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Abstract

Excellent piezoelectric properties have been reported in the (K,Na)NbO;-LiTaO3;-LiSbO; system and have been regarded as a new candidate of
lead-free piezoelectric material. Nevertheless, there are still some structural and electrical aspects that remain controversial with respect to the role
of dopants in this system. NiO doping modifies the (K,Na,Li)(Nb,Ta,Sb)Oj5 structure, giving rise to the appearance of the TTB-like secondary phase
and to changes on the orthorhombic to tetragonal phase transition temperature. The microstructural characterization reveals that sintering process
is assisted by a transient liquid phase. The presence of Ni in the liquid phase indicates that Ni' ions could act as new nucleus for the secondary
phase crystallization. Thus, as higher the amounts of liquid phase, higher the secondary phase appearance. The modifications on the structure and
microstructure of the system cause a reduction of the piezoelectric constant, which is accompanied by an increase on the mechanical quality factor.

© 2011 Elsevier Ltd. All rights reserved.

Keywords: A.Powders-solid state reaction; B. Microstructure-final; C. Piezoelectric properties; D. Niobates

1. Introduction

Currently, lead zirconate titanate (PZT) family ceramics are
widely used as piezoelectric materials, due to their high piezo-
electric response. Lead is a very toxic element and is now being
progressively removed from industrial processes. The European
Union has published a health normative (ROH)! avoiding the use
of lead because of its toxicity and environmental risks. Never-
theless, PZT ceramics are still allowed because of the lack of an
adequate alternative. Among the available lead-free ferroelec-
tric ceramics, one promising candidate is the family of sodium
potassium niobate (K,Na)NbO3 (KNN), on account of its good
electromechanical properties.” As for PZT, the sinterability of
KNN-based materials can be improved by using different sinter-
ing aids and dopants, such as Cu0,3* Sn0,,> Zn0° and MnO.”
These chemical elements usually enter in B position of the ABO3
perovskite structure and thus produce A-site vacancies that
suppress the formation of the hygroscopic secondary products
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responsible from the deliquescence problems of KNN.® Some
studies have also been carried out concerning the formation
of solid solutions, such as KNN-BaTiO3,” KNN-LiNbO3,°
KNN-LiTa03,!!"! KNN-LiSbO3.1

Excellent piezoelectric properties have been reported in the
(K,Na)NbO3-LiTaO3-LiSbO3 system prepared by a complex
processing method. !> These results have opened up a challenge
to obtain lead free piezoceramics with good properties through
different routes, especially those correlated with a technological
and economically available process. At the present time, these
compounds can be seriously considered as candidates for the
substitution of PZT. Nevertheless, some of their properties are
not suitable for all purpose.

Recently, we have reported in the (K,Na,Li)(Nb,Ta,Sb)O3
system (abbreviated as KNL-NTS), that the dielectric, piezo-
electric and elastic material responses are fundamentally related
to extrinsic effects.!® Nonetheless, the dielectric and mechan-
ical losses at room temperature are similar to those of a soft
PZT ceramic and too high to be used in power devices. Thus,
they need to be modified by the use of suitable dopants,
like for “pure” KNN. The effect of doping on various physi-
cal and chemical properties of this material is known. Many
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aliovalent compositional modifications to KNN-based system
have been studied either with higher valence substitutions
(donors), or with lower valence ions (acceptors). In the present
work, NiO was selected as the dopant of KNL-NTS ceram-
ics. Thus, on the basis of ionic radii,!” the Nil ion (rN12+:
0.69 A for a coordination number CN=6) could substitute in
either A or B-sites. Considering its valency, Ni'l can either
act as donor-dopant if introduced in A-site or as an acceptor-
dopant in B-site. Such behaviors may cause several effects
on the dielectric behavior through interaction with structure
perovskite.

In order to study the doping effect of Ni!l ion into
KNN-based perovskite lattice, we selected A-site deficiency for-
mulation (Kg.44Nag 52Li0.04)(1—x)Nigw2)(Nbg g6 Tag.10Sbo.04)O3
by two reasons; (i) in this case, and as previously reported!®-1?
A-site deficiency (and thus excess B*> cations) improved the
sinterability and (ii) for this A-deficient composition, the den-
sification occurs via a liquid phase that promotes grain growth
and improves sintering, but induces the occurrence of a sec-
ondary phase of tetragonal tungsten bronze (TTB) structure,
similar to the one observed for LiTaO3!2 and LiNbO3 modified
KNN.20

This paper will present and discuss the effects of
such NiO substitution on the structure, microstruc-
ture, dielectric and  piezoelectric = properties  of
(Ko.44Nag 55Li0.04)1-xNix21(Nbg 86 Tao.10Sbo.04)O3 ceramics.

