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Nanostructured samaria-doped ceria with improved gain-
boundary conductivity via SPS and post-SPS annealin
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The 90 nm grained GgSmy;0:9 (SDC) ceramic with relative density of 97% was
consolidated via SPS at 1050—1150 °C. The totabectivity values of 0,0079—
0,0115 S/cm at 600 °C were obtained. A new approadimprove the grain-boundary
conductivity of SDC nano-ceramic has been sugge3ieel applying of post-SPS low-
temperature annealing enabled to decrease the graimdary resistance for 1/3, just
slight increase in average grain size which aveidréasing of bulk resistance and as a
result increase the total conductivity for almo8f& In addition the SPS followed with
post-SPS annealing was shown to be very usefuleicige manipulation by the grain
size/grain boundary quality/ceramic density, whinhturn allow significant property
enhancement of nanostructured SDC solid electrelyte

Keywords: solid electrolyte, ionic (electric) conductivingPS, post-SPS annealing,
grain boundary.

Introduction

Solid oxide fuel cells (SOFC) have attracted vigraattention due to
several important advantages such as the use afle wariety of acceptable
fuels, appropriate durability and potential effivdg, and development of green
technologies [1—5]. The cubic fluorite structuremntia doped with trivalent rare
earth elements are considered as advanced oxygaomaluctors. Upon doping
with trivalent elements in CeQattice, the oxygen vacancies are created in
order to maintain the charge neutrality of the malte

Recently, cerium oxide based doped with differegashts [6] have attracted
a great interest as a promising solid electrolyggsSOFCs. There are many
studies dedicated to identifying the optimal conijms of the ceria based
electrolytes [7—9]. CgSmy 0 ¢ is the optimal composition for samarium-doped
ceria (SDC) solid electrolyte, which gives the euntly highest ionic
conductivity. However, till now the influence of grain sizeda microstructure
on the ionic transport properties of these nandaltiee doped ceria electrolytes
in the fairly intermediate temperature range is detr.Currently, enormous
efforts are being made to understand the eledqgtybperties of nanoscale ceria
based materials for application purpose [8, 10—13].

SDC powder have been successfully prepared by thehmal
method, providing low-temperature preparation anarphological
control in nanosize particles of uniform crystalldimension [8, 9, 12, 14—186].

It is well known that in the polycrystalline certzased electrolytes, the
impurities such as Si segregate at grainnBares and form thin blocking
layers within the grain boundary network [1X9}; which affect the grain
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boundary conductivity. One way of reducing the dargcontribution of
segregated impurities is to reduce the grain zaeanoscale region. In such
case the total volume of grain boundaries per uwoitime increase and the
impurities more or less uniformly spread over gdainterfacial area [20].

Furthermore, in order to significantly enhance itr@c conductivity, it is
necessary to accentuate rapid transport mecharj&bhsThis appears to be
possible when the material microstructure is innhaometer range due to the
dominant role of the grain boundary and surfaceot$f which can exhibit
orders of magnitude greater diffusivity than thi¢ida [21].

It is known that spark plasma sintering (SPS) ghlyi efficient method for
obtaining nano-grain ceramic of different compasiti [11, 18—28]In recent
decade the SPS method has received huge attentientad its ability to
consolidate a wide variety of difficult-to-sinteraterials at low temperatures
within a short processing time [12, 13, 22—31].

Up to now, many authors have reported lamkiantages and disadvantages of
SPS method for consolidation the solid electroly@se of advantage of SPS is
ability to alleviate the harmful effect of contamiris on the overall conductivity,
especially on grain boundary conductivity [32]. Aadling to Khor et al. [32] it is
possible due to the unique sintering features & @ith the rapid densification
rates. In addition, in comparison with conventiaiatering, spark plasma sintering
is not only minimizing the processing time fromeeV hours to several minutes. It
is also significantly reduce the grain boundarystaace of different electrolytes.
For example this is true for silica-containing Y&l&ctrolyte [33]. Moreover, SPS
treatment significantly affects the properties lné sintered material due to the
number of features well addressed in ref. [22].

According to the number of reports [10, 12, 23, 28], the significant
disadvantage of the rapid SPS treatment of naraigted ceramics and
composites, is underdeveloping of grain-boundagméwork. It can be
explained by very fast heating and short dwell t[i® 12, 28]. This drawback
becomes even more important in case of such misteai the SDC solid
electrolyte. For exampleGuo et al. [35] showed that the grain boundary
resistivity in high purity yttria-doped ceria isils2—7 order of magnitude
higher than the bulk resistivity. The contributiohgrain-boundary resistance is
significant for this and similar solid electrolyteend therebyhe improvement
of grain-boundary conductivity becomes extremelgairtant. This improve-
ment becomes crucial if ceramic is nanostructured.

The comprehensive meticulous analysis of numbestadies allowed to
conclude that applying of rapid SPS consolidatiesults in producing the
ceramic with homogeneous grain size distributiort Snultaneously with
under-developed grain-boundary framework. This mdrawback of rapid
densification processes leads to inaccessibility tbé potentially high
performance in a great number of fine-grained cersuisnd composites.

