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The paper reports results on the complex study on ferroelectric ceramics that represent solid solutions containing components 
with a perovskite-type or columbite-type structure. Solid solutions of a three-component (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 
system are manufactured at x = 0.05–0.20 and y = 0.10. Domain structures in ceramic grains are studied. The consistency between 
experimental and calculated results is examined for coexisting phases split into non-180° domains (mechanical twins) in the solid 
solution with x = 0.15. A correlation between the internal structure (crystal, domain, granular, and defect) and fundamental elec-
tromechanical and polarization properties is stated for the studied three-component solid solutions.
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1.  Introduction

Crystallographic (domain/polarization) engineering1–5 has 
been widespread in ferroelectric materials for the last 20 
years, and is concerned with the dependences of physical 
properties on the state of crystal and/or domain structure 
in the search for promising functional media. This research 
direction promoted the formation of a new strategy for the 
materials’ design and element base of electronic devices. 
This element base comprises the following aspects:

 (i) ferroelectric ceramic materials that contain a perovskite 
PZT (Pb(Ti,Zr)O3) system dominating in the world 
market,5–10

 (ii) lead-free, environmentallyfriendly11–19 n-component 
solid solutions (n > 2) that contain niobates of alkali and 
alkaline earth metals from various structural families 
(pseudoilmenite, columbite, layered perovskite-like, 
etc.),20,21 and

 (iii) multiferroic materials that combine both ferroelectric 
and ferromagnetic (or antiferromagnetic) properties.22–25

In contrast to the PZT system that is of fundamental impor-
tance and value in the technological and material- science 
sense and is an object of studies,26,27 an insufficiency and 
inconsistency of information on the properties of complex 
lead-free solid solutions (including those with nonisostruc-
tural components) limit the practical use of these materials.

In the work,28 optimal conditions were found for the 
preparation of solid solutions of the (1−x−y)NaNbO3−
xKNbO3−yCdNb2O6 system in the ceramic version. A phase 
diagram of the state of a fragment of this system adjacent 
to NaNbO3 was built. For this system, the “composition–
structure–properties” links were determined. Based on the 
obtained results, a complex sequence of diverse (polymor-
phic and morphotropic) phase transitions was stated, and 
nonmonotonic molar-concentration dependences of the elec-
trophysical parameters were revealed at room temperature. 
These dependences correspond to the logic of changes in 
the electrophysical parameters in systems with morphotro-
pic phase boundaries and intraphase transitions. By means of 
dielectric spectroscopy, regions of stability of solid solutions 
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with a different nature of the manifestation of ferroelectric 
properties were found. These properties indicated the pres-
ence of diffuse phase transitions or ferroelectric-relaxor 
behavior. An analysis of macroscopic responses in the system 
indicated four groups of solid solutions with the promising 
parameters as follows:

 (i) Materials with the dielectric permittivity at constant 
mechanical stress 2000 < ε εσ

33 0/  < 2250 are suitable for 
applications in a midrange,

 (ii) Materials with ε εσ
33 0/  < 750 and a planar electromechan-

ical coupling factor ~ 0.40 are suitable for applications 
in microwave devices,

 (iii) Materials with ε εσ
33 0/  = 500–700 and a piezoelectric 

voltage coefficient g33 ≈ 30 mV·m/N are suitable for 
high-sensitive accelerometers and ultrasound defecto-
scopes, and

 (iv) Materials with the mechanical quality factor Qm ≈ 1000 
and Kp ≈ 0.20 are suitable as active elements of devices 
that operate in power modes.

In fact, the aforementioned properties and their depen-
dences on external field are closely associated with the 
ferroelectric domain structure in the studied solid solu-
tions.29,30 In this context, it is relevant to establish a cor-
relation between the domain structure and macroresponses 
of these materials. To solve this problem, it is important to 
consider models for describing the physical processes in fer-
roelectric ceramics.

In this paper, we highlight the physical mechanisms of 
forming the internal (crystal, domain, and granular) structure 
in ceramic (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 with x = 
0.05–0.20 and y = 0.10, wherein the perovskite-type ((Na,K)-
NbO3) and columbite-type (CdNb2O6) compounds are pres-
ent. We also study the effect of the internal structure on the 
physical properties of the solid solutions for the purpose of 
subsequent control of their parameters by means of external 
influences such as temperature T, DC electric field E, ampli-
tude Em, and frequency f of the AC electric field.