2. Experimental details
2.1. Preparation of (KNL);—xNi»—NTS ceramics

The [(Ko.44Nag.52Li0.04)1—xNix2]  (Nbo.geTag.105bo.04)O03
compositions with x=0.000, 0.005, 0.010, 0.030 and 0.050,
hereafter abbreviated as (KNL);_,Ni,»—NTS, were synthesized
by conventional solid-state reaction.”! The raw materials used in
this study are potassium carbonate (K2 CO3, 99.0%), sodium car-
bonate (NayCO3, 99.5%), lithium carbonate (Li,CO3, 99.5%),
nano-nickel oxide (NiO, 99.9%), niobium oxide (NbyOs,
99.5%), tantalum oxide (Ta;Os, 99.0%) and antimony oxide
(Sb05, 99.995%). NiO nano-powders (mean primary par-
ticle diameter ~15nm) were selected because they could
improve the sinterability and lead to better compositional
homogenization.

Because of their hygroscopic nature, the raw materials were
dried at 200 °C for 1 h before all the experiments. They were also
milled individually, in order to obtain an appropriate particle size
distribution. This step is crucial to improve the homogeneity of
the mixture of the reacting materials and therefore to control the
compositional homogeneity of both the calcined powders and
the sintered ceramics.?? These powders were then weighed and
mixed by attrition-milling using ZrO; balls in absolute ethanol
medium for 3 h, dried and calcined at 700 °C for 2 h. The cal-
cined powders were attrition milled again and cold-isostatically
pressed at 200 MPa into disks of 10 mm in diameter and 0.7 mm
in thickness. The pellets were finally sintered in air at 1125 °C
for 16 h.

2.2. Structural characterization

The crystalline structure was studied by X-ray diffraction
(XRD, Siemens D5000, Cu Ko radiation) on powder obtained
by milling of the sintered ceramics. The lattice parameters
were refined by a global simulation of the full diagram (pat-
tern matching, fullprof program). Raman spectra were measured
in air atmosphere at room temperature, using the 514 nm
radiation from an Ar* laser operating at 10 mW. The signal
was collected by a microscope Raman spectrometer (Ren-
ishaw Micro-Raman System 1000) in the 100-1100cm™!
range.

2.3. Microstructural characterization

Microstructure was evaluated on polished and thermally
etched samples (1000 °C for 5 min) using a field emission scan-
ning electron microscope, FE-SEM (Hitachi S-4700, Tokio,
Japan), fitted out with energy dispersive spectroscopy, EDS.
The average grain size was determined from FE-SEM micro-
graphs by an image processing and analysis program (Leica
Qwin, Leica Microsystems Ltd., Cambridge, England) consid-
ering more than 500 grains in each measurement.

2.4. Electrical characterization

Electrical characterization was carried out on ceramic discs
with fired silver paste (700°C) on both sides as electrodes.
The temperature dependence of the ceramics permittivity
was measured using an impedance analyzer (HP4294A, Agi-
lent) in the frequency range of 100Hz-1MHz and the
temperature range of 30-600°C, using a 2°C/min heating
rate.

Piezoelectric properties were evaluated, after a classical pol-
ing process. This process was carried out in a silicone oil bath
at 25 °C under a DC electric field of 40kV/cm during 30 min.
The piezoelectric constant d33 was measured using a piezo-d33
meter (YE2730A dzz METER, APC International). The piezo-
electric constant d3; was determined at room temperature by
the resonance/antiresonance method on the basis of IEEE stan-
dards. The planar mechanical quality, Q,,, which is related to
the sharpness of the resonance frequency, was calculated using
the following equation described in ref. 23:

12

On = S ZmC 2= 1)

ey

where f; is the resonance frequency (Hz), f; is the antiresonance
frequency (Hz), Zy, is the minimum impedance at f; (ohm) res-
onance impedance, CT is the capacitance mechanically free at
1 kHz.

