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Abstract—A model of conductivity of nanocomposite ceramics consisting of solid-electrolyte and dielectric
phases is proposed based on the assumption that the conductivity of grain boundaries between the solid-elec-
trolyte and dielectric phases is higher than the conductivity of the volume of particles in the solid-electrolyte
phase and its grain boundaries. Taking into account the size of particles, the thickness of grain boundaries,
and the bulk and grain-boundary conductivities, the grain size of composite ceramics for which the conduc-
tivity may exceed the conductivity of single-phase solid-electrolyte ceramics is assessed. For testing this
model, the composite samples are synthesized based on dielectric magnesium oxide and solid-electrolyte
cerium oxide doped with samarium oxide. It is shown that introduction of 50 mol % magnesium oxide into
composite ceramics has virtually no effect on its conductivity as compared with single-phase solid-electrolyte
ceramics. This result can be explained by assuming the appearance of accelerated transport routes for oxygen
ions in grain boundaries between dielectric and solid-electrolyte phases. Further dispersion, optimization of
the ratio, and increase in distribution homogeneity of components can confirm the validity of the proposed
conductivity model and open up the possibility of preparation of oxide solid-electrolyte materials with higher
conductivity.

Keywords: oxide solid electrolyte materials, nanocomposite ceramics, magnesium oxide, cerium oxide,
microstructure, thermal expansion, electrical conductivity
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INTRODUCTION

The development of composite solid electrolytes is
one of the directions for the development of new
highly conductive solid-electrolyte materials [1—4].
The phenomenon of the increase in ionic conductivity
of a ionic compound upon the addition of an inert
oxide was first observed in [5] after mixing lithium
iodide with aluminum oxide. Since this discovery, quite
a number of composite materials with higher ionic con-
ductivity as compared with single-phase materials were
developed. The widest quest for composite solid-elec-
trolyte materials was carried out among the cation-con-
ducting ionic salts of lithium [5—8], silver [9], and cop-
per [10], as well as for anion-conducting salts with the
fluorite structure such as CaF, [11—13]. The higher
conductivity of composite materials as compared with
single-phase solid electrolytes was also observed in
certain other systems: Na,CO;/Na,SO, [14—16],
Ba(NO;),—Al,O; [17]. Only a small number of studies

were devoted to composite materials with oxygen-ion
conduction Ce, _ ,Sm,0, _ ,»/Na,CO; [18].

To obtain composite solid electrolytes, the oxides
of aluminum, silicon, cerium, iron, molybdenum, tung-
sten, tin, samarium, calcium, etc. were taken as the inert
additives. It was experimentally found that the size of
added particles should not exceed 1—10 um [4].

The main parameters determining the ionic con-
ductivity of composite electrolytes are the conductiv-
ity and the relative content of each individual phase
(component), the morphology of individual phases,
and characteristics of all possible grain boundaries in
the composite. According to authors of [2], depending
on the spatial arrangement and concentration of one
of components, the composite electrolytes can be
divided into the following four groups: structures with
closed inclusions, structures with interpenetrating
components, structures combining the former two
types, and statistical mixtures.
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Fig. 1. (a) Illustration of the microstructure of idealized single-phase ceramic materials and (b) resistance, and (c) resistivity of

individual cubic grain: (1) py/pgp = 0.001; (2) pp/pgp, = 0.0001.

The conductivity of components may change by
orders of magnitude depending on many factors. To
interpret the ionic conductivity of components, sev-
eral models were proposed such as the model of elec-
tric double layer, the efficient environment models,
the percolation theory models, which are described in
detail in monograph [2]. According to the author of
monograph [4], no reliable methods for calculating
conductivity of composite solid electrolytes were
developed to the time of its publication. All existing
theoretical equations are either limited to the region of
low concentrations or too complicated to be analyzed
and used in practice.

The grain boundaries of single-phase ceramics con-
ducting due to oxygen ions usually have the higher resis-
tivity as compared with grain’s volume [1, 19, 20]. How-
ever, quite different situation may arise in composite
materials consisting of solid-electrolyte and dielectric
phases. Thus, it was found that epitaxial films of
yttrium-stabilized zirconia (YSZ) formed on MgO
single crystals at temperatures of 600—800°C demon-
strate the 3—4 orders of magnitude higher conductivity
as compared with YSZ [21]. Moreover, an interphase
layer with the thickness of 1.6 nm was observed to form
between YSZ and MgO phases.

