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A B S T R A C T

High-performance lead-free piezoelectrics are of interest as alternate materials to confront potential legislative
actions on lifting the exemption on lead-based piezoelectric materials. In this work, we demonstrated a highly
textured commercial-grade Li- and Ta- modified (Na, K)NbO3 (NKN) lead-free piezoceramic that was sintered
under low oxygen partial pressure (pO2) atmospheres using the solid state template grain growth (TGG) method.
It was found that a moderate low pO2 condition not only facilitated the reactive template grain growth but also
lowered the temperature required for such process. Highly textured NKN with a converse piezoelectric coeffi-
cient ≈ −d pm V68033

* 1 was obtained, this remarkable piezoelectric property can be explained by the position of
the polymorphic phase boundary of NKN. With considerations on both performance and cost, this work not only
presented the potential for NKN to meet the requirement of commercial applications, but also provided an
effective processing strategy to utilize low cost base metal inner electrodes in the future.

1. Introduction

Piezoelectric materials are the core for electromechanical applica-
tions such as multilayer actuators, piezoelectric transducers, energy
harvesting, etc. [1] The piezoelectric industry traditionally has been
taking advantage of the morphotropic phase boundary (MPB) design of
Pb(Zr, Ti)O3 PZT for its superior electromechanical properties, [2,3]
and the PZT-based materials still dominate the market, based on cost
and performance. Public recognition and concern over the hazardous
materials have pushed the legislation to restrict the use of some che-
mistries and materials in electrical equipment, which becomes the
driving force for discovery and development of the new materials that
are eco-friendly. However, some exemptions are applied due to lack of
reliable and appropriate substitutions. The lead-based electro-
mechanical materials have been under the exemption of the RoHS
(Restriction of Hazardous Substances Directive) by the European Union
for years with a deadline set for the year 2020 [4]. Tremendous efforts
have been made to discover and improve the lead-free piezoelectric
materials [5].

(Na, K)NbO3 (NKN), (Na, Bi)TiO3 (NBT), and BaTiO3 (BT) are well-
known lead-free piezoelectric materials. Since Saito et al. [6] first

reported that the textured NKN could have comparable properties to a
soft PZT, various strategies have been engaged to not only improve the
piezoelectric properties of NKN, but also to improve the feasibility and
control the cost of product fabrications, i.e. understand polymorphic
phase boundaries (PPB) and their compositional design [7–13], me-
chanical structure design [14,15], and novel processing [16], using low
cost base metal electrodes [17–20].

The piezoelectric properties of single crystal ferroelectric materials
are typically much higher than that of the polycrystalline piezo-
ceramics. Particularly, by taking advantage of the anisotropic feature
and domain engineering in single crystals, Park and Shrout [21] re-
ported giant piezoelectric coefficients (> 2000pC N−1) were obtained
in Pb(Zn1/3Nb2/3)O3-PbTiO3. Saito et al. [6] reported piezoelectric
strain coefficient −d pm V˜75033

* 1 in< 001> PC textured NKN using
plate-like NN templates. Work on texturing NKN has been reported by
multiple researchers [22,23]; though excellent textured ceramics were
obtained, the improvement in properties was limited. Until very re-
cently, Jiang et al. [24,25] reported high piezoelectric performance in
the single crystal NKN; Li et al. [26] reported textured NKN with ul-
trahigh d33* of ˜980 pm V-1 in their< 001> PC oriented NKN ceramic.
Besides, Textured Na0.5Bi0.5TiO3-BaTiO3 (NBT) based piezoelectric
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materials were studied as well. With the LOF>90%, the piezoelectric
performance of< 001> PC orientated NBT was found to be enhanced
under high electric fields [27,28].

