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Research and Development Plan for Advanced High Temperature Gas Cooled Reactor Fuels
and Graphite Components
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The Very-High-Temperature Reactor (VHTR) is the most promising candidate for the
Generation IV Nuclear Energy System. The VHTR fuel should exhibit excellent safety
performance up to burn-ups of about 15 to 20% fissions per initial metal atom (FIMA) and
fluences of 6x1025 m2 (E>0.1 MeV). There is no experimental data which has proved the
intactness of conventional SiC-coated fuel particles under such severe condition. JAERI has
developed Zirconium carbide (ZrC)-coated fuel particle, the ZrC coating layer of which is
expected to maintain its intactness under higher temperature and burn-up compared with
SiC-coating layer. In this research and development (R&D), JAERI plans to carry out (1)
ZrC-coating process development by large-scale coater, (2) inspection method development of
ZrC coating and (3) irradiation test and post irradiation experiment of ZrC coated particles.
Also, JAERI will conduct reactivity insertion tests to clarify the coating failure mechanism
and try to increase allowable temperature limit in case of a reactivity insertion accident. In
the VHTR, graphite core components should also maintain integrity under high fluence
condition. JAERI plans to develop non-destructive evaluation methods for mechanical

properties of graphite components by ultrasonic testing and micro-indentation technique.

Keywords: GenerationIV, Very High Temperature Reactor, High Temperature Engineering
Test Reactor, Coated Fuel Particle, ZrC, Reactivity Insertion Accident, Graphite,

Non-destructive Inspection
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1. LI

RV 21X 1000CEVVERERDOH R ZRMY M4 Z &N TE, VW EROE2ELZRHOR L,
EN-HEEZETHIRFFECTHY, BAETIIRETLERRHZSF (HTTR) 2902558
RREDHNTWVD, A

RE R CRMHEIO B TiX, B CIRINE T, SiC #HERLF R ORES N OB,
WHCHKLELRDEEE, BEEBSEIBITAT -G, TAREHFOMRESY, A
BHUEA - — DB/ TIT-oTE 7, FRRIZLY., BAEO HTTR BRE O KB AEEH
FREL R o702, RAMICIX, BBV AFREOMEORRNEETH L EBEEHRIX, =
hWE THARESE L ST MERRE L RI%ZDO L)L (106 4 — 5 —) R L 7269,
BIROBIRICIBWTIL, BRE CHRE OB EIOMSE., R CUEL L IRNHHED
TS, BMEERH FHORE, TARBENOBRBE L BRHMEA - —DHh%E
BTIToT&l, ¥, PEOBBATAFTHS HTR-10 THEMEIBFEH I T3,
HTTR Ot EARBREOEERIC L ¥, HTTR FEERTRE. BBl o ZIF B CO RS A
fThhTEY, #iZ, BRICX VERT IZORERDH/HN ADKHE (1084 —&—) IX,
MEOZN LY b—HE< . BEFEICBWVTH HTTR R BMMEIORE OB SRR S
T35,

—7F5., WA TiX, BEIEY A4 (Very High Temperature Gas-cooled Reactor ; VHTR)
AREZPIED LN TV AENHR (GEN-IV) BFEV AT ATHEHRERE RoTW
%5, VHTR (X EROEBRT AFIZH_STEIVBBOTAZRYHTZ L ZBHE LTEY,
REHT 15~20%FIMA, FE$PHFRAER 6x102%m2 (E>0.1MeV) IZBWTHLREREMZE
OUENRH D, LIL, RO SiC HBERERLT TIX, 20X RZBELVWRET RS
Rol=T— ik, 2072, VHTR O#RER LD 7 HIZiE, BAED SiC #mRARRI+ GF
FRFRAIT 1600C) XLV bEIRAOEBREEE £ THRATE 2REOBRESCFNBEN DR
HFMEPEENRTVD, £ZC, BREORE XV HiEME - (LENREMS ICEND LR
AN D ZrC HBREHRIFIC DWW T, RIS ORI R RE 28OMALZITH, £, BE
DOEIRA R IFERE O B BE B SR Ol X BRI IV T HRSFAIIZ 1600°CE LT
WAH, BEIREICIXRFRI OB E L CHIMEREEZRETE DB bR TWVWS, 22T &
BYAFORICESHFEE2ER LT — 7 2B4E L. RCESERROREREE %8 % M
TEBETNERBET 5. SO BBHEADBH T 0 v 7 B2 RL2CRHMERT 32Dz,
AFNCOERICHE - TELT 5 BHEEY OBIRE Rt & JER B I 340 LRt & e 3
L0 MERRET S,

