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Modeling of a microstructure and calculation
a tortuosity factor for cathodic materials
of LSM-YSZ*

In this work changes in physico-chemical properties (oxygen interphase ex-
change rate and specific resistance) and microstructure parameters (TPB length
and tortuosity factor) with time have been analyzed to find the quantitative
relationships on the example of composite cathode material LSM-YSZ. 3D mi-
crostructure of LSM-YSZ materials has been reconstructed and tortuosity fac-
tor has been calculated on the basis of SEM image analysis using the original

software.
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Introduction

One of the most important areas
of the global energy and energy efficiency
is the development and study of the solid
oxide fuel cells (SOFCs), they belong to
class of chemical power sources, in which
the chemical energy reagents (fuel and
oxidizer) electrochemically converted
into electricity. Oxygen from the air is
usually in the role of oxidizer and hydro-
gen as fuel. SOFC retains the ability to
generate electricity as long as reagents
come from the outside and the results of
their interaction are taken away. A signifi-
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cant advantage of the SOFCs is its silent
operation and a lack of emissions during
its operation, but there are several prob-
lems associated with the degradation of
the materials that make up SOFCs. It is
known that the microstructure of func-
tional materials is a determining factor
in the kinetics of the processes occurring
during operation of the SOFC. The source
of the information about it is the images
obtained by scanning electron micros-
copy (SEM). To estimate the parameters
of the microstructure, analysis of two-
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dimensional micrographs of sections or
the surface of the material is not enough.
There are a number of parameters of the
microstructure, which can only be calcu-
lated from the three-dimensional model:
the length of the three-phase (TFG) and
interphase (FIG) boundaries; proportion
of active TFG, open pores; tortuosity
factor, etc. In this paper we present the
main directions and results in the analy-

Results and Discussion

The isotopic exchange of oxygen and
microstructure of LSM-YSZ.

In this paper, tests of two symmetri-
cal cells were carried out at T = 850 ° C,
PO, =107 atm. First symmetrical cell was
tested for 300 hours, and the other — for
1000 hours. During long-term tests by
isotopic exchange of oxygen [1] the kinet-
ics of the interaction of gas-phase oxygen
with the test symmetric cells was studied.
The parameters of the microstructure of
the samples before and after the test was
determined by the digital processing of
photomicrographs of cross-sections ob-
tained with the scanning electron micro-
scope Tescan MIRA 3 LMU. Fig. 1 and
Fig. 2 show photomicrographs of the cell
structure of symmetric LSM-YSZ | YSZ |
LSM-YSZ (La0,8Sr0,2Mn03-0,82ZrO2 -
0,08Y203) before the test.

Since the contrast between the phases
of LSM and YSZ in the image is absent
(Fig. 2), image analysis method was used
[2], in which it was established that the
distribution function of particles sizes
is different, and these changes are due
to coarsening of the phase LSM (Fig.
3). Conducted by 3D-reconstruction of
the microstructure of the electrode sym-
metric cells (Fig. 4), the dependence of
TFG (contact between the LSM | YSZ |
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sis of microstructure parameters on the
example of the composite LSM-YSZ, and
comparison of time changes in the phys-
icochemical properties of this material
(the rate of the interfacial exchange of ox-
ygen and resistivity) and the parameters
of its microstructure (TFG length and tor-
tuosity factor) in order to find quantitative
relationships.

02) from time was obtained. The TFG
length was defined as referred to the
volume number of connections between
voxels (Voxel = volume pixel) of three
types, corresponding to the phases LSM,
YSZ and pores [4, 5]. It was established
that the length of TFG decreased by ap-
proximately 15% (Fig. 5), whereas the
constant of interfacial oxygen exchange k
decreased by about 16% after 1000 hours
(Fig. 6).

