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Investigation of Applicability to Accident Tolerant Fuel ( SiC cladding )

Keizo MATSUURA™, Tatsumi OKAMOTO™" and Motoki INAZAWA™
*! Faculty of Engineering, Department of Applied Nuclear Technology

In the Fukushima Daiichi Nuclear Power Plant accident, nuclear fission reaction was stopped successfully after the
earthquake. However, due to the failure of cooling by the station blackout, the cladding temperature rose and the cladding
reacted with high-temperature steam, causing a hydrogen explosion, scattering radioactive materials over a wide area and
injuring many residents. After this accident, many countries around the world started to develop cladding materials that
do not generate hydrogen or generate little hydrogen even at high temperatures. Silicon carbide is one of the new cladding
material candidates. It hardly reacts with high-temperature steam, and its melting point is much higher (2730°C) than the
melting point (1852°C) of Zircaloy, the current cladding material. Moreover, the thermal neutron absorption cross-section
is smaller than that of the Zircaloy alloy, and it is superior in terms of nuclear performance. On the other hand, since
silicon carbide is a ceramic, when the diameter of the uranium dioxide pellet increases due to swelling at high burnup,
the effect of pellet-cladding interaction (PCI) is a concern. In this study, the fuel behavior analysis code FEMAXI-8 was
used to quantify the interaction between the uranium dioxide pellets and the SiC cladding at high burnup. It was confirmed
that the cladding stress increased sharply when it exceeded over 70GWd/tU. Although the cladding stress is below the
yield strength, it was understood that it is necessary to change the dimensions, shape, and material of fuel so that PCI

does not become excessive in fuel design.
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Table 2.1 Zry-4 and SiC material property model
Property Zry-4 SiC
Thermal MATPRO-9? Carpenter®
conductivity k=7.51+2.09 x 1072T — 1.45 x 10°°T? Kk (d + do)—o.4
+7.67 x107°T*3 clad 7N g
T : Temperature (K), k : Thermal onductivity (W / K54 : Thermal conductivity(W/m - K)
(m-K) K,q:=10,4Saturation thermal conductivity (W/m * K)
o = duae (o)
K(T) =8x107% - T%,,4 — 0.02 Tyqq + (Kt
+ 26.4)
K,+=20:Thermal conductivity under room
temperature and non-irradiation condition(W/m * K)
Specific heat MATPRO-9? Snead?
Cp = 245.11 + 0.15558T — 3.3414 x 107°T? Cp = 925.65 + 0.3772T — 7.95259 x 107°T?
T : Temperature (K), C,:Specific heat (J/ (kg K) ) 3.1946 x 107
T2
T: temperature(K) C,: specific heat(J/kg + K)
Density
p = 6.55(g/cm3)® p =2.7(g/cm®)®
Thermal MATPRO-9®? Kato®
expansion 27 to 800°C
axial expansion : AL/L, = —2.506 x 1075 + o= 07765 + 1435 x 10T — 1.2209
4.441x107°T x 1075T2 + 3.8289 x 10°T3
axial coefficient o = 4.441 % 107° o : Thermal expansion coefficient (107°/K)
radial expansion : AD/D, = —2.373 x 107* +
6.721x10-6T T : (K) 293 to 1273K
radial coefficient o = 6.721 x 107°
T: Temperature (°C)
o: Thermal expansion coefficient (/°C)
Poissonratio  Fisher and Renken®

v =0.3303+ 8.376 X 10 ~>(T — 273.15)
T: Temperature (K)