Finally, the ferroelectric nature of the ceramics was deter-
mined using a hysteresis meter (RT 6000 HVS, RADIANT
Technologies) operating in virtual ground mode.
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Fig. 1. Density of the (KNL);_Ni,,—NTS as a function of the NiO content for
the ceramics sintered at 1125 °C during 16 h.
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3. Results
3.1. Structural characterization

Fig. 1 shows the bulk densities of the (KNL);_Ni—NTS
ceramics as function of the NiO content. As the NiO addi-
tion increases, the bulk density decreases and reaches minimum
value of 4.50 £ 0.01 g/cm? for the ceramics with x = 0.05 of NiO.

The X-ray diffraction patterns of ceramics samples with dif-
ferent NiO amounts are displayed in Fig. 2(a). The patterns
of all the ceramics show the diffraction peaks corresponding
to perovskite-phase and a minor secondary-phase, which was
assigned to K3LiNbgO172* (KLN) or KgNb0.83030 (PDF #87-
1856), both with TTB type structure. Whatever the NiO amount,
this secondary phase is always present.

Fig. 2(b) shows a magnification of the 26 range running
from 23.5° to 29.0°, where the most intense diffraction peaks
of the secondary phase, TTB, can be clearly evidenced. XRD
data showed that the TTB content evolves towards higher
amount with increasing NiO content. For Li and Ta-modified
(K,Na)NbO3 piezoceramics, its occurrence was attributed to
the volatilization and segregation of the alkali elements during
sintering.?’ As a consequence, the TTB phase probably occurs
here because of the A-site deficiency introduced by our choice
of composition. The decrease in bulk density observed, at high
values of x (x>0.01) may be attributed to the higher concen-
tration of the TTB secondary phase, which possesses a lower
theoretical density (~4.376 g/cm?) than the perovskite phase
(~4.68 glcm?).

Moreover, as represented in Fig. 2(b), the NiO doping pro-
duces changes on the perovskite structure. For undoped material
(x=0.00), the splitting into (2 0 0) and (0 0 2) suggests a tetrago-
nal symmetry, whereas for higher NiO content (x > 0.03), three
peaks would be needed in order to correctly fit the XRD data,
then suggesting orthorhombic symmetry. In order to further ana-
lyze the effect of NiO doping on the crystalline structure, the
lattice parameters were calculated. Fig. 2(c) shows the varia-
tion of the lattice parameters as a function of the NiO amount.
The refinement of the lattice parameters was performed using
a tetragonal unit-cell (space group P4mm) for compositions
with x <0.03, and an orthorhombic unit-cell (space group P222)
for compositions with x > 0.03. The intermediate state around
x~0.02, shadowed in this figure corresponds to the transitional

region. For low NiO contents (the tetragonal symmetry range),
the lattice parameters remain unchanged, where the tetragonal
symmetry of the perovskite structure seems to be conserved. For
higher NiO content (x > 0.03, orthorhombic range), the lattice
parameters “a” and “b” increase with NiO content, while “c”
slightly decreases. Thus, the structural distortion, c/a, Fig. 2(d),
decreases linearly. Consequently, with increasing NiO content,
we observed both the appearance of the TTB secondary phase
and the transformation of the perovskite structure from tetrago-
nal to orthorhombic symmetry.

The (KNL);_,Ni,/—NTS system sintered at 1125 °C for 16 h
have also been investigated by Raman spectroscopy and the
resulting spectra are depicted in Fig. 3(a). Raman spectroscopy
has been used here to evidence the nature of the crystalline
symmetry of the different compositions as function of the NiO
content. Indeed, the Raman spectroscopy is a very sensitive
tool to study at a local scale the structural deformations of per-
ovskites, which are induced both by the tilting of BOg octahedra
and by the cationic displacements, as it was well known for
the piezoelectrics PZT and PMN-PT perovskite systems.?>20
These structural modifications induce large changes in internal
modes associated with BOg octahedron and thus a modification
of the Raman spectra. The main vibrations observed here are
associated to the BOg perovskite-octahedron®’2® and consist of
1A1g(v1) + 1Eg(v2) + 2F1u(v3, v4) + F2g(Us) + Fou(ve) modes.
Of these vibrations, 1A1g(v1) + 1Eg(v2) + 1F1y(v3) are stretch-
ing modes and the other ones bending modes. In particular,
Alg(v1) and Fag(vs) are detected as relatively strong scatter-
ing in systems similar to the one we are studying because of a
near-perfect equilateral octahedral symmetry.

