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Abstract Microstructure, electrical and dielectric prop-

erties of K1/2Na1/2NbO3 (KNN) modified with ZrO2 were

investigated. Powders were obtained by a conventional

solid-state method. Samples doped with 0–2 mol% of ZrO2

were sintered at 1,125 �C for 2 h. Through XRD spectra,

the perovskite structure was observed, in addition to small

peaks corresponding to secondary phases. It was also

determined that zirconium drastically changed the micro-

structure and grain size of KNN ceramics. The addition of

upto 1.0 mol% of Zr4? produced a softening effect in the

ferroelectric properties of the material, and increased its

density. Conversely, samples prepared with contents higher

than 1.0 mol% reduced piezoelectric and dielectric

properties.

1 Introduction

Piezoelectric ceramics have important roles in electro-

mechanical and electronic devices such as actuators,

generators, transducers and sensors. The most important

and widely used piezoelectric compositions are lead zir-

conate titanate (PZT) based ceramics [1–3]. However,

PZT ceramics contain more than 60 wt% of lead which,

making them a serious threat to human health and the

environment. This is especially important during the sin-

tering process where vapor pressure containing lead

compounds is built. Consequently, lead-free piezoelectric

ceramics have attracted great attention over the past few

years [4–6].

Numerous studies on lead-free piezoelectric ceramics

have been published [7–10]. Environmentally friendly

niobates, such as (K,Na)NbO3-based ceramics, have shown

valuable piezoelectric and electric properties when the

compositional ratio of K/Na is near 50/50. This composi-

tion is reported to show a virtual morphotropic phase

boundary where the total polarization is maximized by an

increase in oriented domains. Nevertheless, the dielectric

and piezoelectric properties of pure KNN are relatively low

(d33 * 90 pC/N) as compared to those achieved with PZT.

This makes the replacement of conventional PZT with

KNN very difficult [11–14].

Previous works have shown that the addition of low

contents of zirconium oxide KNN phase hinders the grain

growth of K0.5Na0.5NbO3 ceramics during sintering in air

[15]. This refinement on the microstructure was attributed

to two processes. Firstly, zirconia particles located at the

matrix grain junctions decrease the mobility of the matrix

grain boundaries. Secondly, a greater enrichment has been

detected in the region of the grain boundaries relative to

the grain interior, due to a limited solubility of zirconium

in the perovskite network. This enrichment in zirconium

was explained by the diffusion of zirconium in the

perovskite lattice. According to the ionic radius and

coordination chemistry of Zr and Nb ions, a limited solid

solubility of Zr in K0.5Na0.5NbO3 with Zr4? occupying the

Nb5? sites in the perovskite lattice could be expected.

Consequently, vacancies should be formed in the O-sub-

lattice. This defect structure of the grain boundary regions

may also limit their mobility during the sintering process

[15–17]. Other studies have shown that the densification is

improved by ZrO2 doping, but does not prevent the
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evaporation of alkali elements for high sintering temper-

ature [18].

In this work, the structural and microstructural evolution

and its reflection on the final properties of the ceramic

obtained with the addition of zirconium oxide is presented.

Different contents of Zr4? incorporated during the forma-

tion of the K0.5Na0.5NbO3 phase were analyzed to provide an

alternative approach for lead-free materials development.

2 Experimental

Lead-free potassium sodium niobate K0.5Na0.5NbO3

(KNN) modified with Zr4? was produced by the conven-

tional solid state reaction method from potassium carbon-

ate (Biopack 99.5 %, Argentina), sodium carbonate

(BioPack 99.5 %, Argentina), niobium oxide (Aldrich

99.9 %, USA), and zirconium oxide (Anedra, 99.0 %

Argentina). Powders with K: Na = 1:1, and different Zr4?

concentrations (x = 0, 0.5, 1 and 2 mol%) were mixed in

2-propanol and milled in a planetary laboratory ball-mill

(Fritsch, Pulverisette 5), with zirconium oxide grinding jars

and balls, for 6 h at 1,000 rpm. Afterwards, the resulting

powders were calcined at 900 �C for 5 h in air.

The resulting powders were uniaxially pressed into discs

of 6 mm diameter and 0.5 mm thick. In order to analyze

the influence of zirconia addition on KNN-ceramics, all

samples were sintered using the same sintering cycle

(1,125 �C for 2 h in a conventional furnace using 5 �C/min

heating and cooling rates).

The crystalline phases were assessed by X-ray diffrac-

tion, employing a Philips PW1050/25 diffractometer run-

ning with CuKa radiation, at 40 kV and 30 mA. The

microstructure of the samples was examined by Scanning

Electron Microscopy (SEM), using a JEOL JSM-6460LV

microscope. Raman spectra were acquired at room tem-

perature with a Renishaw inVia Raman spectrometer by

means of the 514 nm Ar-ion laser line (10 mW nominal

power).

