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Relaxation processes in porous potassium sodium niobate ceramics
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Comparative studies of the experimental and calculated, based on a mathematical model, dielectric response of

porous potassium sodium niobate (KNN) ceramics with a pore content of 10, 25 and 40 volume percent were

carried out. Based on mathematical modeling, it is shown that in KNN samples without pores, the contribution

to the dielectric response of relaxation conductivity is present only in the monoclinic phase (temperature range

200−400 ◦C). The presence of pores in KNN samples leads to the appearance of additional contributions of

conduction processes to the dielectric response. In the experiments, this manifests itself as the appearance of

additional (in comparison with a similar dependence for a sample without pores) linear segments on the dependence

of the real part of the complex conductivity on the inverse temperature in Arrhenius coordinates. This indicates

a set of activation energies and, as a consequence, the presence of various conductivity mechanisms in porous

samples.
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1. Introduction

Use of piezoelectric ceramics is driven by wide use of

piezoelectric effect in various energy converters, surface

acoustic wave (SAW) filters, sensors, drives, ultrasonic

converters etc. Some features in the properties of porous

ceramics indicate its exclusive fitness as a material for

manufacturing of sensors used in medical diagnostics [1,2]
and electromechanical converters in hydro-acoustics. Design

of new modified ceramic compositions based on sodium

niobate — is one of the predicted areas for development

of piezoelectric ceramic not containing lead [3–7]. The

authors [7] have shown that use of alkali metal niobates

in the form of porous ceramic makes it possible to improve

the main functional parameters of these materials and makes

them competitive to piezoceramics of the lead zirconate-

titanate system, which, due to perfect piezoelectric charac-

teristics, is currently the main piezoelectric material.

Currently various fillers of raw stocks of piezoelectric

ceramics are used to create pores in the specimens, mostly

these are organic materials such as starch, corn flour,

talc etc. [8–10], and inorganic fillers are, for example,

aluminum oxide [10]. Such fillers are burnt at tempera-

tures of around 500 ◦C. We suggested using [11,12] fine-

disperse polystyrene, having pellet size of ∼ 2µm, which

assumes obtaining small-size pores evenly distributed in

the specimen volume. Polystyrene has quite low decom-

position temperature (∼ 300−350 ◦C). Therefore, you can

suggest that in process of piezoelectric ceramic specimens

sintering the products of polystyrene decomposition are

fully removed — styrene with boiling temperature of

145 ◦C. At the same time the studies of the porous ce-

ramic potassium-sodium niobate (KNN) specimen structure

demonstrated [12] that at percentage content of pores

below 30%, the pores have a closed volume inside rather

dense granular structure of ceramics. It allows assuming

that in process of sintering inside pores the residual

vapors of styrene may be preserved, which, when cooled

down to room temperature
”
is condensed“ on the inner

surface of pores. Therefore, it is interesting to conduct

benchmarking studies of disperse dependences of dielectric

permittivity of porous KNN ceramic specimens and non-

porous specimens.

In this paper solid-phase synthesis of materials KNbO3

and NaNbO3 to produce ceramics (K0.5Na0.5)NbO3 (KNN)
was conducted in two stages to ensure maximum homo-

geneity of the composition. The first ones at temperature

of 650 ◦C, the second one at temperature of 700 ◦C. At the

stage of producing the stocks to achieve a volume share of

pores in ceramic specimens, the correspondence of the mass

and volume shares of the ceramic mixture and polystyrene

was estimated. The stocks were produced from the estimate

0 (KNN), 10 (KNN10), 25 (KNN25) and 40 (KNN40)
of pore volume percentages. The specimens were pressed

in the form of tablets with a diameter of 10.4mm and a

thickness of 1−2mm under 500 at. The sintering process

was carried out in two stages. At the first one, at

temperature of 350 ◦C, polystyrene was removed. Then the
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stocks were sintered in a muffle furnace at temperature of

1100 ◦C for 4 h.

Samples of sodium niobate ceramics were synthesized

and studied using the equipment of the Shared Research

Facility at the Tver State University.

2. Dielectric permittivity dispersion

2.1. Experimental results

The studies of complex dielectric permittivity were

carried out in a wide temperature range, from room

temperature (∼ 25 ◦C) to 450 ◦C.

