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Evaluation of Fuel Microstructure by Electrical Conductivity Measurement(V)

Shinsuke YAMANAKA*

ABSTRACT

This report describes the results of survey undertaken as the study on
Evaluation of Fuel Microstructure by Electrical Conductivity Measurement
during a period of October 29 1996-March 17 1997.

It is known that the transport properties of oxide ceramics such as thermal
conductivity, diffusivity and electrical conductivity are strongly affected by the
microstructure. In recent years, impedance spectroscopy has been one of the
attractive methods to elucidate the effect of the microstructure on the transport
properties. In the present study, using an apparatus developed for identifying of
the microstructure of FBR fuel by means of measuring impedance of the fuel,
the measurement of electrical conductivities was performed for sintered UO:
with various porosities at room temperature in vacuum. It was found that the
conductivities and capacities were strongly affected by the porosity. The
thermal diffusivities of UO2 with various porosities were measured by means of
laser flash method, and elastis constant, hardness and yield strength of UO:
were evaluated by pulse echo and microhardness measurements, respectively.
The correlation between electric properties of UOz thermal properties and
mechanical properties were discussed on the basis of the experimental results.
From the results obtained in the present study, it was verified that impedance
spectroscopy is applicablefor evaluation of microstructure of irradiated fuel.

This work was performed under a contract between Power Reactor and
Nuclear Fuel Development Corporation and Osaka University.

PNC Liaison : Fuels and Materials Division, Alpha-Gamma Section (Kazuyuki
ABE)

* Department of Nuclear Engineering, Faculty of Engineering, Osaka University
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enit. & (3) A 1. 7—2. 50&EED TR (5) OEBOBEKTEYENS
E#&RL

ADSIGHEEIL. SAZRYZCHEBHAKEZERTIIEIILDFELONS,

a=keg (dT/ 1y +e0 [ (T+dT) 4-T4 =ko (dT/1y)  (6)

ZZT,



PNC TJ9605 98-002

dT : [ALZHY2BERT

T : [ILDEEDOEIGIREE

ke : KALDHDH A DRIZHBE

e MEOEHNR

c:Stefan—BoltzmannEi

Iy AHSIARCHEZRDBEDICHELEI=ZYy LD 1A0EX
MEBIILIZONTIE, dT/TL1THD., BHOEIZ4 ¢ 0 T3d TITHL THER
tEhsd, [ALEEERZOLSIC,

ke=ket4e01,T3 (7)
ERr3,

HEZDHDOK[AIIDONT. BEDHEIZ. 10HOBREFLANTI OGNS, K3. 413,
BAXDEHETOk/ ko%2RT . [ILOEDREEEICZVNTI2EHFOFLHIT. SET
REBIILIZODONTRINZDDOREZIICR S, BT, NUTLNEE> TWBEGIEE
S3TH5.

SALDHEDBiancheria [26] OFTITE. KOARZEEZ3B.

k/ks= (1-P) / (1+ (a—1) P) (8)
BL., (a—1) PK14a5EE KX (8) IEEFELoebRIZZSB., LML, BOROD
ER o l3MRICERBRHEEICRLT, R (8) ZBWTald. BEDICS > FARHH
LR BRORLREZOKIIIDODVWTGHETE 5. RIZDONVWT, a=1. 5KV
X (8) & Eucken [24] CRXOBBHINAEKAROB/ERTZE8 L. HElE
AED LS R RBBRIZONVT, BREFald. KALOMOEZ D IC&kEL 1.
S5EDBbRELZS. BIREFII. #HHA 1 0 DEEHEAEICOVNTIFIEIOAEZI
2%, Marino [29] X BEHELK k:ZJHHAT S EIC LKA BH/T
MPMaxwell—EuckendORZHIEL :

k/ks= (1—P) / (1+B8P) (9)
X (9) DZODOMEIORCHEEZRMDE DS FBRRANSKILORAGEHE OBEKEL TO
BIZDWTOEBRZHNE,

B=(1—-P) ((2/3) Q—1) — (2/3) rQ)

S (1—=P) +(2/73yPQ] (10)

ZZT. TRIALOREHE LBMEIOBEEDL. QI3 r EKFLOBIROBEKTH 5.