Texturing technology using the templated grain growth (TGG)
method has been investigated for adoption into the piezoelectric ap-
plications to enhance the piezoelectric responses that are being devel-
oped by Messing et al. [29] When templates are of the same composi-
tion as the matrix phase, which is called homoepitaxial TGG process,
the grain growth is simply Ostwald Ripening [30]. However, templates
that hold different chemical compositions but similar structure and
lattice parameters can be used as well, and it is called heteroepitaxial
TGG process. The only difference is that the matrix ceramic has to
nucleate on the templates surface first during sintering; afterward, the
grain growth undergoes Ostwald ripening. These processes were usually
conducted at high temperature to offer the kinetic energies needed for
grain boundary migrations. Furthermore, by purposely introducing the
liquid phase, the kinetics can be expedited during sintering, and/or a
lower temperature process can be performed. Lowering the processing
temperature is important for those materials containing volatile ele-
ments, such as lead-based materials and alkaline elements-based ma-
terials. Tremendous efforts were made to control the loss of volatile
elements, which include utilizing liquid phase to lower sintering tem-
perature and shortening the annealing time, [31–34] and changing the
oxygen partial pressure to limit the kinetics of volatilization [16,35],
etc.

Multilayer structures are widely adopted into the piezoelectric ap-
plications to increase the overall response with much lower required
operational voltage. Device fabrication and adoption are particularly
sensitive to the cost. Metal electrodes count considerable volumetric
fractions in the multilayer devices, and precious metals such as Ag, Pd,
and Pt are still widely used as inner electrodes. Therefore, the potential
cost of the metal electrodes has to be determined specifically while
developing materials and processing. In particular, the feasibility of
integrating lower cost base-metal inner electrodes, e.g., Cu and Ni,
should be considered as an important factor for developing materials
and processing strategies.

In this paper, we will report a comprehensive work on enhancing
the piezoelectric properties by texturing commercial-grade NKN in
controlled low pO2 environments. Synthesis of NaNbO3 templates and
ceramic processing details will be presented, and possible mechanisms
behind processing and the enhanced piezoelectric properties will be
discussed.

2. Experimental section

2.1. NaNbO3 (NN) plate-like templates preparation

Synthesis of NaNbO3 (NN) platelets was performed via two steps,
molten salt synthesis (MMS) and topochemical conversion method
(TCM). In the first step, the molten salt method was used to synthesize
Bi2.5Na3.5Nb5O18 (BiNN5) precursor platelet microcrystals. The starting
chemicals are Na2CO3 (99.9%, Alfa Aesar), Bi2O3 (99.5%, Sigma
Aldrich), and Nb2O5 (99.9%, Alfa Aesar). The raw chemicals were
weighed according to the stoichiometric ratio of BiNN5. Then, the so-
dium chloride (NaCl) was added in accordance with a weight ratio of
oxides to the salt of 1:1.5. The batched chemicals were ball milled for
24h in ethanol. Afterward, dried powders were annealed at 1125°C for
6 h. The final BiNN5 precursor platelet microcrystals were washed
multiple times with hot deionized water to remove the residual NaCl
salt and Cl- ion byproducts.

The obtained BiNN5 precursor platelets were used to produce NN
platelet microcrystals by TCM. NaCl was added to the precursor with
the double amount of the BiNN5. In addition, 50% excessive Na2CO3

was added at this step. Na2CO3 and NaCl were weighed and ball milled
in ethanol for 24 h. This mixture was then added into a beaker and
mixed with BiNN5. The mixture was dried and annealed at 975° for 6 h.

The product was washed with hot deionized water multiple times to
remove the residual salt. Finally, NN particles were washed with HNO3

solution to remove the by-product Bi2O3, followed by washing again
with DI-water several times.