2.  Objects and Methods to Manufacture and Study 
Samples

2.1.  Objects of the study and manufacturing

In this paper, we study solid solutions of the (1−x−y)-
NaNbO3−xKNbO3−yCdNb2O6 system at x = 0.05–0.20, y = 
0.10 and Δx = 0.05. The samples were obtained by a two-
stage solid-phase synthesis and sintered by a conventional 
ceramic technology (temperature Tsynth.1 = 1220 K, time τ1 
= 5 h, Tcsynth.2 = 1240 K, τ2 = 10 h, Tsintering = (1180–1190) K, 
depending on the composition, and τsintering = 2 h). Sintered 
ceramic blanks were a subject of a mechanical treatment (cut-
ting on a plane, grinding on flat surfaces and ends) for further 
manufacturing of samples involved in measurements. These 
samples were disk-shaped with a diameter of 10 mm and 

thickness of 1 mm. Before metallization, the samples were 
calcined at Tcalc = 770 K for 0.5 h to remove organic residues 
and degreasing surfaces in order to increase an adhesion of 
metal coating to a ceramic. The samples were electroded by 
double burning of silver-containing paste at T = 1070 K for 
0.5 h.

Poling of the samples was carried out in a chamber with 
polyethylene siloxane liquid at Tpol ≈ 413 K. Heating up to 
Tpol was carried out according to the linear law during 0.5 h. 
Hereby, an increase of the electric field was performed from 
E = 0 to E = 3 kV/mm. Under these conditions, the samples 
were kept for 25 min, and hereafter the samples were cooled 
under the electric field to T ≈ 298 K.

2.2.  Methods to study samples

X-ray structural studies were carried out at room temperature 
by using a DRON-3 diffractometer (filtered CuKα radiation, 
the Bragg–Brentano focusing scheme). Bulk and crushed 
ceramic objects were studied to exclude the effect of surface, 
stress and textures when manufacturing the ceramic samples. 
An evaluation of structural parameters was performed in 
terms of known approaches.31

A domain structure was studied by means of the piezo-
response force microscopy (PFM), within a potential of the 
probe nanolaboratory NTEGRA (NT-MDT SI, Russia). A 
conductive cantilever HA_NC/Pt was used as a probe, and this 
cantilever was characterized by a force constant of 12 N/m  
and resonance frequency of 235 kHz. Scanning was carried 
out at the probe oscillation frequency of 5 kHz and bias volt-
age of 10 V. The difference in surface relief was 300 nm.

To study a microstructure of sample cleavages, we used 
a scanning electron microscope JSM-6390L (JEOL, Japan) 
with a system of microanalyzers from Oxford Instruments, 
UK. Hereby, the microscope resolution achieved 1.2 nm at an 
accelerating voltage of 30 kV (image in secondary electrons), 
limits of the accelerating voltage was from 0.5 to 30 kV, the 
magnification range was from ×5 to ×300,000, and the beam 
current was up to 200 nA.

Curves of the unipolar strain (S33) induced by a DC electric 
field E(0; 0; E) were obtained on poled samples by means of 
using a measuring stand, including a MICRON-02 gage block 
tester and an Agilent 34420 A nanovoltmeter/microohmmeter. 
A S33(E) dependence was approximated with a polynomial, 
by using the least squares method. A criterion for the quality 
of the approximation was the minimum value of the standard 
deviation r. The piezoelectric strain coefficient d33 was found 
by using the formula d33 = dS33/dE, where “d” in the right part 
denotes the derivative symbol.

P–E loops of the dielectric hysteresis were studied by 
means of the Sawyer–Tower method32,33 at the frequency of 
the electric field f = 50 Hz and temperatures T = 290–430 K. 
Hereby, the spontaneous (Ps), remanent (Pr) polarizations 
as well as coercive field (Ec) were determined. A narrow 
temperature range is due to using polyethylene siloxane oil 
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as an insulator in a measuring cell, and a boiling point of 
this oil was near T = 480 K. To eliminate the effect of hydro-
lysis, the ceramic samples were preliminarily annealed at  
T = 670 K.

