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The influence of changes of structural components on the specific total electrical
conductivity of different types of bulk 1Cel0ScSZ ceramics in the temperature range of
400—900 °C, which is working for intermediate-temperature solid oxide fuel cells, was
studied. It is demonstrated that the dependence of the specific total electrical
conductivity of different purity 1Cel0ScSZ ceramics on the porosity takes place in the
temperature range wa 600—700 °C and is practically absent at high temperatures.
The effect of average grain size on the temperature-normalized porosity-modified
specific total conductivity is not detected in the whole studied range or chemically pure
ceramics 1Cel0ScSZ of type II. The influence of the average grain size on the
temperature-normalized porosity-modified specific total conductivity is proportional at
low-temperature range, is decreasing with increasing temperature and, is practically
absent, at 900 °C in technically pure 1Cel0ScSZ ceramics of type 1. In technically pure
1Cel0S8cSZ ceramics of type 11l it was observed the inverse situation: no dependence at
low temperature and inversely proportional dependencies with increasing temperature.

Keywords: specific total conductivity, structural dependence, solid electrolyte, ceramic
fuel cell, stabilized zirconium dioxide.

Introduction

Oxygen-ion conductivity of ceramics based on zirconium dioxide, as of
other the second kind conductors, is usually [1] described by the Arrhenius
equation in logarithmic coordinates vs. temperature.

It describes of oxygen ions transport across the vacancy positions and
vacancy complexes in the oxygen lattice, is fundamental in electrical
conductivity theory of zirconium electrolytes:
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where ¢ is the ionic conductivity; T — the absolute temperature; A — pre-
exponential constant, and E, is the activation energy of ions which moves
through the lattice. Usually, the activation energy of the conductivity includes
the energy of ion formation and the energy of ion migration through lattice
defects. It is known that the energy of the formation of defect accounts for most
of the activation energy of the conductivity. In this case, the activation energy
can be described by the defect formation energy, that is, the free ion formation
energy.

When a defective complex of oxygen ions is formed because in the same
time occurs the significant increase in the distance between the boundary
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vacancies of the complex in comparison with the case of unassociated uniform
distribution of vacancies, so the dissociation energy of the ion complex is added
to the activation energies of the conductivity. As a result, there are two ranges
with different activation energies of the conductivity [2]. It has been shown
previously that the transition temperature between low- and high-temperature
ranges of oxygen-ion conductivity is independent of changes in the structure of
the 1Cel0ScSZ ceramics of any type [3]. The transition temperature is the
lowest for 1Ce10ScSZ ceramics with chemically pure powder (amount each of
minor impurities less than 0,01% (mol.) and has the highest values for ceramics
with technically pure powders (amount some of minor impurities more than
0,1% (mol.); moreover, it has different values for different impurity sets.

The equation (1) is general and correct for an ideal infinite single crystal. So
it does not in any way take into account the influence of structural factors, such
as grain size or porosity, which at the same time change with increasing
sintering temperature of the ceramic. As a result, it is observing a deviation of
the normal temperature dependence of conductivity [4]. However, it is clear
that, in fact, the existence of boundaries, namely its distribution, purity, and
perfection, has to change the electrical behavior [5]. The manifestation of
boundaries changes observed into the material formation with energy
influences, such as temperature and time, are simultaneous changes in the
porosity and size of the structural component (grain or sub-grain) [6].

Based on the fact that the CFC is a complex macro-composite, and in fact,
its “ideal” electrolyte should consist of thinnest gas-tight middle layer and
perfectly connect with both porous skeletons parts of electrode layers. These
skeletons are at the same time a continuation of the dense electrolyte and part of
three continuous interpenetrating electrode phases (pore, ionic conductor, elec-
tron conductor) too. It is clear that the specific ionic conductivity, which is the
limiting factor of reaction rate of fuel recovery, of both dense and frame elec-
trolytes, probably will determine the maximum efficiency of the CFC as a whole.

Therefore, the study goal is analyzing the effect of changes of structural
components on the total electrical conductivity of 1Ce10ScSZ ceramics in the
temperature range, which is working area of the electrolyte of a ceramic fuel
cell — a device that is capable of directly converting the chemical energy of
fuel into electricity and heat with high efficiency.

