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Abstract
A series of morphotropic phase boundary (MPB) compositions of (1–x)
Na1/2Bi1/2TiO3-xBaTiO3 (x = 0.05, 0.055, 0.06, 0.065, 0.07), with and without
0.5 mol% Zn-doping was synthesized using the solid-state route. The sam-
ples were characterized using X-ray diffraction, dielectric analysis, and elec-
tromechanical measurements (piezoelectric d33 coefficient, coupling factor kp,
mechanical quality factor Qm, and internal bias field Ebias). The increase in the
ferroelectric-relaxor transition temperature upon Zn-doping was accompanied
by a shift of the MPB toward the Na1/2Bi1/2TiO3-rich side of the phase diagram.
Higher tetragonal phase fraction and increased tetragonal distortion were noted
for Zn-doped (1 – x)Na1/2Bi1/2TiO3-xBaTiO3. In addition, ferroelectric harden-
ing and the presence of an internal bias field (Ebias) were observed for all doped
compositions. The piezoelectric constant d33 and the coupling coefficient kp
decreased by up to∼30%, while a 4- to 6-fold increase inQm was observed for the
doped compositions. Apart from establishing a structure–property correlation,
these results highlight the chemically induced shift of the phase diagram upon
doping, which is a crucial factor in material selection for optimal performance
and commercialization.
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1 INTRODUCTION

Pb(Zr1–xTix)O3 (PZT) ceramics are widely used for piezo-
electric applications in a broad range of sectors.1 Lead
is toxic and has been driven out of the marketplace for
many applications like soldering, paint, plumbing and
automotive fuel additives. In the future, the restrictions are
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likely to extend to certain piezoceramic products, which
are mainly based on PZT. Piezoceramics are currently
exempted from the Restriction of Hazardous Substances
(RoHS).2 However, the search for lead-free substitutes has
become a major topic in ceramics research over the past
decades and has established the research field of lead-
free piezoceramics, with first prototypes and products (e.g.,
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ultrasonic imaging probe, knocking sensor) emerging on
the market.3–6
Bismuth-based solid solutions such as the (1–x)

(Na1/2Bi1/2TiO3)-xBaTiO3 (NBT-BT) system,7 are promis-
ing candidates to replace PZT ceramics in certain
application fields, for example, as sensors and resonators.3
NBT-BT exhibits a morphotropic phase boundary (MPB)
between rhombohedral and tetragonal symmetries and
a complex local structure.8–11 The compositions in the
region of the MPB are nonergodic relaxors below the tran-
sition temperature, TF-R.12 An irreversible phase transition
from the relaxor to the ferroelectric state is caused in these
compositions upon application of external electric field.10
This is accompanied by a change in oxygen octahedral
tilting and a volume expansion of the unit cell.13,14 At the
MPB, the crystal structure changes from rhombohedral to
tetragonal with increasing BT content, which is accompa-
nied by a peak in properties, for example, a maximum in
the piezoelectric constant d33. The transition was reported
to be positioned between NBT-6BT and NBT-7BT, and the
inconsistency in the criticality can be assigned to different
processing conditions and the resulting small deviations
in stoichiometry and microstructure.7,8,15,16 While the
MPB compositions exhibit the highest piezoelectric and
coupling coefficients, their lower depolarization temper-
ature is a limiting drawback in applications demanding
higher operational temperatures.11,17,18
NBT-BT has distinct advantages when contrasted to

PZT. Tou et al.,19 Doshida et al.,20 and Hejazi et al.21
demonstrated that NBT-based materials can withstand
high vibration velocity and even outperform PZT-based
materials. PZT-based materials suffer from a decreasing
mechanical quality factor Qm at high vibration veloci-
ties. This results in a nonlinear temperature increase of
the ceramic, when operated at these velocities.22–24 Cer-
tain applications such as high-power ultrasonics demand
compositions with high mechanical quality factors. Ferro-
electric hardening is a common approach to increase the
mechanical quality factor of piezoelectric materials and
several concepts have been reported to harden the NBT-
BT system. Methods using point defects include Bi- or
Na- nonstochiometry25 and acceptor doping with Fe,26–28
Co,29 or Zn2+,30 which modify the material on the atomic
level. In comparison, second phase hardening approach
involves using nonferroelectric, second phase particles in
the matrix that constrain the domain wall mobility.31,32
Zn-doping in NBT-based materials not only leads to fer-