Here in this study we will show the results of oefforts in
stabilization/lhomogenization of grain-boundary feamork in SPS-derived
SDC nanoceramic by applying of post-SPS annealihgrefore the first aim of
present work was an optimization of spark plasmaseldation technique to
obtain dense nanostructured SDC ceramic with higtal t conductivity.
Surprisingly that up to now, there is no reporS®S consolidation of SDC ceramic.
Stabilization/nomogenization of grain boundaried #mereby improvement of
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the total conductivity of SDC ceramic is the secamdin aim of this work. For
this reason, the variation of grain-boundary resis¢ as a function of post-SPS
annealing was analyzed and addressed.

Experimental

The solid solution GgSmO,.,» (X = 0,20) was synthesized and crystallized
under hydrothermal conditions as reported previo(isl]. This preparation
method provided a powder with the primary crystalize in the range of 7—
11 nm and aggregates with size distribution of 38-af which was calculated
from TEM images [12] After hydrothermal synthesis:ida subsequent
calcination, the powder had the cubic fluorite cfiwe of cerium oxide which
agrees with the standard JCPDS (89-8436). No secpmhase was identified
from the XRD pattern for the as-prepared and amcesdmples.

The spark plasma sintering system Dr. Sinter M&R$-1050, SPS-Syntex,
Japan was used for consolidation of SDC powder. TagSm, ;0; ¢ powder
samples with constant weigh of 0,8 g were loaded the graphite die and
plunger unit (10 mm in diameter), which then waacpld inside the SPS
apparatus. Graphite foils (Grafoil) were used taie the specimen from the
die and the plunger surfaces. The temperature wagotled by an optical
pyrometer focused on the non-through hole locatedeasurface of the graphite
die. The sintering experiments were conducted irfléwing atmosphere. The
sintering temperature was in the range of 1000—XT50or hold time of 6—
15 min at the maximum pressure of 150 MPa. The hgattes were 400 and
500 °C/min. In order to decrease the radial tentperayradient during sintering
an insulating felt were mounted on the die. In toldj twelve SPSed samples of
three series S1, S2 and S3 were annealed at 10@0aiCfor 4, 10, 20 and 30 h.
The samples ID were chosen as follows: S1-4, S5284, and so on.

The crystal characteristics of the samarium dopedum oxide were
investigated by using powder X-ray diffraction irredlection mode on a Bruker
AXS diffractometer (D8 Advance, Germany) fitted witu-tube (CK,-radiation).
The crystal structure of the materials was refibgdRietveld analysis with a
fundamental parameter approach in the program TORAS37]. The starting
model for refinement was based on the crystallducagata published for cerium
oxide [38]. Microstructure observations and locabmpositional analysis
measurements were taken with JEOL JEM-2100F and. JB™ 7001F (Japan)
electronic microscopes equipped with energy disgersystems. Particle size
distribution was determined by randomly selectif@ particles in SEM pictures
using software “SIAMS”. Densities of all sinterehaples were measured by using
the Archimedes method with distilled water as th@mersion medium. The
theoretical density calculated from the X-ray diffion patterns was 7,15 gftm
For conductivity characterization by complex impema spectroscopy, Pt-paste
electrodes were applied and dried in the air at’@ifor 0,5 h. Measurements were
done in the air at various temperatures. An impeglamalyzer (Hewlett Packard
HP 4194A) working in the range of 100 Hz—15 MHz wasd.

Result and discussion
Characteristics and electrical properties of SDC aamic after SPS
The CggSmy 0,9 ceramic with0,07—0,12um grain size and relative
density of more than 97% has been successfullyredatdby using SPS method.
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Table 1. Characteristics of SDC bulk ceramicansolidated by SPS and
improved by post-SPS annealing

Relative densoty, % Grain size diatribution, pm
Sample | Tempe- Hold Post-SPS annealing After post-SPS annealing
ratyre, |time, 3 3
ID b4 o | SPS at 1000°C SPS at 1000 °C
only only

4h |10h | 20h| 30h 4h | 10h| 20h| 30h
,07—{0,08— 0,15—{0,24— 0,35—

S1 1050 01| 9721 97,3 97.f 983 963,4?()’11 014 023 031 0.66
,07—|0,08—0,16—{0,23— 0,39—

S2 1050 0,25| 97,8 97,9 98,1 98)9 99,(90 12 015! 023 034 071

As expected, the average grain sizes of 90 and®amd relative densities of
97,2 and 97,8% gradually increase with increasimgholding time from 6 to
15 min at 1050 °C, respectively (table 1). Tiedlet sintered at 1150 °C with no
soaking has the relative density of 97,6% with aerage grain size of 95 nm.
However, it can be seen that all of these sampes hlmost the similar density
and grain size distribution. Thus, SDC ceramic damwhich differ only in the
sintering temperature and holding time were prepamgh the purpose for
better understanding the nature of the grain baieslafter SPS sintering.

