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Structure, microstructure, dielectric and piezoelectric properties of solid
solution ceramics of a six-component system
(1-y-a-z)(Na0,5K0,5NbO3)—yLiNbO3—a/20dNb206—sz(Zro,sTio,s)Og,
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For the first time, solid solutions of two sections of a six-component system KNN-LN-PZT-CdNbOg of the
form (1-y-a-z)(Nag sKo sNbO3)—yLiNbO3;—a/2CdNb,O¢—zPb(Zro sTig5s)O3: were prepared by two-stage solid-
phase synthesis followed by sintering using conventional ceramic technology: section I with y = 0.05, a = 0.025,
0.15 <z < 0.50; section II with y =0.10, a =0.050, 0.15 <z < 0.50. X-ray diffraction revealed that all
the studied experimental samples have pseudocubic symmetry. The microstructure of ceramic solid solutions
is characterized by extreme inhomogeneity. An analysis of the dielectric, piezoelectric, and elastic properties
(macroresponses) of the experimental samples allowed for the identification of a group of compositions with high
relative permittivity values, which are promising for low-frequency applications. A conclusion is made about the
feasibility of utilizing the proposed compositions in the design of electronic devices.

Keywords: lead-free, (Na,K)NbO3, CdNb,Og, LiNbOs3, ceramic.

DOI: 10.61011/PSS.2024.05.58502.95

1. Introduction

Transition to complex multicomponent systems (MS) is
the main trend of the modern smart, primarily, electrically-
active piezo materials science [1-5]. This is due to the fact
that simpler compositions have achieved some saturation
area in terms of properties that do not contribute to
their already existing range as well as that the existing
basic chemistry and design methods have been almost
completely exhausted. Moreover, failure to implement a
wide variety of options in mono, binary and ternary systems
forces switching to MS where the benefits of each of the
components are not only (and not so much) combined,
but also a synergistic effect occurs in the atomic-molecular
design process. As the number of components grows,
the ranges of compounds with the best combinations of
properties for various applications are extended, variety of
properties increases suggesting considerable advantages of
MS over their simpler components [6,7].

However, with an apparent huge potential of this research
and development area, its development is restrained by
the fact that the concepts of processes flowing in such
complex systems resulting in formation of a targeted set of
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macro responses are understudied. To a certain extent, this
presentation will try to fill this gap using a six-component
system, including base compounds such as sodium, potas-
sium, lithium, cadmium niobates and plumbum zirconate-
titanate (PZT), in particular, containing non-isostructural
components (NaNbOsz, KNbOj;, PbTiO3—ZrTiO3 — repre-
sentative of the perovskite type family, LINbO3; — pseudo-
ilmenite, CANb,Og — columbite [8—11]) that ensure novelty
of physical properties of solid solutions (SS) in which they
are involved [12,13]. While for binary systems Pb(Ti, Zr)O;
and (Na, K)NbOs, there is much of the literature since their
discovery and till now (see, for example, [1,14-18]), there
are very few published studies describing (Na, K, Li)NbOs3,
(Na, K)NbO3;—Pb(Ti, Zr)O3, (Na,K)NbO3;—CdNb,Og sys-
tems [19-21].

2. Objects of research, preparation
and test methods

The objects of research included KNN-LN-—
PZT—-CdNbOg SS of type (l-y-a-z)(NagsKosNbOs3)—
yLiNbO3;—a/2CdNb,O¢—zPb (ZI'(). 5Tig 5 ) O3: section I with
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LiNbO;

Pb(Zr, Ti)O,

CdNb,Oy

Figure 1. Tetrahedron of system compounds
(1-y-a-z)(Nag 5K sNbO;3 )-yLiNbO;—a/2CdNb, Og-zPb(Zrg 5Tig 5) O3
with highlighted sections (dashed) and plotted experimental points.

y =0.05, a=0.025, 0.15<z <0.50; section II with
y =0.10, a = 0.050, 0.15 < z < 0.50.