roelectric hardening, but also delays the thermal depo-
larization. Li et al.17 discussed the effect of acceptor Zn-
doping on the depolarization behavior of NBT-BT. It was
suggested that the larger ionic radii and polarizability
lead to an increased dipole moment in the BO6 octahe-
dron, suppressing the relaxor behavior by stabilizing the

neighboring octahedron. KodumudiVenkataraman et al.30
observed stabilization of the tetragonal phase and a lower
cubic phase fraction in Zn-doped NBT-6BT and NBT-9BT.
Besides, the thermal stability of the electromechanical
parameters of differently hardenedNBT-6BT compositions
has recently been reported.33
However, the influence of doping on the phase stabil-

ity is poorly understood. The tetragonal and rhombohe-
dral compositions of NBT-BT exhibit higher Td than the
MPB compositions. While this is a common feature noted
for most MPB systems, the onset of a tetragonal distortion
upon Zn-doping in a predominantly rhombohedral com-
position NBT-6BT indicates a shift of the MPB upon dop-
ing. In this work, we investigate the influence of Zn-doping
on the crystallographic structure and electromechanical
properties of a series of NBT-BT compositions across the
MPB. Concurrently, the ensuing electromechanical prop-
erty profile was related to the acceptor-doping modified
morphotropic phase boundary, augmented with an addi-
tional focus on hardening behavior. As a result, the delay
in the ferroelectric to relaxor phase transition is ascribed to
the altered MPB upon acceptor Zn-doping.

2 EXPERIMENTAL

(1–x)Na1/2Bi1/2TiO3-xBaTiO3 ceramics with x= 0.05, 0.055,
0.06, 0.065, 0.07 and with 0.5 mol% Zn substituted on
the Ti-site were prepared by solid-state synthesis. These
samples will be marked as NBT-5BT, NBT-5.5BT, NBT-
6BT, NBT-6.5BT, NBT-7BT, NBT-5BT-0.5 Zn, NBT-5.5BT-
0.5 Zn, NBT-6BT-0.5 Zn, NBT-6.5BT-0.5 Zn, NBT-7BT-
0.5 Zn, respectively. Powders with given purities were uti-
lized: Na2CO3 (99.5%), BaCO3 (99.8%), Bi2O3 (99.975%),
TiO2 (99.6%), andZnO (99.99%) (all fromAlfaAesarGmbH
& Co. KG, Germany). Some of the processing conditions
for the undoped and doped compositions were different,
which is in the following indicated in parentheses. After
weighing, powders were milled with yttria-stabilized zir-
conia balls in ethanol for 24 h at 250 rpm (doped: 6 h,
250 rpm), then dried and homogenized, and finally cal-
cined at 900◦C for 3 h using a heating rate of 5◦C/min.
Milling was subsequently repeated under the same condi-
tions and was followed by another drying step. Cylindrical
samples of either 10 or 15 mm in diameter were pressed
at a uniaxial pressure of 40 MPa followed by a hydrostatic
pressure of 200‒350 MPa. The samples were placed in a
closed alumina crucible with sacrificial powder and were
sintered at 1150◦C for 3 h using a ramp rate of 5◦C/min
(doped: 1100◦C, 1 h, 5◦C/min). The densified samples were
then ground to a thickness of 0.7‒0.8mm. Silver electrodes
were sputtered on the surfaces for electrical measure-
ments after annealing at 400◦C for 60 min to relieve the
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residual stresses introduced by machining. Poling was
done at 6 kV/mm for 15 min at 30◦C.
Polished samples were thermally etched at 900◦C for

10 min for grain size analysis. Pictures were taken with
a scanning electron microscope (Philips XL30FEG, Ams-
terdam, the Netherlands). The three-dimensional average
grain diameter was calculated from a minimum of 150
grains per composition with a numerical multiplication
factor of 1.56 by assuming an isometric grain shape.34 X-
ray diffraction (XRD) was conducted on powder samples,
prepared by crushing and annealing the sintered pellets.
A Guinier diffractometer (Guinier-Camera G670, Guinier-
Monochromator 611, X-Huber diffraction and positioning
equipment) and a Cu-source with a monochromator (Cu
Kα1 λ = 1.5409 Å) were utilized in transmission geometry.
Rietveld refinement was performed using Bruker’s TOPAS
software. Instrumental parameters were obtained by refin-
ing a standard silicon sample (NIST SRM640e) mixed
with the sample powder. In the refinements, the Bragg
peaks were modeled using the Thompson–Cox–Hastings
pseudo-Voigt function.
Electromechanical properties were evaluated on at least