In fig. 1 are presented XRD patterns of the ast®gis powder (P) and
sample (S1) SPSed at 1050 °C with 6 min holding.cw@se the S1 sample due
to its best total conductivity (table 2). Besides two other SPSed samples (S2
and S3) have almost identical XRD patterns. Thesellts indicate that the
doped ceria samples have formed ceria-based swlitians with fluorite-type
structure, which was obtained during the calcimajiwocess and subsequent
proper crystallization after sintering and annealifiherefore, the results are in
good agreement with the standard JCPDS (89-8436)sddondary phase was
identified from the XRD pattern for the as-prepapsivder and bulk samples
consolidated by SPS. Moreover, the peak broadgffijgl (P)) indicated that
the powder consisted of superfine primary crydesli The typical effect of
grains growth during SPS on the crystal systemh@ws in fig. 1 (S1). The
width of the XRD peaks decreased after sinteringweler the width of the
peaks after SPS still significant, and suggest$ 8RSed ceramic remained
nanograined.
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Fig. 1. X-ray diffraction patterns of samaria-dopestia ceramics (P)
as synthesis powder, (S1) sintered by SPS at 1356 fin holding
and (S1-20) the same sample but after annealirigpars.
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The effect of SPS parameters on the conductivitgasfsolidated polycry-
stalline SDC samples was studied and addressesh@agn in table 2, the SDC
solid electrolyte with the electrical conductivibf 0,0079 to 0,0115 S/cm at
600 °C was obtained at various SPS regimes. Alpgsnshowed very similar
average grain size. The highest electrical conditztralue of 0,0115 S/cm was
shown at 600 °C by the gm0, 9 ceramic sample witlthe grain size of
0,07—0,11um and the relative density of 97,2%. This S1 sam@e SPSed at
1050 °C for 6 min. The prolonged from 6 to 15 maiding at 1050 °C resulted
in slight increasing of relative density to 97,8rkowever, this longer holding
did not lead to significant grain growth as welltasany significant increase in
total conductivity at the temperature interval 603-600 °C. The value of total
conductivity at 600 °C for the sample S2 SPSed0&01°C for 15 min was
0,0114 S/cm. On the other hand, the increase oérsug temperature up to
1150 °C with no holding leaded to obtaining sam@k with grain size of
0,07—0,012um and a relative density of 97,5%, but also did cenise any
increase in total conductivity (value of 0,0079 88 sample). The total
conductivity of the sample S2 increased only after operation temperature
exceeded the level of 600 °C (fig. 2). However,sthincrease in total
conductivity above the 600 °C should be explaingdtie appearance of
electronic conductivity in the sample due to thteaducing of electrons into the
samples [39]. Thus, according to fig. 2 the slopthe temperature dependence
of total conductivity of SPSed SDC solid electre/became sharper due to the
lower activation energy of electronic conductivior example, the activation
energy for the sample S1 at the temperature rah§63—600 °C was almost
0,89 eV. However it significantly decreases to 0gBB at an operation tem-
perature of 650—800 °C. The similar behavior waseolbed for all SPSed sam-
ples (fig. 2). These data allows assumption thatopged from 6 to 15 min
holdings at 1050 °C did not cause a significant rompment in total
conductivity of CggSmy 0, ¢ electrolytes.

The ceramic samples S1, S2, S3 with almost sanie gjez in the range of
0,07 to 0,12um and relative density of 97,2 to 97,8% showed tataductivity
values of 0,0115, 0,0114, 0,0079 S/cm (at 8D respectively (tables 1
and 2). The samples S1 and S2 have slightly diftevalue of total condu-
ctivity however this difference is less than &% can be neglect. In contrast

O (S1)-1050 °C-6min / D =97,2%-G ~ 90 nm

In(oT), (S/cm)-K

(S2) - 1050 °C - 15 min / D = 97,8% - G ~ 95 nm

© (3)-1150°C-0min / D=97,6% -G ~ 95 nm

0,0009 0,0011 0,0013 0,0015 0,0017
1/T, 1/K
Fig. 2. Temperature dependence of total condugtfoit

SDC solid electrolytes SPSed under the different
conditions.
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Table 2. Total conductivity of SDC bulk cerant consolidated by
SPS and using post-sintering annealing

Tempe- SPS Total conductivity at 600 °C, S/cm
Sﬁtfgme rature hold SPS and post-SPS annealing
of SPS, | time,h | SPS at 1000 °C
°C only
4h 10 h 20 h 30 h

S1 1050 0,1 0,0115 0,0128 0,012 0,019 0,0167
S2 1050 0,25 0,0114 0,012 0,017 0,01p9 0,0156
S3 1150 — 0,0079, 0,0081 0,0089 0,0096 0,0092

the total conductivity of the samples S1 and SZ2edifor about 45% if to

compare with S3 sample. This may be explained bynticrostructural diffe-

rences between the S1 and S2 electrolytes SP368@rC and S3 electrolyte
consolidated at a higher temperature of 1150 °Ch wid holding. Higher

sintering temperature allowed to obtain ceramidwitilar relative density of
97,5% and an average grain size of 95 nm. Howgvain boundary framework
remained underdeveloped due to the very short ddason time and absence
of isothermal homogenization. It was found that thest low-temperature
conductivity of 0,0115 S/cm is observed for bulkGGB1 specimen with finest
average grain size, consolidated at 1050 °C wittirbholding (fig. 2).

