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The effect of sintering condition on structure, microstructure, and ferroelectric properties of (K0.44Na0.52Li0.04) (Nb0.86Ta0.10Sb0.04)- 
O3 (KNL–NTS) has been investigated. Ceramic powders have been synthesized by the solid-state reaction method and sintered at 
different temperatures (1115 °C, 1125 °C, and 1140 °C). Then, samples were characterized by thermogravimetric analysis, X-ray 
diffraction, scanning electron microscopy, and impedance spectroscopy. Through XRD results, the perovskite structure and small 
peaks corresponding to a secondary phase were detected. Ceramics processed at the highest temperatures showed higher densities 
and good piezoelectric properties (d33, Kp, and Kt), particularly specimens sintered at 1125 °C presented the highest piezoelectric 
performance.
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1.  Introduction

Lead zirconate-titanate piezoceramics are the most important 
and widely used materials for piezoelectric transducers, trans-
formers, and sensors. These ceramics have played a dominant 
role in the piezoelectric field for a long time because of their 
excellent piezoelectric properties.1–3 However, the toxicity 
due to the presence of more than 60% lead in the composi-
tion is a serious threat to human health and the environment. 
Consequently, lead-free piezoelectric ceramics have attracted 
great attention recently.4–6 

Numerous studies have focused on the development of new 
piezoelectric harmless to the environment.7–9 Compositions 
based on sodium-potassium niobate KxNa1−xNbO3 (KNN), 
obtained by solution-based powder synthesis routes, such as 
the sol–gel and microemulsion mediated methods, have shown 
good properties.10–12 Nevertheless, the use of soft-chemical 
methods cannot prevent the appearance of carbonates during 
the thermal process and requires high processing temperatures 

to sinter the obtained powders appropriately. Furthermore, the 
low piezoelectric coefficients (45 to 80 pC/N) registered,13,14 
impulse the development of new materials with improved 
properties.15–17 

Saito et al. reported exceptionally high piezoelectric prop-
erties in (K,Na)NbO3–LiTaO3–LiSbO3 piezoceramics,17–20 
through chemical modifications, in the vicinity of the mor-
photropic phase boundary (MPB) of KNN, by complex simul-
taneous substitutions in the A (Li) and B (Ta and Sb) sites of 
the perovskite lattice. KNN-based ceramic with 4 mol% of 
Li, 10 mol% of Ta, and 4 mol% of Sb was synthesized by 
the solid-state reaction method producing nanopowders with 
good sinterability that reach interesting piezoelectric prop-
erties.21 The increase of alkaline elements on KNN reduces 
the solid-state reaction temperature, while it also reduces the 
densification and favors the reaction of the material with the 
moisture in the air showing deliquescence. Moreover, alkaline 
metal elements included in these materials easily evaporate at 
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high temperatures and the selective evaporation of constitu-
ents causes compositional fluctuations that result in the det-
riment of the material properties.22 Also, the evaporation of 
alkaline elements during the sintering process can produce 
the presence of secondary phases, which affect the final fer-
roelectric properties.5,18,23 Accordingly, it is significant to 
investigate the influence of the sintering temperature on the 
phases’ evolution and its influence on the final properties. 

In this manuscript, the sintering temperature effect on 
(K0.44Na0.52Li0.04)(Nb0.86Ta0.1Sb0.04)O3 ceramics (KNL–NTS), 
obtained by the solid-state reaction method, is reported. 
Experimental results were discussed considering the effect of 
the sintering temperature on the stabilized structure, and the 
final microstructural, dielectric, and piezoelectric properties. 
Specifically, these results demonstrate that sintering condi-
tions play a relevant role in the functional properties of the 
potassium-sodium niobate-based lead-free piezoceramics.