Apparently, the process of interfa-
cial oxygen exchange by TFG is suffi-
ciently fast compared with the exchange
of oxygen on individual components
LSM and YSZ. As a result, a decrease in
TFG lenght eventually leads to a reduc-
tion of interfacial oxygen exchange con-
stant of the composite cathode material
LSM-YSZ [7].

Conductivity and tortuosity factor of
composite materials LSM-YSZ.

Tortuosity factor is statistically calcu-
lated by modeling the process of random
walk of particles by Monte Carlo method.
N number of stray particles is generated
in the required volume. In one step of the
program, each particle performs n walks
with a given length L. After wandering
the amount of mean-square displacements
of all particles of a given ensemble is cal-
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Fig. 1. Photomicrographs of the cell
LSM-YSZ | YSZ | LSM-YSZ, electrolyte
thickness is 140 + 5 um, electrode — 41 + 10
pum

Fig. 4. 3D-reconstruction of microstructure
LSM-YSZ, grey — YSZ, white — LSM, black
—pores; 1 um = 20 voxels
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culated (1). This procedure is repeated a
required number of times [3]. Tortuosity
factor is defined as the ratio of the mean
square displacement of the particle in free
space to the mean square displacement of
the particles in a porous medium (2), see.
Fig. 7.
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It should also be noted that the mag-
nitude of the tortuosity factor is different
from the tortuosity defined as the ratio of
the average pore length to the thickness
of the porous material. Unlike integral
microstructure characteristics, such as
porosity, the proportion of the phases and
their average diameter, tortuosity factor
value, depending on the environment for
which it is considered to be proportional
to the physico-chemical quantities. In the
case of pores, tortuosity factor is propor-
tional to the coefficient of permeability;
for oxygen-ion electrolyte - the diffusion
coefficient (ionic conductivity); for elec-
tronic conductor - the conductivity of the
material [5]. For example, the depend-
ence of the diffusion coefficient and the
mean-square of displacement from the
time is described by the expression (3).

D=1-i<rf> A3)
6 dt

In this part of present work it is shown
that the resistivity is reduced by one order
of magnitute in the example of the com-
posite material La0,65r0,4MnO,-0,9Zr0O,
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- 0,1Y,0, shown that for 1000 hours at T
=800 °C, PO, = 10, atm (fig. 10). During
the tests, the samples were taken after 40,
500 and 1000 hours of exposure.

On the basis of segmentation results
of SEM images (Fig. 8) for the cross sec-
tions of the samples before and after test-
ing using the developed original software,
the tortuosity factors are calculated for
both the porous structure and the phases
of LSM and YSZ (Fig. 9).

A decrease in tortuosity factors phase
LSM and YSZ was discovered; it corre-
lates with the drop in resistivity of the test
composite material (Fig. 9, 10). The mo-
notonic dependence could not be found
for the porous structure. Image analysis
showed that as a result of the exposure
diffusive propagation of LSM and YSZ
phases occurs, which leads to the enlarge-
ment of particles at constant linear dimen-
sions of the sample. Process of diffusion
growth of YSZ phase goes faster than that
of LSM, apparently due to the fact that
YSZ was initially taken in the form of
nanopowder (Fig. 8). Formation of more
coherent phase structure comprised in the
composite material is the cause of resis-
tivity (Fig. 10).

Prolonged exposure under experimen-
tal conditions leads to improved contact
between the grains of the components
that make up the composite. Quantitative
parameter characterizing the process of
diffusive propagation of LSM and YSZ
phase is the tortuosity factor.

Conclusions

3D-reconstruction of the microstruc-
ture based on the analysis and SEM imag-
ing was carried out, lengths of TFG and
FIG were calculated, proportion of active
TFG and open pores was found in this
work.
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Forsymmetriccells(La0,8Sr0,2MnO3-
0,08Y203) the relation-
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Fig. 7. Evolution of tortuosity factor data in
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LSM-YSZ before tests

T=800 °C and PO, = 10 atm

Fig 8. The result of micrographs processing
of the cross-section of the composite material
LSM-YSZ, SEM (Grey — YSZ, white —
LSM, black — pores)
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ship between the constant interfacial
exchange of oxygen and length TFG
was obtained. For a composite material
(La0,6Sr0,4Mn03-0,9ZrO2 - 0,1Y203) a
correlation between the tortuosity factors
of LSM and YSZ phases and their resis-
tivity was found.