Properties of SDC ceramic after post-SPS annealing

It can be seen from table 2 that in general, tihnepsss prepared by SPS do
not exhibit extraordinary electrical properties.kif@ into account this result
one can conclude that SPS enables consolidatinaraistructured ceramic with
desirable grain size and homogeneity. However, lsameousle, SPSed
ceramic, in general, exhibit under-developing o&igiboundary framework
and, as a result, do not exhibit extraordinary telsal properties. Here for
SPSed C&Smy: 0.9, the total conductivity at 600 °C was just 096-
0,0115 S/cm even the grains were nanosized andltive density was 97—98%.
This very ordinary result signified the followingtempts on homogenization/
improvement of grain boundary framework via marépinlg by the post-SPS
annealing parameters.

The relative densities and the grain size distiiimufor samaria-doped ceria
samples SPSed only and SPSed with subsequentediffierm annealing are
collected in table 1. As was expected, the avemgigén size and density
gradually increased from 0,115 to 0,548n and from 97,3 to 99,0%,
respectively, with increase in post-SPS annealimgtibn from 4 to 30 hours. If
the relative density just slightly increase forynilo with 20 h annealing at
1000 °C, the average grain size of all samples Isameously increased for
almost 3 times. More prolonged 30 h annealing inegal cause the grains
coarsening to 0,54om (table 1). The grain growth dynamics for all #re
sample series is almost the same. The XRD patteriiig. 1 (S1, S1-20) shows
the typical effect of grains growth during annegliof SDC nanostructured
samples. The width of the XRD peaks has doaw after 20 h annealing
(S1-20). No secondary phase was identified from XD pattern for any
SPSed and subsequently shorter or longer term Eshsample (Not shown
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here due to similarity). The crystal structure dDG samples gradually
improves from just SPSed (the pattern S1) to SR&ddsubsequently annealed
for 20 h at 1000 °C (the pattern S1-20).

The total conductivity at 600 °C of gm0, 9Ssamples of S1 and S2 series
increased for just about 6% after 4 h annealingexcgeded the values of 0,0115
and 0,0114 S/cm for samples S1-4 and S2-4 resplctivhe more continuous
annealing for 10 and 20 hours significantly inceshdhe values of the total
conductivity at 600 °C up to 0,0162, 0,0169 S/cd 10157, 0,0159 S/cm for
samples S1-10, S2-10 and S1-20, S2-20 respectiMadytotal conductivities after
annealing for 10 and 20 hours in the case of sang8el0 and S3-20 were 0,0089
and 0,0096 S/cm at 600 °C, respectively. Finallgre80 h post-SPS annealing the
samples S1-30, S2-30, S3-30 exhibit the respectirees of 0,0167, 0,0156, and
0,0092 S/cm at 600 °C. This last data clearly skiavat more prolonged post-SPS
annealing lead to a decrease in total conductiVitg comparative analysis of the
grain size to relative density dependence fromatimeealing time (table 1) allows
the following preliminary conclusions. The decrefmsimtal conductivity due to the
post-SPS annealing for 30 h should be directlycatsal with a significant grain
growth. The highest value of 0,0169 S/cm total cotidity at 600 °C was obtained
for the sample S1-20. This value most likely shdaddattributed to the following
factors (1). The effect of longer exposure of 1% rat 1050 °C and a higher
sintering temperature of 1150 °C for the sampléese82 and S3, respectively,
could hinder the stabilization of grain boundadesing annealing (2). The sample
S1 and all samples of this series showed the sshalleerage grain size along
with the high relative density of more than 97%eafSPS densification and
post-SPS annealing (3). Finally the sample S1 sHowe highest total
conductivity after SPS itself (table 2).

In order to achieve better understanding of thenpheena which cause
increasing of total conductivity of post-SPS anadalSDC samples, the
impedance spectra’s were also recorded at 500 FGRS-derived (S1) and
annealed for S1-10, S1-20 and S1-30 samaria-doped solid electrolytes
(fig. 3). The temperature of 500 °C is an approxanaperating temperature of
low-temperature SOFCs with ceria-based solid edgdaes. Also, this
temperature allows to separate the bulk and thie @undary components of
resistance. To avoid the overloading of fig. 3, thedance spectroscopy
diagram for S1-4 sample is not shown, since thisteexe of the sample did not
change significantly after this short-time annaglin

The impedance spectra of SPSed and annealed f&@01&nd 30 h SDC
electrolytes were analyzed on fig. 3. The grainratauy (GB) resistance of S1
and S1-4 samples was detected as 117,7 and @]1te4pectively. Although
the grain boundary resistance almost unchanged 4atteannealing, the longer
term annealing for 10 and 20 h in contrast resalt&B resistance significant
lowers to 88,3and 80,5Q, respectively. However, it should be emphasized
once again that annealing duration of more thah 2fads to increase in both
bulk and grain boundary resistance (S1-30 in fjgT8is data is well correlated
with a significant increase in average grain siadjch neglect or totally
neutralize the main positive effect of improvidge tquality (homogenization)
of the grain-boundary framework. In addition we @ssume from the fig. 3
that the bulk resistance of SDC samples of S1 ser@mained almost
unchanged after 10 and 20 h post-SPS annealimd); shghtly increased from

29



30

S1 o

T T T T I T T I T I T I I T
-
D
o

0 25 50 75 100 125 150 175 200
zZ'fQ

50 ¢ (<]

40 5$1-10

G30
=~

N 20

10

30 | S1-20

0 25 50 75 100 125 150 175 200

2'/Q
40
30
c
>~20
th
10
0
0 25 50 75 100 125 150 175 200
2'/Q

Fig. 3. Impedance spectroscopy diagrams pellets
densification by SPS 1050 °C at 6 min, measuring
temperature 500 °C: S1 — without annealing; S1-10 —
after annealing 10 h at 1000 °C; S1-20 — after
annealing 20 h at 1000 °C; S1-30 — after annealing
30 h at 1000 °C.