An analysis of the coexisting ferroelectric phases split into 
non-180° domain (or twin) structures was carried out within 
the framework of a crystallographic algorithm put forward 
by Metrat34 for the first time. As is known, this algorithm 
is effectively applied35 to interpret specifics of phase coex-
istence in ferroelectrics. Hereby, the coexisting polydomain 
phases are characterized by distortion matrices ||Mij|| and ||Nij|| 
which are 3 × 3 matrices. These matrices depend on unit-cell 
parameters, orientations of crystallographic axes and volume 
fractions of domain types in the coexisting phases, and on 
angles of mutual rotations of crystallographic axes of adja-
cent non-180° domains.36
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=
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In Eqs. (1) (Dij′)2 = Dij
2 − DiiDjj, and Nik and Mik from Eq. (2) 

are matrix elements from the distortion matrices ||Mij|| and 
||Nij||, respectively. Conditions from Eq. (1) are written on 
assumption that domain walls in the coexisting phases are 
stress-free and uncharged, and orientations of the domain 
walls are determined in accordance with concepts.36

3.  Results and Discussion

Based on roentgenograms of the studied ceramic compo-
sitions (Fig. 1), we state that they are characterized by the 
perovskite-type structure. According to data from work,28 
solid solutions with x = 0.05 and 0.10 belong to the tetrag-
onal region of the phase diagram of the (1−x−y)NaNbO3−
xKNbO3−yCdNb2O6 system. Solid solutions with x = 0.15 
and 0.20 are in the heterogeneous region wherein impurity 
compounds with the general chemical formula KmNbnOp are 
present side by side with perovskite-type solid solutions. It 
is seen from Fig. 1 that a relative intensity of strong peaks 
of impurity compounds does not exceed 5–7%. Solid solu-
tions with x = 0.15 and 0.20 represent mixtures of two phases, 
namely, tetragonal and orthorhombic with a reduced mono-
clinic unit cell. A coexistence of several phases with different 
symmetries and similar cell parameters leads to the superpo-
sition of diffraction peaks, and this circumstance makes it dif-
ficult to accurately determine the cell parameters of each of 
the phases. The profile of the (200) diffraction peak of solid 
solutions with x = 0.05, 0.15, and 0.20, which is shown in 
Fig. 1 on an enlarged scale is characterized by two features 
as follows. Firstly, this peak is distorted by diffuse scattering 
at the base. Secondly, the peak indicates a heterogeneity of 
solid solution even within the same phase. In our opinion, 
the most homogeneous solid solution is achieved at x = 0.10. 
In Table A.1, we collected results on symmetry and unit-cell 
parameters of studied solid solutions.

It is stated that solid solutions with x < 0.15 are tetrago-
nal, single-phase, and without a superstructure. On further 

(a) (b)

(c) (d)

Fig. 1. Roentgenogram of (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 in the interval of angles 2θ = (20–120)° and a large-scale diffraction reflec-
tion (200)c. Indexes of diffraction reflexes refer to the perovskite unit-cell axes: (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, and (d) x = 0.20. Dots 
are used to mark lines of impurity phases.
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increasing the molar concentration, at x ≥ 0.15, heterophase 
regions with tetragonal and monoclinic phases are detected. 
Recrystallization phase transitions that occur against a back-
ground of such phase transitions lead to a formation of an 
original granular landscape (Fig. 2) that clearly reacts to all 
changes in the crystal structure of solid solutions.

The main feature of all the studied solid solution composi-
tions is the formation of idiomorphic grains of a regular geo-
metric shape. The so-called plate-like grains are characteristic 
of structures that contain liquid phases.28 In our case, sources 
of liquid phases can be Na2CO3 with the melting temperature 
of 1126 K, K2CO3 with the melting temperature of 1164 K, 
KOH with the melting temperature of 677 K (i.e., unreacted 
components and products of their hydrolysis), as well as fus-
ible eutectics in niobate batches (NaNbO3 with the melting 
temperature 1260 K and KNbO3 with the melting temperature 
1118 K), and fusible, fairly reactive fluorides (products of the 
interaction of fluorine impurity in the main initial component, 
Nb2O5, that actively interacts with basis solid solutions).