Dielectric spectra were measured with a phase-sensitive

Vector-175 LCR meter under continuous heating of the

sample at a rate no greater than 1 degree per minute. This

rate made it possible to record spectra in the range of

1Hz−30MHz within a time interval that did not exceed

the duration of sample heating by one degree. Since

measurements were carried out at temperatures up to

450 ◦C, the accuracy of 1 degree is quite high.

Text files of frequency dependences recorded by

Vector-175 contain complete data on complex resistance,

conductance, and capacitance that makes it possible to an-

alyze temperature and dispersion dependences of complex

dielectric characteristics.

For detailed analysis of relaxation processes in potassium-

sodium niobate ceramics, we built complex dielectric per-

mittivity diagrams ε′′(ε′) using frequency dependences of

complex dielectric permittivity measured using Vector-175.

Several various relaxation processes may be identified in the

diagrams (Figure 1).
In the area of low frequencies all specimens at all

investigated temperatures have linear dispersion. To analyze

linear dispersion (low frequency range) it is common to use

empirical estimated reception [13], when the linear sections

of diagrams ε′′(ε′) are rebuilt into diagrams of dispersion of

complex electric modulus β′′(β′), which is estimated using

the following formulas:

β′ =
ε′

(ε′)2 + (ε′′)2
(1)

β′′ =
ε′′

(ε′)2 + (ε′′)2
. (2)

The corresponding diagrams for every studied specimen are

also given in Figure 1.

In the comparatively high-frequency range (above
100 kHz) the circumference arcs or circumferences are

observed. Such type of dielectric dispersion diagrams

means, according to [14,15], the presence of both relaxation

process and dispersion of resonance type. The first process,

in case of a symmetrical semi-circumference arc is described

by Cole-Cole theory, or, when the arc is asymmetrical, by

Gavriljak-Negami theory.

At the same time, not all dielectric spectra of porous

specimens allow to clearly define the diagram shape. For

example, the circumference smoothly changes into the arc

of another radius, there is no sharp transition between

the straight line, which characterizes the section of linear

dispersion, and the circumference arc corresponding to

the relaxation process. Such behavior probably means the

contribution of not one, but many processes in the dielectric

response.

2.2. Mathematic simulation

To analyze dispersion dependences of complex dielectric

permittivity, the mathematic simulation method was used,

which we studied in detail previously [16,17].
In paper [17], we used Cole-Cole equation to model

the relaxation processes. As it was shown above, the

diagrams of porous ceramic KNN specimens dielectric

permittivity dispersion, built using the experimental data,

have asymmetrical arcs. Therefore, in this paper it was

decided to use empirical equation of Gavriljak-Negami

theory, where the equation denominator is additionally

raised to power (γ). In case γ = 1 we have the equation

of Cole-Cole theory. If in [17] we considered only

the contribution to dielectric response of high frequency

processes, in this paper we are interested in the entire

studied frequency range. Therefore a term was added to

the equation produced in paper [17], which characterizes

the contribution of low-frequency conductivity considered

in detail in [16].
As a result, in the general case the equation for dielectric

response with account of existence of N relaxation processes

(the first term), decay effects (the second term) and

contribution of complex conductivity (the third and fourth

terms) is as follows:

ε∗(ω)=ε(∞) +
N

∑

n=1

εn(0) − ε(∞)
(

1+(iωτn)1−λn

)γ +
ε(0) − ε(∞)

1−
(

ω
ω0

)2
+ iŴ ω

ω0

−
1

ε0
τσ σ∞

1− iωτσ

1 + (ωτσ )2
+

1

ε0
iBωs−1. (3)

