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Abstract
Lead-free NKLNTS ceramics with promising piezoelectric properties were fabricated using the solid phase method, which is 
a general ceramic manufacturing method.  MnO2 was added to NKLNTS ceramics as a sintering aid to improve piezoelectric 
and dielectric properties. The added  MnO2 content was adjusted to 0, 0.1, 0.3, 0.5, and 0.7 wt%, the powder was calcined 
at 900 °C for 2 h, and then the sintering temperature was changed from 1000 to 1100 °C to study the optimum temperature 
and composition that yields excellent piezoelectric properties and sinterability. Archimedes method and scanning electron 
microscope (SEM) were used to evaluate the sinterability, X-ray diffraction analysis (XRD) was performed to confirm the 
crystallinity of the sintered body, and piezoelectric and dielectric properties were evaluated using a d33-meter and an imped-
ance analyzer. When 0.1 wt% of  MnO2 was added, it was confirmed that density was the highest at the sintering temperature 
of 1050 °C and had excellent piezoelectric and dielectric properties. When 0.3 wt% or more of  MnO2 was added, piezoelectric 
and dielectric properties were decreased due to the decreased density. When NKLNTS-0.1wt%  MnO2 was sintered at a sinter-
ing temperature of 1050 ℃ for 2 h, it had a density of about 97%. Furthermore, lead-free piezoelectric ceramics with excellent 
piezoelectric and dielectric properties of d33 = 271 pC/N, kp = 0.40, εr = 1250, tan δ = 2.5%, and Tc = 348 °C were fabricated.
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1 Introduction

PZT-based ceramics have been applied to a wide range of 
fields such as ultrasonic devices, acoustic devices, com-
munication devices, and measurement devices due to their 
excellent piezoelectric properties. The excellent piezo-
electric and dielectric properties of PZT are observed in 
the morphotropic phase boundary (MPB) region where 
rhombohedral and tetragonal coexist. As a result, most 
studies on piezoelectric ceramics focus on MPB [1]. How-
ever, because lead-based materials such as PZT, which are 
widely used as piezoelectric ceramic materials, contain a 
large amount of Pb, which is harmful to environmental pol-
lution and the human body, its use is restricted to developed 
countries in recent years. Therefore, the development of 

environmentally-friendly lead-free piezoelectric materials 
has been actively studied [2].

Among materials for lead-free piezoelectric ceramics, 
Bi-perovskite series and NKN series piezoelectric materi-
als are widely used. In particular, NKN-based piezoelec-
tric ceramics have excellent electrical and piezoelectric 
properties among lead-free piezoelectric ceramics, and 
have been studied to replace lead-based materials such as 
PZT due to their high phase transition temperature (Tc) of 
420 °C [3, 4]. Among them, NKN series lead-free piezo-
electric ceramics have poor sinterability due to the volatil-
ity of alkali metals such as Na and K during sintering and 
deliquescent property to absorb moisture in the air during 
specimen fabrication. As a result, it is difficult to fabricate 
high-quality ceramics [5]. Therefore, hot isostatic pressing 
method [6] and spark plasma sintering process method 
[7] are used to fabricate high-density piezoelectric ceram-
ics, but it is not suitable for mass production due to high 
cost. Therefore, solid solutions such as NKN–BaTiO3 [8], 
NKN–LiNbO3 [9], NKN–SrTiO3 [10], NKN–LiTaO3 [11] 
and NKN–Li (Nb,Ta,Sb)  O3 [12], or sintering aids such as 
CuO [13], ZnO [14] and  MnO2 [15] in pure NKN-based 
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piezoelectric ceramics has been studied to improve the 
sinterability and piezoelectric properties. In particular, 
Mn has been reported to enhance the densification of pure 
NKN piezoelectric ceramics [16]. In this study, a powder 
was prepared by controlling the  MnO2 content added to 
NKN-based piezoelectric ceramics, and then a high-den-
sity sintered body with excellent piezoelectric and dielec-
tric properties was fabricated by controlling the heat treat-
ment temperature. Sinterability was evaluated using an 
Archimedes method and a scanning electron microscope 
(SEM). X-ray diffraction analysis (XRD) was performed to 
evaluate the crystallinity of the sintered compact. Electri-
cal characteristics were evaluated using a d33-meter and an 
impedance analyzer.

