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The dependency of ionic oxygen conductivity of 188827 electrolyte made of different
nanosized zirconia powders those differ by theipunties and manufacturing
technologies, and sintered in air at different temgtures after uniaxial pressing are
analyzed in terms of their Arrhenius equations B0-2-850°C temperature range.
Deviation from a typical linear dependence cohductivity on temperature that is
the most clearly visible in the electrolyte madehaf purest powder is observed. The
inflection point is determined by powder propertsés is practically independent on
sintering temperature.
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electrolyte, influence of sintering temperatur, igraize, activation energy.

I ntroduction

Cubic zirconia is a typical solid electrolyte foeramic fuel cells during
more than one hundred years since its inventioViajter Nernst [1]. In this
solid electrolyte, the charge transport is realiagaxygen ions [2].

Historically, the oxygen conduction was first olvsst in fluorite structures
as John Goodenough has mentioned in his comprefeersiiew referencing to
Michael Faraday who had observed the fast ion odiwhuin the electronic
insulator PbE[3]. This observation is remarkable because alltéteahedral
sites of the face-centered-cubic array of'Rtins are fully occupied. The fast
F-ion conduction in PhFis due to saddle-point energy between the fully
occupied tetrahedral sites that is nearly the sasrtbat of the tetrahedral sites.

The large charge on the?Qon increases the coulomb repulsion between
anions and inhibits the coexistence of @ns in both saddle-point and
tetrahedral-site position in the M@uorites, but the energy difference between
saddle-point and tetrahedral sites remains snalihe motional enthalpgH,,
for an oxide ion to transfer to a neighboring oxygacancy is relatively low.
Bi,O; has one-quarter of the tetrahedral sites vacast, ¢, = 0,75 and these
vacancies are disordered in the high-temperattBgO; phase. Like P4, the
Bi®* ion contains a polarizable %sore that reduces the motional enthaiby,
for an oxide-ion transfer.

However, coulomb repulsions between th& ions stabilize long-range
ordering of the oxygen vacancies below a first-oateer-disorder transition at
a temperaturdl;. The long-range order creates distinguishable gieduand
empty sites separated by an enetgy. In this situation, thermal excitation of
anions into the vacancies introduces a disordet tbaers AH; which
introduces a temperature-dependent feedback:

AH(T) = AH, () =¢. (1)
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The data available show that oxygen ionic conditgtias some thermo-
activated process, may be traditionally describgdthe typical Arrhenius

equation as
E
oT=Aléxp-—=2 2
F{ kTJ (2)

where ¢ is the ionic conductivity;T — temperature A — pre-exponential

constant, andk, is the activation energy. In general, some deparidse of the

pre-exponential constant and the activation enemgytemperature might be
expected also.

The activation energy normally includes energiegiired for formation and
migration of oxygen vacancies in a perfect @lydn the extrinsic regime,
the activation energy is dominated by the migragoergy. In this case, the
activation energy might be represented by the rigranergy for doped oxide
ionic conductors. If the oxygen vacancies are défect association within the
oxide, the dissociation energy that is requiredriter to break this complex at
high temperature has to be considered in the dictivanergy also.

Indeed, following the existing theory, which coresisl the ionic conduction
as ion hopping along defects of the crystal lattired according to Van Bueren
[4], the hopping frequency may be formally defiraed

V=V, @xp{— Qj G
KT

whereQ is a free activation energy that may depend omésature too.

By applying an electrical fieldE, the probability of hopping will become
anisotropic. In the simplest case, when positiveharged ion has to move
between ions in isotropic lattice of distareeit's hopping in direction of the
applying fieldE is favorable. It means that such the hoppings edgttur with

higher frequency'.
: U -leaE
v =V, [exg ——2—|. 4
o -7 o
Against the field direction, the hopping frequesci€' will be lower as
. U +ieaE
vV =v,exg ——2— |, 5
o U298 0

As result, at low electrical field whesaF << kT, the current density to be
determined as a total number of ions running infible direction through an
area unit is

. . U—ieaE U+§eaE
j =neal{v -v ) =nea 0exy - el B s , (6)

wheren is a number of ions running through a volume unit.
The last equation may be rewriting as

1
i = neav, @xp{—llj—_rj Ezsr( Zii‘Ej . 7)
The sh x) may be expanded and limited to the first member:
I X(2n+l) X3 XS
SHX)=n§0(2n+l)! =Xttt (8)
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After that procedure, the current density will ltetmined as follows:

- LU feaE
j =nea, @xp{ ijté T j )

Proceeding from the first principles, Walter Nerfist 6] had determined
the ionic conductiong, as
o=ery, (20)
wheree andn are the charge and the concentration of its carriespectively,
andp is the ionic mobility.
The ionic mobility may be defined as

u=aev/KT. (11)
It is obvious,
0=na€ev/kT. (12)
In this case, finally, the ionic conduction maydstermined as
U
o =0o,[exg ——=|. 13
- w

Typical experimental data on conductivity of sadigctrolytes of different
classes are shown in fig. 1. Most dependenciesliaear. Among zirconia
electrolytes, scandia stabilized zirconia (ScS2)tha highest conductivity.