BARRNTIX, SiC #BREHEI 712~ T L\ ZrC #BHRSHE 7 D BUER I OB R R
NEBHORA LTS, ZrC HRBRERL T ORISR ORRBICB W T, HEREIE K OCER
FHEEER L CHBEEREYITO & L b, ZrC BRI F A ORBEEMN 2R T 5,
BHRBRUCRNERBIT, BECHERERFORREROH 2 KXEHA—2 U v PEH
ZEAt (ORNL) @ High Flux Isotope Reactor (HFIR) XiX7 A # 7 [E L T8 5ERT (INEEL)
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@ Advanced Test Reactor (ATR) IZBWTCEETIHEBE THD, £, RISEFHFFOR
BHEBHZ SV TIE, RFFEEEMEMESF (NSRR) 28T HTGR ORUSEESR LS L 7-
SNVAREHEBREYER L, REREERAZEIICHFME T 2T VEHR L. BBV RFR
BIORIGEEHFEOSBN LM EBOREICR TS, b2, BERCE/RESETFOR
UAAREEIZ L 0, BEICHE S BEEED OO0 L% ERBICEEITETE S
Bifi#A% L. BaREnoORFMICET S5, FTHEEROBRRICH->Tid, KEDRH
HEWICH L CE DR EZRIET 5,

AT, STHRHEENHOOZIEHI L LTER 16 4 11 A LRSS L 72U LD BRSO
2E3HE, BEFEETHIPR 16 EEORE. RUER 1T EEOHEIZONTELDRED
DTH DB,
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2. ZrC $BREHRL T DBR%

2.1 ZHIE TORFRERLE RHFERFEO BLE

BIEA AFIX BBOTAZRY T Z N TE BEOREHICLENTZRFFETHY,
AAFFHHEFICEVC, HTTR #HE%2 b L ICHFE - BEIED LN TV, KEIZEW,
TH. GEN-IVEFFEL AT LD VHTR iE, 1000CE B2 5™BOVTAZWMY HI = L% H
Be LEBBROBREEOBWETFIFE L SR TWS, UL, BED SiC #EREk 7
% VHTR IS#AT 5 L. BEOFERHBHNTH S 1600CE2TH7-0IC, HAHBE, Hi
BB S 2 FHIREL 22820, £ZC, FEMBARE TIL, 1600CEBLTHERTEZ S LH
FEN TV D ZrC # BB T OREE N O, REEMOBMER CRAZEOMAL B
#E&9 5,

REEIZOVTIE, BIRFTAFX, REE LT, v VBEHORKEE2 YT I v 7 A TERE
R L7 BRI A ER LTV B 2 b ANREEASENR & 72 2 B O8F DR 1T,
TEAHE I BN 7 BErRT R E VTV B Z & | BHBNCIMEERICRERA~NY U AT 2 BT
BLENBMTHD, ZhbHOEE LOKMN S, IRV RFIL, ORGERASTRIFORITESF
M (BHMEEREY) OX5RBEINIBZRLMLVEREFICBOTH, REORE IR
BRI DBREICES T REOKBMEBHECIF DA R A Ly, OF LOBRBFRITAX L,
BEMTHLBNOMBEENRRVZD, BRENBEL THABKRELL R-ERBETH, FLR
BEOEP D TEOHCTRFTMZRIBE ERIZ2VW., B0oRE LORKBEE T HRENAIREL 2
LHEVbhTW3, 22T, K2l Lik SiC #EREI ORI RMBE TH S 1600CE2 B2 5 L
BHEICEZLDLREL TS, 1600CE Y SWRETCHERATEXAH LWEHEM 2R TE L,
IHICEREN - REMOBVERT AP AT LADBAIREL 125,