three samples and error bars provided. The transition
temperature from the ferroelectric to the relaxor state
(TF-R) was evaluated from temperature-dependent per-
mittivity measurements of poled samples, performed at
a heating rate of 2◦C/min (Impedance Analyzer 4192A
LF, HewlettPackard). The piezoelectric coefficient was
determined using a Berlincourt-type d33-meter (PM300,
Piezotest). Mechanical quality factor and coupling coef-
ficient were quantified using the resonance method with
an impedance analyzer (Alpha-Analyzer, Novocontrol)
according to the European standard EN 50324-2. The
polarization and strain hysteresis were obtained from
unpoled/unaged and poled/aged samples using a mod-
ified Sawyer–Tower circuit and an optical displacement
sensor. The samples were aged by short-circuiting with
an aluminum foil for one week after poling. The internal
bias field (Ebias) was evaluated from strain hysteresis loops
obtainedwith a triangular electric field of 6 kV/mmat 1Hz.

3 RESULTS

The sintered samples had a relative density of 94‒97%.
Undoped samples feature an average grain size of 1.2‒2.1
μm, while Zn-doped samples show an average grain size
of 9.4‒15.6 μm. (Table S1). Representative microstructures
with the highest/lowest BT content are provided in Fig-
ure S1. All samples exhibit a single-phase perovskite struc-
ture (Figures S2 and S3). The 111 pc and 200 pc reflections
of all undoped NBT-BT diffraction profiles are highlighted
in Figure 1. A superlattice reflection is present in NBT-

F IGURE 1 Observed (black) and calculated (red) X-ray
diffraction profiles of 111 pc and 200 pc reflections for undoped
NBT-BT (A) and NBT-BT- 0.5 mol% Zn-doped samples (B). The
superlattice reflections are marked by an asterisk. “R” tags the split
in 111 pc peak corresponding to rhombohedral distortion, while “T”
tags the tetragonal distortion (002 and 200 tetragonal peaks in
200 pc)

5BT and NBT-5.5BT at about 38.3◦, marked by the asterisk.
200 pc is a singlet and 111 pc has a shoulder on the lower 2θ
side, indicating rhombohedralR3c symmetry.35 This shoul-
der is tagged with R (R = rhombohedral). However, the
diffractograms do not reveal a pure rhombohedral phase.
Data can be best fitted when an additional cubic phase
𝑃𝑚3̄𝑚 is considered, which was previously reported to be
the second phase besides R3c in these compositions.36 On
the other hand, the NBT-6BT is fitted with an additional
tetragonal P4mm phase, due to the splitting of 200 pc peak
at about 46◦. This split caused by the tetragonal phase can
be seen by a 002 peak marked with T (T = tetragonal) in
Figure 1A as well as a shoulder on the right side of the
200 pc peak tagged with T as well. The main peak of the
200 pc reflex is caused by the cubic phase. No superlat-
tice reflection is found in compositions from NBT-6BT to
NBT-7BT. The peak splitting in 200 pc is more pronounced
in NBT-6.5BT and NBT-7BT, while 111 pc peak splitting
is absent. Thus, no rhombohedral phase is detected in
NBT-6.5BT and NBT-7BT. The latter compositions can be
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F IGURE 2 Evolving phase fractions across the morphotropic
phase boundary in undoped (A) and Zn2+-doped (B) NBT-BT

described by a mixture of tetragonal and cubic phases, as
previously reported in the literature.7,16,37
Figures 1B and 2B display the observed X-ray patterns

and refinement results for Zn-doped NBT-BT composi-
tions. The diffractograms of NBT-5BT-0.5 Zn to NBT-6BT-
0.5 Zn exhibit a distinct shoulder taggedwith R (R= rhom-
bohedral) on the lower 2θ side of the 111 pc peak, which
becomes smaller with increasing BT content. The super-
lattice reflection at about 38.3◦ indicates the rhombohedral
phaseR3cmarked by an asterisk. However, the 200 pc peak
inNBT-5.5BT-0.5 Zn is broader and asymmetric in compar-
ison to the undoped counterpart. This suggests the pres-
ence of a tetragonal phase already inNBT-5.5BT-0.5 Zn. For
higher BT content, splitting of the 200 pc peak becomes
more pronounced in comparison to the undoped mate-
rial. Again the splitting caused by the tetragonal phase
is marked by T (T = tetragonal) in Figure 1B. Both, the
tetragonal phase fraction and the tetragonal lattice distor-
tion are higher in the Zn-doped compositions. In contrast,
the cubic peak becomes smaller, indicating a lower cubic
phase fraction compared to the undoped samples.
Figures 2A and 2B provide the phase fractions obtained