2.  Experimental Procedure

Ceramic powders with nominal (K0.44Na0.52Li0.04)-
(Nb0.86Ta0.1Sb0.04)O3 (KNL–NTS) composition were syn-
thesized by the solid-state reaction route. Na2CO3, Li2CO3 
(Panreac, 99.5%), K2CO3 (Merck, 99%), Nb2O5, Ta2O5, and 
Sb2O5 (Sigma–Aldrich, ≥ 99.5%, 99.9%, 99%, and 99.995%, 
respectively) were used as starting raw materials. They were 
individually milled to obtain an appropriate particle size dis-
tribution. Powders were mixed and milled in an isopropyl 
alcohol medium in a laboratory ball mill with zirconia balls for 
24 h. The resulting powders were dried at 110 °C and passed 
through a sieve of 200 mesh. The calcined temperatures were 
obtained employing a TG-DTA equipment (Netzsch, STA 
409 model) from 20 °C to 1000 °C with a 10 °C/min heating 
rate in a static atmosphere. Afterward, powders were cal-
cined at 750 °C for 2 h at 3 °C/min. The calcined powders 
were milled again in the ball mill and pressed at 200 MPa into 
disks of 12 mm in diameter and 1.2 mm thick. The disks were 
finally sintered in air at 1115 °C, 1125 °C, or 1140 °C for 2 h 
in an electric furnace using air atmosphere. 

Crystalline phases were characterized by X-ray diffrac-
tion patterns on the calcined powder and sintered disks using 
an X-Ray diffractometer (Bruker D8 Advance Eco) oper-
ating at 40 kV/25 mA with a CuKα radiation source (λ = 
1.5404 Å), with a monochromator, in the range of 20° to 80°, 
with incremental steps of 0.02°. The crystalline phases were 
identified based on the Inorganic Crystal Structure Database 
(ICSD). The phases’ percentages were determined from the 
area under the peaks corresponding to each phase. The sam-
ples were polished and thermally etched and analyzed using 
a Scanning Electron Microscope (SEM ZEIS model EBO 
LS-15). The specific gravity was obtained by a standard test 
method for water absorption (ASTM C373-14a).

For the electrical measurements, a fired silver paste was 
used for the electric contacts. The samples were polled in a 
silicon oil bath at 25 °C by applying a DC field of 3 kV/mm 

for 30 min. The piezoelectric constant d33 was measured using 
a piezo d33 meter (YE2730A d33 METER, APC International, 
Ltd., USA). Dielectric properties were determined at different 
temperatures and frequencies using an impedance analyzer 
HP4284A in the frequency range 100 Hz–1 MHz, while the 
ferroelectric nature of the ceramics was determined using a 
hysteresis meter (RT 6000 HVS, RADIANT Technologies). 
Finally, the planar coupling coefficient (Kp) and electrome-
chanical coupling factor (Kt) were calculated employing an 
impedance analyzer espace, Hioki 3535, and using Eqs. (1) 
and (2), respectively.18
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where fs is defined as the frequency of maximum conductance 
and fp is defined as the frequency of maximum resistance.24 

3.  Results and Discussion

Figure 1 shows the TGA curve corresponding to KNL–NTS 
raw mixture obtained by the solid-state reaction route. To 
determine the temperature at which each mass loss occurs, 
the derivative of the mass loss curve is used and shown in 
Fig. 1. Then, it is possible to observe ~13% overall weight 
loss from RT to 1000 °C. TGA figure has two main weight 

Fig. 1.    Thermogravimetric analysis of the KNL–NTS raw mix-
ture. 
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loss zones, the first one of ~3% in temperature range between 
RT and 120 °C can be related to vaporization of water, while 
the second one of ~8% in temperature range between 400 °C 
and 670 °C can be associated to the carbonates’ decomposi-
tion for the final reaction. Finally, the absence of significant 
mass loss changes at temperatures above 650 °C indicates 
that the thermodynamic stability is reached. Based on these 
results, the selected heat treatment was carried out at 750 °C 
for 2  h in a muffle furnace using air atmosphere, to guar-
antee the complete decomposition of the carbonates of the 
A-elements and the formation of the perovskite phase. 

Figure 2 presents the X-ray diffraction pattern of the 
KNL–NTS powder calcined at 750 °C for 2 h. This pattern 
reveals the presence of the KNL–NTS phase and a little 
amount of the K3LiNb6O17 (KLNO) secondary phase with 
tetragonal tungsten-bronze phase structure (TTB) and P4/
mbm space group.25–27 This secondary phase is associated 
with possible inhomogeneities in the B-site of the perovskite, 
as was related by Ramajo et al.18 Additionally, the alkali met-
als evaporation, during the thermal treatment, could produce 
A-site vacancies inducing the stabilization of a nonstoichio-
metric perovskite. 