Schulz [30] % 2D00HOMBOBEEEIZDONWTO—REBBEZROERME
EEVWRALEZ L OMENIDWTHELE. DEORERELE.

FASAL :

k=ks (1—P) ¥
x=(l—-cos?a) / (1-F) + (cos2a/2F) (11)

&AL :
(ks—k) (1-P) [2 (1—-cos?a) / (ks+k) + (cos2a/k) ]
=P (2—cos?a) (12)

c kit. BHEMEBIERTRE—-I ZAMBHZOWTORGRETH S, FRUEc o s2ald.
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AREKEEZRTEGRIBE<H{ETINTNS, UTIZEOHZRT,
E=Eo (1 —a1P—a2P?
E=Eotexp (—bP)
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v=ves (1—cP)
DELIBRANBFHEZINTED, U020 TR
v=0. 319—-0. 34P
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WEMEEIX, EANICIETFRIEANCELL, BRICXDERT S BHRAREE
HAEBHIXNF—ORICHAT 3. MR OBBENBEERER. REOEHIRXILVF—5
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Wid. Griffith flawHi{[34] %5. Griffithickhid,
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MENBEHICRFOLDSEE (1—-P) KHHITHEETEE
o=0o0 (1—P)
NESN. TIT, cldIZILENO OBORETH B,
Fe, LORNOEEEHELEREL T,
c=go0 (1—aP)
NHD, NEFHLLERELT,
oc=go (1—P) N
o=00 (1—P"
BENDH S,
Schiller [35] & ROLKSEAXZRELTWS,
c=a—b log?P
Rvshkewitch [36] %
g=coeXxp (—bP)
DESRRNEZRRELTWS,
TIIFESII v IAOMITREICLVWTARIABOZEOHZRK 3. 61TRT. £3.
BIZBBEII v IV AMBEIO Db OiEZFRT,
Knudsen [37] BKAEOEMIZED R TFHIOEMERROR DHABIERED

BTOXRFEREEZ, Ryvshkewi tc hDORICRBEDZZEREL AR 2EEL
T3,

c=aD "exp (-bP)
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4. 3 BIBEEAE

UO 2 ik DRIBROABER., VL—F -7y aikic&DiTo7. UO24t
fEihatehE, EE1O0mmXEEI1ImmiIZ)oHLEbOZAN, A ORI 4.
8. 10. 2. 14. 9. 21. 3%Thol=. M4. ITRLEXDTHFER BB
oA HRAEEBEANW:, BER, B, 200, 400, 60 0OCTHZEWHT



PNC TJ9605 98-002
o7,

4. 4 FTRKRUEEERIE
BEENSNVAII-EZAVWTUO 2t 0T ENEE2EB L=, BBHEZRK 4.
4ITRT. BEEOEZERIE. SMHzO NS> AT a—Y—2H0, FORISIHE
WKWIIAA~<TyTFyZ7#Echome ter 106 228AHLE. . AP EBHAR
BEMEOEEIIXY Z2—-FSHN1 3 2HW=, BEkSHEREIRX. SROA, Hik
FHRAFERIBENAS 70 0KETANYTLAKRPTERL /= THBEBEL. £20
m/ s ThHd. B5N-FELD, BEEROFMET- 7.

BOBEREL. RAREBEOE Yy h— ABERRBMHT - 1K bERL A, A
Eid. WE1kgf30sTENTN1O0EERL. BE#EEB/NEERELSHEZR
., TNTNORETOWEZFMHLE. FMiEL k gDBEIR. EEOREZIZAWE
RELOHRRF 1 OFEHDORZIXICTHYSL ., 5T, BONEEIIN ARVKILOE
BEZIEHOITR->TVRREEZSNS .. BONEENEHIETE BbH SBRIREH
AL 7=,