v=0.1310
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Property Zry-4 SiC
11
Young’s MATPRO-11 Qiuetal.™
o phase : Y = (1.088 x 1011 — 5475 x 10'T + u
modulus K, + K,)/K, E,=—4x10T + 1.62 x 10
Bphase : Y =9.21 x 101° — 4.05 x 10'T E,: Unirradiated Young's modulus (Pa) T:
T: Temperature (K) K; : The term Temperature (K)
reflecting the effect of oxidation (Pa)
Epr =E.-(1— 0.4-(1— g 015%PP4y)
K,: term that reflects the effect of cold work
(Pa) Ey:  Young's modulus at irradiation (Pa)
K;: term reflecting the fast neutron fluence (Pa) ppa=1 x 1025n /m?
K, = (6.61 x 10 + 5.921 x 10%T)A .
K = —26x 101 XHFIR results showed that Young's modulus
2 — T 4.
K; = 0.88 + 0.12exp(— ¢/10?%) decreased by 18% at 280-340°C and 11.6DPA
A: Incremental oxygen concentration from that of irradiation. (255GPa to 210GPa)
the unirradiated cladding (kg O/kg zircaloy)
But , the oxygen concentration in the
unirradiated cladding is very low (1.2g O/kg
zircaloy), there is no impact.
C: Cold work (area reduction rate)  ¢: fast
neutron fluence (n/m?)
Creep Halden (McGrath) It is assumed that creep does not occur below
AD Q
Ecreep = 7 =A-tm- (pp ' 061 - exp(— 7) 1000°C®-10,
A=16x10"1 m = 0.450
p =0.550
n = 0.579 Q =1173

t: time (hours)
(n/cm? - s) >1MeV
0y: stress (MPa)

@ : fast neutron fluence

T: temperature(K)
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2.3 BEERANT—4

AWFZEDOMENT T, BN 4 L— 7B TREN 2 M8E L7z Table2 2 (TR E T DO AT — 2 2 AR AN )57 —
L LTHW-.

Table 2.2  Basic input data

Item Value Evidence Formula
) The finer the num ber of segm ents, the better, but
Axialsegm ent . I
21 FEM AXIw illcause an error if it is 22 orm ore, so 21
num ber .
is used.
Cladding m aterial Zry-4 (ow Sn)
Claddi
ding outer 9.50m m
diam eter
Cladding Inner
. 8.36mm - .
diam eter App lication for approvalof fuelassem bly design by
Effective length 3648mm fue Im anufacturer??
Pelletdiam eter 8.19mm —
Pellet kngth 9.5mm
Initial enrichm ent 4.80%
Theoreticaldensity 97.0%
D ish diam eter 0.6734cm
D ish depth 0.0343cm
D ish bottom Adopt the value of the test reactor fuelused in the
) 0.0000cm o )
diam eter FEM AX -8 verification analysis
Chum fer w idth 0.0001cm
Chum fer depth 0.0001cm

The plenum length was setat200 mm , which is the
total length of 3863 mm m inus the effective length
and end plugs, according to the fuelassembly

P lenum volum e 10.978cm ® design approvalapp lication form subm itted by the 200 8.36/2)27x=10978mm °
fuelm anufacturer. N ext, the plenum volume was
calculated considering the inner diam eter of the

cladding tube.
Initialp lenum The value was setto be sufficiently lower than the
1.5M Pafabs) ) .
Pressure He) prin ary coolant pressure at the end of life.

M axim um burmup 61000M W d/t
Pellet linear power
density
Fastneutron flux 5.0E+13n/cm 2-s |Determ ined w ith reference to currentPW R core —

The KansaiE lectric Power Co., Inc,, OhiNuclear

App lication for approvalof fuelassem bly design by
171W /em fue Im anufacturer?

Coolant inlet
comnt 562.15K 289°C) |Power Staton Reactor Insta llation Perm ission
tem perature
Application Form Units 3 and 4), 2010)%
Pri lant App lication for approvalof fuelassem bly design b
rin ary coolan 15.5M Pa @bs) pp pp ly ign by
pressure fue Im anufacturer!?
2157-264 ©9.5%/4) T+ 25(12.24%/4) 7r) x
Goolant ve bcity 47m ) Caloculated from the core inlettem perature, core 193=4.74m 2
Im /s
in core m ass flow rate, and flow cross-sectionalarea v=(60.1 x10°/3600)/ (748.08

x4.74)=471m /s

Axialrelati

x@ |.*e Ne_ Uniform distrbution

power distribution
Radialrelative Calculater by

power distrbution PLUTON
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3. RITHER