Figure 1 shows a tetrahedron of compounds with high-
lighted sections of the six-component system (dashed) and
experimental points. The samples were prepared by two-
stage solid-phase synthesis followed by sintering using a
conventional ceramic technique. The best sampling con-
ditions were defined by varying process variables on a set
of samples: Tgyni1 = 1220K, Tyyni1 = 4h, Teyneo = 1240K,
Toynt2 = 4h, Tsne = 1410—1470 K, 75, =2h, depending on
the compound. Section I samples with z =0.50 and
0.15 were sintered without mechanical activation, samples
with z = 0.45, 0.35, 0.25 underwent double mechanical
activation: for the charge and synthesized products before
sintering. In section II, all samples underwent double
mechanical activation. Mechanical activation (high-energy
milling in AGO-2 drums, speed — 1800rpm) was per-
formed in a ball planetary mill during 15min.  The
samples with z =0.50 and 0.15 were sintered without
mechanical activation, the samples with z = 0.45, 0.35, 0.25
underwent double mechanical activation in the ball planetary
mill during 15min (high-energy milling in AGO-2 drums,
speed — 1800rpm. Sintered ceramic workpieces were
machined (cut in plane, ground and polished on flat surfaces
and ends) to make @10 x 1mm measurement samples.
Each set of such samples included 8—10pieces. Before
metallization, the samples were baked at Tyynea, = 770K
during 0.5h to remove residual organic substances and
degrease the surfaces to improve adhesion between the
metallic coating and ceramic. Electrodes were applied by
baking silver-containing paste into the flat surfaces of the
sample at 1070 K during 0.5 h.

X-ray tests were performed by the powder diffraction
method using DRON-3 diffractometer (CoKa-radiation)
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with mounted IR-2 X-ray ratemeter. = powdered ce-
ramic items were examined to avoid the influence of
surface effects, stresses and textures occurring during
the ceramic preparation process. Structural param-
eters were calculated using standard procedures [22].
Structural parameter measurement errors were as fol-
lows: linearAa = Ab = Ac = +(0.002—0.004) A; angular
AB = 3/; volume AV = +0.05A3 (AV/V - 100% = 0.07%).
Modulation parameters, wave number kK and modu-
lation wavelength A were calculated using equations
K=|1/dm — 1/ds|, A=k~!, where dng and ds are
interplanar spacings of the diffraction peak and satellite,
respectively [22].

Grain structure of the objects were examined using
JSM-6390L (Japan) scanning election microscope with
Oxford Instruments (UK) microanalyzer system. Mi-
croscope resolution — up to 1.2nm at an accelerating
voltage of 30kV (secondary electron image), accelerating
voltage limits — from 0.5 to 30kV, increase from x10 to
x 1000000, beam current up to 200 nA.

Electrophysical properties of SS were measured at
room temperature (T =300K) using Agilent 4980A
LCR-meter by the resonance-antiresonance method [23],
relative permittivities of nonpolarized (&’/gy) and polar-
ized (el;/e9) samples, low-field dielectric loss (dielec-
tric loss angle tangent, tg§), piezoelectric constants (dj:
|d31], d33), piezoelectric coefficient (piezosensitivities) (g;j:
|931], 933), electromechanical coupling coefficients of pla-
nar oscillation mode (K,), mechanical Q factor (Qm),
Young’s modulus (Y[), speed of sound (Vf) were mea-
sured.  Electrophysical measurement errors are as fol-
lows: /&, €13/€0 < £1.5%, Kp < £2.0%, |d3;1| < +£4.0%,
d33 < £10%, Qn =< £12%; Yi; < +0.7%. piezoelectric
constant d33 and, respectively, piezoelectric coefficient g33
were examined at room temperature by the quasistatic
method using Piezo ds3 Test System (YE2730A ds;; ME-
TER).

Dependences of the real (¢'/ey) and imaginary
(e"/ey) parts of the relative complex permittivity
e )eg=¢€'Jeg —ie" /ey (g9 =8.75-10"2F/m — dielec-
tric constant) on the nonpolarized sample temperature at
T = (300 — 900) K within f = (25—-10%)Hz were mea-
sured using a measurement bench on the basis of Agi-
lent 4980A LCR-meter.

3. Experimental findings and discussion

Figure 2 shows X-ray images of section I solid solutions
where it can be seen that all samples were crystallized in the
perovskite type structure without foreign phases, only two
samples with high PZT concentration contain a low amount
of pyrochlore phase and ZrO;.

X-ray images of solid solutions have the following
features: diffraction peak bases are broadened, superstruc-
tural reflections indicating perovskite cell multiplication are
absent, peak splitting in one sample does not correspond to
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Figure 2. X-ray images of SS (1-y-a-z) (NagsKosNbO;3)-
yLiNbO3—a/2CdNbyO¢—zPb(Zr( 5Tip.5)O3 with  y =0.05,

a = 0.025 (black circle shows the pyrochlore lines, triangle shows
ZrO; line, numbers on the right hand show PZT concentration).

any distinct lattice symmetry. At the same time, at all values
of z, there is splitting of diffraction peaks, that is particularly
pronounced on peaks 200 and 211 (see Figure 3), therefore
solid solution symmetry is denoted ans pseudocubic (Psc).
Diffusion scattering transforms into satellite peaks near
some diffraction peaks. Figure 3 illustrates diffraction peaks
200, 220 and 211 of solid solutions with z = 0.15, 0.35,
0.50. Occurrence of satellites indicates that the structure is
in the modulated state. For the diffraction peaks shown in
Figure 3, positions of their satellites were used to calculate
the modulation wavelengths, 1.