2  Experimental procedures

NKN series ceramics, which is  (Na0.475K0.475Li0.05) 
 (Nb0.9Ta0.05Sb0.05)O3-x wt%  MnO2 (NKLNTS-x wt%  MnO2, 
0 ≤ x ≤ 0.7) with  MnO2 added, were fabricated by a general 
mixed oxide method using metal oxide or carbonate pow-
der. The raw materials including  Na2CO3,  K2CO3,  Li2CO3, 
 Nb2O5,  Ta2O5,  Sb2O5 and  MnO2 (all from High purity 
Chemicals, > 99%, Japan) were weighed and then mixed 
under ethanol solvent using zirconia balls for 24 h. After 
calcining at 900 °C for 2 h, the mixture was ball milled with 
ethanol solvent for 24 h. The produced powder was com-
pressed into a disk of 10 mm diameter and then cold isostatic 
pressed for 10 min under 200 MPa. The resulting pellets 
were then heated in an alumina crucible at 1050–1100 °C 
at the rate of the temperature of 5 °C per minute for 2 h in 
the air. To measure the electrical properties, after the thick-
ness of the sintered body was polished to about 1 mm, the 
silver paste was applied to both sides of the specimen, and 
then fired at 650 °C for 30 min. To measure the piezoelec-
tric properties, the ceramic samples were polarized under 
a dc field of 3.5 kV/mm at 120 °C for 30 min in a silicone 
oil bath. The crystal structure of the sintered samples was 
examined using X-ray diffraction (XRD) analysis with 
 CuKα radiation (D2 PHASER, Bruker Corporation, Ger-
many). The microstructure was observed using a scanning 
electron microscope (SEM) (Cambridge Instrument, Cam-
bridge, UK). Density (ρ) was measured using the Archime-
des method. The dielectric constant (εr) and loss factor (tan 
δ) were measured using an impedance analyzer (E4990A, 
Keysight Technologies, US). The piezoelectric constant 
(d33) was measured using a d33 meter (ZJ-30, H. C. Mate-
rials Corporation, China), and electromechanical coupling 
coefficients (Kp) and mechanical quality factors (Qm) in the 
planar mode were measured by the resonance-antiresonance 
method using an impedance analyzer.

3  Results and discussion

3.1  X‑ray diffraction analysis of NKLNTS ceramic

The results of X-ray diffraction analysis of NKLNTS-xMnO2 
ceramics that were sintered at 1050 °C for 2 h according to 
the added  MnO2 content are shown in Fig. 1 When  MnO2 is 
not added, orthorhombic and tetragonal perovskite crystal 
structures are present. When  MnO2 was added, two peaks of 
(002) and (200) exist near the diffraction angle (2θ) of 45°, 
and (200) peak was larger than (002) peak, from which It 
can be found that the tetragonal perovskite crystal structure 
does not have a second phase.

3.2  NKLNTS ceramic sintering characteristics

Changes in density of NKLNTS ceramics according to the 
sintering temperature and the added Mn content are shown 
in Fig. 2 is shown. The density increased when  MnO2 was 
added at all sintering temperatures. It was found that the 
sintered density increased as  MnO2 was added. The density 
increased when 0.1 wt% of  MnO2 was added and the density 
decreased when 0.3 wt% or more of  MnO2 was added. When 
NKLNTS ceramics containing 0.1 wt%  MnO2 were sintered 
at 1050 °C, the density was the highest at 4.45 g/cm3, which 
was 97% higher than the theoretical density of 4.6 g/cm3.

The SEM photographs of NKLNTS ceramics according 
to the change of the added  MnO2 content at sintering tem-
perature of 1050 ℃ are shown in Fig. 3 is shown. Figure 3a 
shows the surface of NKLNTS ceramics without  MnO2 
added. It can be found that there are many pores on the sur-
face and the average particle size is about 0.3 μm, which 
is very small. It can be found that the sintering was not 

Fig. 1  XRD graph of NKLNTS ceramics sintered at 1050 ℃ accord-
ing to the added  MnO2 content (x wt%)
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completed due to the lack of grain growth. Figure 3b shows 
the surface of NKLNTS ceramics, in which 0.1 wt%  MnO2 
was added. When 0.1 wt% of  MnO2 was added, the average 
particle size was 1.85 um, and some large abnormal grains 
of more than 4 μm were identified. Also, the pores decreased 
and the density increased. This is because the liquid phase is 
formed at the initial stage of sintering to promote sintering 
when MnO 2 is added, which promotes grain growth. After 
that, the grain size increased as the added  MnO2 content 
increased.