The higher oxygen-ion conductivity of such com-
ponents as compared with single-phase solid electro-
Iytes can be realized in certain ceramic structures for
certain parameters of conductivity of individual com-
ponents.

If we assume that the single-phase solid-electrolyte
material SE consists of cubic grains with the edge a,
the grain boundary thickness d (Fig. 1a), and the resis-
tivity of grain boundaries (p,,) higher than resistivity
of grain’s bulk (p), the resistance (R,.) of individual
cubes and the resistivity of this ceramic material (pg,)
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can be calculated with the use of the following equa-
tions:

RR
= 2R + 2 1
R, R PR (1
psm:Rsca7 (2)

where R, is the resistance of grain boundaries oriented
normally to the current direction, R, is the bulk resis-
tance of solid-electrolyte grains, R; is the resistance of
grain boundaries oriented in parallel to the current
direction. Figures 1b and 1c illustrate the resistance of
individual cubic grains and the resistivity of material
built of such grains as a function of the particle size
and under assumption that d = 1.5 nm, p, = 1 kQ cm,
and py, = 1 or 10 MQ cm. As the grain size decreases,
their resistance increases along with the resistivity of
material. The stronger increase is observed with the
increase in the ratio pg,/py,.

Quite different situation arises in a two-phase com-
posite material which consists of solid-electrolyte and
dielectric phases. If the grains of both components in
the composite are cubes, have equal size, and are ide-
ally mixed and adjusted to one another (Fig. 2a), then
the resistance of two cubes connected in parallel (R.)
and the resistivity of the composite material (p.,)
based on such cubic grains can be expressed as follows:

RRR,
=R+ 223 , 3
R = Rt R R+ AR, + RO, ©)
Pem = Rec24, (4)

where R, is the resistance of the dielectric phase; the
other designations are the same.

Figure 2b illustrates the changes in the resistance
(R..) of two cubic grains connected in parallel as a
function of cube’s edge. Figure 2c shows the change in
the resistivity (p.,) of composite material based on
these components under the condition that the resis-
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Fig. 2. (a) Illustration of the microstructure of idealized two-phase ceramic material and (b) resistance and (c) resistivity of two

adjacent cubic grains: (/) pb/pgb =0.001; (2) Pb/pgb =0.0001.

tivity of grain boundaries (pg,) is lower than the resis-
tivity of electrolyte (py.). For instance, this situation is
observed in the MgO—YSZ system [21]. It is assumed
that the thickness of grain boundaries is 1.5 nm, the bulk
resistivity of solid-electrolyte grains p,, = 1 k€2 cm, the
bulk resistivity of the insulator grains p;,s = 1 MQ cm,
and the resistivity of grain boundaries py, = 0.1 and
1 Q cm. The decrease in the particle size of composite
material from 10 um to 10 nm at the fixed resistivities
of components and the constant thickness of grain
boundaries is accompanied by the decrease in resistiv-
ity of composite material by 2.5 orders of magnitude.
The increase in the p,/py, ratio and the grain-bound-
ary thickness leads to the stronger relative decrease in
composite resistivity. Modeling clearly shows that for
the fixed resistivity and size of particles, the resistivity
of the nanocomposite material may be considerably
higher as compared with single-phase solid-electro-
lyte material.

In this study, to confirm the mentioned conductivity
model of composite ceramics, we used the methods of
joint grinding and supersonication in various liquid
media to obtain nanocomposite powders (SDC + MgO)
based on MgO nanopowder as the insulator phase and
CeysSm;,0,9_5 (SDC) nanopowder as the solid-
electrolyte phase. Analogous nanocomposite powders
were also obtained by the method of self-propagating
high-temperature synthesis (SHS) [22] from gly-
cine-citrate-nitrate mixtures. Based on these powders,
we obtained nanocomposite ceramics and studied
their microstructure, thermal expansion, and electri-
cal conductivity as a function of homogeneity and par-
ticle size of nanopowders.