The approach used in this study may
be useful in the study of electrochemical
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composite material LSM—YSZ from time,
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degradation of materials, where the direct
changes in the physical and chemical pa-
rameters are difficult, but it is possible to
analyze the microstructure parameters. It
is necessary for selection of the optimum
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Beepenue

OnmHuM M3 Ba)KHEHWIINX HaTIpaB-
JICHUH pa3BUTHA MHPOBOM YHEPTETUKU U
HEProcOepeIKEHUs IBISETCS pa3padoTKa
U W3yYCHHE TBEPIOOKCHUIHBIX TOILIHB-
HbIX 25eMeHToB (TOTD), oHM oTHOCSTCS
K KJIACCY XUMHUYCCKUX NCTOYHHKOB TOKA,
B KOTOPBIX XHMUYECKasi YHEPTHSI pearcH-
TOB (TOIIMBAa M OKHUCIHTENS) DJIEKTPO-
XUMHUYECKAM CITOCOOOM Tpeodpasyercs
B DJIEKTpUUECKy0. B pomm oxwmcnmrerns
OOBIYHO BBICTYTIACT KHUCIOPOI W3 BO3IY-
Xxa, B poiu TormBa — Bogopon. TOTO

COXpAaHSET CIIOCOOHOCTH TEHEPHPOBATH
ANEKTPOIHEPTUIO BCE BPEMs, TIOKA B HETO
W3BHE TTOCTYTIAIOT PEAareHTHI, U OTBOIST-
CsI IPOIYKTHI UX B3aUMOJICHCTBHSL.
CyIiecTBeHHBIM MIPEUMYIIECTBOM
TOTD sBnsieTcst OECITyMHOCTh pabOTHI
U OTCTYTCTBHE BPEIHBIX BBIOPOCOB IIpH
X (pyHKIMOHHUPOBAHWUH, HO CYIIECTBYET
psix mpoOiieM, CBA3aHHBIX C JIeTpaganneit
MaTepuanoB, u3 KoTopeix cocront TOTD.
W3BecTHO, 4dTO  MHKPOCTPYKTypa
(YHKIIMOHATBHBIX MaTEPHAJOB SBISCT-
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Csl OTIPENEISTIONMNM (PAaKTOPOM KHHETHKU
MPOIIECCOB, MPOTEKAONINX MpH padore
TOTD. UcrounnkoM uHMOpMAIMK O HEH
SBJSIIOTCS  M300pa)KEHHS, TOJTYyUICHHEIC
METOIOM PACTPOBOM AIEKTPOHHOU MHU-
kpockormu (POM). [lns otnienkn mapame-
TPOB MUKPOCTPYKTYPEI, aHAIH3a IBYMEp-
HBIX MHKpodoTorpaduii ceueHud uIu
MIOBEPXHOCTH HCCIICAYEMOTO MaTepHaia
opiBaeT HemocTarouHo. CyIIecTBYeT psin
apaMeTpoB MUKPOCTPYKTYPHI, KOTOpPBIE
MOYKHO PacCUHTATh TOJIBKO M3 TPEXMep-
HOH MOJENH: MPOTSHKEHHOCTH Tpexdas-
HeIX (T®I') u mexdaszapix (MPI') rpa-