The latest studies give contradictive data on oryigaic conductivity of
zirconia electrolytes stabilized with scandia, 10SeSZ especially, where
dependencies, which could be described either orte/@ lines, are observed
(fig. 2) [7, 8].

The purpose of the study was to examine the terperalependence of
electrical conductivity of 10Sc1CeSZ electrolyteskte related to structural
features and mechanical behavior of different stinecensuring by different
powders and their sintering at different tempeedur

Experimental

10% (mol.) Sg0; and 1% (mol.) Ce©(10Scl1CeSZ) solid electrolyte was
made of three different powders produced by IPM&aithe, DKKK, Japan,
and Praxair, USA, and compared.

The comprehensive analysis of the powders and teeamics is given in
[9—12]. Here, we remind briefly that the size oftiad particles in IPMS’s
powder was 11 + 2 nm; DKKK’s is 83 £ 20 nm, andxaies one is 141 + 60 nm.
The concentration of impurities in the bulk of DKKiK only 0,001% (wt.),
which is one order of magnitude lower than the esponding values for IPMS
and Praxair (0,01% (wt.)). IPMS powder contains ntyasilica (0,05%) and
alumina (<0,025%) while in Praxair's one silicaO®%) and titania (<0,14%)
are present. From the point of surface-bulk distidn revealed with secondary
ion mass-spectrometry, in DKKK powder, the surfaéearticles is enriched
with Sc and Al; in Praxair one, Sc and Si are nyogtesent on the surface. In
IPMS powder, the surface is depleted with Sc; 8idalized inside particles.

SEM appearance of 10Sc1CeSZ powders is shown inLf— is seen
that agglomerates of IPMS powders consist of raalyo-sized particles. Their
commercial analogs consist of much larger partid®sKK powder is non-
agglomerated, but Praxair's agglomerates are agschif well-sintered
polycrystalline ceramics.
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Fig. 1. Typical dependencies of electrical
conductivity vs. temperature for ionic

Density of sintered samples was
method. Grains size was measured
programs of SEM images of sample

Samples of ceramic electrolytes

s were tested for their mechanical
behavior studying their fracture

micromechanisms with SEM and strength liaxial three points
bend at room temperature.

The electrical properties of ceramic pellets (15 rdimameter) ws
performed using AC impedance Solartron 1260 frequeasponse analy:z
in air in the temperature range 250—8%&Din the range of 6MHz-8,1Hz
Platinum ink (Engelhard) was used for the electsoti®ating on each side
pellets, followed by annealing at 900 for 1 hour.

To determine the inflection point (point of intecien) of two lines, w
have developed an algorithm based loa tethod of least squares. Thut
array of input points, a[N] crashed into two hahamtaining a differer
number of elements b[M1], c[M2], but the total nienlbf elements coincid
with the total number of elements in the input yarkél + M2 = N. Onthe
next step, was conducted in each area approxignatiaight to thenethoc
of least squares. Next, calculated amount root nseaare (rms) deviatio
of two lines. Dynamically changing the number aéreénts in the arrays
from 2—N-2, and repeat iteration of tlstandard deviation obtained
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Fig. 2. Typical dependencies of electrical conduigti
vs. temperature for 10Sc1lCeSZ and 8YSZ electrolytes
usually used in SOFC [3, 4].
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K[N-2] averages. Next, using the bubble sort methede the least value of total
deviation KJi]. That factor is clearly displays @&ésential factors of both lines.
Thus, analytically find the point of intersectioffi two lines and that will
determine the point of inflection.

%= lexehy
E/:blfz_bzbz’ (14)
© k-k

wherety is the x-coordinate of the point of intersection.

Results and discussion

The powders had different ability to sintering [1Bging sintered, e. g., at
1500°C for 1,5 hour, DKKK samples had practically zemrgsity, ~0,95 for
Praxair one and ~0,80 only for IPMS one. Fig. 3 destrates data on porosity,
grain size and biaxial strength of electrolyte skesgintered at different tempe-
ratures as well as their structures revealed wétttfire at room temperature.