BEHIZOWTIX, BBV RIFIX, BELEBEEHHHT I LT, 10%5BL 5B
FIRASTREEARY, ZXAX—RROFDHASR L, SBLEMTE, BE~DOAMKOD
ERICEIR TX 5, ZrC $BARBHRIFiX,. SiC #BRENRL I L THIRFRF ORI
ENRTWEZ Lhb, BREHEEORBL. HABEOILAPMETE, MBVAFETT b
L LToBRhEER ETE S, ZrC HHARERITOERIC X 0 RELD X 572 2 BRBEE (LS
M CcE, BREZEDICRATE S,

THNETOBERRE L LT, ZrC BREHZ DWW TIX, BibMikic k % ZrC B#E. Wttoik
BT, BNRBRERIN, HERBRICOWVTI., /MNIE (% 10g /Ny FHHE) » ZrC
HREREE S HWT, BIEMIEICL Y ZeC $HARERL T OMRERZRE ST 5 L TEERE
HAEDRW ZrC BB % 1872, ZrC BRI F O BEFRMEIC OV T, Tk CTREER
L.5%FIMA, BEHRE 900CE COMPRBERZT L TNBT0, X652, b TiEdb 5
23, B 1650°C TH 4.5%FIMA ¥ CORBRBRXIITONZD, LLTIC, ZhE TIIRHTH
vz ZrC #RBIREHELF D BHFRRIC L BRI OV TERR B,

HHARERLF OREMDOBAN L, BREEBRB L ESREBHD Pd (X 5ERIZOVT
AL TWAOL), BREHEEBENC OV Tik, TRISO KL FD5EE . REHEH SiC B Iio i

— 3 -
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THL, SiCREREDOREMLTMHRFTERIARDLEZXTEY ., HTTR #IEFREOSBE .
FIERBELE (RPFRAHMHNEED 950CHEER) OHRZHRT 2 —ER L 25TV
5. ZrCREDHE U0 RRHEN ZrC B L Bl L T ZrC BICIXRISIX R b g o =112,
ZOESIT, ZrC HBRTEEMIZRETH Y . RESB BN X Z2R8IE SiC SR B+
CHRTERTEB3LEL2DbN5, £/, PAIZKAEEIZOWVTIL, SiC Eit. BREEEIC
BWT PuDBERRICLVERT S Pd ERISLTEEHE AR L, BRE LTHE»OER
Ih, REMEERTILEZXLNTVWS, —F, ZrCBIZ2WTIL, Pd ¢ OBERITBRX
NTHRWVRE, PABZrC EREETERLTLEI EBXLNTWAD, Th22bh, ZrC g
X PAERICH LTSIC L0 biENRKEWEE X0, Pd BRBEBT ABRREICOVTIX, &
BRBEE COHBBOLILR R ZrIC BOKROHEKILIZ LD b 022D TRITHILERH B,

7, BREE COBSEERMOBRBENCOWVTIE, ThEFTORERARIITZICER
5 (L6%FIMA) Tfibhil-2, wFELEOEVESN (4.5%FIMA) %177 ZrC #AR%
BFOBRRERBEENEOLNTHBED, ZOEER, NUBLSMRER (PyC) BON R ER
HR R ZrCRR DB L ZrC BOREMIZHEEN H D TREENH D Z B adh o7, Tb
H. 1800°C T 3000 K MNENE D ZrC #BHAKHRI I BT, IPyC SRR L7k iz o
WTCIE ZrC BORNRNICEER R oNT, F7-. 2000°C T 100 FEEMEE D ZrC $EARARERL
FHFEWE OB T, SMUBOGMERE (OPyC) BORRIIBD SN2, FLAY
DORIFIZBWT, IPyC BOWHEE V) ZrC BOEEXR LN, ZOMBRBRPIZIL. ¥H
HATAOBHIIRHB I o7z, ZOZ Lid, HEBOEEHENRE Lokl L 2R
LT3, MBARREORFOXBRITAT T 7I2L-»TH, BEEBOEREEN 2N
LR LT, L L, 2000COMBRBIZISNTiL, KEDE U AOKHAKRH S,
ZORRAX, HEMECRONEZZICBOEEIZLL 2 bDEELXI NS,