From Fig. 2, the refinement of the grain landscape is 
observed when increasing the molar-concentration x of 
KNbO3.28 At x = 0.15 (coexistence of monoclinic and tetrag-
onal phases), a sharp (4–5 times) decrease in grain size (high-
lighted with a solid line) is observed; intragranular porosity 
(highlighted with a dashed line) being typical of solid solu-
tions with x = 0.05 and 0.10, and a structure compaction. The 
aforementioned effects are most likely concerned with a sat-
uration of the system with the liquid phase that surrounds 
grain boundaries and, to a large degree, hinders processes of 
diffusion and mass transfer. These factors lead to the refine-
ment of the microstructure of the ceramic samples.

The solid solution with the composition 0.75NaNbO3− 
0.15KNbO3−0.10CdNb2O6 belongs to the morphotropic 
phase boundary and contains monoclinic and tetragonal 
phases with similar perovskite unit-cell parameters, see 

Table A.1. When describing the coexisting monoclinic and 
tetragonal phases in heterophase compositions studied by us, 
it is assumed that

 (i) the monoclinic phase is split into the non-180° domains 
that are separated by planar domain walls oriented parallel 
to planes of the {100} type in the perovskite unit cell, and

 (ii) the tetragonal phase is split into the 90° domains, and 
domain walls between these domains are parallel to 
planes of the {110} type in the perovskite unit cell.35

Based on concepts,35,36 we assume that the aforementioned 
domain walls are stress-free and electrically noncharged. An 
example of the mutual arrangement of domains (mechanical 
twins) in the coexisting ferroelectric phases is graphically 
shown in Fig. 3. Hereby, it is assumed that orientations of 
domains of the monoclinic phase (Fig. 3(a)) slightly differ 
from the domain orientations in the rhombohedral phase of 
PZT-type solid solutions.35

Volume fractions of the two 90° domain types in 
the tetragonal phase equal q and 1−q, respectively, see 
Figs. 3(b) and 3(c). Volume fractions of the four 71° (109°) 
domain types in the monoclinic phase are written in terms of 
parameters xR and yR, see Fig. 3(a). In the tetragonal phase, 
we consider two domain types and do not take into account 
domains of the type 6 with the spontaneous polarization vec-
tor oriented parallel to the OX2 axis. The distortion matrix of 
the polydomain monoclinic phase is written by analogy with 
the distortion matrix of the rhombohedral phase35 as follows:
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The distortion matrix of the polydomain tetragonal phase can 
be represented as
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for domain types 5 and 6 in Fig. 3(b), or as
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Fig. 2. Fragments of the microstructure of (1−x−y)NaNbO3−xKN-
bO3−yCdNb2O6 ceramics with y = 0.10 and x = 0.05–0.20 (accord-
ing to the data in Ref. 28).
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for domain types 5 and 7 in Fig. 3(c). Equations (3)–(5) are 
written in terms of distortions of the perovskite unit cell 
µ ωa M Ma= cos( )/aC, µ ω= aM Msin( )/aC, ε a a= Tetr./aC, and 
ε c c= Tetr./aC, where aC is the unit-cell parameter in the cubic 
paraelectric phase, relative to which distortions of all the 
domain types in the coexisting phases are considered. The 
angle ϕ ε ε ε εt a c a c= +arccos( /( ))2 2 2  from Eqs. (4) and (5) is 
used to describe a rotation of the crystallographic axes of 
the adjacent 90° domains in the tetragonal phase. Thus, the 
unit-cell distortions depend on the unit-cell parameters of the 
monoclinic (aM and ωM) and tetragonal (aTetr. and cTetr.) phases, 
and aC plays the role of a constant and does not influence our 
further calculation results. Matrix elements Dij from Eq. (2) 
are to be found by taking into account the distortion matri-
ces from Eqs. (3) and (4) (see the domain arrangement in 
Figs. 3(a) and 3(b)) or from Eqs. (3) and (5) (see the domain 
arrangement in Figs. 3(a) and 3(c)).

Two roots qi, that obey conditions (1) and take values 
from the [0; 1] range, are optimal volume fractions of the 
domain type denoted with “q” in Figs. 3(b) or 3(c). Now, we 
find the optimal volume fractions qi of the 90° domains in 
the tetragonal phase that coexists with the polydomain mono-
clinic phase at x = 0.15. The optimal volume fractions qi 
mean that conditions (1) hold at the planar interfaces between 
the coexisting phases and there is no excess elastic energy in 
heterophase regions. In the monoclinic phase, both the xR и 
yR parameters from Fig. 3(a) can be varied from 0 to 1, and 
validity of conditions (1) is examined at xR = const. and yR = 
const. Values of qi are found for the tetragonal phase that is 
split into the 90° domains according to one of two versions, 
types 5 and 6 (see Fig. 3(b)), or types 5 and 7 (Fig. 3(c)).