Here ε(∞) dielectric permittivity corresponding to infinite

frequency, ε0 = 8.85 · 10−12 F/m — dielectric constant,

Ŵ — decay parameter, σ∞ — conductivity at infinite

frequency, τσ = 1/ω0 — relaxation time of conductivity

current, ω0 — frequency of resonance polarization (de-
termined by the maximum at frequency dependence of

the real part of complex conductivity). This frequency

corresponds to the maximum of the frequency dependence

of the real part of complex conductivity. τn, where

n = 1, 2, . . ., N — relaxation times of various relaxation

processes. Accordingly, λn = 2ψ/π is the width of the

relaxation time spectrum of each process, ψ is the opening

angle of the diagram arc ε′′(ε′), εn(0) and εn(∞) — specify

the maximum and minimum dielectric permittivity for

each process with εn+1(0) = εn(∞), and εn(∞) = εN(∞)
(see [17] for detail). When the dielectric response follows

the empirical Debye law characterizing the contribution of
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Figure 1. Diagrams of dielectric permittivity dispersion (top) and electric modulus (borrom) of KNN specimens(a), KNN10 (b),
KNN25 (c) and KNN40 (d).
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Figure 2. Dielectric permittivity dispersion diagrams for KNN ceramic specimen without pores. Symbols — experiment, solid lines —
simulation result. Temperatures: 1 — 150 ◦C, 2 — 250 ◦C, 3 — 300 ◦C, 4 — 350 ◦C, 5 — 400 ◦C, 6 — 420 ◦C.

ε
"

ε
"

0 2000 3000

0

1000

2000

0 200 400 600 800
0

200

400

600

ε' ε'

1

2

4

1000

3

5

6

Figure 3. Dielectric permittivity dispersion diagrams of KNN10 ceramic specimen. Symbols — experiment, solid lines — simulation

result. Temperatures: 1 — 150 ◦C, 2 — 250 ◦C, 3 — 300 ◦C, 4 — 350 ◦C, 5 — 400 ◦C, 6 — 420 ◦C.

an ordered subsystem to the dielectric response, λ = 0.

When the dielectric response is governed by a disordered

subsystem (which corresponds to the empirical Cole-Cole

or Gavriljak-Negami law), then λ 6= 0. In the last term B —
constant determining the frequency independent component

of conductivity, s — parameter characterizing the angle of

inclination of rectilinear sections at frequency dependence

of the real part of complex conductivity in logarithmic

scale [14].

If the fourth term characterizes contribution to the dielec-

tric response of the low frequency conductivity processes,

the third term characterizes the relaxation conductivity that

occurs at higher frequencies.

To build dispersion diagrams using mathematic simu-

lation, formula (3) was used to calculate the real and

imaginary parts of the complex dielectric permittivity. When

one determines the imaginary part of complex permittivity,

it should be taken into account that negative dielectric

losses contradict the fundamental laws of physics; therefore,

ε′′(ω) = |Im(ε∗(ω))|. The modulus sign is applied sepa-

rately to each contribution (term of Eq. (3)) to complex

dielectric permittivity.

Using formula (3), we calculated the dielectric response

of KNN ceramic specimens with and without pores (Figu-
res 2−5) for various temperatures. The parameters required

for the calculation were found from the experimental data

using the method we considered in detail in papers [16]
and [17]. As you can see, at relatively higher frequencies,

in the area of relaxation and resonance dispersions a very

good match is observed between the results of mathematic

simulation and experimental data. At the same time in the

area of linear dispersion, at the frequencies below 100Hz,

the angle of inclination of the estimated curve and the curve

observed in the experiment may differ.

This deviation is especially significant for porous spec-

imens. Most likely, the specimens with pores in the

low-frequency area include additional relaxation processes,

which we did not take into account in the equation (3).
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Figure 4. Dielectric permittivity dispersion diagrams for KNN25 ceramic specimen. Symbols — experiment, solid lines — simulation

result. Temperatures: 1 — 150 ◦C, 2 — 250 ◦C, 3 — 300 ◦C, 4 — 350 ◦C, 5 — 400 ◦C, 6 — 420 ◦C.
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Figure 5. Dielectric permittivity dispersion diagrams of KNN40 ceramic specimen. Symbols — experiment, solid lines — simulation

result. Temperatures: 1 — 150 ◦C, 2 — 250 ◦C, 3 — 300 ◦C, 4 — 350 ◦C, 5 — 400 ◦C, 6 — 420 ◦C.
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KNN40 specimens. a — measurement temperature 300 ◦C, b — measurement frequency 100Hz.