Pesynbtathl n 06cyxaeHue

Hzomonnvlii 06men Kuciopooa u mu-
kpocmpykmypa LSM-YSZ. B pabore
npoBoaniu uctbiTanust npu T = 850 °C,
PO, = 107 atM aByX CHMMETPHYHBIX
sueek. [lepByr0o CUMMETpHUUEYIO SUEHKY
ucneiTeiBa M B Teuenne 300 vacos, apy-
ryto — B Tedenue 1000 gacos. B nmpomecce
JUTATCTIGHBIX WCTIBITAHUA METOIOM H30-
TOIMHOTO OOMeHa Kkucioponaa [1] wmcce-
JOBA KHHETHKY B3aMMOICUCTBHS KH-
CIIOpOoAa Ta30BoH (ha3bl ¢ UCCIETYSMbIMU
CHMMETPUIHBIMU STYCHKAMI.

[TapameTpsl MUKPOCTPYKTYpPEI 00pa3-
IIOB J0 W TOCJTE UCIBITAaHUH OIpeaeys-
JU C TMOMONIBI0 IU(PPOBOM 00pabOTKH
MuKpodoTorpaduii TONEPEYHBbIX IUIH-
(OB, TONYYCHHBIX C MOMOIIBIO PaCTPO-
BOTO JIEKTPOHHOTO MHKpPOCKOMa 7escan
MIRA 3 LMU. Ha puc. 1 u Ha puc. 2
MIPUBEJICHB MHUKpodoTorpaduu CTpyK-
Typbl CHUMMETpHYHON stueiiku LSM-—
YSZ|YSZ | LSM-YSZ (La, Sr, ,MnO,-
0,827r0, - 0,08Y,0,) 10 UCTIBITAHNU.

[TockonbKy KOHTpAcT MeXIy (hazamu
LSM u YSZ Ha n300pasxeH1H OTCYTCTBY-
et (puc. 2), To ObUT IPUMEHEH METO/I aHa-

HHUIL; 107 aKTUBHBIX TOI, OTKPBITHIX
mop; (hakTop U3BMIIUCTOCTH H T. TI.

B Hacrosimie pabote mpuBOISATCS OC-
HOBHBIC HaIPABJICHUS U PE3yIBTaTHI B 00-
JIACTH aHAJN3a MapaMeTPOB MUKPOCTPYK-
Typel Ha TMpUMEpe KOMIIO3UIIMOHHOTO
marepuana LSM-YSZ, a Takxe cpaBHU-
BaeTCsl M3MCHEHHE (H3MKO-XUMHUIECKUX
CBOICTB 3TOT0 MaTepuaia (CKOPOCTH MEX-
(hazHOrOo 0OMEHa KMCIIOpoJia U YIEIbHO-
TO CONPOTHBICHUS) M IApaMETPOB €ro
MHUKPOCTPYKTYpHI (TMpoTsikeHHOCTH TOT
1 (pakTopa M3BWIMCTOCTH) OT BPEMCHHU
C TETBI0 HAXOXKICHHS KOJTMYCCTBEHHBIX
B3aUMOCBSI3EH.

32 U300pakeHui [2], B XolIe KOTOpOro
YCTaHOBJIEHO, UTO (DYHKIHH pacIpernere-
HUS Pa3MEpPOB 3€PEH YACTHII PA3IUIHBL, 1
9TH U3MCHEHHS CBSI3aHEI C OTpyOIeHHEM
¢azer LSM (puc. 3). Ilo mpoBeaeHHOM
3D-peKOHCTPYKIIMA ~ MUKPOCTPYKTYPHI
ANEKTPOAOB CHMMETPHYHBIX SUeeK (pHC.
4), nonydena 3aBucuMocth TOI' (koH-
TakT Mesxty LSM [ YSZ | O,) ot Bpemenn.

IIporsoxkennocts TP omnpenensun
KaKk OTHECEHHOC K 00BEMYy KOINYECTBO
COCIMHEHNH MKy BOKCEISIMH (OT aHTIL
voxel = volume pixel) Tpex THIIOB, COOT-
BercTByronmx (pazam LSM, YSZ u mopam
[4, 5]. YcTaHOBIEHO, YTO MPOTSKEHHOCTH
T®I' ymenbininacs npumepHo Ha 15 %
(puc. 5), Torga Kak KOHCTaHTa Mexdas-
HOro oOMeHa Kuciopoaa K yMeHbBITHIIACH
npuMepHo Ha 16 % B Teuenue 1000 yacos
(puc. 6).