76,1 to 79,82 with increasing of an average grain size to 0,p®bafter 30 h
post-SPS annealing. Some assumptions can be dothe drasis of the above
results. The grain boundary resistance reducedaltlee positive influence of
grain boundary framework homogenization. Howevieg, simultaneous (even
relatively low-rate) grain growth negatively influges on the bulk resistance.
Due to such superimposing of both positive and tegdactors the long-term
annealing becomes meaningless

Razavi et al. [40] used two-step sintering of naystalline zirconia powder
stabilized with 8% (mol.) yttria which resulted iemarkable enhancement of
the electrical conductivity (>95% increase) andmapsion of the exaggerated
grain growth. This success achieved due to botigrafisant reduction of the
average grain size and stabilization of grain bawied by long-term soaking at
the temperature of 100 to 200 °C lower than theesimy temperature.

Bernard-Granger et al. [13] noted that Moire” patecan be seen after
SPS. Since dislocations are sources of vaesnthen it became clear that
a higher dislocation density promotes the higheiciconductivity. Then, as
higher the Moire” pattern density, as more sigaiiicincrease in the total ionic
conductivity [13] According to this report the irase in conductivity after
annealing also can be explained. Martin et[4l] reported the increase in
conductivity after annealing of samples densifidaby pressureless sintering
(PLS). The authors explain this in terms of clegnifi grain boundaries and
decrease in grain boundary volume with increasgrén size after annealing.
Although the increase of electric conductivity witbcrease in grain size is well
known [42—A45].

The results in fig. 4 suggest that along with iases in grain size, the
stabilization of grain boundaries after annealisgobserved and leads to
significant decrease in GB resistance. Earlier, ib&s method of the grain-
boundary conductivity enhancement via pre- and-piogéring heat treatment
were suggested for the yttria-stabilized zircord8, [47] and gadolinia-doped
ceria [48] nanoceramics. These authors improved tnain-boundary
conductivity for ceramic with 100—150 ppm of Sinpurity via gathering of
siliceous impurity and reducing of the averagemgsize.

AS1/D=97,2%-G"0,09 ym
08110/ D=97,7% -G~ 0,19 ym

©81-20/D=98,3%- G~ 0,28 ym

0D=93,1%- G~ 0,81 um - [12]

-3,2
0,0011 0,0012 0,0013 0,0014 0,0015 0,0016 0,0017 0,0018

1/7, 1/K
Fig. 4. Temperature dependence of total condugtfeit SDC

solid electrolytes SPSed (S1) and subsequently adenheat
1000 °C for 10 and 20 h (S1-10 and S1-20), anesidtin air.
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Thus, the influence of the parameters of SPS apécadly subsequent
post-SPS annealing on the characteristics andrielciproperties of SDC
ceramic have not been previously addressed. lbeaseen from fig. 4, that the
sample with the highest total conductivity measuaédow temperatures of
300—600 °C been produced by SPS at only 1050 °Q #8d exhibited the
electrical conductivity of 0,0169 S/cm at 600 °@tér by applying of post-SPS
annealing at 1000 °C for 10 and 20 h, the totadootivity was enhanced by
40% for S1-10 and 47% for S1-20 samples respegtivel

Comparing of the above results with the data ptesem previous report
[11], allows few following conclusions. The propdsetechnique for
consolidation facilitate the obtaining of high-diyswith keeping controllably
low grain size in the range of 0,1—0,8#h, and homogeneous grain-boundary
framework. SDC ceramic with high relative densitfy98% and an average
grain size of 0,27 um was obtained by SPS withemlsnt post-SPS annealing
in air. The total conductivity of 0,0169 S/cm atO6T was obtained in the
present study, which is by almost 15% higher in panson with 93% dense
SDC electrolyte of same composition with 0,81 perage grain size [12] (fig. 4).

The significant enhancement of total conductivign de attributed to the
following reasons: if suppressing of grain growth due to the rapid SPS
consolidation; i{) effect of grain boundary stabilization/homogetiaa; (jii)
increase in relative density of bulk ceramic.