For the electrical measurements, silver electrodes were

painted on both faces of the sintered samples. Dielectric

properties were measured using a frequency range of

0.10 Hz–10 MHz, employing both Hioki 3,535 and

3,522–50 LCR meters. Polarization versus electric field

hysteresis loops were obtained in a silicone oil bath at room

temperature by applying an electric field of sinusoidal

waveform at a frequency of 50 Hz by means of a modified

Sawyer–Tower bridge. For the measurement of the piezo-

electric constant, samples were first polarized inside a sil-

icone oil bath using 2.5 kV/mm for 30 min at 150 �C, and

finally, the piezoelectric coefficients d33 were recorded

using a quasi-static piezoelectric d33 meter (Piezo d33 Test

System Model: YE2730-Sinocera Inc.).

3 Results and discussion

Figure 1 shows XRD spectra corresponding to KNN-based

ceramics doped with different zirconium amounts

(0–2 mol%). The presence of a predominant phase asso-

ciated to KNN perovskite structure has been detected. As

expected, coexistence of the orthorhombic-tetragonal phase

was observed. Interestingly, when the Zr?4 content is

B1.0 mol%, the prepared samples were orthorhombic

specified by the splitting of the (022) and (200) reflections

and by higher intensity counts for the (022) peaks. Further

increase in the Zr?4 concentration reduces the splitting of

(022) and (200) orthorhombic reflections. This indicates

that the dopant is incorporated into the perovskite structure

and, on the other hand, it forms a significant amount of

tetragonal phase at 2 mol%. This tendence was also con-

firmed in the diffraction peaks located at a higher angle

(Fig. 2). Moreover, small peaks related to the presence of a

secondary phase can be assigned to K4Nb6O17 (JCPDS

76-0977) resulting from slight changes in stoichiometric

ratio due to highly volatile alkaline elements during sin-

tering process. Zirconium addition promotes the apparition

of this secondary phase, associated to the incorporation of

this additive in the perovskite structure. Through this

technique, the presence of ZrO2 particles was not detected,

probably because they were below the detection limit.

The Raman spectra of the KNN samples doped with zir-

conium are shown in Fig. 3. This spectroscopic technique is

a very sensitive tool to study the structural deformations of

the ceramic unit cell at a local scale. In the KNN structures,

the main vibrations are associated with the NbO6
- octahe-

dron (BO6
-) [19]. Therefore, the deformations are induced

by the tilting of octahedral and the cationic displacements

Fig. 1 XRD patterns of pure and zirconium-doped KNN ceramic

(JCPDS 71-1098). (*) Signals corresponding to K4Nb6O17 (JCPDS

76-0977)
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[20]. These modifications induce large changes in internal

modes associated with NbO6
- octahedron resulting in a

modification of the Raman spectra [21]. Therefore, it can be

appreciated that the Raman spectrum peaks related to the

vibrations of the NbO6
- octahedron consist of A1g(t1) ?

Eg(t2) ? F1u(t3, t4) ? F2g(t5) ? F2u(t6). Vibrations

modes A1g(t1) ? Eg(t2) ? F1u(t3) are stretching modes,

and the rest of them are bending modes. In particular, A1g(t1)

and F2g(t5) have been detected as being relatively strong

scatterings in similar systems to the one studied in this work

due to a near-perfect equilateral octahedral symmetry.

Finally, the peaks in the region between 100 and 160 cm-1

can be associated with translational models of alkaline nio-

bates K?/Na? and rotational modes of the NbO6
- octahe-

dron [22, 23].

Fig. 2 XRD magnified patterns in the 44–488 (a), 50–53� (b), and 55–58� (c) 2h range

Fig. 3 Raman spectra corresponding to pure KNN and KNN doped

with several zirconium amounts (0.5–2 mol%)

Fig. 4 Magnification of the Raman spectra in the 450–760 cm-1

range. Dotted lines represent the Gaussian adjustment of the

individual bands of A1g (t1) and Eg (t2) Raman modes (a). t1 and

t2 Raman modes values obtained after fitting as a function of

zirconium concentration (b)
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Figure 4a shows representative enlarged Raman spectra

of pure KNN between 450 and 760 cm-1. The adjustment

to the sum of two Gaussians ascribed to t2 and t1 Raman

modes, respectively, is also shown. In Fig. 4b it can be

seen that the value of t1 is practically constant even if the

amount of the additive is higher. However, the value of t2

decreases when the zirconium concentration increases.

This observation can be related to modifications in the

stabilized perovskite structure. Indeed, in the orthorhombic

phase there is a distinct shoulder in the Raman spectra on

the low-frequency side of the main Raman mode (t1), this

shoulder is also present in the tetragonal phase although

rather weaker [19].