[Mo-Bunumomy, mporiecc Mek(pazHOTO
obmena kuciopona Ha TOI mporekaer
JIOCTAaTOYHO OBICTPO TI0 CPABHEHHIO C 00-
MEHOM KHCIIOpOIa Ha WHIMBHIYaJIbHBIX
kommioneHtax LSM u YSZ. B pesynsbra-
T€ yMEHbLIEHHWE NpOoTsHKeHHOCTH TOI
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CO BpEMEHEM IPUBOIHUT K YMEHBIICHUIO
KOHCTaHTBI MeX()a3HOTO OOMEHa KHCIIO-
po/a KOMITO3UIIMOHHBIX KAaTOMHBIX Mare-
puanoB LSM-YSZ [7].
DnekmponposooHOCmb U hakmop uz-
BUTUCMOCU KOMNO3UYUOHHBIX Mamepi-
anoe LSM—-YSZ. ®aktop W3BWINCTOCTH
CTaTUCTUYECKU PACCUNTHIBACTCS C ITOMO-
IO MOJIEITUPOBAHUS TpoIIecca CITydai-
HOTO OJNy)KOaHus gacTUIl MeTonoM MoH-
te-Kapno. B wuHTepecyromeMm o0beme
TCHEPUPYIOTCS OITyKTAIOIINe YacTHUIIHI B
KonugyecTBe N mTYK. 3a OnuH mar pado-
TBI TIPOTPAMMBI KaK/Iasi 4acTUIIa COBEp-
nraet n ONyXJaHWW ¢ 33aJJaHHON JITMHOMN
omyxmanus L. [Tocie 3Toro paccuuThiBa-
eTCs CyMMa CpEeIHEKBaIpaTHIHBIX CMe-
IIEHUH BCEX YaCTHI[ 33/JIaHHOTO aHCaM-
ot (1). JlarHas Tporieypa MmoBTOPSETCs
Tpedyemoe konmdecTtBo pa3 [3]. dakrop
M3BUIIMCTOCTH OTIPENeNsieTCss KaK OTHO-
IIIEHUE CPEAHEKBAIPATHIHOTO CMEIIICHHUS
4acTUII B CBOOOTHOM MPOCTPAHCTBE K
CPEIHEKBAIPATHIHOMY CMEIICHHIO dYa-
CTHII B IOPUCTOH cpene (2) (puc. 7).
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3,Z[GCL CTOUT TAKXKC OTMCTHUTH, YTO BEC-
JIMYrHa (baKTOpa HU3BUIIMCTOCTH OTIMYA-
€TCsA OT U3BUIIUCTOCTHU, KOTOpasa OpeEac-
JIACTCA KaK OTHOIICHHEC Cpe,Z[HCﬁ JUINHBI
Mop K TOJIIWHE MOPHCTOTO MaTepuana.
B omnmume oT MHTErpambHBIX XapakTe-
PUCTHUK MUKPOCTPYKTYPBI, TAKAX KaK TO-
pHUCTOCTh, Jonsd (a3 u MX CpeaHHH Tua-
METp, BeIMUrHA (aKTOpa U3BHIIMCTOCTH,