Conclusions

The effect of annealing after SPS on the electricahductivity of
polycrystalline cerium-samarium oxide was studiew aaddressed. It was
clarified that high density and fine-grained midrasture are not sufficient for
high ionic conductivity. The electric conductivitieof fine-grained samaria-
doped ceria solid electrolytes were enhanced bytémaperature annealing with
aim to homogenize the grain-boundary framework.,¢8e%.0,9 solid
electrolyte showed the enhanced for almost 50%egahi electric conductivity
of 0,0162 and 0,0169 S/cm at 600 °C after post&®Realing at 1000 °C for 10
and 20 h respectively. The grain boundaries weradgenized which thereby
reduced their resistance. More precisely, the draumdary resistance after 20 h
annealing decreased from 117,7 to 80,5

Finally the main conclusion should be done thatri®ans of low-temperature
SPS and subsequent post-SPS annealing the desietioleof grain size to
homogeneity of grain boundary framework may beehfor close to full-dense
nanostructured ceramic, which significantly impmite functional characteristics.

1. Weber A.Materials and concepts for solid oxide fuel célls. Weber, E. Ivers-
Tiffee // J. Power Source. — 2004. £27. — P. 273—283.

2. Kurumada M.Electric conductions in lgaSr :GaG;_s and La oSty 1Gay MJop,103-5
/ M. Kurumada, H. Hara, F. Munakata // Solid Stdtmics. — 2005. —4176. —
P. 245—251.

3. Gong W.Performance of intermediate temperature (600—&)0sdlid oxide fuel
cell based on Sr and Mg doped lanthanum-gallatrelgte / W. Gong, S. Gopa-
lan, U. B. Pal // J. of Power Sources. — 2006166, — P. 305—315.

4. Lee D. Preparation and characterization of strontium anagnesium doped
lanthanum gallates as the electrolyte for IT-SGRELC Lee, J. H. Han, Y. Chun //
Ibid. — 2007. —166 — P. 35—40.

32



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Li Z—C. Synthesis and characterization of LaSrdbgric entrapment synthesis
method / Z.—C. Li, H. Zhang, B. Bergman // J. EDeram. Soc. — 2006. -26. —
P. 2357— 2364.

Kuharuangrong Slonic Conductivity of Sm, Gd, Dy and Er-doped-@efi J.
Power Sources. — 2007. 441 — P. 506—510.

Huang W. Properties of sol-gel prepared ;(2m0O,,,» solid electrolytes /
W. Huang, P. Shuk and M. Greenblatt // Solid t&Stanics. — 1997. —100. —
P. 23—27.

Fu, Y. P. Preparation and characterization for salidde fuel cells /Y. P. Fu,
S. B. Wen, C. H. Lu// J. Amer. Ceram. Soc. — 268791 (1) — P. 127—131.
Dikmen SHydrothermal synthesis and properties of;_£d,0,5 solid solutions /
S. Dikmen, P. Shuk, M. Greenblatt // Solid State-S€2002. —4. — P. 585—590.
Borodianska H.Nanometric LagSr 1GagMgo 03—« ceramic prepared by low-
pressure reactive spark-plasma-sintering / H. Biarmka, P. Badica, T. Uchikoshi
/I 3. Alloy. Compd. — 2001. -509 [5]. — P. 2535—2539.

Bernard-Granger GSpark plasma sintering of a commercially availajpknulated
zirconia powder-1l. Microstructure after sinteriagd ionic conductivity / G. Ber-
nard-Granger, C. Guizard, S. Surble // J. Acta Mate2008. —56. — P. 4658.
Solodkyi |.Effect of grain size on the electrical properti#ssamaria-doped ceria
Solid electrolyte / 1. Solodkyi, H. Borodianska, Bakka // J. Nanosci. Nano-
technol. — 2012. —42[3]. — P. 1871—1879.

Bernard-Granger GSpark plasma sintering of a commercially availajynulated
zirconia powder: Comparison with hot-pressing /Bérnard-Granger, A. Addad,
G. Fantozzi// Acta Mater. — 2010. 58. — P. 3390—3399.

Inaba H.Ceria-based solid electrolytes / H. Inaba, H. aligay// Solid State lonics. —
1996. —83. — P. 1—16.

Tianshu Z.lonic conductivity in the Cep-Gd,O; prepared by oxalate co-
precipitation / Z. Tianshu, P. Hing, H. Huang /li®&&tate lonics. — 2002. 448 —
P. 567—573.

Vasylkiv O.Hydroxide synthesis, colloidal processing andesing of nano-size
3Y—TZP powder / O. Vasylkiv, Y. Sakka // ScapMater. — 2001. —44. —
P. 2219—2223.

Zhang T. SDifferent conduction behaviors of grain boundaiie$iO,-containing
8YSZ and CGO20 electrolytes / T. S. Zhang, J. Ma,ZY Chen //Solid State
lonics. — 2006. —77. — P. 1227—1235.

Zhang T. Slintermediate-temperature ionic conductivity ofiadrased solid soluti-
ons as a function of gadolinium and silica contéritsS. Zhang, J. Ma, Y. Z. Chen
/I Solid State Sci. — 2004. -6: — P. 565—572.