PNC TJ9605 98-002
5. MRLBR

5. 1 B|XWHE
UO 85 DERAI D E—F > A70y FOKILBEEEEZRKS. 1ITRT. 12
E—4 270y FOBRIZFZBOKARBICI > TELLI BT EZENaN 3. &5
N1 E—¥ 270y bOBRIELBEATRRL, FILBLORENELD
BEMTHB. {E—F>A70v bOBRISHBIOSMERK E L T BN, kL
R EEOFNTNOEFEEROUIIEENSRIEFRENSZDEEZISNS.
ZOEMMEKICEDE, BN, R, EROEHZERD. ThTho 508K EE
REFMHL . ESEEBOKILREKFEEZRS. 2IIRT. RO ARTRROE
BRIISABEZHICEILLTO 290 5. REHOMMBERE, S, [ILROKX
EFX L DERPIOAE X ROKAESICRERE IRV, [ILEOBNZHES 8
RORPHLN. RT7 74— —OFEMICL> TERBTIHEOTHMYMOEZETHZ0N.
SILZObLONEET MBS ICERT20NMIASMTTEIIENTERM .
/-, BN, RR. SEOAEZRYD. TNTHOLLOFEREZFML -, FER
OZALBKEEZ2KS5. 3IRT. RBORANOFETRISIAR L& AL TN
ENNMB, —FH., BRAOFEERRIGAR EKITHMML TV, BB BREIS R
ABOAZX LNNAEROMOBRIIMBEZETIVTHRTES. RITRITXIWIZE
BiEEENEIZIRES —HLTHED. FERNSR3 ESEIAWEUO 2 fiki# AshIiZ
k=X DHi> AN —ICHBL TR EEXTRVWI ENDN S, HNDFER
OEILRIKERIR. RBOMHBEICLVFRATES I LMo k.
ZOEIERTEDORETUO 28D E—F O AZRETE. TOHR
DS IEE N RAFERN S KL ZHMTE AAEELNRVWEEI N A, 1 E-F
SAEEUO 2 RO BEBRRE TAVWNIEZMTORNEY Iy 7R EORK AT
xR ELEZIOND, -, BHIEOREOKEREIC S TMELAIRETSH S LELNS.

5. 2 #EfEH

L—H—7 59 ¥ a Btk DRIE LU O B 0REER DKL RKGFEZRS.
41z, £z, HEEETORGEHELSALROMREZR/NBRICKVER TERL TRD
EREREICRT. VAREEE, xHKLE. ROVEBFRETHS. WIThORERS
NWTH, BEEREGALOBBRIIEEL o e bORKZMH->TNB I EAGNS. TR
bb. AEEENSRTSEAWVEUO 2 FkED MG IR R ERRGEIZR
LHIFFH—ITHBLTnREEZONS, ZORBRIVE-—FCANEDRHRLR
<—EHLTW3%,

U0 2 ikstk ORGEROBEEELEZES5. 5I0RT. WTHOHEBHIBNTY,

7=, {5. 6ICRTELIIC, SEOWERZRNSKTILEO ¥DUO 2 ORZEROE
BRI EROIER. CRE SO TR —BLTHE.



PNC TJ9605 98-002

5. 3 BEOHE
UO 2 stk OME R UM BT ROKILRBKEEZKS. 7TRU 5. 8ITFRT . Mk
EURE EBRILBOEMICEVTENMRE O LT Z N5, [ILEP EFEV
DBRIT. MEROMEICIOWT., RRATEES,
V1+=V1 (1-bP) Vss«=Vs (1—-cP)
TIZT. VI1EOV s 3G EP ORBOMERVCRESTE. VIERLV s3FEL
00 %BRILEODUO 2 DML R VBRI TEERL T3,
KRTHEVWUO 2 DHEETEV 1 1L UVRBRETEV s+ SRIEERG, YOV REKDT
K7V v Z2EMmLT=.
G=pVs 2
E=G [ (3V12—-4Vs?) / (V12-Vs?)]
v=(E/2G) —1=(V12-2Vs?2? /2 (V12-Vs?
ZZT. plUO20BETHS, 5. 9. 5. 10, 5. 11iIcUO20V > U%
E. RERGRUORTY v OSAREKFEZRT. UO20RIERG, Y2 J/RE,
BT7YV Y EDEAREEDIRBOLL TV I ENSNSE, WThOHEEBXEEE
B<—ELTw/,
I3y AMBOBRLERIENIT. BERRKDHEETES. Evy H—AWEHV
3. RRATEEZNS.
HV=2 (PH/d?) sind¢
ZZTPHRHME. dIIEEOHAREX. 203ETOHEA (1 368) THS.
HEL1LkgTHBONEUO 2 IO EY I —ABEOKIALBEKEEZEKS. 1 21TR
9, BERKILBOEMIENEILTNS.
A F RSO T I v I AMBOEE ERRIBT Y OBIRI.
PH/Y=HV/Ysind¢
=1+1. 2X1n [ (E/Y) w1/ 2cotd/8 (1—v2)]
DEILERPREINTVS, ZORZHANVT, BlEIN/-EE,. THRUE/RNOF
MLA-EERUYZ2ERL. (U, Ce) O:20BRRIEHZRDE. HONEERRIRHD
SARKENEZRS. 1 3IC5RT. UO 2 DBRRIEHIZ. [ALROEMITHEN KESE
BB EN Mo, BRGETIR. 53 v 7 AMENIBHLERL ZNnOT, &4l
2Z<ESDUO 2 REVEATHET I I3 EEASNS., HIZ, PO I/RER
RIEHDNSBEMHOVTHEHEMTEERMS. 140K51TRD, 0. 8—-1. 2%
B0, OES IV AERERENEN I EM Mo, £ B5. 1 5ITRTX
Iz Y O REBEORICIZHABENRS NS I LMo k.