fromRietveld refinement for the undoped and dopedNBT-
BT compositions, respectively. In the undoped state, a
decrease and eventual disappearance of the rhombohedral
phase fraction is evidenced with increasing BT. The onset
of the tetragonal phase occurs at NBT-6BT and increases
with increasing BT content. The amount of the cubic phase
is about 20% in NBT-5BT & NBT-5.5BT and rises to about
50‒60% in the samples NBT-6BT to NBT-7BT.

F IGURE 3 Lattice distortion of the tetragonal phase P4mm
(δT, triangles) and the rhombohedral phase R3c (δR, circles) in
undoped (black) and doped (red) NBT-BT (unpoled powder)

F IGURE 4 Transition temperature TF-R from ferroelectric to
relaxor state in poled samples of undoped (black) and Zn-doped
(red) NBT-BT. The corresponding permittivity versus temperature
plots of all samples in poled and unpoled state can be found in the
supplemental material from Figures S4 to S7

Similar to undoped NBT-BT, the rhombohedral R3c
phase is found up to 6 mol% BT for the doped composi-
tions. However, the rhombohedral phase fraction is lower
in the Zn2+-doped compositions. An enhanced tetragonal
phase fraction is found from NBT-5.5BT-0.5 Zn to NBT-
7BT-0.5 Zn in the Zn-doped compositions. The cubic phase
is found in all compositions. Compared to the undoped
compositions, the cubic phase fraction in the doped state
is higher for 5‒5.5 mol% BT and lower for 6‒7 mol% BT.
Figure 3 presents the tetragonal and rhombohedral lat-

tice distortions as a measure for the noncubic distortion
of the unpoled samples. The tetragonal lattice distortion
δT is calculated from the c/a ratio,38 while the rhombohe-
dral lattice distortion δR is quantified from the lattice spac-
ings d111 and d11-1.38 The strongest change in noncubic dis-
tortion is noted with an increase in δT from the MPB to
the tetragonal side. Zn-doping alters the degree of lattice
distortion to a large extent with about 30% on the tetrago-
nal side. The enhancement in the tetragonal distortion of
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F IGURE 5 Piezoelectric charge constant d33 of undoped
(black) and Zn2+-doped (red) NBT-BT

Zn-doped NBT-6BT is so drastic that it becomes compara-
ble to that of NBT-9BT with attendant spontaneous tran-
sition from ergodic to nonergodic relaxor when cooling to
room temperature.30 A negligible increase in rhombohe-
dral lattice distortion δR is noted for the doped samples in
comparison to the undoped state.
For undoped NBT-BT, TF-R first decreases from NBT-

5BT to NBT-6BT and then increases again for NBT-7BT.
Theminimum is located at NBT-6BTwith a temperature of
103◦C, in accordance with prior reports in literature.15,39,40
When doped with Zn2+, the basic trend of transition tem-
peratures as a function of BT content is maintained; how-
ever, the position of the minimum is shifted to lower
BT content (from NBT-6BT to NBT-5.5BT) and to higher
temperatures with the minimum transition temperature
increasing from 103◦C (undoped) to 119◦C (doped). The
shift of transition temperature is stronger on the tetragonal
side and smaller on the rhombohedral side. An increase in
the depolarization temperature upon Zn-doping of NBT-
6BT and NBT-9BT has also been reported previously.17,30
Figure 5 features the piezoelectric charge constant d33

for pure and Zn-dopedNBT-BT. NBT-5BT exhibits the low-
est value of 101 pC/N. The d33 increases with increasing
the BT content and the maximum value of 164 pC/N is
obtained for NBT-7BT. This is in agreement with other
publications, such as Chen at al.15 and Xu et al.40 Upon
Zn-doping, d33 increases from 100 pC/N (NBT-5BT-0.5 Zn)
to 131 pC/N (NBT-6.5BT-0.5 Zn), but then decreases again
to 111 pC/N (NBT-7BT-0.5 Zn). Comparison of the undoped
and doped compositions reveals that Zn-doping leads to a
decrease in the piezoelectric charge constantd33 in all com-
positions except for NBT-5BT-0.5 Zn. The decrease in d33
intensifies with increasing BT content.
Figure 6 highlights the large increase of the mechan-

ical quality factor (𝑄𝑝m) by a factor of three to six with
Zn-doping. The reduction of the planar electromechanical
coupling factor, kp, depends on composition. In the case
of pure NBT-BT, a small decrease in 𝑄𝑝m is observed from