Guo X.Blocking grain boundaries in yttria-doped and ypetbceria ceramics of high
purity / X. Guo, W. Sigle, J. Maier // J. Amer. @ar. Soc. — 2003. -86. — P. 77—87.
Ashok Baral K. Electrical study and dielectric relaxation behaviin
nanocrystalline GgsGdy 10,5 / K. Ashok Baral, V. Sankaranarayanan // Appl.
Phys. A. Material at Intermediate Temperatures.G+®2 —98. — P. 367—373.
Kosacki I.Nanoscale effects on the ionic conductivity. Kosacki, C. M. Rouleau,
P. F. Becher // Electrochemical and Solid-Statéetet— 2004. —. — P. 459—461.
Borodianska HSintering of GeyCe0; 90 Nanopowders / H. Borodianska, O. Va-
sylkiv, Y. Sakka // J. Nanosci. Nanotechnol. — 20888. — P. 3077—3084.
Borodianska H.Bulk Til—xAIXN nanocomposite via spark plasma eiimg of
nanostructured Til—xAIXN—AIN powders / H. Boradska, T. Ludvinskaya,
Y. Sakka // Scripta Mater. — 2009. 6%. — P. 1020—1023.

Grasso S.Effects of pressure applicationm on transpayericSPSed alumina /
S. Grasso, Y. Sakka, G. Maizza //J. Am@eram. Soc. — 2009. 92. —
P. 2419—2471.

33



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

34

Grasso SElectric current activated/assisted sintering (BfAa rewiev of patents
/ S. Grasso, Y. Sakka, G. Maizza // Sci. TechAdl. Mater. — 2009. —0. —
P. 053001.

Suéarez G.Zirconia nanoceramic via redispersion of highlyglagnerated (2,7Y-
TZP) nanopowder was synthesized and stored foryleags / G. Suarez, H. Boro-
dianska, Y. Sakka // J. Nanosci. Nanotechnol. 4026—10. — P. 6634—6640.
Vasylkiv O.Nanoblast Synthesis and Consolidation of,@S% 5)(G& oMJo 1)Os5
under spark plasma sintering conditions / O. Vasyld. Borodianska, P. Badica
/I J. Nanosci. Nanotechnol. — 2009.9— P. 141—149.

Bezdorozhev OTough yttria-stabilized zirconia ceramic by lowrgerature spark
plasma sintering of long-term stored nanopowdéds Bezdorozhev, H. Borodian-
ska, Y. Sakka // J. Nanosci. Nanotechnol. — 2011.1{9]. — P. 7901—7909.
Badica P. Beautiful’ unconventional synthesis and processiaghnologies of
superconductors and some other materials / P. BadicCrisan, G. Aldica // Sci.
Technol. Adv. Mater. — 2011. 42. — P. 013001.

Borodianska H.Grain boundary diffusion driven spark plasma sinte of
nanocrystalline zirconia / H. Borodianska, D. Deskyi, S. Grasso //Ceram.
Internat. — 2012. —38. — P. 4385—4389.

Raj R.Influence of externally imposed and internally gexted diffusional creep,
sintering and related phenomena in ceramics / R.NRaCologna, J. S. C. Francis
/I 3. Amer. Ceram. Soc. — 2011.94. — P. 1941—1965.

Chen X. JReducing effect of con-taminants in solid oxidelfaell electrolyte bys
plasma sintering / X. J. Chen, K. A. Khor, S. H.a@h/ Adv. in Appl. Ceram. —
2005. —104(3). — P. 117—122.

Chen X. J.Overcoming the effect of blocked in silica-dopetirig-stabilized
zirconia (YSZ) / X. J. Chen, K. A. Khor, S. H. &h // Mater. Sci. Eng. A. —
2004. —374. — P. 64—T71.

Borodianska HSi;N,—TiN Nanocomposite by nitration of TiSand consolidation
by hot pressing and spark plasma sintering / éftoBianska, L. Krushinskaya,
G. Makarenko // J. Nanosci. Nanotechnol. — 2009.— P. 6381—6389.

Guo X. Blocking grain boundaries in yttria-dopeddamdoped ceria ceramics
of high purity / X. Guo, W. Sigle, J. Maier . Amer. Ceram. Soc. — 2003. —
86. — P. 77—87.

Cheary R. W. A fundamental parameters approach to X-ray-firddile fitting /
R. W. Cheary, A. Coelho // J. of Appl. Crystalloging. — 1992. —25. — P. 109.
TOPAS. Bruker AXS GmbH, Germany, Karlsruhe, 2003.

Varez A.Structural characterization of C&r,0, (X < 1) samples prepared at 1650
degree by solid state reaction: A combineMT and XRD study / A. Varez,
E. Garcia-Gonzalez, J. Jolly // J. of the Europ€aram. Soc. — 2007. 27. —
P. 3677—3682.

Guo X.Space charge concept for acceptor-doped zircowlaceria and experimental
evidences / X. Guo, R. Waser // Solid State lorie2004. —173 — P. 63—67.
Hesabi Z. REnhanced electrical conductivity of ultrafine-grad 8Y,0; stabilized
ZrO, produced by two-step sintering technique./R. Hesabi, M. Mazaheri,
T. Ebadzadeh // J. Alloys Comp. — 2010.494. — P. 362—365

Martin M. C. Zirconia as a function of silica content and grsige / M. C. Martin,
M. L. Mecartney // Solid State lonics. — 2003.161. — P. 67—79.