Physics of the Solid State, 2025, Vol. 67, No. 5



Relaxation processes in porous potassium sodium niobate ceramics 821

a

T, °C

10–6

10–7

10–5

10–4

10–3

s
W

',
m

–
1

–
1

·

b

d

400 300 200 100
T, °C

10–6

10–7

10–5

10–4

10–3

s
W

',
m

–
1

–
1

·

400 300 200 100

C
M4

R2

R1

M5

M3

C

R1

R2

M3

M1

M2

M5

R3

C1

c

T, °C

10–6

10–7

10–5

10–4

10–3
s

W
',

m
–
1

–
1

·

400 300 200 100
T, °C

10–6

10–7

10–5

10–4

10–3

s
W

',
m

–
1

–
1

·

400 300 200 100

C

M5
M3

M2

M1

C1

R3

R2

R1

R3

M4

M2

M3

M1

M5

C

Figure 7. Temperature dependences of real part of complex conductivity of ceramics KNN (a) KNN10 (b), KNN25 (c), KNN40 (d).
Measurement frequency is 100Hz. Dotted lines show SPT temperatures: rhombic (R) ferroelectric phase — monoclinic (M) ferroelectric
phase (Tt = 200 ◦C); monoclinic (M) ferroelectric phase — cubic (C) paraelectric phase (Tc = 400 ◦C) (data on SPT is given according

to [18]).

Comparative analysis of the relaxation times calculated

both for high-frequency (relaxation polarization and relax-

ation conductivity) and for low-frequency (migration polar-

ization) processes found no significant differences for the

specimens with and without pores. At the same time, math-

ematic simulation demonstrated that the contribution of re-

laxation conductivity to the dielectric response present in all

porous KNN specimens, in a specimen without pores only

occurred in the temperature interval: 200 ◦C < T < 400 ◦C,

which, according to [18], corresponds to the monoclinic

crystalline structure of ceramics (K0.5Na0.5)NbO3. Most

likely, structure rebuild from the rhombic phase to the

monoclinic one, happening at temperature ∼ 200 ◦C, causes

formation of additional charge states, which may contribute

to the conductivity.

It should be noted that in the experiment, at low

frequencies (up to 100−300Hz) and temperatures of up

to 350 ◦C for the specimen without pores, and up to

∼ 250 ◦C for the porous specimens, a significant spread was

observed in the values of dielectric permittivity supported

by the contribution to the dielectric response of migration

polarization. These points were removed from the graphic

representation (Figures 2−5). The fact that oscillations of

charges being the cause for migration polarization become

less in the porous specimens may indicate the stabilizing

role of charge states on the inner surface of the pores. Thus,

it is entirely possible that the charges are
”
fixed“ on the

traps of surface levels. Existence of such additional energy

levels must also contribute to the conductivity processes.

Therefore, it became interesting to do additional analysis

of frequency and temperature dependences of the complex

conductivity.

3. Conductivity

To check the issue of conductivity contribution to

dispersion dependences of dielectric permittivity and its

potential impact at relaxation dielectric processes, according

to the data received using a phase sensitive LCR meter

Physics of the Solid State, 2025, Vol. 67, No. 5
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Energy of KNN image activation estimated for different tempersture intervals according to Figure 7

Sample
Energy of activation, eV

C C1 M1 M2 M3 M4 M5 R3 R2 R1

KNN 0.68 − 1.38 1.87 4.05 4.82 0.22

KNN10 1.68 2.04 2.55 1.29 1.37 1.67 0.21

KNN25 1.29 1.95 2.9 2.76 1.05 0.82 1.84 0.23

KNN40 1.30 2.38 2.41 1.32 3.9 − −

VECTOR-175, the frequency and temperature (Figure 6)
dependences were built for the real part of complex

conductivity σ ′( f ). Frequency dependences for all tem-

peratures are practically similar (curves (Figure 6,a) show

dependences for temperature 300 ◦C). In all compositions

the dependence includes nonlinear and linear sections, one

of which is practically parallel to the horizontal axis and is

incident upon the area of low frequencies up to ∼ 200Hz.

This means that all specimens have conductivity similar to

DC conductivity, i. e. frequency independent one. Using

temperature dependences, built for this frequency range,

it is possible to calculate the activation energy of charge

carriers localized on the surface level traps.