SiC #E OMEET Vv (BMAESR, BN, BE, BUZRE, K7 Yok, Yo or®E 71—k 28T
FEMAXI-8 (2% L, BABERE 100GWAAU F CRREMEZEIENT 217 > 7=, BLIROPG AR OB EHIBREABE 1 X
62GWd/tU T 2 3 ERIBEEIRF IS 31T 2 BB DN A MR T 5 72 100GWdNU F TORRBERBNENT 21T > 72, #b
% Zry-4 WA EBRBHRATHE R & Heie L72 b O % Fig. 3.1~Fig. 3.10 [T/~ T

Fig. 3.1 1%, Zry-4 Y EEL & SiC B E BRB ORI Y FP 1 A s & bk U 72X T 2. BUATHIFREA
BEFE (62GWd/t) ZHRZ 725720 75 SiC WIS REND FP 4 A RS Zry-4 SOBE BN LK E < 7o T
HZMNTNY 1%2 K& B DETIERWZ ERGN5.

Fig. 3.2 1%, Zry-4 BFEEREE SiIC 9B EREIO 7 L A EZ I LT TH D, SiC HEEREHI T L
FAEAREFNC EF U T 528, 100GWAAU 2BV T 1 IRIBEIFIES (15.5MPa) (2 HE~TRUME (59
8.6MPa) & 72->T\\%. Zry-4 YFEEIRENT 30GWdt Z 2 7= 7= 0 72 H—7E (K 6MPa) 272> T\ D Z & 3sy
N5,

Fig. 3.3 1%, Zry-4 #FBEBREL & SiC B8 B O BB E WImiRE A ik L 72X Th % . SiC g E RN Zry-
4 PABEIRENZ LAY TR T0CEI K 72 o TRV, ZO®%ETDERIINEL Lo TN I ENG05H.

Fig. 3.4 1%, Zry-4 YA IREL & SiC g E B OB UIEIE 2tk L7 Th 5. SiC g et o bixiz
LA EEAT L TWRWDS,  Zry-4 Y8 E B OBBER I OALIRE 1%, #9200 pm £TEHLTWDZ &0
5. ZAUL, BEEE OO EZ (BEFEE S 95um) 2 K& < EE->TWS.

Fig. 3.5 1%, Zry-4 #eEEREL & SiC BB IREIO~X L MR % it L7/ CTh 5. SiC #s s e
Zry-4 YR WREHZ L~ TR 100°CE< 72> TWA DN, TOHZEFITNE L 2o TWND Z N5,

Fig.3.6 1%, Zry-4 #F &R & SiC BRI O L > M REREZ LI L2 X Th 5. SiC #FAEEIREI D H)
Zry-4 YR EREHZ LE~IRBERIHNC I TR 100CE < 72 5 TV DD, BERIICE DI LT3N E DOZER T/ S
72 o TNWDZ ENGMD.

Fig. 3.7 1%, Zry-4 $BEELE SIC #EEREIONMOIE N Z g L7=MTh 5. SiC #EEOEINL, K
60GWdAU £ TIZIX 100 MPa TH DA, D, I/ —HIEAD L72#, £ 400MPa B2 £ TRE <HML T
DT EDBDOMND.

Fig. 3.8 %, Zry-4 #AEBREL & SiC A2 S B OB E SMAI DI ) & el L T2 X Tdh % . SiC B8 OIS,
9 60GWdAU F TIEIE 50MPa TH D03, D, I id— B L2, $9400MPa 2 F TRE <HEML TV
DT EDBOMND.

33.9 1%, SiCHEEREIORL v MMEROBEENEZ R LEKTHY, ZORNLRLy b EFEED
PERREAV T T 5. BRBETHIZ B X 7-H7-0 DXLy MMREPEENEBEA L T D Z ENeh5.
£, TOHERELNL, X3.3.10 (25D Zry-4 SEEREHIEENEL o> T 5.

3.3.10 1%, Zry-4 BBEREL O Ly MMER OB ENEZ R LIZHTH 5. 20GWdNU HT72 0 b1y

R EPEE N BAR L TV D Z &R D.
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PREMEZSBIRAT RS B DN T, EICEE K OBIRABLS N D B 5 5.