It is found that at xR = 1, 0.9, 0.8, 0.2, and 0.1, and yR = 1, 
0.9, 0.8, 0.2, and 0.1, there are regions of forbidden volume 
fractions q in the tetragonal phase split into domains of types 
5 and 7. This means that conditions (1) are not valid in such 
heterophase structures. In the case of the presence of domains 
of types 5 and 6 in the same tetragonal phase, as xR changes 
from 1 to 0.5 or from 0.1 to 0.5, we observe some patterns of 
changes in the width of the region of the forbidden volume 
fractions q. For instance, at xR = 1, 0.9, and 0.1, one can find 
the forbidden volume fractions q at yR = 0.1, (0.3–0.7), and 

(0.9–1); at xR = 0.8 and 0.2, the forbidden volume fractions 
q are observed in narrower ranges of yR = (0.3–0.7) and at 
yR ≈ 1. At xR = 0.7, 0.6, 0.4, and 0.3, we observe the similar 
behavior of q, and the region of the forbidden volume frac-
tions becomes narrower, i.e., yR = (0.3–0.7).37 In other cases, 
the presence of the region of the forbidden volume fractions 
is not observed.

No obvious tendency to a monodomainization of the 
tetragonal phase with domains of types 5 and 7 was found. In 
the case of the tetragonal phase with domains of types 5 and 
6, the tendency to the monodomainization is noted at xR = 0.8 
and 0.2, and yR = 0.1 and 0.9.

It is stated that the volume fraction q of domain of type 5 
in the polydomain tetragonal phase shown in Fig. 3(c) under-
goes changes depending on values of xR и yR in the mono-
clinic phase. For instance, at xR = 0.3 or 0.7, we have q1 = 
0.22, at xR = 0.4 or 0.6, we have q1 = 0.19–0.37, and at xR = 
0.5, we have 0.42.

Volume fractions of domains of types 5 and 6 are linked 
by the ratio (1−q1)/q1 = 0.25/0.75 at xR = (0.2–0.3), (0.7–0.8), 
yR = (0.1–0.2), (0.8–0.9). At xR = 0.3 and 0.7, and yR = 0.2 and 
0.8, the ratio (1−q1)/q1 = 0.35/0.65 holds. At xR = 0.1 and 0.9, 
and yR = 0.2 and 0.8, the ratio q2/q1 = 0.12/0.88 is achieved, 
and at xR = 0.5 and yR = (0.1–1) the ratio (1−q1)/q1 equals 
0.42/0.58. Thus, we observe a tendency to an equalization of 
the volume fractions of the 90° domain types in the tetragonal 
phase.

Figure 4 shows dependences of the optimal volume frac-
tions of domains of the type 5 (two solutions, q1 and q2) 
on yR at xR = 0.5 and dependences of the optimal volume 
fractions of domains of the type 5 on yR, where yR = 0.1–1. 

(a) (b) (c)

Fig.  3. Orientations of spontaneous polarization vectors of non-
180° domains in the monoclinic (a) and tetragonal (b, c) phases 
(reprinted from monograph by Topolov,35 with permission from 
Springer).

Fig.  4. Calculated dependences of optimal volume fraction qi  
(i = 1 and 2) of 90° domains in the tetragonal phase on the con-
centration parameter yR of domains in the monoclinic phase at xR = 
0.5 (solid line) and xR = 0.4 (dotted line) in 0.75NaNbO3−0.15KN-
bO3−0.10CdNb2O6 at room temperature.
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At xR = 0.8 and yR = 0.03 (or yR = 0.98), complete stress 
relief is achieved at the tetragonal-monoclinic interfaces, 
and the optimal volume fraction q1 of the 90° domains of 
the type 5 in the tetragonal phase (see Fig. 3(b)) becomes 
minimal. According to our evaluations, in this case the value 
of q1 = 0.0032 is achieved. Conditions xR = 0.8 and yR = 
0.03 (or yR = 0.98) suggest that in the monoclinic phase (see 
Fig. 3(a)) almost two domain types can be taken into account 
when analyzing stress–relief conditions. The presence of 
two domain types in the monoclinic phase leads to a sim-
plification of the distortion matrix ||Mij|| from Eq. (3). The 
large difference between the optimal volume fractions of the 
90° domains q1 = 0.0032 and q2 = 0.9968 indicates that the 
tetragonal phase is monodomain in the case when the mono-
clinic phase is represented by almost two domain types. In 
fact, a decrease of the number of the non-180° domain types 
in a heterophase sample contributes to a simpler picture of 
domain-orientation effects that influence the formation of 
piezoelectric and other properties.