B 3aBICHMOCTH OT TOTO, JIJISI KAKOH CpPEIIbI
OHA CYHUTACTCS, MOXKET OBITH TPOTIOPITH-
OHaNbHAa (DU3UKO-XUMUYECKAM BEIHIH-
HaMm. B cirydae mop akTop n3BHImCTOCTH
MIPOTMOPIIMOHAICH KOA(DPUIMEHTY Ta30-
MIPOHUIIAEMOCTH; UIS KUCIOPONI-HOHHO-
ro siekTpoinuTa — Kodhduiuenty mug-
¢by3un (MOHHOH TPOBOIUMOCTH); JUISI
ANIEKTPOHHOTO TPOBOTHHUKA — YHEITBHOU
ANEeKTpONpoBOHOCTH Marepuaina [5]. K
MpUMEpPY, 3aBHCUMOCTH KOA(PPHUIMESHTA
TUPPY3UU U CPETHEKBAIPATUIHOTO CMe-
IIEHUS] OT BPEMEHH OIHCHIBACTCS BBHIpa-
x)enuem (3).

D=l-i<rf>. (3)
6 dt

B nmanHOW 4Yacth paboThl Ha MpH-
Mepe  KOMIIO3WIIMOHHOTO  MaTepHaia
LaOﬁSrOAMnO3—O,9ZrO2 0,1Y,0, mno-
kazaHo, uro B TeueHue 1000 ygacoB mpu
T'=1800 °C, PO, = 10" atm yzenbHOE cO-
MPOTHBIICHIE YMEHBIIACTCS B Tpenesax
nopsinka (puc. 10). Bo Bpems ucniprtanuit
U3BJIEKAINCH 00Pa3IBI-CBUICTENN TOCIIe
40, 500 u 1000 gyacoB BBIICPIKKH.

Ha ocHoOBe pe3ynsraToB cerMeHTaUH
n3ob0paxxenuit POM (puc. 8) miis ceueHnit
00pasIoB 0 W MOCIe UCTBITAHUHA C TI0-
MOIIBIO Pa3paboTaHHOTO OPUTHHATIHHOTO
MIPOTPaMMHOTO OOECTIEUEeHHSI paccunTa-
HBI (DaKTOPBI M3BIJIMCTOCTH, KaK JUIS TI0-
PHUCTO# CTPYKTYPHI, Tak 1 utst a3 LSM n
YSZ (puc. 9).

OOHapy)XeHO yMEHbIICHHE (HaKTO-
poB m3BwiMcTOocTH Paz LSM u YSZ,
YTO KOPPEIHpYeT C MaJeHUEM YIEIbHO-
TO CONPOTHBIICHUS HCCIEAYEMOTO KOM-
MO3UIMOHHOTO Marepuana (puc. 9, 10).
st TOpUCTON CTPYKTypbl MOHOTOHHOM
3aBUCHMOCTH OOHApyXHUTh HE YIaJIOCh.
AHanu3 W300pakeHWH TOKa3all, 4To B
pe3ynbTaTe BBIICPKKH MPOUCXOIUT AUQ-
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(y3noHHOe pacrnpocTtpaHenue pa3z LSM
n YSZ, npuBonsiee K yKpyITHEHHUIO Ya-

2,250

N=1000000

N
~
@

PaKTop UIBUNUCTOCTH
»
[=3
3
S

1,875

Bpewmsi
Puc. 7. OBomtonus 3HaueHUN akTopa

M3BIIIICTOCTH B 3aBUCHMOCTH OT Iara
paboThI anropuT™Ma

5um

Puc. 8. Pesynbrar 06paboTKH

MHUKpOOTOrpapuu CeYeHUs

KOMIO3UIIMOHHOTO Marepuaina LSM—YSZ,

SEM (cepwrii 11BeT — Y SZ, Gelnblii 1IBET —
LSM, 4epHblii LIBET — OPBI)