BB BT D L, BENE A SIC OBMEERY, Fig2.l \RT K 92 Zry-4 OBMER L thilg§ 5 &
INEWTZ D, Fig3.3 1IR3 K 91T SiC #FEE N DML D Zry-4 g8 & TR 710CREE < 7eo TV 5.

PRBHEEN AT A0 Ly MSHEIRI Zry-4 $RBE B SiIC #B IRk L bR —Ch D729, Figd.5 IR T
218, ZOWREZENL Yy FHLNREZEL oo TRALTND.

Fig3.1 |\Z7”"9 FP T ARUHERIL, <Ly RAD FP H A OBYLHUMKATT 572, <L v MREDEITIUIEYE
BRI RE L 720, XLy "MIA~D FP HARHELRE < 2b. 65T, Figd.l [TRT X918, BRI
BT SiC BBEEIRELD FP T AIHENRKE L 2> TWD D H Z OBREREE OZEICER LT 5.

FP HARHBNRKE L 725 & 7 VT LENNKRE L2 DD, Figd.2 TIHRBEVIIC BV TR OV Zry-4
WRBEREL DTN T L F LIENNREL o TWD. ZhUE, B9 5 K5I Zry-4 $BEREI O TNy V) —7
X0 (BB THD Zry-d BV IRBHMIET 1 > 7V AR OT2DRFEERN T V=T BRI LV 2D 2 L)
T 51207 L AETE (REMENO A BZERIATE) BNRLSBDT 22 EREEL WD, 2B, SiC #EE e
by Zry-4 WEBEIRELS 7 L DEINTIRBEPHAN L T AR, Wb 1 IRIGEIFTE I EE A < B fet 4
RIS, UL, SBIBMENRER, Ly hORATY U7 (L MBEESEAERDIC L VIES T s &)
B AT L ARSI X D R IO N K E < 720, SR L v b D 2 &g,
Ny IO DIEES~OBMEREITENL, h—< T 4 — Ko7 | EWSBIGNAET, PREHHR O FTREMEN A4
CHZLichd.

WU, BB DEZRT S L, Fig 3.7 BL O Fig. 3.8 1R T & 912, BRBERIAIC SiC W& REl oY s
JETIDBBNTIEIN L TN D3, Zry-4 BBE BB OPEEIC T, BT 2ICE > TRES AL T RN &
Wb, ZiUuE, Ny b EPTEE OPRLREN R E SR L TWD. Zry4 fREEREIOYE, Ny NI
BAbT T NI T I v ATHIN, WEEX Zry4 EWOHERETHD. ENET I v 7 A0 by
NEIRD Zry-4 \THEfS 2 & Zry-4 1THERIC X W BAE LTS TR V=BT 505 g s 5
728, Ry MEEE AR OISR EIISEIN LRV, 5, SIC $EEEIREND, Fig24 OV RE R ThH
MWD EINT Zry-d IZHARTY o TEPREN, DEVENZ ERDNS. Lnd, SICOGE, 7V —T7EEHIE
EAELIRRNT Enh, Ny R L TH SICHEEIXIZE A EER LW, @IS nssAa L.

A RIDFENT T, BREERIINZ IV TS TGI8 400MPa £ THII L T\ 5. Z O, SiC/SiC A DOl
WiTREE (418MPa) DTIEVME L 72> TWAH 7o, PHEBEMEORREENRH D Z L AR LTS, 5T, SiCH
FEEIREL L EIFEAT 54T, B LT by 7 VB E O D5A1E, R EHEREE RS REPH CliE OB %
BT DRREFEATOMERH D, BARRRREHE E LT, XLy MEOMIBALLFZE~L v FORANH D, L
DLWTIUT LA, BREINICEM TE 2 U 7 BN T 2720, BRBIORRIBEIEIIERBENIS 5 Z L1272 5.
—77, BB ZF DS D EEE LRI, Ly MUDZ U —FERNRE L, ISHBREMEND X5 eitkhx
s Z EBRTEIURE, B LVRE S 98 OFLEEC SiC #EE OB FIEE L 72 D FlREE L 5 5.
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5 #a