Materials and methods

1Ce10ScSZ powders produced using technology [7, 8] and commercial
powders of Daiichi Kigenso Kagaku Kogyo (DKKK), Japan and Praxair, USA
were used as starting materials.

Specimens of 15 mm. diameters and 2 mm. thicknesses were compacted by
oneaxial pressure at 30 MPa and sintered at different temperatures in the range
1250—1550 °C with a heating/cooling rate of 200 °/ h during 1.5 h in the air.

Scanning electron microscopy (SEM) of fractures and surfaces of ceramics
was performed by a JEOL Superprobe-733.

The dimensions of the visible elements of the structure (grains) were
determined both by the Image Lab and Image] software and by the method of
inclined sections with views of fractures and surfaces.

The porosity was determined by the hydrostatic weighing method with the
separation of the contribution of closed and open porosity.
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Fig. 1. Illustration of a typical impedance plot for a poly-
crystalline sample with equivalent circuits [10].

Specific total electrical conductivity was calculated by impedance
spectroscopy plots (Fig. 1). The calculations were performed using the ratios [9]:
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where H is the thickness of the specimen (tablet), A is the area of the specimen
(tablet), R, and R, are the electric resistance of nets of grain and the grain
boundary respectively.

Results and discussion

Using of starting 1Cel0ScSZ powders of different purity with different
morphological and chemical properties, namely, the primary particle size,
agglomeration, content and internal distribution of the basic and non-basic
impurities, has allowed, by different sintering temperatures, to obtain ceramics
of different types with wide variations of structure: the structure components
(grain/sub-grain), porosity and to realize all possible brittle fracture
micromechanisms: interparticle, intergranular and transgranular. It should also
be noted that the X-ray study of both the starting powders and the analyzed
ceramics showed that all had fluorite structure [10].

The obtained materials can be classified taking into account changes in its
structural features with increasing thermal impact, which can be detected during
fracture surfaces study (Fig. 2). The material of I type is porous, not
predisposed to rapid recrystallization and destroyed only by cleavage. Type II is
a dense material, predisposed to rapid recrystallization and cleavage fracture.
Type III material is predisposed to rapid recrystallization too and intergranular
fracture.
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Fig. 2. The fracture surfaces (SEM) of 1Cel0ScSZ ceramics of different types (I —
left column, II — middle column, III — right column) sintered at different
temperatures 1300 (a, b, ¢), 1350 (d, e, ), 1400 (g, h, i), 1450 (j, k, 1), 1500 (m, n, 0)
and 1550 °C (p, ¢, r) at 1,5 h. in the air.

The temperature dependences of the specific total conductivity of different
types of 1Cel0ScSZ ceramics sintered at different temperatures, taking into
account the testing temperature (Fig. 3), indicate that the conductivity of
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ceramics is visible depending on sintering temperature and shows different
change dynamics of different types of ceramics.

It is known that increasing the sintering temperature leads to an increase not
only in the density of ceramics, what, in turn, have to lead to increase the
conductivity, the changes of which are the smallest in ceramics of type II, but
also increase the average grain size, which is the largest in ceramics of type III,
that usually lead to reduce total conductivity. The dependence of the
conductivity on the sintering temperature of the ceramics of types I and II is
almost linear up to the temperature of 600—700 °C. At higher temperatures, it
becomes distinctly non-monotonic. Specimens of ceramics of type III, sintered
at 1500 °C, have maximum conductivity at all testing temperatures.

It should be noted that the dependences of the conductivity and strength of
ceramics [11] of type I and III (made from powders of technical purity) on the
sintering temperature correlate with each other. In general, with increasing sin-
tering temperature, there is an increase in total electrical conductivity.
Moreover, increasing the temperature leads to a decrease in the slope of the
dependence. The specific total conductivity of the type II ceramics (made from
chemical purity powder) is almost independent of the sintering temperature. The
reason for this difference in behaviors is probably the state of the boundaries,
which is determined by the impurity concentration [12].