F IGURE 6 Planar coupling factor kp (dotted) and planar
mechanical quality factor 𝑄𝑝

𝐦 (solid) of undoped (black) and doped
(red) NBT-BT. Note that the error bars of kp are smaller than the
symbol size

F IGURE 7 Internal bias field Ebias of undoped (black) and
doped (red) NBT-BT

201 for NBT-5BT to 105 for NBT-7BT. In contrast, the pla-
nar coupling factor kp increases fromNBT-5BT to NBT6BT
and decreases again to NBT-7BT. Zn-doped compositions
feature a large increase in 𝑄𝑝m (565‒639). kp increases from
NBT-5BT-0.5 Zn to NBT-5.5BT-0.5 Zn and decreases again
to NBT-7BT-0.5 Zn. kp peaks for NBT-6BT and NBT-5.5BT-
0.5 Zn.
The internal bias field (Figure 7),Ebias, of undopedNBT-

BT drops from 0.25 kV/mm (NBT-5BT) to 0.08 kV/mm
(NBT-7BT), which is in the range found in literature.30
Ebias is strongly enhanced upon Zn-doping, with values
between 0.45 and 0.66 kV/mm, and a noticeableminimum
occurring at NBT-6BT.

4 DISCUSSION

All the sintered samples exhibited a perovskite phase
(Figures S2 and S3) and a high relative density, with
Zn-doped compositions featuring larger average grain
sizes (Figure S1). Kathua et al.41 found that an increase in
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grain size from 1 to 18 μm stabilizes the rhombohedral R3c
phase. No clear trend could be observed in our samples,
which may be related to smaller changes in the grain size.
Therefore, we conclude that the changes in grain size in
our compositions play a negligible role on the properties
and are overshadowed by the Zn-doping effect.
The biggest change in crystallographic structure is the

large increase in tetragonality after Zn-doping (Figure 3),
which in turn widens the region of existence of the tetrag-
onal phase and prompts a shift of the morphotropic phase
boundary toward the rhombohedral side (Figure 2). This
effect of Zn on tetragonality has been witnessed before
in Bi-containing lead-free piezoceramics with Bi(Zn,Ti)O3
exhibiting a giant tetragonality of 1.211.42 As a conse-
quence, Bi(Zn,Ti)O3 has been employed as a modifier in
other Bi-based lead-free piezoceramics in order to increase
the Curie temperature (TC), as well as alter the A- and B-
site displacements.43 Similar behavior has been observed
by others for compositions such as NBT-6BT and NBT-
9BT.30 The correlation between noncubic distortion and
phase transition temperature follows a common trend for
Bi-based40 as well as Pb-based piezoceramics.44 A partic-
ular stabilization of one of the neighboring MPB crystal
structures has also been reported before to shift the MPB
in other systems.44,45
From the XRD refinement for undoped NBT-BT, it can

be concluded that there is a gradual transition from the
rhombohedral phase to the tetragonal phase with a larger
unit cell across the MPB (Table S2). In this case, it appears
that a larger B-site ion could have a similar effect to a larger
A-site ion. This is substantiated by the shift of the MPB to
smaller BT contents when doped with Zn.
The transition temperature from the ferroelectric poled

state to the relaxor state (TF-R) depicted in Figure 4 governs
the depolarization temperatureTd, butmay differ formate-
rials where thermal fluctuations lead to randomization of
the domain orientation already in the ferroelectric phase.
In this instance, the depolarization temperature may be
smaller than the phase transition temperature by about
10◦C.46 The enhanced stability of the ferroelectric phase
and the shift of the MPB with Zn-doping are mimicked in
the property profile of the investigated compositions. For
example, the observed minimum in the transition temper-
ature TF-R shifts from 6BT to 5.5BT and increases by 16◦C
upon addition of 0.5 mol% Zn (Figure 4). Piezoceramics
often feature a maximum in the piezoelectric constant on
the tetragonal side of theMPB.47,48 In a similar fashion, the
maximum in d33 is shifted by 0.5mol% BT to the tetragonal
side. The maximum in d33 is noted at 6.5 and 7 mol% BT in
the undopedmaterial and at 6.5 mol% BT for the Zn-doped
material. kp peaks at NBT-6BT for the undoped state and
upon doping, this peak shifts to NBT-5.5BT-0.5 Zn. This is