EXPERIMENTAL

SDC nanopowder was synthesized by SHS method
from glycine-citrate-nitrate mixtures as described in
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[23—26]. As the starting materials, we used ammo-
nium—cerium nitrate (NH,),Ce(NO;)s (>99.5%, Alfa
Aesar), samarium nitrate Sm(NQO5); - 6H,0 (99.9%,
Alfa Aesar), citric acid monohydrate C4H;O, - H,O
(99%, Alfa Aesar), and glycine NH,CH,COOH
(100%, Riedel de Haen). The required amounts of
aqueous solutions of metal nitrates were mixed with
necessary amounts of glycine and citric acid in the
molar ratio of carbon to nitrogen equal to 0.3, to
ensure controlled combustion [27]. The resulting solu-
tion was evaporated on a hot plate at 300°C on con-
stant stirring. In the course of evaporation, the solu-
tion thickened and transformed into gel. The gel trans-
formed into caramel, then foamed, and, finely,
inflamed in a single point. The burning front propa-
gated in several seconds over the whole mass of the
foamed semiproduct. As a result of burning, light-
brown powder was formed which after 1 h thermal treat-
ment in air at 300°C transformed into white powder.

To obtain nanocomposite powders, the synthe-
sized SDC nanopowder was mixed in the planetary
mill Pulverisette 7 (Fritsch, Germany) or in the super-
sonic mixer UIS250 (Hielscher, Germany) with MgO
nanopowder (Chempur, pureness >99.5%, particle
size 36 nm, specific surface 46 m?/g) in the molar ratio
1 : 1 in water or ethanol. Nanocomposite powders
were also synthesized by the glycine—citrate—nitrate
method by introducing magnesium-containing com-
pounds such as as MgO or Mg(NO;), into reaction
mixture [23].

The resulting (SDC + MgO) powders were pressed
into cuboids with the size (10 X 3 x 1.5 mm?) under
pressure of about 5000 N/cm? and sintered in air at
1500—1600°C for 5 h.

The precision X-ray diffraction analysis of nano-
composite powders was carried out at room tempera-
ture by means of Huber Image Plate Guinier diffrac-
tometer G670 (Huber, Germany), and also diffrac-
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Fig. 3. TEM image of SDC particles synthesized by high-
temperature self-propagating combustion and treated in
air at 300°C for 30 min.

tometer Bruker D8 Discover (Bruker, Germany)
equipped with high-temperature chamber. The spe-
cific surface was determined by the BET method on
setup Beckman Coulter 3100 (Beckman, Germany).
Powders were placed into a standard measuring vessel
and preheated for 1 h at 250°C in vacuum. Nitrogen
was used as the gas-adsorbent.

Visualization of micro and nanostructures of the
surfaces of powder particles and ceramics was carried
out on scanning electron microscope (SEM) Zeiss
Neon 40 EsB (Carl Zeiss, Germany). Insofar as the
samples studied were dielectrics at room temperature,
we covered them with a thin layer of platinum to pre-
vent surface charging. The platinum layers 3 nm thick
were deposited by means of spraying setup Leica EM
SCD 500 (Leica Microsystems, Germany). Images
were obtained at the accelerating voltage of 3 kV with
detectors Inlens and SE2 (detection of secondary elec-
trons) for the better topographical contrast. For better
identification of materials, we used also ESB detector
(detection of backscattered electrons).

Individual particles of nanopowders were studied
by means of transmission electron microscope (TEM)
LIBRA 200 (Carl Zeiss, Germany). For preparation of
a sample, we placed a drop of aqueous suspension
onto a Cu—C grid and dried in air.

Lamels of composite ceramics SDC + MgO were
prepared and studied by means of electron microscope
Crossbeam 540 SEM-FIB (Carl Zeiss, Germany).

The thermal expansion of ceramic samples was
determined in the temperature interval of 23—868°C
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Fig. 4. Temperature dependence of the average grain size
of Ce( gSm ,0O g _ § powder, found by the method of Wil-

liamson—Hall [28].

in air and in the nitrogen flow (50 mL/min) with the
oxygen partial pressure of 1 Pa by means of a X-ray dif-
fractometer NETZSCH DIL 402 C (Netzsch, Ger-
many) and also based on X-ray diffraction by the shift
of main peaks in X-ray patterns of the sample with the
increase in the temperature in air.