Figure 5 shows Scanning Electron Microscopy images of

the sintered samples. Samples composed of pure KNN

present cubic grains with a bimodal grain size (*3 and

*1 lm). Ceramics with the lowest zirconium addition

(0.5 mol%) developed a fine microstructure with an average

grain size close to 1 lm, as well as, the formation of a glassy

phase. It has been observed that, the higher the additive

amount, the higher the glassy phase. Finally, in samples with

the highest additive amount (2 mol%) a slight increase in the

grain growth and in the glassy phase amount have been

observed. According to the phase diagram the niobium

excess forms a liquid at 1,058 �C that could promote sin-

tering with grain coarsening without exaggerated grain

growth [21, 23]. Furthermore, the appearance of the sec-

ondary phase is associated with the transitory liquid phase

that assisted the sintering process. Moreover, as the amount

of zirconium increases, niobium is replaced in the perovskite

lattice and, consequently, the transient liquid phase and

niobium-rich secondary phases are promoted.

The grain refinement may be associated with ZrO2

inclusions that hinder the grain growth [16, 17]. A similar

Fig. 5 SEM images of pure KNN (a) and KNN doped with 0.5 mol% (b), 1 mol% (c) and 2 mol% of zirconium (d)

Table 1 Density and porosity values, as well as, dielectric and piezoelectric properties of the studied samples

Sample Density (g/cm3) Porosity (%) e’ (10 kHz) tand (10 kHz) d33 (pC/N)

Pure KNN 4.28 ± 0.19 5.75 ± 2.45 352 0.13 86

KNN 0.5 mol %Zr 4.37 ± 0.01 3.28 ± 0.31 452 0.065 115

KNN 1.0 mol %Zr 4.41 ± 0.06 2.12 ± 1.34 450 0.076 108

KNN 2.0 mol %Zr 4.32 ± 0.086 4.58 ± 2.09 458 0.070 73

Theorical density 4.51 g/cm3
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influence on the microstructure was also found by Malic

et al. [15] when ZrO2 powder was added to the KNN

synthesized powder.

In Table 1, density values of sintered samples have been

presented. According to this table, there is an improvement

in density values with the additive incorporation. This

behavior can be attributed to the small grain growth and the

formation of the glassy phase.

Figure 6 shows real permittivity and loss tangent values

as a function of frequency for samples with different

additive amounts. In all cases, it can be seen that at low

frequency, permittivity decreases drastically with fre-

quency due to a space charge relaxation process charac-

teristic of the polycrystalline material. Additionally, a

relaxation process at high frequency (*5 MHz) which is

associated with a dipolar relaxation phenomena can be

observed. In these samples, the addition of zirconium oxide

causes an increase in real permittivity due to a good

densification.

Table 1 also shows values of real permittivity (e’), loss

tangent (tand) and piezoelectric constant (d33) corre-

sponding to KNN with different zirconium amounts (0–2

mol%). From these values, it can be observed that the

incorporation of this additive improves the dielectric

properties of the device, increasing the real permittivity

and decreasing the loss tangent. Moreover, an improve-

ment in the piezoelectric constant value with the lowest

percentage of zirconium was found. These enhanced

properties are associated with the higher density values

obtained with the ZrO2 addition, using the same sintering

cycle.

Figure 7 presents the hysteresis loops at room temper-

ature of sintered samples. Pure KNN samples show a

remnant polarization (Pr) 13.75 lC/cm2, which is greater

than the Zr-doped samples with 6.43; 5.85 and 8.19 lC/

cm2 for samples with 0.5, 1 and 2 mol% Zr, respectively.

The coercive electric field (Ec), and the saturation polari-

zation values (Ps), for the doped samples with 0–2 mol%

Zr, were 17.3, 12.0, 11.32, 11.92 kV/cm and 18, 25, 12.87,

11.70 and 14.05 lC/cm2, respectively.

From the decrease in the coercive electric field value, a

softening effect on the ferroelectric properties of KNN with

zirconium addition was detected. This result cannot be

related to the possible Zr4? substitution in Nb5? positions

of the lattice with the consequent oxygen vacancy gener-

ation, which produces a hardening effect on the ferro-

electric properties of the material. In this case, the

increased material density strongly modified the final

behavior of these devices. The diminution in the sample

porosity facilitates the movement of the dipoles and, con-

sequently, reduces electrical losses.

Fig. 6 Curves of loss tangent (a) and real permittivity (b) as a

function of frequency at room temperature

Fig. 7 Hysteresis loops of sintered samples. Measuring conditions:

room temperature, ac field, electric field of 35 kV/cm and frequency

of 50 Hz
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4 Conclusions

The effect of ZrO2 on KNN added before calcination at

different concentrations is studied. It was found that some

Zr4? ions replace Nb5? ions in ‘‘B’’ positions of the

perovskite lattice, while ZrO2 particles could be located at

the grain boundaries. The latter effect hinders grain growth,

improving the packing, thus increasing the final density of

the sample. With the rise in doping concentration the

replacement in B positions is increased and the formation

of a glassy phase is observed. Increased density was shown

to improve the dielectric and piezoelectric properties of the

material. From the balance between density and the amount

of secondary phases, it is concluded that the best properties

are obtained with the lowest zirconium concentrations

tested in this work (0.5 mol%).
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