2.2. Fabrication of textured NKN

Tape casting method was adopted to prepare the bulk NKN ceramic
disc samples. The initial NKN ceramic slurry was prepared, the detailed
method and formula can be found elsewhere. [19] Then the slurry was
transferred from the ball-milling bottle to a beaker with magnetic
stirring bar. Plate-like NaNbO3 templates were dispersed using Methyl
Ethyl Ketone (MEK), the amount of the templates was 5 wt% of the NKN
powder. The well-dispersed templates were added to the NKN slurry.
The mixed slurry was stirred at room temperature for 4 h. The slurry
was then defoamed on a slow rolling mill before tape casting. Doctor
blade method was used to form the ceramic green tapes. The ceramic
green tapes were cut into 2.54 cm by 2.54 cm squares, the stacked tapes
were laminated at 75°C under an isostatic pressure of ˜ 20MPa for
20min. Disc-shaped samples were punched out of the laminated tapes.
The NKN ceramic disc samples were burnt out and sintered under dif-
ferent conditions. Air-firing test was conducted first. The binder burnt-
out NKN pellets were placed on an alumina substrate and covered by an
alumina crucible. The crucible was sealed using alumina cement.
Samples were sintered at 1050°C and 1100°C for 12 h, respectively.

The samples were also sintered under low partial pressures of
oxygen, which were carried out in a tube furnace at 1050°C, under
partial pressures of oxygen, with pO2 of 10−6 atm, 10-7 atm, 10-8 atm,
10-9 atm, 10-10 atm, and 10-12 atm, respectively, for 12 h. NKN samples
were also sintered at 1050°C for a different annealing time under 10-8

atm to investigate the evolution of texturing. The pO2 was controlled by
accurately flowing the mixture of wet N2 (N2 flow through ion-free
water at 50°C), dry N2, and N2/H2 so-called save gas. The pO2 was
monitored by zirconia oxygen sensor (Superox, Super System INC.
Cincinnati, OH). An optimized condition was confirmed at 1060°C under
pO2 of 10-8 atm for 4 h, followed by the re-oxidation procedure to fill
the oxygen vacancies created during sintering.

2.3. Characterization

X-ray diffraction (PANalytical X’Pert Pro) data was taken to reveal
the characteristic peaks of the perovskite NKN and calculate the degree
of texture. Electron backscatter diffraction (EBSD) (Oxford Nordlys
Max2) was adopted to obtain the crystal orientation mapping of the
ceramics. The microstructure and grain morphology of the co-sintered
samples were studied by both Scanning Electron Microscope (SEM)
(ESEM FEI) and Transmission Electron Microscopy (TEM) (Titan, Talos,
FEI). The chemical composition analysis was performed by using the
electron micro probe analyzer (EPMA) (SXFiveFE, CAMECA). The
samples were poled under 30 kV cm−1 for 10min at 55°C normal to the
tape-casting direction. The dielectric behavior was determined via the
capacitance measured as a function of temperature using an LCR meter
(HP4284A, Agilent Technologies Inc., Santa Clara, CA). The Polarization-
Electric field (P-E) hysteresis was measured using a modified Sawyer-
Tower circuit; a linear variable differential transformer (LVDT) was also
coupled to this system to conduct strain-electric field measurements. A
sinusoidal electric field was applied at 1 Hz with the maximum electric
field of 30 kV cm−1. The normalized strain coefficient d33* (Smax/Emax)
was calculated at 20 kV cm−1.

3. Results and discussion: ceramic processing

3.1. Plate-like NaNbO3 templates

NaNbO3 (NN) templates have been used for fabrication of< 001
>oriented (K, Na)NbO3-based ceramics by a reactive templated grain
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growth method [6]. NaNbO3 templates were fabricated by a two-stage
synthesis process. In the first stage, plate-like Bi2.5Na3.5Nb5O18 (BiNN5)
particles were synthesized by the molten salt synthesis method ac-
cording to Eq. (1). Fig. 1 (a) shows the XRD pattern and SEM micro-
graph of BiNN5 particles synthesized in NaCl molten salt at 1125°C for
6h. The XRD peaks were indexed in accordance with JCPDS card no.
42-0399. Almost all the diffraction peaks verified as BiNN5. However,
there were some minor peaks belonging to the phases BNN2
(Bi2O2[(Bi0.5Na0.5) Nb2O7]), or BiNN4 Bi2O2 ([(Bi0.5Na2.5)Nb4O13]).
These phases are similar to those of BiNN5, thus there was no adverse
effect on the final product NN plate-like template in the second stage
topochemical conversion. [36,37]. In addition, the XRD peaks of BiNN5
precursors provided [Bi2O2]2+ layered perovskite structure, which ex-
hibited a strong [00l] orientation. Fig. 1(b) shows the SEM micrographs
of BiNN5 precursors, exhibiting minimal agglomeration and nearly
rectangular platelet shape with layered morphology. The particle size of
BiNN5 precursors varied from 10 to 25 μm, with the thickness varied
from 0.5 to 1 μm, suitable for synthesizing NN template at the second
step by topochemical microcrystal conversion (TMC) method.