Yan D.Electrical properties of grain boundaries and sifects in samarium-doped
ceria/D. Yan, X. Liu, X. Bai // J. Power Souree.2010. —195 — P. 6486—6490.
Ding D. Electrical properties of samaria-doped ceria ebtdygtes from highly active
powders / D. Ding, B. Liu, M. Gong // Eleattomica Acta. — 2010. —-55. —
P. 4529—4535.



44. Abdala P. M.Enhanced ionic transport in fine- grained scarsti#dvilized zirconia
ceramics / P. M. Abdala, G. S. Custo, D. G. LamadsPower Sources. — 2010. —
195 — P. 3402—3406.

45. Chen M.Preparation and electrochemical properties of DiEShin films for IT-
SOFC anode / M. Chen, B. H. Kima, Q. Xub // Certmternat. — 2009. —35. —
P. 1335—1343.

46. Lee J.-H.Pt—CeQ nanocomposite electrocatalyst — An situ electrochemical
X-ray absorption fine structure / J.-H. LeeMori, J.-G. Li // J. Electrochem.
Soc. — 2000. —147. — P. 2822—2829.

47. Lee J.-H.Precursor scavenging of resistive grain-boungdrgse in 8% (mol.)
ytterbia-stabilized zirconia / J.-H. Lee, T. Mabi;G. Li // J. Electrochem. Soc. —
2002. —149 — P. 35—40.

48. Kim D.-S. Transport properties of solid oxide elect®lgeramics: a brief review /
D.-S. Kim, P.-S. Cho, J.-H. Lee // Solid State ¢sni— 2006. —177. — P. 2125—
2128.

IigBueHHs1 NPOBIIHOCTI TPAHUIb 3€PeH HAHOCTPYKTYPHOIO Lepilo,
JIETOBAHOI'0 cCaMapi€eM, 32 paxXyHOK 3aCTOCYBAaHHS BiAnamay
nicaa cnikanusa meroaom UIIC

€. B. Comonkwuit, I'. 1O. BopoasHceka, O. O. Bacunbkis

Kepamira CegSmy 019 (SDC) 3 cepeonim posmipom sepna 90 nm ma 6ioHocHow
winonicmio 97% ompumana ickponnasmosum cnixannsm (IIIC) npu memnepamypi
1050—1150 €. 3acanvha enexkmpuuna nposiOHICMb WIILHO2O0 Mamepiany CMAaHOBULA
0,0079—0,0115Cm/cm npu 600 C. 3anpononoeano Hosuii nioxio 00 ROMNUIEHHS
3epHoepanuynoi  npoegionocmi Hanoxepamixu SDC. 3acmocysanns Huzekomemnepa-
mypHozo eionaiy nicis cnikanuusi memooom II1C 003601uno 3uuzumu onip epanuyb 3epHa
na 113 npu nesnaunomy 36inbuwienni ix cepednvo2o posmipy. Hoxaszano, wo gionan nicis
ITIC ¢ epexmuenum memoOom KOHMPONIO AKOCMI SpaHuyb 3epeH, po3MIpy 3epHa ma
winenocmi. ILle 0oseonsc  nmiosuwumu  QYHKYIOHANbHI  G1ACMUBOCNT  MBEPO02O
enexmponimy SDC.

Knrouosi cnosa: meepouti enexkmponim, ionna (erexmpuuna) nposionicms, IIIC, éionan
nicas ITIC, epanuys 3epua.

IloBbIlIeHHEe POBOAUMOCTH TPAHMIL 3€PEH HAHOCTPYKTYPHOTO
epus, JJerHipOBaAaHHOI0 caMapueM, 32 c4eT MPUMEHEeHHUs OTKHUIa
nocJe cnekanusga meroaoMm UIIC

E. B. Cononkwii, A. FO. boponsuckast, O. O. BackUlbKuB

Kepamuxa CeygSmy 019 (SDC)co cpednum pasmepom 3epra 90 um u omnocumensHou
naomuocmoro 97% noryuena uckponnasmennvin cnexanuem (MIIC) npu memnepamype
1050—1150 €. Obwas srekmpuueckas npo8OOUMOCHb NIOMHO20 MAMEPUAA COCMA-
suna 0,0079—0,011% m/cm npu 600 C. [Ipeonoscen HOBbIL NOOX00 K YIYUULEHUIO
3eproepanuunoll npogooumocmu uanokepamuku SDC. Ilpumenenue Huzkomemnepa-
MypHO20 omoicuza nocie cnekanus memooom UIIC no36oauno cHu3ums conpomuesieHue
epanuy 3epra Ha 1/3 npu HesnauumenvHom yeemuuenuu ux cpeoHezo pasmepa.
Toxazano, yumo omowcue nocne UIIC aensemcs s¢hpexmusnvim memooom KOHMpPOs.
Kauecmea epauuy 3epew, pasmepa 3epHd U NIOMHOCMU. DMO NO36015em NOBbICUND
@yHrkyuonanvnuvle ceoticmea meepoozo snekmponuma SDC.

Knrouesvie cnosa:. meepoviii snexmponum, uonHas (dnexmpuyeckas) npoeoouMocmy,
UIIC, omorcue nocne UIIC, epanuya 3epna.
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