T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550

CTHIl TP HEM3MEHHBIX JHHEHHBIX pa3-
Mepax camoro obOpasma. Ilponecc mug-
(y3uonHOTO pocta haszel YSZ nporekaeT
ObIcTpee 1o cpaBHeHuo ¢ LSM, no-puu-
MOMY, M3-32 TOTO, YTO W3HA4YaIbHO Y SZ
B3AT B (opMe HaHomoporika (puc. 8).
OO0pa3zoBaHue OoJiee CBA3HOW CTPYKTYPhI
(a3, BXOIAMUX B COCTaB KOMITO3UIIHOH-
HOTO MaTepuaa, CIyKUT IPUINHON CHU-
JKeHUs! corpotuBieHus (puc. 10).
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Bpemn, 4
Puc. 9. 3aBucumocth pakropa W3BUIMCTOCTH

karonHoro matepuana LSM-YSZ or
spemen, 7'= 800 °C, PO, =102 atm
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Puc. 10. 3aBucumMocCTh yAeIpHOTO
COIIPOTHUBJICHUS] KOMITO3UIIMOHHOTO
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=800 °C, PO, =107 atm
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JurenbHas BbIIEpIKKAa B YCIOBHUSX
JKCIIEPUMEHTA NPUBOJUT K YIyULLIEHHIO
KOHTAKTa MEX]y 3€pHAaMH KOMIIOHEHTOB,
BXOJSILIUX B COCTaB KOMIIO3ULIMOHHOIO

BoiBoab!

B xome pabotel mpoenena 3D-pe-
KOHCTPYKIIUSI MUKPOCTPYKTYPHI Ha OCHO-
BE aHaJM3a U 00pabOTKH HM300pakeHUI
POM, paccunrana npotsskeHHOCTH TOI
n M®I, onpeneneHsl AOAM aKTUBHBIX
TOI" 1 OTKPBITHIX MOP.

Hust CUMMETPHYHBIX STICCK
(La,¢Sr, ,MnO, — 0,82Zr0O, - 0,08Y,0,)
MOJTyYICHA B3AaUMOCBS3b MEXKTy KOHCTaH-
TOM Mex(pa3sHOro oOMeHa KUCIOpoaa U
npoTskeHHOCThI0 TOI. Jlnsg xommno3u-
IIMOHHOTO Marepuana (Lao)ﬁSrO’z‘MnO3 -
0,9Zr0, - 0,1Y,0,) naiinena koppensuus
Mexay (akTopamMu HM3BHIUCTOCTH (a3

bnarogapHocTu

ABTOpBI BBIpaKAIOT OJAaromapHOCTh
[Toporaukosoit H. M., Epémuny B. A.,
Mengenery JI. A. u IlankparoBy A. A.

Marepuana. KonuuecTBeHHBbIM mapame-
TPOM, XapaKTepU3YIOMINM Iporiece Audg-
¢dy3Horo pacnpoctponenus gpa3z LSM wu
YSZ, sBnsiercst pakTop U3BUITHCTOCTH.

LSM u YSZ u ynenbHBIM CONPOTHUBIIE-
HUEM.

Iloaxon, MCHONIB30BaHHBIN B JaHHOMU
paboTe, MOXET OBITh TOJIC3HBIM TIPH
WCCIICIOBAaHUN TPOIIECCOB AETpPaIaIlin
ANMEKTPOXUMHUUCCKUX MaTepHajoB, Tae
PSIMOE U3MECHEHHE (PH3UKO-XHUMHUIECKUX
mapaMeTpoB 3aTPyOHEHO, HO BO3MOXKCH
aHaJM3 IapaMeTPOB MHKPOCTPYKTYPHL
310 HEOOXOMUMO TS BEIOOpA ONITHMAITh-
HBIX YCIOBUH (OPMHUPOBAHUS U IKCILTY-
aTaIy AEKTPOXUMHUUECKUX yCTPOICTB,
takux kak TOTD, snmexrpoxumudeckue
pU(OPMEPBI, DIEKTPOINU3EPEI, CEHCOPEI
u Ip.

3a IMPEAOCTABJICHUEC DKCIICPUMEHTAJIbHBIX
JaHHBIX, HAa OCHOBC KOTOPBIX ITPOBOIN-
JIOCh MOJICIIUPOBAHUC.
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