PNC TJ9605 98-002

SEFPREIDOBHBEEZERI CE— Y D AZRAET DI LI VASHMIITEI &
ZERERELT BLAOK/IARZFEOUO OB CHRMNNE 21TV, BAHEEY
TR E & DOIEBIBIR 2 RN/,

FONLHRII. UTOBEDTHS.

1) BAOKALRZEDOUO 28K DODVTERMITE 2= TEEPTHIE. Sl
L. UO 2Btk DELKGCEERRUFERIIFRBEEROIARICLIOE(LTSZ Z Lty
Molz. FEENSUO 2 LG OMMBE. HiC. [KILEBKUSKILAIMICHET 218
RESNBZ EMnhoiz.

2) UO 28Rk DAMEEROAEEZEBNS56 0 0 CTEZEHRTL—H—T5vya
BEIZLDAELE, UO2 DBEHERIIFAROEINIEVNTNORETHHE DTS
ZENM oz, UO 2 Bk oMb Es. BE. BRIEAREZ THERE KV EER
FIZX VML 7=,

3) UO:2#ik ek, HE. BRREAIZ. [ELENEMI3ICONTEALTNZ
ERHhoT.

UO 2B IT DN TH S NAERER IR, B9 HE OB A & AHBE BN
B3 ENHM o, BEERRVBHEROSEFREHIBW T, Ml S ICEERZ RN
HEEUBEHEZICDONWT, @RI E—F AECLZTFROMTMEEZRVWEHT I
ENTER.



PNC TJ9605 98-002

7. BEER

(1] BARL#2R, ER(LEHRE 9 , BRIKSK (1991)

[2]383R fth, BRALFER,BHAY 1T F 1 714 & (1990)

BIRE #, I3 v U X, 24(1989)566.

[4] M. Kleitz et al., Science and Technology of Zirconia, Am. Ceram. Soc.,
(1981)310.

[5]1M. Kuwabara, J. Mater. Sci. Lett., 5(1986)7.

[6]1].E.Bauerle, J. Phys. Chem. Solids, 30(1969)2657.

[71R.N. Hampton et al., J. Nucl. Mater., 139(1986)185.

[8]R.N. Hampton et al.,J. Nucl. Mater., 154(1988)245.

[9]1.T. Collier et al., J. Nucl. Mater., 168(1989)268.

[10]D.J. Huntley, Can. J. Phys., 44(1966)2952.

[11] J.C. Maxwell, A treatise on electricity and magnetism, 3rd.ed., voll,
(1891)440.

[12]J. Tateno, J. Chem. Phys. 81(1984)6130.

[131].D. Axe et al., Phys. Rev., 151(1966)676.

[14]]J. Schoenes, Phys. Rev., 63(1980)301.

[15]P.G.Bruceet al., J. Electro. Chem. Soc., 130(1983)662.

[16]R.J. MacDonald, Impedance Spectroscopy, (Wiley Chichester, 1988).
[17]T. Vankijk et al., Phys. Status Solidi, A63(1981)229.

[18] H. Nafe, Solid State Ionics, 13(1984)255.