Bi2.5Na3.5Nb5O18 + 0.75Na2CO3 = 5NaNbO3 + 1.25Bi2O3 + 0.75CO2

(1)

Fig. 1 (c) shows the XRD pattern of NN plate-like templates that
were synthesized based on the chemical reaction given in Eq. (2), at
975°C for 6 h. All diffraction peaks belonged to preferentially oriented
perovskite structure with (h00) peaks, demonstrating that the weakly
bonded –[Bi2O2]2+ was possibly removed by heat treatment during the
reaction, rather than replacing the Bi3+ with Na+. Finally, as shown in
Fig. 1 (d), the layer-structured BiNN5 particles were converted into the
pure perovskite NaNbO3 possessing the same morphology as BiNN5. It
was noticed that small amount of residual Bi was detected in the earlier
studies with no adverse effects on the TGG processes [36].

Bi2.5Na3.5Nb5O18 + 0.75Na2CO3 = 5NaNbO3 + 1.25Bi2O3 + 0.75CO2

(2)

3.2. Low pO2 sintered textured NKN

Lotgering Orientation Factor (LOF) [38] was used to evaluate the
degree of texture. The LOF can be calculated based on Eq. (3) below,
where F is the value of LOF;

=
−

−
×F P P

P1
100%0

0 (3)

where P0 and P can be calculated by Eqs. (4) and (5),

=
∑

∑
P

I l l
I hkl
( 00)(00 )
( )0

0

0 (4)

=
∑

∑
P

I l l
I hkl
( 00)(00 )
( ) (5)

where I0 and I are the intensity of peaks from random orientated
samples and orientated samples, respectively.

XRD spectra of textured Li- and Ta- modified NKN (hereafter NKN-T
in the processing section) sintered in ambient air is shown in Fig. 2. It

Fig. 1. X-ray diffraction pattern and scanning electron micrographs of (a) and (b) BNN5 precursor fabricate by molten salt synthesis at 1125 °C for 6 h and (c) and (d)
NN template synthesized via topochemical conversation method at 975 °C for 6 h.

Fig. 2. XRD spectra of NKN sintered in ambient air at 1100 °C and 1050 °C for
12 h.
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was found that sintering temperature played an important role in tex-
turing in the air atmosphere. The Lotgering orientation factor (LOF)
was found to be about ˜38% in NKN samples that were sintered at
1050°C for 12 h. However, with 50°C elevation of sintering tempera-
ture, the LOF showed a significant increase to ˜83%. Though the NKN
was texturable in the air, they showed high dielectric loss values
(> 20%) after such long-time heat treatment due to the highly volatile
alkaline elements.

XRD spectra of NKN-T sintered under different atmospheric condi-
tions were plotted and are shown in Fig. 3 (a), compared with the
randomly oriented NKN (NKN-R); the intensity was normalized based
on the intensity of the (100)PC peaks. For low pO2 sintering, samples
were first sintered under pO2 of 10−6 atm, and the LOF of ˜65% was
obtained. By decreasing the pO2, LOF increased up to ˜95% at pO2 of 10-
8 atm. Further decreasing the sintering pO2 to 10-9 atm led to a slightly
lower LOF value of ˜90%, which dramatically decreased to ˜17% for the
sample sintered under pO2 of 10-10 atm. The samples sintered under pO2

of 10-12 atm were barely textured. Fig. 3 (b) shows the LOF as a function
of the sintering pO2 with sintering time of 12 h. Of particular interest is
that the maximum LOF was obtained within the pO2 region that is
compatible with co-firing with copper metal electrodes. This region
(that is compatible with copper co-firing) is marked with orange
shadow in Fig. 3 (b) for sintering at 1050°C.