Impedance of ceramic cuboids covered with plati-
num or silver on their opposite sides in the direction of
current was measured on alternating current by means
of measuring system IM6e (Impedance Measurement
Unit) (Zahner-elektrik, GmbH and Co. KG, Ger-
many) in the frequency range from 10 mHz to 1 MHz
at the ac voltage of 15 mV. The measurements were
carried out in the temperature interval of 20—850°C in
air and in the flow of gas mixture Ar/H,/H,0/0, with
pH,/pH,0 = 11.

RESULTS AND DISCUSSION

Characterization of SDC Powder
and Single- Phase Ceramics

The particle size of synthesized SDC nanopowders
determined directly by means of transmission electron
microscopy and indirectly by means of X-ray diffrac-
tometry by the method of Williamson—Hall [28] were
estimated to be 10—30 nm. The specific surface of this
powder measured by the BET method was 50 m?/g.
Nanoparticles in as prepared powders formed aggre-
gates with the size of 100—250 nm (Fig. 3). Figure 4
shows that as the heat-treatment temperature
increased above 1000 K, the size of particles consider-
ably increased due to sintering.

X-ray diffraction patterns of nanopowders pre-
pared in such a way suggest that the samples were sin-
gle-phase and contained no visible inclusions of other
compounds. As the temperature increased, the dif-
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Fig. 5. X-ray diffraction patterns of Ce( gSmy ,0O, g _ § nanoparticles recorded in 1 X 1077 bar vacuum at different temperatures:
(1) 25, (2) 100, (3) 200, (4) 300, (5) 400, (6) 500, (7) 600, (8) 700, (9) 800, (10) 900, (11) 1000°C; (a) and (b) are the angles per-

taining to platinum at room temperature.

fraction peaks were observed to shift to smaller angles,

a, nm
0.549 L which pointed to the increase in the unit cell parame-
ters of Ce sSm,,0, 4_5 (Fig. 5). It is probable that the
0.548 | increase in the lattice parameter of this compound at
the high temperature in vacuum of about 1 X 10~7 bar
0.547 was associated not only with the thermal expansion
but also with the change in the oxygen content in the
0.546 |- 2 material studied. This is confirmed by the data in
0.545 |- Fig. 6, which shows the temperature dependences of
’ 1 a (nm) of the Ce, 3Sm,,0, ¢_5 unit cell, determined by
0.544 L the position of peaks in diffraction patterns obtained
in air and in vacuum of 1 x 10~7 bar. At temperatures
0.543 above 1000 K, the lattice parameters determined in air
! ! ! ; ; g are lower than those determined in vacuum, whereas

200 400 600 800 1000 1200 1400

Temperature, K

Fig. 6. Temperature dependence of lattice parameters of
Ce( gSm( ,O, g _ g determined in (/) air and (2) in vacuum

with the pressure of 1 X 107 bar.
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above 1000 K the trend is the opposite. Such situation
at temperatures above 1000 K could arise because the
sample loses more oxygen in vacuum than in air. At
the lower temperatures, the effect of pressure on the
oxygen content in the material may be less pro-
nounced.
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Fig. 7. Ceramics Ce( gSm,, ,0, ¢ synthesized by 5 h sinter-
ing in air at temperature 1500°C.

Figure 7 shows the microstructure of single-phase
ceramics prepared by pressing Ce, sSm,,0, ¢ powder,
followed by its 5 h sintering in air at 1500°C. It is evi-
dent that the size of the majority of particles of such
ceramics varies from 500 to 5000 nm. On the surface of
relatively coarse particles, surface relief is observed in
the form of irregular circles. The elucidation of their
origin was beyond the scopes of this study. The
ceramic structure remained gas-tight both on the sur-
face and in the bulk of samples.

Characterization of the Structure
of Composite Ceramics SDC + MgO

For finer and more uniform distribution of parti-
cles of nanopowders of solid-electrolyte (SDC) and
dielectric phases (MgO) throughout the composite
ceramics, attempts were undertaken to use joint grind-
ing of powders in planetary mill Pulverisette 7 in aque-
ous medium and ethanol and also the supersonic
treatment of aqueous suspensions of these powder
mixtures in supersonic mixer UIS250. Unfortunately,
both methods failed to disintegrate the aggregated
powder particles and after 5 h sintering at 1500°C the
size of magnesium oxide inclusions in the composite
ceramics remained within 500—5000 nm.