In SS with z = 0.15 in (100) dlrectlon calculated using
satellites S| and S, , 41 = 34OA A~ 170A in SS with
z =0.35 in (110) direction A; ~ 644 A, 1, ~ 3224, in SS
with z =0.50 in (211) direction 1; =~ 428 A, 1, = 216A.
In all cases 4, = 1/24,, the presence of even satellites is a

sign of sinusoidal modulation specific to the concentration
wave. This suggests that the samples are chemically
inhomogeneous and contain at least two solid solutions
with close cell parameters.  Alternation frequency of
regions having different chemical compositions results in
modulation of the structure.

For calculation of the perovskite cell parameters, the
diffraction peaks were approximated by the Lorentz func-
tion as single ones. Figure 4 shows the concentration
dependences of the cell volume V, halfwidth B, diffraction
peak 200 and ceramic sample density.

Increase in V may be due to the heterovalent substitution
Pb*t — Al*, where either A!* vacancies are formed or
interstitial anions occur. In both cases, solid solution
lattice swelling takes place. Substitution Pb** < Cd** is
also possible, however, it may be limited due to high
difference in ionic radii (27% with allowable 15% for
SS substitution [24]): R(Pb**) = 1.26, R(Cd**) = 0.99
at coordination number 6 according to Belov—Bokiy [25].
Wide valley on B(z) and high density of ceramics within
0.25 <z <£0.45 are explained by mechanical activation of
these solid solutions that resulted in considerable increase
in their homogeneity and density.

Figure 5 shows X-ray images of SS where none of SS’s
was formed without using impurity phases: ZrO, [26]
and PbsNbsO;3 [27]. Like in section I, all samples are
inhomogeneous in terms of chemical composition, as z
grows, inhomogeneity increases, diffraction peaks are wide,
peak bases are highly distorted by diffusion scattering.

Pyrochlore phase at z =0.25 gas cubic symmetry
with a = 10.58A, at z=0.5 — a=10.537A. JCPDS
database shows cell parameters of (Cd;_xPbx)2Nb,O7 SS
for x =0.25 [28], x =0.5 [29] and x = 0.9 [30]. a(x)
curve plotted using these data with points corresponding
to the pyrochlore cell parameters calculated herein is shown
in Figure 6. It is shown that all points ideally fit the straight
line and this suggests that the pyrochlore phase in the
test samples is (Cd;_xPby)2Nb,O; SS whose compositions
varies as z grows. Chemical formulas of SS with pyrochlore

z=0.15 z=0.35 z=0.50
200 1
St
220 /
S5 Gl _
2 S2
51 52 53 54 55 76 77 78 79 80 81 64 65 66 67 68
26, deg 26, deg 26, deg

Figure 3. Diffraction peaks with satellites of solid solutions with y = 0.05, a = 0.025 at z = 0.15, 0.35, 0.50.
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Figure 4. Dependences of cell volume V, X-ray peak

halfwidth 200, B, experimental (curve /), X-ray (2) and
relative densities of SS ceramics (1-y-a-z)(NagsKosNbO;3)—

yLiNbO3—a/2CdNb206—sz(Zro_sTi0A5)O3 with y = 0.05,
a = 0.025 on the PZT concentration (z).
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Figure 5. X-ray images SS (1-y-a-z)(NagsKosNbOs3)—

yL1NbO3 —a/szszos—ZPb(Zro_sTi0A5)03 with y= 0. 10,
a=0.050 (black circle shows the pyrochlore lines, triangle shows
ZrO; lines, numbers on the right hand show PZT concentration).

structure corresponding to the cell parameters are shown
in the caption to Figure 6. It should be noted that as
Pb concentration z grows in the samples, Pb content in
the pyrochlore phase decreases, while Cd content increases,
which indicates limited solubility of the latter in the
given SS.

For calculation of the perovskite cell parameters, like
in section 1, the diffraction peaks were approximated by
the Lorentz function as single ones. Dependences of
cell volume, X-ray peak halfwidth 200 and densities of
section II SS ceramics on the PZT concentration z are
shown in Figure 7. Due to high amount of pyrochlore in

Physics of the Solid State, 2024, Vol. 66, No. 5

the composition of the samples, real Pb concentration in
perovskite type SS may not correspond to z.