Fig. 4 shows the ex-situ XRD spectra of NKN-T that were sintered at
1050°C under 10−8 atm for different dwelling time. As shown in Fig. 4
(a), it was found that the intensity of non-{h00}PC peaks gradually
decreased with sintering time. Eventually, the non-{h00}PC peaks were
barely visible in the spectra. In randomly orientated NKN, the (110)PC
peak usually have the highest intensity; therefore, looking at intensity
change of (110)PC peaks would be a direct method to observe the
progress of the texturing. Close inspection of (110)PC peak around
31.8°and the split (200)PC peaks around 45.2°/46.0° was shown in Fig. 4
(b) and (c), respectively. A crystallographic evolution of the NKN-T was
observed with the increase of the texture degree. The intensity of
(110)PC peaks was found to decrease with the sintering time, indicating
the crystallographic orientation alignment occurred during the heat
treatment, as shown in Fig. 4 (b). Fig. 4 (c) shows the peaks corre-
sponding to (200)PC peaks. In the orthorhombic phase, the (200)PC
peaks split into (002) and (200) peaks. The piezoelectric properties of
NKN are sensitive to the polymorphic phase boundary; usually the or-
thorhombic phase and tetragonal phase of NKN can be roughly dis-
tinguished by the intensity of the (002) and (200) peaks. [39–41] In
orthorhombic phase, the ratio between (002) and (200) peak should be
2:1, and such ratio would be 1:2 in tetragonal phase. It was found that
with increasing the texture degree, the (002)/(200) peak ratio de-
creased to close to 1. Such evolution of {200} peaks suggested mixed

orthorhombic and tetragonal phases in the NKN-T prior to poling.
EBSD was adopted to further consider the quality of textured NKN,

offering a direct visualization of the orientation through the inversed
pole figure maps. A large quantity of grains were studied to obtain the
macroscopic texture information. The EBSD graphs are shown in Fig. 5.
Fig. 5(a) shows the mapping from NKN-R, with its corresponding in-
versed pole figure mapping in Fig. 5 (c). It was observed that low
maximum multiples uniform pole density (MUD), with a narrow range
in the NKN-R. Besides, the signal was picked up at all directions, in-
dicating that the orientation of the grains was distributed randomly
without preference in the NKN-R as to be expected. Fig. 5 (b) shows the
maps of the surface of NKN-T, the color in this maps consists of dom-
inantly red and green, which represents the reflection from {001}
planes. In the inversed pole figure graphs shown in Fig. 5 (e), high
MUD, up to 26.77 from the {001} planes with low MUD, down to 0.05,
from all other none {001} planes suggested that the NKN-T was well
textured along the<001>directions.

3.3. Microstructure characterization

The fracture surfaces of the NKN-T sintered under different pO2

conditions are shown in Fig. 6. The arrow indicates the tape casting
direction. Fig. 6 (a) shows the cross-section of the NKN-T sintered in the
air; both large square-shaped and small grains were observed. The large
grains were from the heteroepitaxial growth on the NN seeds. Fig. 6 (b)
showed the fracture surface of NKN sintered at a pO2 of 10−8 atm; the
grains grew significantly with square-shaped morphology, and there is
a needle-shaped cavity in the center of this giant grains. Facets of the
grains were generally parallel to the tape casting directions. The needle-
shaped cavities in the center of the grains were associated with the
residual NaNbO3 templates. The templates were well aligned along the
tape casting direction in the NKN-T. The disappearance of the pre-
placed templates suggested that it could have dissolved into the NKN
matrix during sintering. Fig. 6 (c) showed the fracture surface of the
NKN-T sintered at pO2 of 10-10 atm. Smaller grains are found in the
ceramic sintered under these conditions, suggesting that the low pO2

environment hindered the texturing process significantly.