A detail of the region between 500cm™' and 700 cm™!
is presented in Fig. 3(b), for (KNL);_,Ni,»,—NTS system.
The insertion of Ni'l into the perovskite lattice slightly alters
the observed vibrations frequencies as shown in Fig. 3(b).
The Ey(v2) and Ajg(vy) peaks were fitted to the sum of two
Lorentzian peaks. The peak Ag(v1) shifts to lower wavenum-
ber as NiO content increases (see Fig. 3(c)), due to a decrease in
the strength constant force, caused by the lengthening of the dis-
tance between B>* type ions and their coordinated oxygens.?’
As we noticed in a previous study,30 the evolution of the A1g(v1)
Raman shift is similar to the evolution of the structural distortion
parameter, c/a, observed by XRD: for low NiO content, there is
no evolution of the Raman shift, while for x>0.01, the Raman
bands are substantially redshifted. This evolution suggests again
that two different mechanisms are implied when NiO content is
increased.

3.2. Microstructural characterization

The FE-SEM micrographs of the (KNL);_,Niy»—NTS
ceramics with x between 0.005 and 0.050 are shown in
Fig. 4(a)—(d). The microstructure of undoped materials was
previously reported'®?! and consisted in homogeneously cubic-
shaped grains with an average equivalent diameter of ~2 pm.
The addition a low amount of the NiO produces an unhomo-
geneous grain growth; large grains of >20 wm are observed in
competition with grain that resembled the undoped microstruc-
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Fig. 2. (a) XRD patterns corresponding to the (KNL);_Ni,»—NTS ceramics sintered at 1125 °C for 16 h. (b) Magnified XRD diffraction patterns in the 26 range
23.5-29° and 44-47° of the (KNL);_,Ni,»—NTS ceramics (detail of the XRD on the region corresponding to (002) and (2 00) diffraction peaks). (c) Variation of
lattice parameters of the (KNL);_,Ni,»—NTS ceramics as a function of the NiO content. (d) Variation of the tetragonality ratio, c/a, as a function of the NiO content.

ture (Fig. 4(a) and (b)). The appearance of secondary amorphous
phase is associated with the transitory liquid phase that assisted
sintering process (see inset Fig. 4(a)). This liquid phase has been
also already observed in undoped samples only for short sinter-
ing time.?! In this work, the liquid phase is stabilized for low NiO
content. The presence of NiO enhanced probably the amount of
transient liquid phase and thus the grain growth is promoted.
As the amount of NiO increase, the A-site deficiency increase
and thus the liquid phase is promoted. However, higher amount
of liquid phase produce the appearance of TTB phase that is dis-
tributed among the matrix grain. A change of the average grain
size, as depicted in Fig. 4(a)—(d) with increasing NiO content
is observed; the average grain size was homogenized and the
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microstructure shown average grain size >5 wm, where a lower
population of the large grains coexists.

As it has been discussed above, the liquid phase appears for
the sample with lower NiO content. The occurrence of the tran-
sitory liquid phase is shown in detail Fig. 5(a) and the elemental
composition of the liquid phase is pointed out by EDS (Fig. 5(b)).
Table 1 lists the compositions measured by EDS on the lig-
uid phase. When the quantity of the liquid phase is enlarged,
secondary crystalline phases began to appear with a different
morphology marked as point 2 in Fig. 5(b). This effect was
more relevant for high NiO content. The EDS analysis reveals
that the atomic percentages of elements change within the differ-
ent grain regions. According with EDS analysis, the secondary
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Fig. 3. (a) The Raman spectra of (KNL);_,Ni,»—NTS ceramics sintered at 1125 °C for 16 h. (b) Magnified Raman spectra in the range of the Raman shift from 440
to 760cm™~! as function of the composition and Lorentzian fits of the individual peaks of the Eg(v2) and Ajg(v1) Raman modes. (c) Evolution of Raman shift of

A1g(v1) mode in function of the NiO content is also shown.
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Fig. 4. Microstructure of polished and thermally etched surfaces of the (KNL);_Ni,»—NTS ceramics sintered at 1125 °C for 16 h. (a) x=0.005, (b) x=0.010, (c)
x=0.030, and (d) x=0.050. The inset of the Fig. 4(a) shows a detail of the liquid phase.
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Fig. 5. Microphotographs of the (KNL);_,Ni»—NTS ceramics with x=0.005 (a) and x=0.050 (b). Part (a) shows a detail of the liquid phase signalled with the
point 1 while that the presence of a grain with TTB structure and a grain with nominal composition are signalled with the points 2 and 3 respectively, in part (b).
EDS spectra of (c) the liquid phase (d) a TTB grain and (e) a matrix grain, corresponding to the ones marked as 1, 2 and 3, respectively, in Fig. 5(a) and (b).
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Table 1
Composition on the points shown in Fig. 5 derived from EDS spectra. The table represents the atomic percentages of elements.
(0] Na K Li Ni Nb Ta Sb Na/K