Traditional analysis of the dependence of specific total conductivity on the
general porosity measured at different temperatures (Fig. 4, left column) of
1Ce10ScSZ ceramics with different degree of impurity contamination shows
that the dependence takes place in the low-temperature range, decreases with
increasing temperature and is practically absent at high measuring temperatures.
(900 °C), which additionally confirms to different conductivity mechanisms at
low- and hightemperature ranges. However, in fact the existence of such inverse
dependence indicates need to take into account the effect of porosity in
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Fig. 4. Dependence of temperature-modified (right column) and aditionaly porosity-
modified specific total conductivity (left column) measured at different temperatures
600 (a, b ), 700 (c, d) and 900 °C (e, f) on average grain size (left column) and
porosity (right column) of 1Cel0ScSZ ceramics of different typesI (o), II (A) and
III (o).

the analysis of the influence of the average grain size on the specific total
conductivity.

Fig. 4 (right column) shows the dependencies of the temperature-normalized
porosity-modified specific total conductivity measured at different temperatures
on the average grain size of 1Ce10ScSZ ceramics of different types.

It can be seen that the effect of the average grain size on the temperature-
normalized porosity-modified specific total conductivity isn’t visible detect in
the whole studied range of 400—900 °C in chemically pure 1Cel0ScSZ
ceramics of type II (A). However, it should be noted that porosity and average
grain size change ranges wasn't quite wide and the observed fluctuations of
conductivity needs special research.

The effect of the average grain size on the temperature-normalized porosity-
modified specific total conductivity of technically pure 1Ce10ScSZ ceramics of
type 1 are proportional at low temperature, decreases with increasing
temperature and are practically absent at 900 °C.
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Conversely, it wasn't observed dependencies of the structural component
size on the temperature-normalized porosity-modified specific total
conductivity at low temperatures on technically pure 1Cel0ScSZ ceramics of
type III. And it was detected emerging and increasing of inverse dependence
with increasing temperature.

Conclusions

Traditional analysis of the dependence of specific total conductivity on
the general porosity measured at different temperatures demonstrated that the
dependence takes place in the temperature range (600—700 °C) and is
practically absent at high temperatures It can confirm of different conductivity
mechanisms at low- and high-temperature ranges additionally.

The study of the influence of changes of structural components on the
temperature-normalized porosity-modified specific total conductivity of differ-
rent types of bulk 1Cel10ScSZ ceramics in the temperature range 400—900 °C
showed the absolutely difference in the behavior at low- and hightemperature
ranges.

It was observed proportional dependence at low temperature, which
decreased with increasing temperature and were practically absent at 900 °C
on 1Cel0ScSZ ceramics with >0,1% (mol.) content of silicon oxide.
Conversely it wasn’t observed any dependence on 1Ce10ScSZ ceramics with
>0,1% (mol.) content of titanium oxide at low temperature. Inversely
proportional dependences were detected with increasing temperature. Such
difference was observed through possibly difference influences of impurity
segregations kinds.

However, there wasn’t detected similar dependence on chemically pure
ceramics of type II, but the observed fluctuations of conductivity needs special
study.
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CTpyKTYpHi 0CO0TUBOCTI 3a/1€KHOCTI 3arajibHOI
eJIeKTPUYHOI NPOBiIHOCTI TBepaOTO
eaexkrpoaity ICel0ScSz

M. M. bpuueBcbkuit

Hocnidoiceno  enaus  3MiHU — CMPYKMYPHUX — CKIAO0OGUX HA  3A2AlbHY  NUMOMY
enekmponpogioHicme  pisHux munie macugnoi xepamiku 1Cel0ScSZ ¢ inmepsani
memnepamyp 400—900 °C, sxuii ¢ pobouum 015 cepednbomemMnepamypHux meepoo-
OKCUOHUX NAnusHux kKomipok. Ilokasano, wo 3anedxcuicmos numomoi 3a2anvHoi
enekmponpogionocmi kepamiku 1Cel0ScSZ piznoi yucmomu 6i0 3min nopygamocmi
mae micye 6 memnepamypHomy oianazoni 600—700 °C i npakxmuuno 6i0cymHs 3a
sucoxux memnepamyp. [Ans ximiuno uyucmoi xepamixu 1Cel0ScSZ II-co muny enius
cepeonbo2o po3Mipy 3epHa HA MeMnepamypHOMOOUPIKO8AHY MdA HOPMANI308AHY
Nnopy8amicmio NUMOMY 3A2aibHy NPOBIOHICMb He BUABNEHUL 8 YCbOM) OOCHIOHCEHOMY
dianazoui. B mexuiyno yucmit xkepamiyi 1Cel0ScSZ I-co muny eénius cepednboeco
PO3MIpY 3epHA HA MeMNnepamypHoMoOugikosany ma HOPMANi308aAHY NOPYEAMICHIIO
NUMOMY 3a2aNbHy NPOBIOHICMb NPAMO NPONOPYILHUL 8 HUZbKOMeEeMNepamypHoMy
0ianazoti, 3MeHUYEMbCsl 31 30IIbUWEHHAM MeMnepamypu I RpaKmuyHo GIOCYMHIU 3a
memnepamypu 900 °C. V mexniyuno uucmin xepamiyi 1Cel0ScSZ III-co muny
cnocmepieaemsbCsi  360pOMHA  CUMYayis: GI0CYMHICMb  3ANEHCHOCMI 34  HU3LKOT
memnepamypu ma 006epHeHo NPONOPYIUHA 3aNeHCHICMb — 13 1T NiOGUUEHHIM.