expected, due to the well-known proportionality between
kp and d33.49
The piezoelectric activity and depolarization temper-

ature are related to the changes in phase composition
and crystallographic structure. In PZT, high piezoelec-
tric activity around the MPB is attributed to a flattening
of the free energy landscape,50 which facilitates polariza-
tion rotation. In the same way, a flattened free energy
usually leads to a more cubic-like structure and a lower
depolarization temperature.51,52 The opposite happens for
the tetragonal compositions of NBT-BT when doped with
Zn. The cubic phase fraction decreases from NBT-6BT to
NBT-7BT. An increase in depolarization temperature and a
decrease in the piezoelectric coefficient are evident. More-
over, it has been shown that a larger c/a ratio hinders
domain wall motion and reduces piezoelectric activity in
a lead-free BT-based systems.53 Luo et al.54 have previ-
ously demonstrated an increase in Td and a simultaneous
decrease in d33 with increasing the c/a ratio for theNBT-BT
system.
In addition to compositional changes, point defects can

also affect the electromechanical properties. In the liter-
ature, ferroelectric hardening is mostly associated with
charged defects and their interaction with domain walls
and polarization. Zn in the form of Zn2+ with an ionic
radius of 74 pm is expected to incorporate on the Ti4+
B-site of the lattice with ionic charge compensation by
oxygen vacancy formation.17,55 Note that although charge
compensation via oxygen vacancy formation is assumed
to be dominant in NBT-based materials, evaporation of
bismuth or the change of Ti4+ to Ti3+ are also possible
mechanisms for charge compensation. In doped systems,
the pinning of domain walls and hence the reduction of
domain wall mobility have been ascertained to be derived
from three possible mechanisms: volume effect, domain
wall effect, and interface effect.24,56 This is usually evi-
denced by a shift in the polarization hysteresis loop along
the electric field axis and can be quantified by the internal
bias fieldEbias.57–59 A ferroelectrically hardenedmaterial is
associated with reduced electromechanical losses,56 which
result in a higher mechanical quality factor.31 Hence, the
observed increased quality factor and internal bias field are
a direct consequence of the charged mobile defects gen-
erated by Zn-doping. We note that a direct evidence for
the existence of defect complexes has not been found yet
in this material; therefore, it is not possible to clearly dis-
tinguish between the different mechanisms affecting the
domain wall movement.
Additionally, the hardening mechanism can be influ-

enced by the increase in grain size, since this can alter the
domain size and change the probability of each harden-
ing mechanism.60 But it is not the scope of this work to
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elaborate in detail on the specific hardeningmechanism. It
is suggested as an interesting research topic for the future.
It is worth noting that in pure NBT-BT, the quality

factor decreases across the MPB, from the rhombohedral
to the tetragonal side. The opposite behavior is seen in the
PZT system around the MPB, while for compositions away
from the MPB, the tetragonal samples exhibit a larger
quality factor. The latter is rationalized by the higher
coercive field in the tetragonal phase. A higher coercive
field hinders domain wall movement and leads to lower
loss.61 A similar explanation could apply to the NBT-BT
system with a higher coercive field of the rhombohe-
dral compositions.62 No clear trend can be seen for the
mechanical quality factor for doped compositions; this
could be related to the larger error bars in the mechanical
quality factor of these compositions.

5 CONCLUSION

In this work, we clarify the role of Zn acceptor doping on
the enhanced ferroelectric to relaxor transition tempera-
ture as well as the accompanying hardening effect. Zn-
doping is found to shift the morphotropic phase bound-
ary toward the rhombohedral side of the phase diagram.
In addition, the tetragonality increases when doped with
Zn. These changes in crystal structure are reflected by a
change in properties. Albeit the increase in TF-R, the mini-
mum in TF-R shifts toward lower BT content upon doping.
Concurrently, the piezoelectric constant, d33 decreases and
the maximum shifts by a corresponding amount of BT to
the rhombohedral side. Ferroelectric hardening with Zn-
doping is reflected by a threefold increase in the internal
bias field, as well as an increase in the mechanical quality
factor.
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