SEM images of NKLNTS ceramics at different sintering 
temperatures at 0.1 wt%  MnO2 composition are shown in 
Fig. 4. Figure 4a shows the surface of the sample sintered 

at 1000 °C. At 1000 °C., it had an average particle size of 
0.35 um, and due to the low sintering temperature, the pores 
increased and the density decreased. Figure 4b shows the 
surface of the sample sintered at 1050 °C. At 1050 °C., it has 
an average particle size of 1.85 μm, and due to sufficient sin-
tering temperature, the pores decrease to have high density. 
Figure 4c shows the surface of the sample sintered at 1100 
°C. At 1100 ℃, the average particle size was about 2.65 μm, 
and abnormal grain growth was active. Due to the volatil-
ity of alkali metals due to the high sintering temperature, 
it appears to have more pores and a lower density than the 
density at 1050 °C. Particle size was found to increase with 
increasing sintering temperature.

3.3  NKLNTS ceramic piezoelectric properties

The piezoelectric constants (d33) and electromechanical cou-
pling coefficients (Kp) of NKLNTS ceramics according to 
the added  MnO2 content are shown in Fig. 5. The piezoelec-
tric constant d33 has the highest value at 1050 °C, and shows 
negligible change at 1000 °C even though the added  MnO2 
content was changed. Above 1050 °C, it increased when 
0.1 wt%  MnO2 was added, after which it decreased as the 
added  MnO2 content increased. The electromechanical coef-
ficient (Kp) also shows a similar trend as the piezoelectric 
constant. When a small amount of  MnO2 is added, Mn acts 
as a sintering aid to reduce the pores and increase the den-
sity, thereby increasing the piezoelectric charge coefficient 
(d33). Subsequently, as the  MnO2 content increases,  Nb5+ 
(ion radius 0.64 Å) of the perovskite structure, which is an 
ionic bond to decrease d33 and Kp, is substituted with  Mn3+ 
(ion radius 0.66 Å) ions having a similar ion radius, which 

Fig. 2  Changes in sintered density according to the  MnO2 content (x 
wt%)

Fig. 3  SEM image of NKLNTS ceramics according to the added  MnO2 content (x wt%) at 1050 ℃. a x = 0, b x = 0.1, c x = 0.3, d x = 0.5, e 
x = 0.7
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causes oxygen vacancies and forms space charges inside to 
limit the movement of domains. d33 and Kp have the high-
est values of 271 pC/N and 0.4 in the composition with the 
sintering temperature of 1050 ℃ and x = 0.1.

The mechanical quality factor values of NKLNTS 
ceramics according to the sintering temperature and the 
added  MnO2 content are shown in Fig. 6. At all sintering 
temperatures, Qm increased as the added  MnO2 content 
increased, and showed a high value of 110 when the sinter-
ing temperature was 1000 ℃ and the added  MnO2 content 
was x = 0.7.  MnO2 acts as an acceptor as a stabilizing com-
pound, inducing oxygen vacancies to form internal space 
charges, thereby limiting the movement of domains. As a 
result, the mechanical quality factor was increased due to the 
decrease of internal friction. Sintering temperature showed 

the highest mechanical quality factor at 1000 ℃ and rela-
tively low mechanical quality factor at 1050 ℃ and 1100 ℃. 
As the grain size becomes smaller, when the piezoelectric 
ceramic vibrates, the propagation of the crack proceeds to 
the grain boundary, increasing the fracture toughness. There-
fore, it has a high mechanical quality factor at 1000 ℃ with 
a relatively small grain size.