Figure 3 shows three principal peaks of the KNL–NTS 
powder, corresponding to 22.5°, 31.5°, and 45.5° Bragg 
angles. The peaks near 22.5° and 45.5° show the tetragonal 
and orthorhombic phases stabilization, whereas the principal 
peak near 31.5° only registers the tetragonal contribution. 
These results suggest that the MPB composition is reached in 
the synthesized powder.

Figure 4 displays the X-ray diffraction patterns of sin-
tered ceramics at 1115 °C, 1125 °C, and 1140 °C for 2 h. 
It is possible to observe the stabilization of the perovskite 
phase and the remaining secondary phase. Besides, Table 1 

Fig. 2.    XRD patterns corresponding to the KNL−NTS powder 
calcined at 750 °C for 2 h.

Fig. 3.    Principal XRD peaks corresponding to the KNL−NTS 
powder calcined at 750 °C for 2 h with the respective tetragonal and 
orthorhombic contributions.

Fig. 4.    XRD patterns corresponding to KNL−NTS ceramics sin-
tered at 1115 °C, 1125 °C, and 1140 °C for 2 h.
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shows the proportion of tetragonal and orthorhombic peaks 
in the sintered samples and the calcined powder. From the 
table, it can be observed an increase in the KNL–NTS ort-
horhombic proportion on the sintered samples. Furthermore, 
from Figs. 2 and 4, the (100) peak is turned in the principal 
peak in the sintered ceramics while the peak assigned only to 
the tetragonal phase ((110) plane) decreases. This behavior 
confirms the stabilization of the MPB and a displacement in 
the orthorhombic/tetragonal ratio in the sintered samples. 

Additionally, considering the KLNO amount from the 
XRD patterns detailed in Table 2, it can be observed that the 
secondary phase amount is sensitive to the sintering tempera-
ture. Indeed, the KLNO phase amount diminishes for the 
samples sintered at 1125 °C while it increases for higher tem-
peratures. This secondary phase retains part of the elements 
modifying the perovskite composition. During the sintering 
treatment, the diffusion of the ions diminishes the KLNO 
formation. However, for the highest temperatures, the vola-
tilization of the alkaline elements25 and the increasing grain 
size could favor the secondary phase formation. 

The microstructural evolution and the grain size distri-
bution (GSD) of KNL–NTS ceramics as a function of sin-
tering temperature are shown in Fig. 5. It can be observed, 
in samples sintered at 1115 °C and 1125 °C, small porosity 
traces, which diminishes in ceramics obtained at the highest 
temperature. In all cases, specimens show typical morphol-
ogy of well-defined polyhedral grains. Taking into account 
the GSDs, it is possible to observe that the average grain size 
increases from 0.73 ± 0.43 µm (1115 °C) to 0.97 ± 0.55 µm 
(1140 °C). The pictures also reveal a wide GSD, where the 
small grains’ fraction prevails. It is known that the densifi-
cation of KNL–NTS ceramics proceeds through the forma-
tion of a liquid phase.25 This liquid phase favors the atomic 

mobility and, consequently, facilitates and accelerates the 
kinetics of the sintering process. Moreover, the volatilization 
of the alkali elements during sintering induces an excess of 
B-site ions and the appearance of the liquid phase. In addi-
tion, the secondary phase formation can also influence the 
grain growth due to the partial retention of the elements of 
the main phase and to the possible pinning effect to grain 
boundaries.

Densities of the sintered samples are reported in Table 3. 
Although all the samples registered high-density values, the 
samples sintered at 1140 °C exhibited the highest densification 

Table 1.    Principal XRD peaks corresponding to the KNL−
NTS powder calcined at 750 °C for 2 h and sintered at 1115 °C, 
1125 °C, and 1140 °C, with the respective tetragonal (T) and 
orthorhombic (O) contributions.

Sample (100) ~22.5° (110) ~31.5° (200) ~45.5°

T O T O T O

750°C 77.98 22.02 100 0 71.72 28.28

1115°C 37.26 62.74 100 0 53.55 46.45

1125°C 41.06 58.94 100 0 57.37 42.62

1140°C 37.50 62.50 100 0 60.27 39.73

Table 2.    KLNO amount percentage from XRD patterns 
corresponding to the KNL−NTS disks sintered at 1115 °C, 
1125 °C, and 1140 °C.