SiC BB RELOMINECTh 2 B8R, ey, BE, BigiRE, Yo U, K7V Utk 7V —7ERERE
Be5 2 F T 2 — N FEMAXI-8 [29285 L, BifT PWRIFLRMEZ T, Zry-4 $RBE IR & o beilfigh 2 &
Jiti L7z

SiIC BB IREHE, 13 A EERE L 22V O FHIRFIC RSENT K DR BRI DR OB B A A3
Zry-4 YRR & i U TS, HHGHLO 72D ORFEPRIT 5. Fio, #EEBLIC X 2KFRED 2N
EMBIKRFBROMERRIED 720D, BVYRERN VLI 0 A IZHARD LS WO DEE N EH- L, FP A
ARBTG5 Z b oTo. £z, BREERIICBWT, XUy b &R OB IS D 0N 2% N
LS AR O FIREME N S D Z L bR L1z, — 5T, AERIHFHEIZ AW =M O HIZid+50 72 B 07—
AR HNTHRNE D, SICSICHEEM E L TOREGHEIZOWTOT —FBAREL TBYBRMNL DT —4 %
AWzttt dH 5. YHEMEICET 2R 2 ME L CRE LT, SMEORBEZSET HILERDD.

Ltk, SIC HBEEIREL D SR ~BENT BIGE, MO0 ZEX L v KO EOTERIROE TS, FP
AR D 72 OPMZER N E L, 7V —TEROREN_BR Y 7 > LR DREWS & DA G bt
BEZDHZ LN ATF BERLOT-OOEERFREE 2 5.

2

SE X

(1) Y.Udagawa, M.Amaya, "Model Updates and Performance Evaluations on Fuel Performance Code FEMAXI-8 for Light Water
Reactor Fuel Analysis", Journal of Nuclear Science and Technology, (2019).
(2) TREE-NUREG-1005, “. MATPRO: Version 09. A handbook of materials properties for use in the analysis of light water reactor
fuel rod behavior”, (1976)
() BERIER, =“BEREEE, “WrEpEiac 727, Befmi 28, Yra=untzogs (1977), AT
EE i
(4) E.S.Fisherand C.J. Renken; “Single Crystal Elastic Moduli and the hep-bee Transformation in Ti, Zr, and Hf”, Physical Review
(July, 1964)
(5) NUREG/CR-0497, TREE-1280, “MATPRO-VERSION11 A HANDBOOK OF MATERIALS PROPERTIES FOR USE IN
THE ANALYSIS OF LIGHT WATER REACTOR FUEL ROD BEHAVIOR”,(1979).
(6) D.M. Carpenter, “Assessment of Innovative Fuel Designs for High Performance Light Water Reactors”, (2006)
(7) L. L. Snead, et al., ”"Handbook of SiC properties for fuel performance modeling”, J. Nucl. Mater.,371(1)(2007)329-377.
(8) ORNL/TM-2018/912, “Handbook of LWR SiC/SiC Cladding Properties Revision 17,(2018).
(9) Y-Kato, et al., “Contiumuous SiC fiber, CVI SiC matrix composites for nuclear applications: properties and irradiation effects”,
J. Nucl. Mater., 448(2014)448-476.
(10) TAEA-TECDOC-1921, “Analysis of Options and Experimental Examination of Fuels for Water Cooled Reactors with Increased
Accident Tolerance (ACTOF) Final Report of a Coordinated Research Project”, (2020)
(11) B.Qiuetal, “Areview on thermohydraulic and mechanical-physical properties of SiC, FeCrAl and Ti3SiC2 for ATF cladding”,
Nucl. Eng.Technol., 52(2020)1-13.

(12) =R FRERASAL, IREHABG R rT R GE S (D7 98RTH 3 5% , (2017).
(13) PPt REBGEEATRFFRERT THGES 3, 4547 , (2010)

(14) G.M.Jakobsen, et al.,Investigation of the C-ring test for measuring hoop tensile strength of nuclear grade ceramic composites, J.
Nucl. Mater., 452(2014)125-132.

(20234E 8 H 3 Hz#H)