4. Discussion

The XRD spectra in Fig. 3, and also in Fig. 6, shows the micrographs
of the fractured surface of NKN sintered under the different sintering
conditions. It is noted that under appropriate pO2 atmospheric condi-
tions, there is improved texturing quality relative to the typical air
sintering conditions; meanwhile, a higher degree of texture can be ea-
sily achieved at more moderate sintering conditions, e.g. lower

Fig. 3. (a)Normalized XRD spectra of NKN-T sintered at 1050 °C under different pO2 conditions; (b) Lotgering orientation factor as a function of pO2 from samples
sintered at 1050 °C for 12 h. All peaks are indexed based on prototype cubic perovskite structure.

L. Gao et al. Journal of the European Ceramic Society 39 (2019) 963–972

966



temperature and shorter dwelling time. The NKN has relatively lower
volatility of the alkaline elements, especially potassium, under lower
oxygen partial pressures. [42] Therefore low pO2 sintering suppressed
the volatility of the alkaline elements in NKN, limiting the bimodal
grain growth in NKN [17,43]. However, bimodal grain size distribution
was observed in the samples with low texture degree. Here, the matrix
was compositionally different from the templates, hence heteroepitaxial
TGG. As seen in Fig. 6, the grain growth during texturing the NKN could
undergo discontinuous grain growth; [44] NaNbO3, as a small amount
nuclei, grew rapidly by consuming the small NKN-matrix grains, and
eventually dissolved into the matrix due to the chemical difference.

Oxygen partial pressure played an important role in this study,
where the different degree of texture and microstructure were observed
in the samples sintered under different atmospheric conditions. Jung
et al. [43] reported that in an environment of pO2 above 10−17 atm,

grain growth behavior was suppressed in BaTiO3, while Shimizu et al.
[16] observed suppressed grain growth in NaNbO3 as well. Grain
growth involves bulk diffusion and grain-boundary oxygen transport.
[45] Both the formation of liquid phase and dissolution of the seeds and
matrix can significantly expedite the diffusion rate [46]. In addition,
oxygen transport also played an important role during the grain growth
[43,45]. Logically, air sintering gives a high concentration of oxygen
along grain boundaries, which thus leads to fast grain growth due to the
high kinetics of oxygen transport [43]. However, the result was not as
expected. In addition to facilitating the grain growth, the environ-
mental oxygen couples with the alkaline elements and diffuses to
sample surface, then evaporates into the surrounding environment.
Therefore, competition exists between condensation and volatilization,
which undercut the grain growth behavior. Shigemi and Wada [47,48]
found that an oxygen deficient environment could reduce the volatility

Fig. 4. (a) Normalized XRD spectra of NKN-T sintered at 1050 °C under pO2 of 10−8 atm for different time durations; (b) (100) peak and (c) (002)/(200) peaks of
NKN-T sintered for 1 h, 4 h, and 6 h, respectively. Peaks are indexed based on prototype cubic perovskite structure.
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of the alkaline elements. Here, low pO2 environment retarded the
oxygen transport activities along the grain boundaries, resulting in the
slower kinetics of the thermodynamically favored volatilization. Con-
sequently, liquid phase formation and volatilization were under control
during the sintering, hence allowing for continual grain growth, re-
sponsible for the highly textured NKN with well grown and oriented
grains. Further decreasing the pO2 resulted in insufficient oxygen to
produce liquid phase, thus significantly suppressed the grain growth.
Therefore, a low degree of texture was observed due to the slow ki-
netics.

5. Electrical properties

Textured NKN that was sintered under an optimized condition was
used for electrical property investigation. Hereafter, it will be re-
presented as NKN-1060 T.