Sample 750 °C 1115 °C 1125 °C 1140 °C

KLNO (%) 12.5 11.3 9.5 10.0

Fig. 5.    SEM images of KNL−NTS sintered at (a) 1115 °C, (b) 1125 °C 
and (c) 1140 °C. The grain size distribution is plotted to the right each 
SEM image.

Table 3.    Density (ρ), piezoelectric constant (d33), planar coupling 
coefficient (Kp), and electromechanical coupling factor (Kt) of 
KNL−NTS sintered ceramics.

Sample 
KNL–NTS

ρ (%) d33 (pC/cm) Kp (%) Kt (%)

1115 °C 93 145 24.2 38.6

1125 °C 93 190 29.1 39.3

1140 °C 95 170 23.8 26.8
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degree (∼95%). For all the samples, the high-density regis-
tered values allow the dielectric, ferroelectric, and piezoelec-
tric properties evaluation and the possible correlation between 
final properties and the selected sintering temperature. 

Real permittivity and dielectric losses as a function 
of frequency are shown in Fig. 6. It can be observed that 
dielectric properties are similar to those reported by other 
researchers.18,25 However, ceramics obtained at the highest 
sintering temperature (1140 °C) present the lowest real per-
mittivity values in the studied frequency range. This effect 
could be associated with the preferential stabilization of the 
orthorhombic perovskite structure, the highest medium grain 
size, and the notable secondary phase formation favored by 
the alkaline elements’ volatilization. Besides, the dielectric 
permittivity (ε′) decreases rapidly with the increase in  fre-
quency. This diminution could be related to a space charge 
relaxation process. The sample sintered at 1140 °C presents 
low real permittivity values, as mentioned before, and low 
dielectric loss values. However, dielectric losses increase as 
the frequency values decrease. This response in frequency 
could be associated to the space charges polarization. 

Figure 7 displays the temperature dependence of the real 
permittivity ε′ (at 500 kHz) of KNL−NTS ceramics sintered 
at 1125 °C, 1125 °C, and 1140 °C. In the sintered samples, 
two transition peaks with temperature can be observed. The 
first one, near 50 °C, is associated with the orthorhombic–
tetragonal phase transition (To−t),28 while the second peak, 
close to 300 °C, is associated with tetragonal to cubic 
phase transition (TC). Considering the XRD patterns and 

real permittivity curves (see Table 1 and Fig. 7), we can 
deduce that although all the samples show the coexistence 
of the orthorhombic (O) and tetragonal (T) phases, the phase 
equilibrium is displaced towards the orthorhombic phase. 
It is known that, in KNL–NTS ceramics, Li+ stabilizes the 
tetragonal symmetry, and consequently, the To−t moves to 
lower values.25 Consequently, the To–t displacement to higher 
temperatures can be attributed to the secondary phase for-
mation that partially retains the alkaline elements (potassium 
and lithium). Additionally, for samples sintered at 1125 °C, 
the diminution in the secondary phase amount increases 
the tetragonal phase stability and the small increment in the 
Curie temperature. 

Sintered samples were analyzed under an external strong 
electric field, exhibiting ferroelectric behavior due to the spon-
taneous polarization in all cases. The polarization hysteresis 

Fig. 6.    Real permittivity (a) and loss tangent (tanδ) (b) at RT as a 
function of frequency for KNL–NTS sintered at 1115 °C, 1125 °C, 
and 1140 °C.