Increase in V within 0.15 <z < 0.35 may be due, like
in section I SS, to the heterovalent substitution Pb?t — Al*,
where either A'* vacancies are formed or interstitial anions
occur. In both cases, SS lattice swelling takes place. The
curve shows that the whole concentration range is divided
into two regions with an interface at z = 0.35. In region
z < 0.35, Pb>* in built in the SS lattice. At z > 0.35, SS
inhomogeneity increases (B grows), Pb** introduction into
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Figure 6. Dependence of cubic cell parameter of

(Cd1—xPbx)2Nb,O7 solid solution according to JCPDS data:
point I, point 2, point 3. Circles show parameters calculated
herein. Chemical formulas corresponding to the calculated cell

parameters: z = 0.25 — (Pbg.75Cdo.25)2Nb,0O7; z =0.35 —
(Pbo.67Cdo33)aNb2O7; 2 =10.45 —  (Pbgs4Cdo.36)2Nb207;
z=0.50 — (Pb0_56Cd0_44)2Nb207.
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Figure 7. Dependences of cell volume V, X-ray peak

halfwidth 200, B, experimental (curve /), X-ray (2) and rel-
ative densities of KNN—LN—PZT—CdNbOs SS ceramics with
y = 0.10, a = 0.050 on PZT concentration (z).
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Figure 8. Fragments of SS ceramics (1-y-a-z)(NagsKosNbO3)—yLiNbO;—a/2CdNb,O—2zPb(ZrosTip5)03 a) y = 0.05, a = 0.05,

z=0.25b)y=0.10,a=0.10, z = 0.15.

the SS lattice decreases and stops at z > 0.45, V = const.
In SS inhomogeneity growing conditions, density, as it may
seem strange,grows. This is due to the fact that, when an
impurity phase is present, it is impossible to estimate the
contribution of each of the phases to the sample density.
Microstructure of the taken (y =0.05, a=0.05,
z=0.25; y=0.10, a=0.10, z=0.15) (Figure 8)
((1—y—a-z) (Na0.5K0,5NbO3 ) —yLiNbO3 —a/2CdNb206 —
ZPb(Zry sTip.5)O3) 6-component system samples, like,
however, of all other examined sections I (y = 0.05,
a=0.05 0.15<z<0.50) and II (y =0.10, a =0.10,
0.15 <z <0.50) features outstanding inhomogeneity.
However, in section I SS where the sample with y = 0.05,
a = 0.05, z =0.25 is localized, this is the inhomogeneity
of grain packaging: there are regions with closely-packed
crystallites (shown dashed in the figure), loose structures
(shown dashed and dotted) and combining both types od
grain contacts. In section II SS with y = 0.10, a = 0.10,
z =0.15, the system has dimensional inhomogeneity —
two types of grains are crystallized: coarse grains in the
form of parallelepipeds and fine grains in a near-cubic form.
Such bimodal structures in some cases occur against the
background of areas with loose grain packaging.

As has been mentioned many times, the described
grain morphology is specific to recrystallization processes
flowing with liquid phases. Non-reacted initial reagents
or low-melting eutectics in charges of alkaline and alkaline
earth metals, PZT, for example, Na,O with Ty = 1405K;
K20 with Tyer. = 1013 K; PbO with Tye, = 1160 K; CdO
with Tper. = 1173 K; NayCO3 with Ty = 1127 K; K, CO
with Tper. = 1164 K; Lip,CO3 with Ty = 1005 K; PbCO;3
with Tper. = 588 K; NaOH with Ty = 596 K; KOH with
Tmeit, = 678 K; LIOH with Tyer. = 735K; NaNbOs with
Tmeir. = 1695K; KNbO; with Tper = 1373K, etc., may
serve as sources.