Considerable reduction in the particle size was
achieved when preparing the (SDC + MgO) compos-
ite ceramics by the SHS method where the magne-
sium-containing compounds MgO or Mg(INO;), were
introduced immediately into the initial gly-
cine-citrate-nitrate mixture. The introduction of mag-
nesium nitrate led to the most pronounced decrease in
the size of component’s particles. The size of magne-
sium oxide inclusions was of the order of magnitude of
100—1000 nm (Fig. 8). We observed the analogous sit-
uation earlier when synthesizing nanocomposite pow-
ders involving Ce,,Gd,,0,¢s as the solid-electrolyte

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 54
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Fig. 8. SEM image of the surface of composite ceramics
SDC + MgO prepared by sintering at 1500°C for 5 h:
(a) InLens detector, (b) ESB detector.

phase and MgO as the dielectric phase: however, the
size of magnesium oxide inclusions in this system [23]
was approximately half their size in the system SDC +
MgO.

To our regret we failed to obtain composite ceram-
ics with a continuous network of grain boundaries
Ce,sSm,,0,4/MgO (SE/Ins). In terms of percolation
theory [2], the so-called percolation threshold was not
reached. Individual small clusters consisting of highly
conductive grain boundaries SE/Ins failed to com-
prise the whole volume of the composite (Fig. 8).
Apparently, to reach the percolation threshold it is
necessary to optimize the component ratio, decrease
the particle size, and increase the uniformity of their
distribution throughout the ceramic material. Only
then will small clusters coarsen, associate, absorb
smaller clusters, and form the “infinite cluster” corre-
sponding to the percolation threshold.

Figure 9 shows a structural fragment of the SDC +
MgO composite ceramics from which is follows that at
the interface between SDC and MgO, a certain film
structure forms with the thickness of about 7.4 nm.
This film has clear boundaries and the structure dif-
fering from both phases (SDC and MgO), which
points to the limited mutual penetration of contacting
components. The similar behavior of interfaces of
adjacent phases was observed in [21] between YSZ
film and MgO single crystal. The smaller thickness of
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Fig. 9. SEM image of lamel of composite ceramics SDC + MgO sintered at 1600°C for 5 h. Insert in Fig. 9a shows the thickness

of grain interface determined by changes in radiation intensity.

the boundary zone (1.6 nm) observed in [21] can be
explained by the nature of solid electrolyte and differ-
ent temperature of thermal treatment of contacting
materials.

Thermal Expansion

On thermal cycling of the ceramic sample
Ce,sSm,,0, 4 in air, the strictly reproducible relative
thermal expansion was observed in the temperature
interval of 23—850°C (Fig. 10, curves 7 and 2). As we
passed from air to the nitrogen flow, we observed the
smaller expansion of samples as compared with air

AL/L,
0.012

0.008

0.004

6

600 800
Temperature, °C

0 200 400

Fig. 10. Relative thermal expansion of ceramic sample
Ce( ¢Smg ,0, g _ § during its heating-cooling in (7, 2) air,
(3) during its first subsequent heating in nitrogen flow,
(4) during its first subsequent cooling in nitrogen flow, and
(5, 6) and during subsequent repetition of thermal cycles
(3, 4) in nitrogen flow.
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(curve 3); subsequent cooling in the nitrogen flow was
accompanied by considerable contraction of the sam-
ple as compared with air (curve 4). Repeated thermal
cycling in nitrogen flow led to still greater contraction
of the sample (curves 5, 6), after which the form of
curves was repeated on further cycling. The decrease
in the sample size in the nitrogen flow with the lower
oxygen content as compared with air is probably
accompanied by the loss of a certain amount of oxygen
within the homogeneity region of cerium-samarium
oxide. This trend seems to be interesting, because for
materials with perovskite and fluorite structure, the
opposite trend was observed in studies of thermal
expansion in air and gas media with the much lower
oxygen concentration as compared with our experi-
ments (10~1'—=10-'° Pa), i.e., the decrease in the oxy-
gen content within composition of perovskite-like
compounds was accompanied by the increase in their
unit cell [29—32]. Probably, the different character of
lattice parameter variations is associated with the
extent of oxygen nonstoichiometry. To obtain more
detailed information on the effect of oxygen nonstoi-
chiometry on the lattice parameter of Ce, ¢Sm,,,0,4 _s,
additional studies should be carried out.