[19]T. Kubo et al., J. Nuc. Sci.Technol., 30(1993)664

[20]J. Harding et al., J. Nucl. Mater., 166(1989)223.

[21]R. Brandt et al., J. Non-Equilib. Thermodyn., 1(1967)3.

(227 D. Martin, J. Nucl. Mater., 110(1982)73.



~ PNC TI9605 98-002

[23]G. Hyland, J. Nucl. Mater., 113(1983)125.

[24] A. Eucken, Forsch. Geb. Ingenieurw., B3, Forschungsheft No.353(1932)
[25] A. Loeb, J. Am. Ceram. Soc., 37(1954)96.

[26] A. Biancheria, Trans. Am. Nucl. Soc., 9(1966)15.

[27]1H. Kampf et al., Nucl. Appl. Technol., 9(1970)288.

[28]]. Franclet al., J. Am. Ceram. Soc., 37(1954)99.

[29] G. Marino, J. Nucl. Mater., 38(1971)178.

[30] B. Schulz, High Temp.-High Press., 3(1981)649.

[31]S. Shimizuet al., HEEREFHER1993FEHEDER THE540(1993)
[32] M. Polanyi,Z.Physik, 7(1921)323.

[33]1E. Orowan, Rept. Prog. in Phys., 12(1949)185.

[34] A. Griffith, Phil. Tans. Roy. Soc.(London), A221, (1920)163.
[35] K. Schiller, Cement and Concrete Res., 1(1971)419.

[36] E. Rvshkewitch, J. Am. Ceram. Soc., 36(1953)65.

[37]1F. Knudsen, J. Am. Ceram. Soc., 42(1959)376.



%£2. 1 BEEE®KICHTSDORE, C. ROEHAKT (Y], 0) .
(1ZI. 8) o#E»M5nDC, ROFER

A 1 B e AHEA
C .
i |Y|sin6
s | c,=(1+D*)C, C,= -
5 2
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C,=4.8pF

R, =2.1MQ

C, =1.7nF

R, =1.5MQ

C,=2.0uF
R =5.0MQ
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%£2. 3 GEEOEELIRIF—

AH, AH,
Sample  Composition Structure (eV) (eV)
Y-TZP 3.0 m%l’203 Tetragonal 092 1.09
Y-PSZ 4.7m%Y,0, Cubic + Tetragonal 1.07 1.15
Y-PSZ 6.0m%Y,0, Cubic + Tetragonal 1.07 1.12
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#£2. 4 BEREUONBREEHEOEMHILIRINF—

oT = gyexp[— E, /kT)

o = ogexp{— E, /kT}

g (K™'m™) E, (V) g (K™ 'm™H E, (eV)
Bulk 1.2%10* 0.14 25 0.13
Grain boundary 1.2x10° 0.31 197 0.29

3.7 0.19 5x10°° 0.17

% Electrode layer
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#2. 5 EHbIxNF—oEE

Xgp E, In o Correlation
| coefficient

0.01 0.135 3.51 0.9998

0.02 0.155 . 4.52 0.997

0.03 0.175 5.85 0.996

0.04 0.192 6.53 0.996

0.05 0.206 7.33 - 0.996

0.06 0.218 - 8.01 0.997
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#£2. 6 (U, Gd) O:0#lmk. HE. BE
- Gadolinia content  Grain size Density Sintering

No. Material ’ 1(1:\:[%>n (pm) (%TD) a(mospherej_
1 Standard UG, 0 13 97.7 A

2 Large-grained UO, 0 63 98. 8 B
3-1 0.5 37 98. 2 C
3-2 1.5 37 97.4 C
3-3 Large-grained (U, Gd) O, 3.0 33 98.0 C
3-4 4.5 28 97.8 C
3-5 10.0 59 97.9 C
§-1 0.5 26 98.5 C
4-2 3.0 16 97.6 C
4-3 (U, Gd) O, with various 4.5 18 92.5 C
4-4 grain size 4.5 10 98. 6 D
4-5 10.0 39 92.1 C
4-6 10.0 9 98.9 D

|

OO »

100 95 H.

Sintering in CO/CQ7 — reducing in 100 25 k2
Sintering in CO/CO4 — reducing in 82 F2/Na

Sintering in 89 Fi/Nj
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