5.1. Effect from poling to crystallography

Ex-situ XRD spectra of the NKN-1060 T are illustrated in Fig. 7;
spectra of the virgin state and poled state are both presented in Fig. 7

(a), showing clear difference on both (100)PC and (200)PC peaks. Fig. 7
(b) showed the (110)PC peaks of NKN in both states. It was found that
the intensity of (110)PC peaks decreased after poling, suggesting the
poling process artificially changed the domain configurations and in-
duced domain wall motions. Details of the (002)/(200) peaks are shown
in Fig. 7 (c); the ratio between (002) and (200) peaks was increased to
2:1. It primarily suggested that the poling process leads to a higher
fraction of orthorhombic phase. [7,40,49–51] Furthermore, the en-
hanced lower angle (002) peak revealed that the lattice had the higher
d-spacing planes dominantly perpendicular to the applied electric field,
showing that the majority of the dipoles were aligned during poling.

5.2. Domain structures

Detailed microstructures of the NKN-1060 T were investigated by
TEM and are shown in Fig. 8. Fig. 8 (a) shows the high-resolution TEM
image of NKN along the<110> PC zone axis; the atomic arrangement
is consistent with high crystallization quality of the NKN-1060 T. Fig. 8
(b) and (c) show the bright field and dark field images of the lamellar
domain structure of the poled NKN samples, respectively; Fig. 8 (d)
presents the corresponding selected area electron diffraction (SAED)

Fig. 5. EBSD orientation mapping, (a) and (b) color contrast mapping of random orientated and textured NKN ceramics; (c) and (e) shows the inversed pole figure
with MUD data corresponding to (a) and (b), respectively; (d) color codes show the crystallographic direction oriented out of the surface of the images in (a) and (b).

Fig. 6. Fracture surface of NKN-T sintered at 1050 °C for 12 h under different conditions. sintered (a) under ambient air condition, (b), under pO2 of 10−8 atm, blue
squares indicated the shape of the large grains, (c) under pO2 of 10-10 atm. Orange colored arrow showed the tape casting direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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pattern, which is along the<001> PC zone axis. The domain struc-
tures were collected from the cross-section area of NKN samples.
Dominated {110}PC domain walls were observed in the poled NKN
ceramics, which could be assigned to both 60° and 90° domain walls.
Fig. 8 (c) illustrates a close view of the dark field image of the area in
the green box in Fig. 8 (b) to better present the domain structures. Fig. 8
(e) shows the dark field domain structures of a NKN-1060 T sample
prepared in a different batch, with the SAED pattern along<001> PC

zone axis shown in Fig. 8 (f). Identical {110}PC type domain structures
were observed.

5.3. Dielectric and piezoelectric properties

Dielectric properties of the NKN-1060 T over 35 °C–450 °C were
measured and given in Fig. 9. Fig. 9 (a) shows the dielectric constant as
a function of the temperature for NKN-1060 T. The inset in Fig. 9 (a)
showed data collected from an NKN-R that was sintered under the same
condition. For both NKN-1060 T and NKN-R, the dielectric anomalies

were found at ˜326 °C, attributed to the phase transition temperature
from ferroelectric/tetragonal to the paraelectric/cubic phase of this
type NKN. A small dielectric hump was found at ˜70 °C in the NKN-R,
due to the polymorphic phase transition between orthorhombic and
tetragonal phase transition. But this peak was further smeared and not
able to be clearly spotted in the NKN-1060 T. Such a change was ex-
pected to be associated with the chemical composition change due to
the dissolution of the NN seeds into the NKN matrix. It was proved by
studying the composition through EPMA, K and Na are volatile and
soluble to water, thus were not used as criteria. Change of Ta/Nb ratio
was used to understand the impact from NaNbO3 templates. The atomic
ratio decreased from 0.232 to 0.218 by adding the templates, indicating
and further proved that the templates dissolved and then altered the
composition. Multiple works [7,52] reported that TO-T of NKN could be
lowered and smeared by adding Li and Ta. Skidmore et al. [11] de-
monstrated the phase diagram of the Li and Ta modified NKN, which
suggested that the smeared TO-T range was extremely sensitive to the
composition when it was tuned below 100 °C. However, the Curie

Fig. 7. XRD spectra of virgin and poled NKN-1060 T, (a) full spectra of the NKN, (b) close view of (110) peaks, (c) Close view of (002)/(200) peaks. Peaks are indexed
based on prototype cubic perovskite structure.
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temperature was not as sensitive as the TO-T to the subtle change in
terms of increasing or decreasing the concentration of both Li and Ta
together. [9] The dielectric loss as a function of the temperature for
NKN-1060 T is shown in Fig. 9 (b), remaining below 5% until 200 °C,

which potentially increased the operational temperature range for the
NKN-1060 T.