Studies on the domain structure and piezoelectric proper-
ties enable us to note that the poled ceramic samples demon-
strate significant longitudinal and transverse piezoelectric 
responses. An image contrast (Fig. 5) suggests that the longi-
tudinal piezoelectric response is more than 10 times stronger 
in comparison to the transverse piezoelectric response.

The domains are located on the surface in a chaotic man-
ner: most of the domains have a predominantly longitudinal 
piezoelectric response (see dark regions in Fig. 5(a)) with 
a slight transverse piezoelectric response. Smaller domains 
with predominantly transverse piezoelectric response are also 
present in the studied samples (see dark regions in Fig. 5(b)).

The contrast on the signal of phase 1 (the orientation of 
domains is perpendicular to the surface, see Fig. 5(a)) is 
almost nonvisible. This means that the vectors of the longitu-
dinal polarization of these domains are mainly oriented in one 
direction. Visible small dark areas stand out from the overall 
field, and these areas are presumably regions of the mono-
clinic phase with non-180° domains. In this case, parallels 

(a) (b)

(c) (d)

Fig.  5. Characteristics of domain structure and piezoresponse of 0.75NaNbO3−0.15KNbO3−0.10CdNb2O6 with y = 0.10 and x = 0.15  
at T = 300 K: (a), (c) amplitude and phase of longitudinal piezoresponse, (b), (d)  amplitude and phase of transverse piezoresponse.
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can be drawn that the tetragonal phase tends to a single-do-
main state, since the longitudinal polarization vector is pre-
dominantly oriented in one direction. The contrasting regions 
of the phase 2 signal (Fig. 5(d)) indicate that the transverse 
polarization vector in the regions with a tone of ~ −100° has 
the opposite direction relative to the rest of the region with a 
tone of ~125°.

An evolution of electromechanical hysteresis loops 
depending on the molar-concentration x of KNbO3 is shown 
in Fig. 6. It is revealed in the studied ceramic samples that the 

electric field dependence of the longitudinal strain S33(E) in 
the second half-cycle of the loop is located in the third quarter 
of the “strain–electric field” coordinate system. This behavior 
remotely resembles a dielectric hysteresis loop of ferroelec-
trics. From Fig. 6, on increasing the molar-concentration x 
up to x = 0.15, a gradual expansion of the electromechanical 
hysteresis loop is observed.

However, at x = 0.20, a significant narrowing of the loop 
along the ordinate axis is observed, see Fig. 6. The loop 
shapes of the studied solid solutions at small molar-concen-
trations x, may be due to a softness of the crystal structure. 
Apparently, the further expansion of the loops on increas-
ing x (or with the larger molar concentration of KNbO3) 
is associated with an increase of a hardness of the struc-
ture due to a more pronounced heterogeneity of the studied 
ceramic samples. It should be noted that the electrome-
chanical hysteresis loop at x = 0.15 is characterized by a 
large tangent slope, see Fig. 6. Moreover, this performance 
manifests itself even in sufficiently weak fields E. In our 
opinion, this behavior is facilitated by valid conditions for 
complete stress relief in the presence of a limited number 
of domain types, as well as when the morphotropic phases 
tend to monodomainization.

In Fig. 7, half-cycles of the electromechanical hysteresis 
loops and strains related to these loops are graphically shown. 
Based on these data, we evaluated the remanent (Sr), maximal 
(Smax), and delta strains (ΔS S S= −+ −

33 33 at E = 15.5 kV/cm). 
In the molar-concentration range of 0.05 ≤ x ≤ 0.10, a grad-
ual increase in the strain characteristics is observed. At x = 
0.15 (impurity fraction < 5%), in the heterophase region, the 
formation of extremum points of the aforementioned strain 

Fig.  6. S33(E) loops of ceramic (1−x−y)NaNbO3−xKNbO3− 
yCdNb2O6 at y = 0.10, x = 0.05–0.20, and T = 300 K.