1. Liquid phase 62.56 6.22 8.67 - 0.13 19.31 2.04 1.07 0.72
2. TTB grain 64.27 2.17 9.70 - 0.16 20.33 2.30 1.07 0.22
3. Matrix grain 61.76 8.56 7.68 - 0.30 18.63 2.16 0.91 1.12
TTB? Li,(Ko.78Nag22)s (Nbo 86 Ta0.105b0.04)10.9030 63.97 2.81 9.98 - - 19.99 2.32 0.92 0.28
KNL-NTS nominally composition 60.00 10.40 8.80 0.80 0.00 17.2 2.00 0.80 1.18

crystalline phase correspond to the TTB phase, observed by
XRD, since the composition measured by EDS is quite similar
to that of Liy(Ko.78Nag 22)6(Nbg g6 Tag.10Sbo.04)10.9030 tungsten
bronze material.>’ Although our results reveal that the TTB
phase grains present a slight K™-rich composition. This TTB
based composition shows a low content of Nill (see Fig. 5(d)),
indicating that the grains of TTB phase are formed to accom-
modate the NiO excess that cannot be incorporated on the
KLN-NTS lattice. The presence of Ni in the liquid phase indi-
cates that Ni'l jons could act as new nucleus for the TTB
crystallization. As higher the amounts of liquid phase, higher
the TTB appearance.

Finally, the matrix grains (point 3, Fig. 5(b)) have the typi-
cal nominal composition with a Na/K concentration ratio around
1.12, slightly lower than the nominal ratio of 1.18 (see Fig. 5(e)).
In addition, traces of Nil can be observed on these grains by
EDS, but the solubility of NiO in the perovskite lattice is lim-
ited. The lattice cannot accommodate the nominal NiO content
since it corresponds to B-site excess. Thus, the corresponding
excess is directly compensated by the eviction of some Nb>*
ions, with transformation of the perovskite structure and forma-
tion of secondary phases, in accordance with the XRD results
discussed above.

3.3. Dielectric properties

Fig. 6(a) shows the temperature dependence of the dielec-
tric constant &; (at 100 kHz) of (KNL);_,Ni,,,—NTS ceramics
as function of x. Considering the evolution of the dielec-
tric constant, two anomalies are observed: (i) a maximum at
Curie temperature, T, (~310°C) corresponding to the tetrago-
nal (ferroelectric)—cubic (paraelectric) phase transition and (ii)
close to room temperature, a weak maximum, corresponding to
the orthorhombic (ferroelectric)—tetragonal (ferroelectric) phase
transition (O-T).

For the tetragonal-cubic transition, the value of &, at T
decreases with the NiO content and reaches minimum value of
~3500 for x=0.05. The T, remains constant, while the tempera-
ture of the orthorhombic-tetragonal phase transition is increased
by NiO addition, which corresponds well to the XRD observa-
tion. This evolution is different from the one generally observed
for most of modified-KNN materials. Indeed, for these com-
pounds, the substitutions in A and B-site generally decreases the
phase transition temperatures: for example, the orthorhombic-
tetragonal phase transition temperature is decreased by the Li*
substitution in the A-site,!®!327 or by Sb>* or Ta>* substitu-
tion in B-site,!!"14 which stabilize the tetragonal phase at room

temperature.’! In the present case, the temperature at which
this phase transition occurs is increased (see insert in Fig. 6(a)),
which means that the modification mechanism is more complex.
As for the structural distortion observed by XRD and Raman
spectroscopy, no change is observed for low NiO contents, while
the O-T phase transition temperature is increased for x > 0.03.

The phases transition for (KNL);_Ni,»—NTS ceramics
described here, could be explained by a simple pseudo phase dia-
gram, as shown in Fig. 6(b). The pseudo phase diagram results
indicate that the ferroelectric phase transition (7) remains con-
stant with the NiO content. Nonetheless, the orthorhombic to
tetragonal (To_t1) phase transition is affected by the NiO addi-
tion, showing nearly constant value up to concentrations of
x=0.01, and experiencing an increase in transition temperature
for higher Nill contents. This fact could indicate that Ni'l incor-
poration on the KNL-NTS structure occurs in two stages that
would be discussed in Section 4.