High field performance from both NKN-1060 T and NKN-R is shown
in Fig. 10. As seen in Fig. 10 (a), bipolar P-E loops were collected with
sinusoidal AC field at 1 Hz from the non-polarized samples. Well satu-
rated, typical ferroelectric hysteresis loops were observed in both NKN-
1060 T and NKN-R [53] In the NKN-1060 T, the remanent polarization
(Pr) was found to be ˜14.3 μC cm−2, with the coercive field (Ec) of
˜10.0 kV cm-1. The Pr and Ec of the NKN-R were 20.0 μC cm−2 and 8.1
kV cm-1, respectively. It was not clear the mechanism behind the drop
of the Pr, but the composition of the NKN could have played a sig-
nificant role. The dissolution of NN templates could move the compo-
sition slightly away from the polymorphic phase boundary, thus
causing the change. Bipolar P-E hysteresis loops that were collected up
to 60 kV cm-1 of the NKN-1060 T are illustrated in Fig. 10 (b), where
saturation polarization (Psat) is ˜20.3 μC cm−2, by reading the intercept
of the extrapolation of the saturated polarization. The well saturated
high field P-E loop demonstrated the extraordinary quality of the tex-
tured NKN ceramics. The unipolar strain versus electric field plots of
both NKN-1060 T and NKN-R are shown in Fig. 10 (c), A piezoelectric
coefficient d33* of ˜680 pm V-1 was achieved from the NKN-1060 T.
Compared with the d33* value of ˜380 pm V-1 from NKN-R, textured NKN
significantly increased the converse piezoelectric response of the NKN.
Some of the important parameters of both NKN-1060 T and NKN-R
were listed in Table 1. As known, the d33* of commercially available PZT-
4 is ˜700 pm V-1 [1]; the< 001> PC textured NKN in this study pre-
sented a comparable d33* value to the lead-base material.

6. Conclusions

Plate-like NaNbO3 templates were successfully synthesized using
the molten salt method. Through alternating the extra NaCO3 batched,
the quality of the templates was able to be controlled. The commercial-
grade Li- and Ta- modified NKN was successfully textured
along< 001> PC using TGG method. It was found that the atmosphere
condition could remarkably influence the texturing quality for NKN.
Although higher sintering temperature in the air significantly increased
the degree of texture, in the low pO2 atmosphere, the highly oriented
NKN was able to be obtained at lower temperatures under pO2 of 10−8

atm. Such atmospheric condition was suitable for co-firing with base
metal copper electrodes. Compared with the NKN-R, the d33* was

Fig. 8. Microstructure of NKN-1060 T under
TEM, (a), high resolution TEM along< 110
> zone axis; (b) bright field, (c) detailed dark
field domain structures of the green box in (b);
(d) SAED diffraction pattern along<100>
zone axis corresponding to the TEM micro-
structure in (b) and (c); (e) dark field domain
structure observed from a different-batch
sample, (f) SAED diffraction pattern along<
100> zone axis corresponding to (e). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 9. Dielectric properties of NKN-1060 T, (a) dielectric constant as a function
of temperature, the inset shows the data from NKN-R sintered under the same
condition; (b) dielectric loss as a function of temperature.
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significantly improved from ˜380 pm V-1 to ˜680 pm V-1 by texturing the
NKN along<001> PC orientation. All in all, the success of fabrication
of textured NKN under low pO2 opened the door for fabricating Cu co-
fired multilayer piezoelectric devices, which would significantly lower
the cost on the metal electrodes for multilayer piezoelectric applica-
tions.
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