of phase transition point over stress was decreased with
BZ content. However, due to the diffused phase transi-
tion and a new MPB between R and T in KNN–4BZ,
the rate of change increased between KNN–2BZ and
KNN–4BZ. This work shows the effect of the mechanical
and thermal field on the phase stability and the elec-
tromechanical properties of BLT–BZ-doped KNN-based
compositions.
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