Knwouoei cnosa: numoma 3a2anvHa  eleKMpUYHA  NPOGIOHICb,  CMPYKMYPHA
3AN1€AHCHICMb, MEepoull eleKmpoaim, KepamiuHa NAIUSHA KOMIpKA, CmAabinli308aHull
0800KCUO YUPKOHIFO.
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CTpyKTYpHBIE 0COGEHHOCTH 3aBHCHMOCTH 00IIIEl 2J1eKTPHYECKOi
npoBoaAMMOCTH TBepAoro diexkTposnta ICel0ScSz

H. H. bpuuesckuii

Hccreoosano enusnue usmeHeHusi CMPYKMYPHLIX COCMABIAIOWUX HA  00WYIO
VOENIbHYIO 3JIeKMPONPOGOOHOCTINb PA3IUYHBIX munos maccunou kepamuxu 1Cel0ScSZ
6 unmepegane memnepamyp 400—900 °C, komopuviii aeisemcss paboyum 01 cpeoHe-
memMnepamypHuix meepOoOKCUOHbIX MONAUBHBIX AyeeK. TIokazano, ymo 3a8uUcuMocme
yoenvHou obweil snekmponpogoonocmu kepamuku 1Cel0ScSZ paznuunott yucmomoi
om  U3BMEHeHUU  NOPUCMOCMU UMeem MeCmo 6 MeMNepamypHoM Ouanda3oHe
600—700 °C u npaxmuyecku Omcymcmeyem npu 6viCOKUxX memnepamypax. /ns
xumuyecku wucmou xepamuxu 1Cel0ScSZ Il-eo muna enusiHue cpeoHneeo pasmepa
3epHa HA MeMnepamypHoOMoOUDUYUPOBAHHYIO U HOPMATUSUPOBAHHYIO NOPUCHOCTBIO
VOenbHyl0 00Wy0 NpPo8oOOUMOCMb HE  VYCMAHOBIEHO 80 6CeM  UCCAe008AHHOM
ouanasone. B mexnuuecku uucmou xepamuxe 1Cel0ScSZ [-eo muna enuanue
cpeonezo pasmepa 3epHa HA MeMNepamypHOMOOUDUYUDOBAHHYIO U HOPMATU3U-
POBAHHYIO HOPUCOCTBIO YOETbHYI0 0010 NPOBOOUMOCHIL NPAMO NPONOPYUOHALILHO
8 HUBKOMEeMNepamypHOM OUANA30He, YMEHbIUACMCs ¢ YeeaudenueM memnepamypbl
u  npaxmuuecku omcymcmeyem npu 900 °C. B mexnuwecku yucmoiu Kepamuxe
1Cel0ScSZ Ill-eo0 muna HabOrwOaemcess O0OPAMHAsL CUMYaAyus: OMCYMCmeue
3a6uUcCUMOCmMuU  NpU  HUBKOU — memnepamype U  00pammo  NPONOPYUOHANLHAS
3a8UCUMOCMb — NPU €€ NOBbIUIEHUU.

Kniouesvie cnosa: yoenvnas obwjas snekmpudeckas nposoouMOCMmyv, CMPYKMypHAA

3a6UCUMOCb,  MEEPObLL  INEKMPOAUM,  KEPAMUYECKULl  MONIUGHBIN  DNEMEHM,
CMadUIU3UPOBAHHBINL OUOKCUO YUPKOHUSL.
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