3.4  NKLNTS ceramic dielectric properties

The relative dielectric constant of NKLNTS ceramics 
according to the sintering temperature and the added  MnO2 
content are shown in Fig. 7. At 1000 °C., due to insufficient 
sintering temperature, the sintering is not completely per-
formed, and thus the porosity is high. The dielectric constant 

Fig. 4  SEM image of NKLNTS 
ceramics at different sintering 
temperatures at  MnO2 0.1wt%. 
a 1000 ℃, b 1050℃, c 1100 ℃

Fig. 5  Changes in d33 and Kp according to added  MnO2 content (x wt%) to NKLNTS Ceramics
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was increased when 0.1 wt%  MnO2 was added, and then 
was decreased as the added  MnO2 content was increased. 
When a small amount of  MnO2 was added, it is likely that 
the low-temperature sintering aid forms a liquid phase at 
the initial stage of sintering to promote sintering, thereby 
growing grain and increasing the dielectric constant. The 
decrease in dielectric constant from 0.3 wt% composition 
to 0.7 wt% composition of  MnO2 might be because  Mn3+ 
ions are replaced by  Nb5+ ions at the B site, and it acts as an 
acceptor, forming a space charge layer inside the material 
to limit the movement of domains. The sintering tempera-
ture is 1050 °C and a high dielectric constant value of 1250 
at a composition of 0.1 wt%  MnO2 was observed. Dielec-
tric loss is the loss of power in a dielectric due to dielectric 
polarization when an alternating electric field is applied to 

the material. The sintering temperature is 1050 ℃ and the 
change of dielectric loss at 0.1 wt% composition of  MnO2 
is shown in Fig. 8. Specimens with  MnO2 added had a low 
dielectric loss, and the addition of  MnO2 decreased the 
dielectric loss. When  MnO2 is added, it appears that  MnO2 
promotes sintering like a sintering aid, thereby reducing the 
dielectric loss.

Changes in the dielectric constant according to changes 
in temperature at the sintering temperature of 1050 ℃ and 
0.1 wt%  MnO2 composition are shown in Fig. 9. Unlike PZT 
piezoelectric ceramics, NKN-based piezoelectric ceramics 
have a first phase transition from orthorhombic to tetragonal 
phase and second phase transition from tetragonal to cubic 
phase. It is known to have excellent piezoelectric proper-
ties in the boundary region (T0−T) of the orthorhombic and 

Fig. 6  Changes in Qm according to the added  MnO2 content (x wt%) 
in NKLNTS Ceramics

Fig. 7  Changes in relative permittivity according to the added  MnO2 
content amount (x wt%) in NKLNTS ceramics

Fig. 8  Changes in dielectric loss according to the added  MnO2 con-
tent (x wt%) at 1050 ℃

Fig. 9  Changes in dielectric constant according to the temperature of 
NKLNTS ceramics (1050 ℃,  MnO2 0.1 wt%)
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tetragonal phases. The second phase transition temperature 
is 348 ℃ (Tc), which is a high Curie temperature.

The change of d33 at a polling temperature of 120 ℃ 
according to the electric field is shown in Fig. 10. A 1 mm 
sample was polled for 30 min while raising the polling volt-
age from 0 V to 5 kV in 0.5 kV increments, during which 
the change of d33 was measured. It was confirmed that the 
d33 value was saturated at 3.5 kV. This confirms that the 
minimum voltage for the polarization of NKLNTS ceramics 
is 3.5 kV/mm.

4  Conclusion

NKNNTS ceramics were fabricated by a general method of 
fabricating ceramics.  MnO2 was added as a sintering aid to 
improve piezoelectric and dielectric properties. Powders 
were synthesized by controlling the added  MnO2 content, 
and then were sintered at 1000–1100 °C to find optimum 
temperature and composition that yield excellent piezo-
electric properties and sinterability. It was confirmed that 
it had the best piezoelectric properties at the sintering 
temperature of 1050 °C. When 0.1 wt%  MnO2 was added, 
it showed the best density, piezoelectric properties, and 
dielectric properties, and when more  MnO2 was added, 
the density, piezoelectric properties, and dielectric prop-
erties tended to decrease. When a small amount of  MnO2 
was added, it improved the sinterability as a sintering aid, 
thereby improving the piezoelectric and dielectric prop-
erties. Furthermore, when more  MnO2 was added, it may 
be because  Nb5+ (ion radius 0.64 Å) ions at the B site are 
replaced with  Mn3+ (ion radius 0.66 Å) ions with similar 
ion radius and  Mn3+ ions act as acceptor ions. When 0.1 
wt%  MnO2 was added and sintered at 1050 ℃, lead-free 

piezoelectric ceramics exhibited excellent piezoelectric 
and dielectric properties including density of about 97%, 
d33 = 271 pC/N, kp = 0.40, εr = 1250, tan δ = 2.5%, and 
Tc = 348° C.
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