Fig. 7.    (a) Real permittivity (ε′) as a function of temperature of 
KNL−NTS specimens sintered at different temperatures (at 500 kHz). 
(b) Enlargement of (a) between 250 °C and 350 °C.
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loops of KNL–NTS ceramics at room temperature and under 
different electric fields (up to Ep = 30 kV/cm) are shown 
in Fig. 8(a). Samples sintered at 1115 °C and 1140 °C dis-
played rounded hysteresis loops whereas in samples sintered 
at 1125 °C hysteresis loops were not completely saturated. 
Ceramics sintered at 1115 °C and 1140 °C show remnant 
polarization (Pr) close to 17.3 μC/cm2 and 13.0 μC/cm2, 
higher than the value measured in the sample obtained at 
1125 °C (~11.63 μC/cm2). The registered coercive fields were 
11.42, 15.03, and 12.95 kV/cm for the samples sintered at 
1115 °C, 1125 °C, and 1140 °C, respectively. To explain the 
observed loops, possible alternatives were evaluated. Taking 
into account that all samples registered similar density val-
ues, the observed changes in the hysteresis loops cannot be 
attributed to the porosity fluctuations. On the other hand, the 
volatilization of alkaline elements also produces vacancies 
in the perovskite A-site, facilitating the movement of the fer-
roelectric domains and the polarization switching, and, sub-
sequently, softening the hysteresis loops with the increasing 
sintering temperature. Moreover, the influence of the KNL–
NTS grain size on the domains movement apparently is not 
relevant, because the grain size practically does not change 
for samples sintered at 1115 °C or 1125 °C, whereas import-
ant changes in the hysteresis loops are observed. Here, the 
secondary phase contribution must be considered as a relevant 
modifier of the hysteresis loops. It was reported the existence 
of ionic conduction in K3LiNb6O17 attributed to the Lithium 
movement in the solid solution. In this tungsten-bronze-like 

structure, about 53% of the Li-sites are vacant. Consequently, 
Li ions in these materials are expected to move over the 
materials through the vacant sites.29 Therefore, the observed 
changes in the hysteresis loops can be attributed to vari-
ations in both the secondary phase amount and distribu-
tion throughout the sample, as well as, inhomogeneities in 
the A- and B-sites of the principal phase generated during 
the secondary phase formation. In addition, changes in the 
orthorhombic/tetragonal stabilized structure also produce 
changes in the polarization. Indeed, Rubio-Marcos and col-
leagues determined that the best piezoelectric properties and, 
consequently, spontaneous polarizations are obtained for 
the tetragonal symmetry for (KNL)1−xMnx/2–NTS ceramics 
depending on the MnO content.25

Table 3 shows the piezoelectric constant (d33), and cou-
pling factors (Kp and Kt) of sintered samples at different tem-
peratures. It can be observed that ceramics samples sintered 
at 1125 °C register the best piezoelectric properties due to a 
balance between the stabilized perovskite structure around 
the MPB, the densification degree, the alkaline elements 
volatilization, and the amount of the secondary phase. The 
further increase of the sintering temperature leads to obvious 
decreases in d33 and Kp which are partly caused by the volatil-
ization of Na and K during high-temperature sintering. 

Finally, Fig. 8(b) shows the admittance spectra of KNL–
NTS disk sintered at 1125 °C for 2 h. The fs and fp frequencies 
are visible in the 280 to 340 kHz and 2.0 to 2.8 MHz range; 
the highest values of d33, Kp, and Kt are obtained in ceramics 

Fig. 8.    (a) Hysteresis loops at room temperature of KNL−NTS sintered ceramics and (b) admittance spectra of KNL–NTS disk sintered at 
1125 °C for 2 h.

(a)

(b)
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sintered at 1125 °C. At this sintering temperature, the con-
junction between the secondary phase amount, the stabilized 
perovskite structure, the grain size, and the densification 
degree, favors the reversible polarization. 

4.  Conclusion

Microstructure, phase transition, and electric properties 
of KNL–NTS systems obtained by the solid-state reac-
tion route and sintered at different temperatures have been 
reported. X-ray diffraction patterns showed the formation 
of KNL–NTS with the perovskite-type structure where the 
orthorhombic/tetragonal ratio was sensitive to the sinter-
ing temperature. Additionally, the formation of a secondary 
phase (K3LiNb6O17, KLNO) was also detected. This second-
ary phase retains part of the alkaline elements and displaces 
the orthorhombic/tetragonal ratio towards the orthorhombic 
phase. Microstructure morphology, secondary phase amount, 
and density values were modified by the sintering temperature. 
Samples sintered at 1125 °C showed the highest piezoelectric 
properties. In opposition, samples sintered at the lowest or 
highest temperatures registered lower properties due to the 
increase in the secondary phase amount, and the volatilization 
of alkaline elements for the highest temperatures. In conclu-
sion, our results demonstrate that sintering conditions play a 
relevant role in the tuning and optimization of the functional 
properties of the KNL–NTS systems. Moreover, the amount 
of the KLNO secondary phase strongly affects the functional 
properties of these piezoceramics.
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