Fig. 7. Half-cycles of S33(E) loops (a) and compositional dependence of the remanent (Sr), maximal (Smax), and delta strains (ΔS) (b) in the 
(1−x−y)NaNbO3−xKNbO3−yCdNb2O6 system at y = 0.10, x = 0.05–0.20, T = 300 K, and E ≈ (0–30) kV/cm.
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parameters is revealed, and at x > 0.15, a sharp decrease of 
these parameters is observed (Fig. 7(b)).

The d33(E) curves were obtained from the ascending branch 
of the loop of the electromechanical hysteresis at 0.05 ≤ x ≤ 
0.20 (Fig. 8). It is stated that in solid solutions with x = 0.10 and 
0.15, the d33(E) curves are characterized by a sharp increase of 
d33 up to the DC electric field E ≈ 17 kV/cm, at which the for-
mation of the extremum of d33(E) is observed (Fig. 8).

This correlates with the behavior of the ascending branch 
of the half-cycle S33(E) (Fig. 7) and with the further decrease 
of d33(E) by (1–23)·10−12 m/V in the range of E = (17–30) kV/
cm. This is possibly due to the fact that in the range of E = 
(0–17) kV/cm, domain-orientation processes prevail in the 
monoclinic phase, and at E ≈ 17 kV/cm, domain-orientation 
processes are additionally involved in the tetragonal phase. 
We remind the reader that these results are related to solid 

Fig. 8. d33(E) curves of (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 at  
y = 0.10 and x = 0.05–0.20.

(a) (b)

(c) (d)

Fig. 9. P–E loops of (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 at y = 0.10, x = 0.05–0.20 (a–d), T = (300–420) K, and ΔT = 30 K.
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solution with x = 0.15 for which an approximate equality of 
volume fractions of the tetragonal and monoclinic phases is 
known (see Table A.1). It should also be noted that the d33(E) 
dependence at x = 0.10 has two extremum points, namely, a 
maximum at E ≈ 16 kV/cm (as noted earlier) and a minimum 
at E ≈ 20 kV/cm. At molar-concentrations x = 0.05 and 0.20, 
the d33(E) dependence has no extremum points and is increas-
ing up to E ≈ 17.5 kV/cm. At larger E values, the plateau-like 
character of the d33(E) curve is observed, see Fig. 8.

In Fig. 9, an evolution of the dielectric hysteresis loops 
(P–E loops) is shown depending on temperature T ranging 
from 300 to 420 K, at various molar-concentrations x of 
KNbO3. It is revealed that in solid solutions at 0.05 ≤ x ≤ 0.10 
(Figs. 9(a) and 9(b)) and x = 0.20 (Fig. 9(d)), the saturated 
P–E loops are formed at the electric field E = (14–17) kV/
cm in the whole aforementioned temperature range. At x = 
0.15, the nonsaturated P–E loops are observed (Fig. 9(c)) at  

T = (300–340) K and E ≈ 14 kV/cm. A further increase of 
temperature leads to the formation of the saturated P–E 
loops. Inserts in graphs in Figs. 9(b) and 9(d) show current 
density loops at x = 0.10 and 0.20, and T = (300–420) K.

Based on the results of the study on the P–E loops, we 
have built temperature dependences of Ps, Pr, and Ec (Fig. 10) 
which have been approximated by a second-degree polyno-
mial. In solid solutions with 0.05 ≤ x ≤ 0.15 (Figs. 10(a)–10(c)), 
a formation of three regions of the temperature dependences 
of Ps, Pr, and Ec is revealed, and these dependences are char-
acterized by various changes of the slope angle at T = 360 and 
405 K. On heating in the range of T = (290–360) K, there is a 
large decrease of the aforementioned dependences. On heat-
ing over T = 360 K, the Ps(T), Pr(T), and Ec(T) dependences 
undergo minor changes, and a quasi-minimum is formed at  
T = 405 K. In the range of T = (405–430) K, as one approaches 
the Curie temperature (445–460) K, the slope angle of the 
Ps(T), Pr(T), and Ec(T) curves increases significantly. It 
should be added that the aforementioned anomalies have 
a restricted effect on the Ps value and are minor in several 
cases. On heating and cooling within the temperature range 
of T = (300–380) K, in solid solutions with 0.05 ≤ x ≤ 0.10, 
a temperature hysteresis is observed, and this is concerned 
with the temperature behavior of Ps(T), Pr(T), and Ec(T). At 
x = 0.15, the noticeable Ps(T), Pr(T), and Ec(T) dependences 
are registered in a narrower temperature range, namely, at  
T ≈ (340–430) K. In this temperature range, the polarization 
decreases to the Curie point TC = 435 K. The observed anom-
alies of the parameters at T = 360 and 405 K are likely caused 
by either a development of defects or by structural instabili-
ties in the studied ceramic samples, and these features need 
additional X-ray structural studies.