Conductivity

The simplest model describing the ionic transport
through ceramic material assumes that the transport of
electrically charged particles proceeds throughout
bulk, boundaries, and free surface of grains. Solid
ceramic electrolytes may be schematically represented
as an ohmic resistance connected in series with one or
two circuits involving an ohmic resistance and a
capacitor connected in parallel [33—36].

Figures 11a and 11b illustrate a certain theoretical
impedance spectrum and the possible equivalent cir-
cuit explaining the origin of this spectrum [37, 38].
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Fig. 11. Model explaining the origin of impedance spectra
of single-phase solid-electrolyte ceramics: (a) impedance
spectrum and (b) equivalent circuit for its theoretical sim-
ulation according to [37, 38].

According to [39], the resistances R; and R, in Fig. 11a
correspond to bulk and grain-boundary resistances of
solid-electrolyte materials and Rj is the resistance of
the electrode reaction.

Figure 12 shows typical impedance spectra of sin-
gle-phase Ce,3Sm,,0,, measured at different tem-
peratures. It is seen that as the temperature increases,
both bulk and grain-boundary conductivities of
ceramics regularly increase. Figure 13 shows the total
conductivity of single-phase (SDC) and nanocom-
posite (SDC + MgO) ceramics. The conductivity val-
ues found for single-phase (SDC) ceramics adequately
agree with the data of [40]. The fact that the conduc-
tivity of single-phase SDC samples is a little lower as
compared with [40] can be associated with the poros-
ity of ceramics which was ignored in our study. As fol-
lows from Fig. 13, the introduction of 50 mol % of
dielectric magnesium oxide into the composition of
SDC ceramics had virtually no effect on the conduc-
tivity of composite ceramics SDC + MgO as com-
pared with SDC ceramics. This result may be associ-
ated with the fact that in the composite ceramics con-
taining a dielectric component in the form of
magnesium oxide, regions appear with the conductiv-
ity higher as compared with the single-phase SDC
ceramics. Taking into account the higher resistance of
grain boundaries SDC/SDC as compared with the
SDC volume [19, 20] and also the dielectric properties
of MgO, the most probable factor for the retention of
conductivity of composite ceramics after the addition
of magnesium oxide should be the higher conductivity
of SDC/MgO grain boundaries that appear in the
structure of composite ceramics. To give the ultimate
answer on the reasons for retention of conductivity of
composite ceramics SDC + MgO as compared with
single-phase SDC ceramics, the aforementioned
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Fig. 12. Characteristic impedance spectra of the

Ce( gSm( ,O, g _ 5 sample at different temperatures in air:
(1) 600, (2) 700, (3) 800, and (4) 900°C.

additional investigations will be carried out soon
aimed at development of a continuous network of
SE/Ins grain boundaries in the ceramics structure. If
the higher conductivity of SDC/MgO grain boundar-
ies as compared with the volume of SDC grains is con-
firmed, then new prospects will appear for the devel-
opment of composite ceramics in this system with the
high fraction of grain boundaries within the composite
material and, as a consequence, for the development
of the oxide solid-electrolyte material with the higher
conductivity.

log(o) [S cm™']
1050 900 750 600 450 300 °C

—6 1 1 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0

1000/7, K!

Fig. 13. Temperature dependence of conductivity of
(1) SDC and (2) SDC : MgO = 1 : 1 samples measured in
air as compared with (3) data of [40].
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CONCLUSIONS

The studies of the phase composition, microstruc-
ture, thermal expansion, and conductivity of nano-
composite ceramics SDC + MgO provided grounds
for the assumption that the latter contains additional
routes for accelerated transport of oxygen ions as com-
pared with single-phase ceramics SDC. These routes
are localized along the boundaries between adjacent
dielectric and solid-electrolyte phases. A model is pro-
posed for calculating the conductivity of composite
ceramics, which is based on the conductivity value and
the grain size of components under the assumption
that the grain boundary between components in the
composite material has a certain thickness.
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