UED X HIZ, ZrCRBHI DWW TiX, BAEMEIC L 5/MNEEO ZeC BRE R, Dito&k
M, BARBREERIN., ENHEEFOREENRHZ ZENHALNLRoTVS,

BRRD &K 512, JRF CHERE S iz ZrC SRBIREDL F D A THFE Tik, /MR (B 10g N>
FHUE) O ZrC HBREREB Z AV T, RIEMIEIC X Y ZrC SBREIRLF OHEREZ R E ST
5ECHEEREUMOBRVWZrC AR 2B ONIREBE LB, LirL, ZrC OMMHIIHEE
BT LTHEBETHY . Ny FREEKRT S LICL > THFRBIAHCRERGENE
By L. ZrC #ARERI FOMRER R E ST 5 L CHEHER ZrC EMERRLE L 2D Z LMy
Do TR, R7y—AT v /T 5BICIIMEL 2D, O, EERRLFROEERSZ AV
T BEM L ZrC Ot & OB 2 REAICEIG L B ZrC DA 1 = X L2 BB L,
REGFED ZrC RO - D OEARBARZIT 9, £/, ZrC I IHERBREFEI T TR
FERL LW 7= 8, JERD SiC #BRERLFOREICAWV TV A RILEBIENERA TE RV, £
DS, 77 RXv oy F U THOBBRACBABEHK CORIGDT 7 a—F b ZrC R Uy
fERFE (PyC) 077 X< OMAEERARVBILRKGEBEREZRIT L, ZrC AT 5 PyC
&2 BRI R ET DRINERER 2 BT 5,
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2.2 5 FEMOEHE

Table 2-11C TEFEFRT R FRE - BB+ 2 HNAR) 2AHEBE LR, AHHHR
%, ZrC ARSI F ORE R ORI R RN SHEOIEBEITI Z LI LD, ZrC #7H
BRI T DOBFEEZ BT, BARANEIX. [Z2rC R+ OMEEMOBER) BT 5 ZrC #
BER., REOIH, ZrC HKBE GO - RNOEBRUOREHETORFE. [ZrC Hh T
ORHNRER - RNERBRROCETVERE KRBT 2 BERR., RESRBRE CREEHhTT
MZHBELTE#ED D, ZrC HAEBRERIT, BN FICL 52— FEBRRHEE LTHEX
NTEY., KRRDO IrC HBERLIT O - D OEMIIE-> T35, BNRBREVRBHERR
X, BEICERT R FREO RN EEE AT 5KE ORNL @ HFIR XX INEEL ® ATR iZ
BWTHEMBT S,

(1) ZrC $ARLF ORIEEAMT OIS

[ZrC #5RBLF ORGEEWN ORR) COFXFERFEBEL & £ OBELX LITIZFRT, Fig. 2-1
IZ ZrC R EREE MR E R,

ZrC HRBEBEOXBULEFREL 2 ZrC #HBSRGOMZ B L LT, 100g /Sy FHIE
~HEK LT ZrC B EBEB WL VLT, ZrC R U PyC B O kmIEIC X 5 ZrC #75
EREEBT S, 7. EEOREZA R L -EEENT2ERL, Ry FE, &KF
BESRM, BBV AR, BLFiRB&G%%E2 /37 A —F L UTHEEBRL T kic ZrC #AE 2 &
ELIR 2RSS S, BE LR TFO ZeC BiktE, BE, HRAR, HEBEXZ07—
FEBBL., BBEEG AT A -4 LOHBEES, . BLFEEHEHAFICL Y, BH ZrC
B ARt EENOICHITIIMT 5, B, £0O-00O%¥MH L LT, Fig. 2-1 12771 ZrC #3
EREBICOWVWTERERDO-ODOHREEZIT,