Since the activation energy of conductivity processes

related to additional energy levels is taken into account only

for DC conductivity, frequency 100Hz was chosen for the

calculation (Figure 6, b).

You can see well the difference in the progress of

conductivity for the specimen without and with pores in

the temperature dependence of conductivity (Figure 6, b).
At temperatures below 200 ◦C in the specimen without

pores and KNN40 there is a spread of conductivity values

similar to the spread observed in the dependences of

dielectric permittivity. Much lower conductivity value at

high temperatures (above 350 ◦C) in the specimen without

pores, according to the porous specimens, attracts attention.

The possible explanation of this experimental fact is the

following: as noted in the introduction, the dense granular

structure of KNN ceramic may hold styrene vapors inside

the pores in process of sintering, which then, in process of

cooling, are condensed in the inner surface of the pores,

and when the specimens are heated, polystyrene remains

are again decomposed, and above temperature 350 ◦C the

vapors of styrene containing OH− group may additionally

contribute to the conductivity processes. This assumption

agrees well with the recorded fact of partial deviation

of the modeling results for the dielectric response of

porous specimens with the experimental data, which was

mentioned above.

In the temperature interval 250−300 ◦C all specimens

show a conductivity surge, which in the semiconductor

physics is related to depletion of admixture levels. Since

KNN ceramic is not a semiconductor, such behavior may

be related to depletion of surface energy levels. Such levels

in the ceramics most likely occur in the grain boundaries,

and in porous specimens also on the inner surface of pores.

Temperature dependences of the real part of conductivity

σ ′(1/T ) were built from reverse temperature on a loga-

rithmic scale (Figures 6, b, 7). The curve, for convenience

of analysis, shows temperature (in ◦C), corresponding to

values 1/T (in 1/K). Such building makes it possible

to calculate the conductivity process activation energy in

inclined rectilinear sections of temperature dependences

of the real part of complex conductivity described by

Arrhenius law:

σ = σ0 exp

(

−
Ea

2kT

)

, (4)

where Ea — activation energy, σ0 — pre-exponential factor,

k — Boltzmann constant.

Values Ea were calculated for each temperature interval

noted by vertical lines in Figure 7 (vertical dotted lines show

temperatures of structural phase transitions (SPT)), letters
correspond to the crystallographic structure of temperature

phase. These results are given in Table.

As expected [15], the specimen without pores in case of

SPT of rhombic — monoclinic phase experiences electric

conductivity surge, and in case of SPT of cubic — rhombic

phase the linear section inclination varies. At the same

time in porous specimens the changes in the inclinations

of linear sections of the temperature dependence of electric

conductivity in Arrhenius coordinates do not match SPT

temperatures, and the number of linear sections increases,

compared to the specimen without pores. As a result,

the porous specimens have more diverse activation energies

(Table).
Since the change of the activation energy means the

change of the electric conductivity mechanism, then, ac-

cording to the data in the table, the porous specimens have

additional mechanisms of electric conductivity, which are

unavailable in the specimen without pores.

4. Conclusion

A comparative analysis of the dispersion diagrams of

complex permittivity within the 10Hz−20MHz frequency

range revealed an almost complete correspondence between

Physics of the Solid State, 2025, Vol. 67, No. 5



Relaxation processes in porous potassium sodium niobate ceramics 823

the proposed mathematical model and experimental data.

Partial deviations of the simulation results from the exper-

iment for the porous specimens are explained by the fact

that the equation used to simulate dielectric response did

not take into account the contribution to the conductivity of

charges localized on the surface levels of the internal surface

of pores.

It was found that introduction of KNN pores into

the ceramics, despite the minor change of the dielectric

permittivity dispersion mechanisms, causes appearance of

additional mechanisms of complex conductivity, which is

indicated by the increase in various activation energies in

porous specimens. Since, as author of [19] has shown,

the spread of activation energy values may be due to the

chaos of the admixture (structure defect) distribution chaos,

and pores may be deemed defects to a certain degree,

their presence will result in a higher number of different

activation energies in the porous specimens compared to a

specimen without pores.
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