Uniaxially pressed 10SclCeScSZ—IPMS samples dematedt less
sensitivity to the grain growth at high temperasutban 10Sc1CeScSZ—
Praxair and DKKK ones where the grain growth fro® @ 4um was detected
instead of 0,8—2,Am observed in IPMS electrolyte.

The highest biaxial strength (375 MPa) was obtaifed10Sc1CeSZ—
DKKK ceramics sintered at 135C. The second highest value was obtained for
co-deposited 10Sc1CeScSZ—IPMS samples (250 MP#&rethat 1500C.
The lowest biaxial strength was detected for 108S8KSZ—Praxair (220 MPa)
sintered at 1450C.

Sintered at 1500C and higher the 10Sc1CeScSZ—IPMS and Praxair
samples demonstrated the similar biaxial strengblirad 250 MPa while the
value of biaxial strength for 10Sc1CeScSZ—DKKK waty 150 MPa.

The cleavage fracture mechanism was detected foupd 0Sc1CeScSZ—
IPMS samples with no any changes with sinteringpenature while DKKK
samples fail with mixed mode (cleavage and interglar) and Praxair ones fail
with intergranular mechanism mainly.

So, ceramic electrolyte samples made of 10Sc1CeStSMS powder are
less inclined to high temperature recrystallizatthan Praxair's and DKKK's
ones. Moreover, it was reported also [4, 7] thatuwcecs made of IPMS and
Praxair's powders are practically insensitive tddcisostatic pressure (CIP)
applied to powder at formation of green ceramicib®dn comparison with
DKKK'’s powder where increasing CIP pressure fromt@B0 MPa results in
grain growth from 3—7 to 20—3(, and pores (up to 20) and final dramatic
decrease of biaxial strength less 50 MPa.

As to the general conductivity, 10Sc1CeSZ electeoiiself as well as its
temperature dependence demonstrate their strorandepcies on both type of
powders and sintering temperature resulting fpresence and redistribution
of stabilizing additives and dopants, density/pitypsgrain size and other
structural features (fig. 4). It is seen that sasgintered at 1300—1400 are
more sensitive to testing temperature than sampglesered at higher
temperatures, 1450—1580.
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Fig. 3. Biaxial strength, grain size, porositg, C, €) and structure of fracture surfaces
(b, d, f) respectively of the uniaxially pressed sample$@c1CeSZ electrolytes made
of IPMS @, b), DKKK (c, d) and Praxair € f) powders sintered at different
temperatures in air.

Ig o (Sm/cm)

Fig. 4. The ionic conductivity of 10Sc1CeSZ electrolytesdmaf IPMS &) powder
sintered at 1250—155 for 1,5 hour in air vs. temperature, the ionioaactivity
of 10Sc1CeSZ electrolytes made of DKKK) (and Praxair € powder sintered at
1250—1550C for 1,5 hour in air vs. temperature.

Fig. 5 summarizes the temperature dependency abthe conductivity of
10Scl1lCeSZ electrolyte made of different powdersisltseen that testing
temperature has different influence on lowd amigh temperature parts of
the dependencies, and different activatiemergiesg, respectively. Each
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Fig. 5. The temperature dependencies of oxygen ionic
conductivity of 10Sc1CeSZ electrolytes made of IRPMS
DKKK and Praxair powders sintered at 14%D for
1,5 hin airrm — DKKK; ¢ — IPMS;A — Praxair.

dependency has own an inflection point, positionwhbfch on the temperature
axis depends mainly on impurities: the purer 10®SZelectrolyte the lower
temperature of inflection and clearer the inflegtio

It is obvious that the temperature dependenciedeatrical conductivity of
the 10Sc1CeSZ electrolyte cannot be describedédwpitle linear dependency in
terms of the Arrhenius equation. Any correctionstdking into account, e. g.,
temperature dependence of theoefficient, porosity and/or grain size were not
able "to straighten" the dependencies.

The temperature dependencies could be easily dedchy two Arrhenius
equations differing by their activation energies lmwv and high temperature
ranges separately. The inflection poirfig,has been determined as the point of
intersection of its approximating straight lineshigh might be defined by
minimizing the mean square deviation of experimemaints from their
approximating lines in each low and high temperatatervals separately, i. e.,
before and after the inflection point.

In the two term description, the inflection poifit might be determined
from two the Arrhenius equations:

U
0, =0, [exg —— 15
Ry s
and
U
0, =0, Edaxp{—k—_lz_j : (16)

Finally, the inflection poinTis defined as the function

Uz _Ul

Kk [ﬂn(“%ﬂj | (17)

T, =
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Fig. 7. Phase content of the electrolyte sample made of
DKKK 10Sc1CeSZ powder and sintered at 12%D
determined with XRD (Rietveld multiphase analy$&)

The surprizing independence, or very week depergjasfctemperature of
the inflection T on sintering temperature is obvious (fig. 6). Hasiton of Ty
is determined mainly by the type of zirconia powdand the amounts of its
alloying and doping elements.