ERTHRONTERERLFREOSITIX, HATHRICTERE S W-FER K SIC AR EHL
TOREFEIESNTITI, ZORT, ZrC EUERAIESEERNESORMLEE LCTEHE
L7725, IrC HBRI T ZrC #BE 2 B MICR Y HT Bl % 77 A~Bbic L 5 H R
BENTAZRANDHFEZICLVBRRT S,

BRI, BLY T VR TF 2 BV CRIKRIC ZeC B ER 1TV, ZrC B &M% B8
T %, £DHIT, Fig. 2-11077 ZrC B EBRERE 2 HREHER R ~B&R T 5, UL
LY, B ZrC OFHBA N = X LORARUEBEED XY BOEE CORELFTRE L
Y, REIBED ZrC HBOERICHFETE 5,

LD ZrC HBERIZOVTIL, EREBORER UIITBRSORMEL R 17 FEE
TIATV, BRI L OMREL VR 1T EENOER 19 EEE CITOHE ChH D, i,
BERR B OB EHE AR~ D8R L Ek 19 FE £ TITITV., EREHI X 25 % FERR 20
FIATH>HETH 5,

ZrC HRER R ORI OO IL, BFAB TEERESHE CUIT. FURT) LBAHLTIT I,
ZxC HBERH OB - RIX. WERFERRRT 72 F /) 4 FRIEERRIN— T RUBKRKE
RERLTEMERTENRAREOBR N X/ TITO . RELMBEARIL. BB A— I —RUKX
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(2) ZrC BRI FDORKNRR - RIFRRBRKOET VRS
[ZrC BRI FORNRER - BRERBREOET VHERE COFELEBEE & ZOHME
L TR,
O BHEAR
K(EOBRRFELZAVTRNRBR LTS O ORBHEORMNEUCRARSOBELITY.
¥ ¥ SR ERORE, WONCRNRERIL, KE ORNL Xl INEEL A Efi§ 5, #HEREt
B & O3Bl o#i%i, #E ORNL, INEEL ¢/ L TERK+ 5. %kE ORNL Xt INEEL
TR I8 EEE TITX v e ikEH - BUER B AN O KE~ORE O&BEEZITV. FK
18 EEMLER 19 FEHE T TRKEIZCTRNRBRE ERT 5,
@ BH%HAR
FRATRRBR 2 M L 72 3BHZ DWW T, REMAERRBLE . ZrC #RBRE OMBREFOMMET — &
OBUGHEEZ R T 5, BEERBRIX, KE ORNL XiX INEEL »##E%4 5, RERFHENL,
X ORNL XiX INEEL L/ L TIRT 5, Fak 19 S ¥ TIZKE ORNL Xik INEEL
EORARIZTRBRFEORNZ1TV, ORNL XiX INEEL & CEBRBBORBMF LTV, FR
20 EEIZERT 5,
® BREIFHIET T L DOB%E
ZrC i3 SiC TR THEMENKE . LV EBRHRMEZRFOBICL Y, BFEPOBIEA D
= ALEBAINTE LT, REFRHRUOCLL2RH OO OBREHBE T VT T E THRE
STV, 22T, ZE TR SiC #AaRERIFIZ DWW TR L TE 1R EE)E
F (NEBBET V) Wi L2, ZrC BOBERESOT — 4 ZAVWTHRR T 5, £,
X[E INEEL & #5 L, R#FERFT RS © PERFUME 21— R0 L D BRI 21T 9, Ak
18 £ & TIZ H AR UCKE INEEL I TREFHEE 7 VA BE L, BERBRECRBNZRAR
DRERIZESWTEBEILT S,