Fig. 7(a) and (b) represent the room temperature dielectric
properties of (KNL);_Ni,»—NTS unpoled ceramics at different
frequencies. The Ni'l addition globally induces a decrease of the
relative permittivity (Fig. 7(c)), together with a slight increase
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Fig. 6. (a) Temperature dependence of the relative permittivity for
(KNL); _Ni,»—NTS ceramics with different content of NiO. The part (b) shows
the evolution of the ¢ and the phase transition temperatures from orthorhombic
to tetragonal phase (To_t) of the (KNL);_,Ni»—NTS ceramics with different
content in NiO (the sensitivity of the phase transition temperatures, To_t and
T., were estimated on £5 °C).
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the evolution of the dielectric constant at 1 kHz in the unpoled ceramics. The part (d) shows the evolution of the dielectric losses at 1 kHz in the unpoled ceramics.

of the dielectric losses (Fig. 7(d)), but all the ceramics present
dielectric losses values lower than 4.1% at 1 kHz.

On the other hand, the dielectric constant for low NiO addi-
tion (x<0.01) is higher than for the samples without NiO
(Fig. 7(c)). Moreover, the relative permittivity response shows
a large frequency-range with stability of the dielectric constant.

3.4. Piezoelectric properties

Fig. 8 represents the dependence of the piezoelectric prop-
erties (djj) and mechanical quality factor (Q,,) afforded by
(KNL)|_xNiy»—NTS ceramics as a function of the NiO content.
It can be observed how for low x values (<0.01), the d33 and
dz) values remains constant and the perovskite structure with
tetragonal symmetry apparently remains unchanged. For higher
Nill contents (x> 0.03), the ds3 and d3; decrease gradually to
~115pC/N and ~50 pC/N for the composition with the highest
NiO content (x=0.05).

A high Q,, value is desirable for resonant piezoelectric
devices to suppress heat generation during the operation of
the device.’>33 In the literature, the O values for undoped
KNL-NTS are reported to be between 30°° and 65.3* When
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Fig. 8. Variations of the piezoelectric constants, d;; and the planar mechani-
cal quality, Q,,, with the amount of NiO in the (KNL);_,Ni,/,—NTS ceramics.
Standard tolerance: piezoelectric constant + 5% (except for Q,,).

increasing NiO content, the Q,, factor was found to increase
from 45 for samples without NiO to 145 for x=0.05. Thus, the
substitution of small amounts of cations modifies the dielec-
tric and piezoelectric properties resulting in a reduction of the
dielectric constant and of the piezoelectric activity, while the
mechanical quality factor, Qy,, is increased.

3.5. Ferroelectric properties

Fig. 9(a) shows room-temperature P—E hysteresis loops of the
(KNL){_xNiy»—NTS ceramics. Well-saturated hysteresis loops,
with a good square shape, were clearly obtained in all sam-
ples. The remnant polarization, Py, and coercive field, E., of
undoped ceramics were previously found to be 18.2 wC/cm?
and 15.8kV/cm, respectively.®> As for the structural evolu-
tion (XRD, Raman spectroscopy, phase transition temperatures,
piezoelectric properties), two different ranges can be distin-
guished (Fig. 9(b)): when a small amount of NiO was added
(x<0.01), P, remains constant while E; is increased up to
20kV/cm. For higher x values (x>0.01), the P; values grad-
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Fig. 9. (a) Polarization-field response of the for (KNL);_,Ni,,—NTS ceramics
with different NiO content. Effect of Ni2* addition on (b) remnant polarization,
P;, and (c) coercive field, E., of (KNL);_,Ni,»,—NTS ceramics.
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ually decreased from ~18.2 to 9.2 wC/cm? while E. is also
decreased to ~12kV/cm. The decrease in P, suggests that the
addition of NiO weaken the ferroelectricity of the ceramics. Sim-
ilar weakening effects have also been reported for other modified
KNN-systems, such as KNN-Cu0.3!