It has been established that in all studied SS belonging
to section I, in the area of transition to a nonpolar phase,
smeared peaks of relative dielectric permittivity &'/ey are
observed. They are reduced, diffused and shifted into a
higher temperature area as the frequency grows, which is
specific to ferroelectric relaxers (Figure 9). &'/ey shows
similar behavior also in section II SS with z > 0.25. In SS
belonging to section II with z = 0.15, formation of two
peaks was detected on €’/gp at T ~ 300 and 525 K. the first
peak has a form specific to traditional ferroelectric materials,
the second peak is shifted into a lower temperature region

Physics of the Solid State, 2024, Vol. 66, No. 5
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Figure 9. temperature dependences of real and

imaginary parts
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T.K

of the relative permittivities of SS system

(1-y-a-z)(Na sKo sNbO3) —yLiNbO3 —a/2CdNb,0s —zPb(Zro s Tig.5)O5 with y = 0.05, a = 0.025, x = 0.475, 0.15 < z < 0.5 measured

at f = (20—2-10° Hz

as the frequency grows, which is probably due to the
conductance effect. In SS with z = 0.25, there is a TC peak
that is highly smeared in a wide temperature range and is
not shifted in temperature as f varies. Critical dependence
of SS dielectric properties on elemental composition was
also detected. Thus, in SS from section I, TC moves into
a lower temperature region from ~ 470 to 330K as the
content of z increases from 0.15 to 0.35.

After achievement of the specified value, z = 0.35TC
grows by (5—15) K. In section II, similar phenomena take
place at z equal to (0.15—0.35). In the PE region at
T > 600K all given SS show rapid growth of ¢’/gy that may
be due to oxidation-reduction processes, associated with the
mixed valence of Nb <4+ and Ti#+=3+) [31,32], that
facilitate the appearance of oxygen vacancies and generate
anion-deficient nonstoichiometry. Being weakly associated

Physics of the Solid State, 2024, Vol. 66, No. 5

with material structure, these vacancies are the source
of conductance and make additional contribution to the
development of dielectric properties of SS.

Figure 10 shows (illustrated by section I) dielectric,
piezoelectric and elastic properties (macroresponses) of SS
depending on concentration z of (Pb(Zrg sTip.5)O3). It has
been established that the given sections of the system have
TC reduction with increasing concentration up to z = 0.35,
interchanged with a minor rise. Difference in dielectric
parameters (e/€9, €13/€0, tgs) shall be noted for two
given section. Thus, in SS with a =0.05 at z =0.15,
these properties are reduced significantly after formation
of the polar state. Growth of PZT concentration z > 0.15
causes drop of Ae/e to ~ 500—800. For SS with a = 0.10,
decrease of A¢/e, 83T3/ &0, tgd in polar state is also specific,
however, Ae/e varies in smaller ranges. Thus, at z = 0.15
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and elastic properties of SS (1-y-a-z)(Nagy sKo sNbOs)—-

yLiNbO3—a/2CdNb206—sz(Zr0<5Tio,5)O3 (y = 005, a= 0025) (T =300 K)

and 0.25, Ae/¢e is 1000 and 470, respectively. At PZT con-
centration 35mol.%, peak Ae/e ~ 2000 is observed, then
Ae/e decreases to ~ 400 and remains almost unchanged
with growth of z. piezoelectric and elastic properties for
the given SS sections demonstrate non-monotonic behavior
as the peak is formed at z ~ 0.35. However, it should
be noted that this anomaly is less pronounced in SS
with a = 0.10. Formation of peaks on various curves
of SS with z=0.30—0.40 (Figure 10) may be due to
the stabilization of the perovskite structure, growth of the
relative density of the given samples and by possible local
structural instabilities that occur when quite large amounts
of PZT component are introduced and resulting elemental
composition inhomogeneities occur in SS.

Analysis of the measured dependences made it possible
to identify a group of compositions with high relative dielec-
tric permittivities (¢1,/€y ~ 5000—6000) that are promising
for low-frequency applications and for various frequency
filters.

4. Conclusion

For the first time, the two-stage solid-phase syn-
thesis followed by sintering with a traditional ceramic
technique (without externally applied pressure) was
used to prepare ceramic solid solutions of two sec-
tions of six-component system (1-y-a-z)(Nag sKo sNbO3)—
yLiINbO3;—a/2CdNbyOs—2zPb(Zrg 5Tip 5)O3: section I with
y =0.05, a=0.025, 0.15<2z < 0.50; section II with
y =0.10, a=0.050, 0.15<z < 0.50. Structural ex-
amination has shown that all given solid solutions have
pseudocubic crystal system. It has been shown that the
microstructure of ceramic solid solutions had an outstanding
inhomogeneity. In all given SS from section I, behavior
of &’'/&y that is inherent in ferroelectric relaxers has been
detected. ¢’/ey shows similar behavior also in section II
SS with z > 0.25. Analysis of dielectric, piezoelectric
and elastic properties (macroresponses) of the test samples
identified a group of compositions with high relative

Physics of the Solid State, 2024, Vol. 66, No. 5
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dielectric permittivities that are promising for low-frequency
applications.

The obtained results shall be preferably used in the
development of similar materials and electronic devices
based on these materials.
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