2.3 WAk 16 EEORE

Table 2-2 (2R 16 FE TEFHOMIBET RFRE - BRI 2 EMBA%E) #HEIZRT,
TRR 16 EEX. TR 1T EENDERT S ZrC SPAERICMIT T, SRR FOREL E
Wi L7, MEgmRI it MEME AR L= O a =7 (ZrOs) EROBREIZANERE (PyC)
PHBWELIZLOTHD, HEREER T OB TiX. EEOHEBEREL 7O MBS 45
BTXDHLD., BFOREZFRLETHI L E Lz, BEEHETIX. HTTR ORSHRE
CLLTHRAZBRSL TS B2RLESOELTHI & & Lz, BEL. HTTR AR
REDRL FOREEE 2 H 7 D R TIC TERE U7 MEEEERL T DA% % Table 2-4 12777,

T, 16 FEIX, EBOBRED O OSBRSS OREFEEERLED -, FROUEICHT:
2Tk, RIEHETHEAT IR AR AR R 3T 2 ReaRE & HBIKEE S
WEOTOCANRG A—FREOOOHERBEER/IITIZ L L L, ZOHT, B
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RHABRRIZOVTIE, 7oA 70 —0ORELEZED THRICEHTH L L LE, %
7o, BEF ROV TR ERERBEEZBML, 7ot ART A=F2HRTD L L HIZ,
BMBRN AMRFIIHNT DA Py JEIREZREITDLZ L Lz, SHIZ, BRI -
HABEAETR - BER AV ANE R OFEBEE K (LT D L & bic, Fa 19 FELRICFRILTE
M35 EREE 2 AV B EBRICAT T, BREHERBER~OBRETREL T51-0 0K
EHREDORBE LEZ1TH> 2 & & Lz, Table 2-5 IR M: L T A -2 OBREBFEEZ TR,

T, kETORFNRBRRVCBHERRICHT T, ARHESORMEITo7-, ZTHET
12 ZrC #EBREHRL 7 0 RS 14 3Bk C15 b b T HF BB Wi il (D BLER Kk OB S ROMRATT D FE R >
b, ZrC BB ERIFIC RO NI HEEALOBBIIRDO L S ITEZ L 509,

@ IPyC EOmEiA ,

PyC BOBEIHEIC L VRIS HNBEL D, IHIZ, BARERDHT AL CO HRIZLD
SIS DD Y | MEREICRERT 5, TPyC BORHRIC L Y . ZrC @2 CO H X I EHHR &
h, ZrC BOHLDORRE L 125,

@ ZrCRg L CO H A0k
miﬁwm\ IPyC BTH->TH, COVAZHZRBLLTVHDIX ZrC BOLHLEAE L X
o IPyC @D CO ¥ AZ@FEIL. HEBEHITKRET D Lo TND,
@ ZrC D CO H Az X 581t

IPyC BIZHHERE HHHE RN IPYC BD CO HAZBHUENBH VEHEEIE. UTORBGICX
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"w 1 0.101972 277778 x 1077 0.238889 947813 x 107* 0.737562 6.24150 x 10'* = 4.184J (MIL¥)
e
| 9.80665 1 2.72407 x 10°° 2.34270 9.20487x 10°° 7.23301 6.12082x 10" =4.1855J (15°C)
% 3.6 x10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10¢ 2.24694 x 10%° =4.1868 J (AR ZI[E)
ol an8e0s 0.426858 | 1.16279 x 10°* i 396750x 10 | 3.08747 | 261272x10"”  (rg® | PS (LEH)
W 105506 107.586 | 2.93072x10°* |  252.042 1 778.172 | 6.58515 x 102! =75 kgf-m/s
1.35582 0.138255 | 376616 x 107 | 0323890 | 1.28506 x 10" 1 846233 x 10'* — 735.499 W
1.60218 x 107'* | 1.63377 x 10"%°| 4.45050 x 1072¢| 3.82743 x 107*°| 1.51857x 1022 1.18171 x 10™"® 1
hivd Bq Ci % Gy rad i) C/kg R B Sv rem
# e & 2
1 2.70270 x 107! ® 1 100 ] 1 3876 bz 1 100
HE & B 4
3.7 x 10° 1 0.01 1 2.58 x 107 1 0.01 1
(864 12 H 26 HBRE)
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