Our research results can be taken into account in the 
development of piezotechnical devices for various fields of 
applications concerned with the longitudinal piezoelectric 
effect, polarization switching, etc.

4.  Conclusions

1. Ferroelectric solid solutions of the ternary (1−x−y)-
NaNbO3−xKNbO3−yCdNb2O6 system have been obtained 
at x = 0.05–0.20 and y = 0.10. Regions of coexisting mor-
photropic phases have been revealed. The correspondence 
between the microstructure and the crystal structure of 
ceramic samples of this system is shown.

2. Optimal volume fractions of the 90° domains q in 
the tetragonal phase have been found in coexis-
tence with this and polydomain monoclinic phases in 
0.75NaNbO3−0.15KNbO3−0.10CdNb2O6. At xR = 0 and yR 
= 0.19 or at xR = 1 and yR = 0.18 (i.e., in the presence of two 
domain types in the monoclinic phase with a large differ-
ence between the volume fractions of these domain types), 
the significant difference between the optimal volume frac-
tions q and 1 − q has been stated. This is the indicator of the 
tendency of the tetragonal phase to monodomainization.

Fig. 10. Ps(T), Pr(T), and Ec(T) dependences of (1−x−y)NaNbO3−
xKNbO3−yCdNb2O6 with x = 0.05–0.20 (a–d) and y = 0.10.
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3. Consistency of the results of the experimental study on 
the domain structure and the results of the analysis of 
coexisting ferroelectric phases split into the non-180° 
domains in 0.75NaNbO3−0.15KNbO3−0.10CdNb2O6 has 
been stated.

4. Rules of the formation of the electromechanical and 
polarization properties have been determined for the stud-
ied solid solutions at various external actions (tempera-
ture, DC and AC electric fields).

5. The electromechanical hysteresis loop of solid solu-
tion with x = 0.15 is characterized by a large slope 
angle, and this effect is manifested even in weak elec-
tric fields. This phenomenon can be explained by tak-
ing into account conditions for complete stress relief 
in the presence of a restricted number of the non-180° 
domain types and by trends of the ferroelectric phases of 
0.75NaNbO3−0.15KNbO3−0.10CdNb2O6 to the mono - 
domainization.

6. At x = 0.15, the d33(E) curve is characterized by the sharp 
increase of d33 at the DC electric field E = (0–17) kV/
cm, the subsequent formation of extremum points and 
decrease at E = (17–30) kV/cm. This is accounted for by 
the feature that at E = (0–17) kV/cm, the domain-orien-
tation processes prevail in the monoclinic phase, and at 
E = 17 kV/cm, the domain-orientation processes become 
active in the tetragonal phase.

7. At x = 0.15, the nonsaturated state of the P–E loops is 
observed at T = (300–340) K and E = 14 kV/cm. In solid 
solutions with 0.05 ≤ x ≤ 0.15, the formation of three 
regions of the Ps(T), Pr(T) и Ec(T) dependences has been 
revealed. These dependences are characterized by differ-
ent changes of their sloop angles near T = 360 K and T 
= 405 K. The observed anomalies are caused by either 
defects of structural instabilities in the studied ceramic 
samples.
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Appendix A. Experimental Data on Ferroelectric Phases 
in Studied Solid Solutions

Table A.1 contains our experimental results on symmetry, 
unit-cell parameters, and related crystallographic parameters 

of the phases in (1−x−y)NaNbO3−xKNbO3−yCdNb2O6 at 
room temperature.
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