As the most likely cause of such the behavior efdkygen ionic conductivity
of 10Sc1lCeSZ electrolyte is the phase transitiotwd®n its cubic and
rhombohedral states that takes place in the temperanterval studied. The
inflection point, Ty, is, probably, the upper temperature limit of thabic-
rhombohedral transition [6, 13], after which theisture becomes cubic totally.

Conclusions
The temperature dependencies of oxygen conductieftyl0SclCeSZ
electrolyte might be described by two Arrhenius atpns with different
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activation energies. It has no any visible corfetatwith their structural
parameters like grain size or porosity and meclahfiehaviors. The inflection
point on the entire temperature dependency is malatermined by type of
zirconia powder and is practically independent ontesing temperature. The
probable cause of such the behavior of electrotgieductivity is its cubic-
rhombohedral phase transition.
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TemnepaTypHa 3a/1eKHICTh HOHHOI €JIEKTPONPOBIAHOCTI
nupkKoHieBux eaekrpoJiris 10Sc1CeSZ

0. JI. Kupria

Honna nposionicme enexkmponimy 10Scl1CeSBanexcums 6id 6acamvox (axmopis,
30KpemMa  6i0  cnocoby  GUPOOHUYMEA NOPOWIKY, AHI30MPONHO20 — NPECYBAHMHS.
HAHOPO3MIPHUX NOPOWKIE 6 3pa30K I memnepamypu chnikauHs 3paskie. Tax, nicis
cnikannsi y nosimpi npu pisnux memnepamypax nopowxy 10SclCeSZpiznux
BUPOOHUKIE 3aledcHicmb 1020 TonHOI nposionocmi 6i0 memnepamypu 250—900 °C
supasicacmvcsi  uepez pienanus Appemniyca. Onuc ma auaniz GiOXUieHHs 6i0
NPAMONIHIUHO20 X00Y 3ANEHCHOCMI eeKMpPOonpoGiOHOCMI € GANCIUGUM ACNEKMOM
PO3YMIHHA | nokpawenHs eracmusocmetl enexmponimy. Tak, mouka nepecuny
BUBHAYAEMBCA  BIACMUBOCHAMY NOPOWKY | NPAKMUYHO He 3anedCums 6i0 1020
memnepamypu CRikanus, moomo € 8adciUBo0 XapaKmepucmuKow Mamepiany.

Kniouosi cnosa. xucunesa tionna npogionicms, nopowxu DKKK, IPMS, Praxair,
enexmponimu 10SclCeSZeniue memnepamypu chnikamHs, posmip 3epHa, eHepeis
akmusayii,.

TeMneparypHasi 3aBUCMMOCTH HOHHOM NMPOBOAMMOCTH
HHPKOHMEBBIX J1ekTpoauToB 10Sc1CeSZ

O. Kupna

Honnas nposooumocmse snexmporuma 10SclCeSZasucum om muocux gpaxmopos, 6
yacmuocmu om cnocoba NpouzBoOCmMEa NOPOUIKA, QAHUZOMPONHO20 NPECCOBAHUS
HAHOPA3MEPHbIX NOPOUIKOS 6 0Opasey 1 meMnepamypuvl chekaunus oopasyos. Tax, nocie
cnexkaHusi Ha 6030yxe npu pasziuunelx memnepamypax nopowra 10SclCeSppasznbix
npouseooumeneil 3a6UCUMOCHb €20 UOHHOU npogooumocmu om memnepamypvl 250—
900 °C swipasicaemes uepes ypasnenue Appenuyca. Onucanue u anaiu3 OmMKIOHEHUs.
OM NPAMONUHENH020 X00d 3A8UCUMOCIU INEKMPONPOBOOHOCIU ABNAEMCS BANCHIM
ACNeKMOM NOHUMAHUS U YAVYwenus ceoticme onekmpoauma. Tax, mouka nepeuba
onpeoensiemcs coUCMEamMy NOPOUIKA U NPAKMULECKU HEe 3A6UCUM OM MEMNepamypbl
CheKanusl, mo ecmbo, A6NIAEMCS BANCHOU XAPAKMEPUCMUKOU MATEPUAd.

Knrouesvie cnosa: uonnas nposooumocms xuciopooa, nopowku DKKK, IPMS, Praxair,
anexmpoaumol 10SclCeSZusnue memnepamypvl cnekanus, pasmep 3epHa, dIHep2Usl
akmusayuil.
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