4. Discussion

As it has been discussed above in Section 1, the ionic radius
of Ni!! falls in the size range of A-site and B-site positions, and
therefore Ni'l ion could potentially substitute in either A or B-
site. Indeed, for transition metal elements, the most probable
position is the B-site for crystal-chemistry considerations, but
the incorporation of a limited content of Nill in A-site (~1%)
cannot be excluded. In this work, we have shown that the evo-
lution of the structural properties of the material present two
different trends with the amount of Nil' added. For low con-
centrations (below x=0.01), lattice parameters remain nearly
unchanged, whereas for higher concentrations an evident change
for the lattice parameters take place, together with a change on
the KNL-NTS crystal structure (see Figs. 2 and 6).

The following two equations using the Kroger—Vink’s
notation®® describe the doping behavior of Nill in this system,
respectively in A and B-sites of the perovskite lattice, for a global
formula A;B,Og:

(1 = x)(A20)(B20s) + xNiO — [Aq—x(Ni}), »(VA), /2], B206 2

(A20) (1 - %) (B20s) + xNiO — Aa[Ba_(Nif), 106 302 (Vs*)s, . (3)

The first mechanism corresponds to the creation of A-site
vacancies (V) while the second one is associated with the occur-
rence of oxygen vacancies (V;*). The A-site vacancies generally
facilitate the movement of the ferroelectric domain and made the
polarization switching easier.3” Oxygen vacancies are unfavor-
able to polarization switching, because they imply pinning of the
domain walls and thus lead to an increase of coercive field (hard-
ening effect) and also to a reduction in permittivity, dielectric
and mechanical losses.

As noticed above, we selected a global formula,
(Ko.44Nag 52Li0.04)(1—x)Nigy2)(Nbo .86 Tao.10Sbo.04)O3,  which
implies A-site deficiency, and would then mean the preferential
incorporation on the A-site from compositional considerations,
at least for low Nil! concentrations. Then, when the amount
of Nill is lower than x=0.01, the Ni'! enters preferentially on
the A-sites (donor-type doping), substituting K*, Na* and Li*
ions. Since the Ni'l radius is smaller than the ones of the A-site
cations, no variations on the lattice parameters are expected
by this substitution, but could cause a slack of the lattice and
enhance the motion of 90° domains.’® Coexistence of the
motion of 90° and 180° domains leads to the stabilization of
the piezoelectric properties.®

However, the solubility of Ni'l in the A-sites position of the
perovskite is very limited. When the amount of Nill is over
x=0.01, Nil ions are supersaturated in the lattice of KNL-NTS,
and the excess Nill ions enter on the B site of the lattice and
favors the formation of the TTB secondary phase, as evidenced in

Fig. 2(a) and (b). Moreover, the corresponding excess is directly
compensated by the eviction of some Nb>* ions, with forma-
tion of TTB secondary phase. As reported above, this one seems
to correspond to K3LiNbgO17 and thus includes some potas-
sium and lithium. As the symmetry of the Li*-substituted KNN
materials is directly determined by the Li* content,!%?” remov-
ing some lithium transforms the structure from orthorhombic to
tetragonal, thus lowers the O-T phase transition temperature.
The replacement of the (Nb/Ta/Sb) ions in B-site by larger Nill
ions thus explains the reduction in the amplitude of the remnant
polarization and in the piezoelectric properties,’>*? together
with the increase of Q,,.

This different tendency of (KNL);_,Ni»—NTS system is
reflected in the different trends observed for the structure,
microstructure and particularly in the mechanical quality factor,

Om.

5. Conclusions

The results have demonstrated how NiO can act as a dopant
of KNL-NTS ceramics and their electric performance can be
modulated through the addition of the appropriate Ni amounts.
Considering our results, we can distinguish two different ranges
doping levels. For low NiO contents, the structure remains
tetragonal; the mechanical quality factor is slightly increased,
while the piezoelectric coefficients dj; and the remnant polar-
ization remains quasi unmodified. The stabilization of the
ferro-piezoelectric properties means that Nill could incorporate
in A-site of the perovskite and thus acts as donor dopant.

For higher NiO contents, the B-excess introduced by our
formula and the high amount of liquid phase induces the for-
mation of a secondary phase, with tetragonal-tungsten bronze
structure. This niobium-based secondary-phase removes some
lithium from the A-site of the perovskite lattice and thus leads
to an orthorhombic symmetry and an increase of the tetragonal-
orthorhombic phase-transition temperature. Consequently all
the properties are decreased (e, djj, Ec, Pr), except for the
mechanical quality factor which is increased.
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