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Plan of Development of ZrC-TRISO Coated Fuel Particle

and Construction of ZrC Coater

Shohei UETA, Tsutomu TOBITA®, Hiroichi INO, Masashi TAKAHASHI " and Kazuhiro SAWA
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Japan Atomic Energy Research Institute
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(Received September 6, 2002)

In order to use coated fuel particle under higher temperature condition, more refractory
coating material, which is more refractory than conventional silicon carbide (SiC), should be applied.
Zirconium carbide (ZrC) is considered to be one of the promising materials, which is proposed as
candidate for VHTR fuel material in GENERATION-IV, because of its intactness under high
temperature of around 2000°C and its higher stability against kernel migration (amoeba effect) and
fission product corrosion under normal operating condition. In order to develop ZrC coated particle for
commercial use, research and development items were extracted based on review of the previous
works. Research and development plan was determined. Based on the plan, a new ZrC coater of 100g
batch size, which applies bromine process, was constructed. This report describes the review of

precious works, extracted research and develop items and plan, and specifications of the ZrC coater.

Keywords : Coated Fuel Particle, Zirconium Carbide (ZrC), VHTR, GENERATION-IV

Chemical Vapor Deposition (CVD), Bromide, Coater
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1. 1FLHIZ

BB T %3 527547 (High Temperature Engineering Test Reactor ; HTTR) D #)3%1i #k# % Fig.
1-1 IZ7RTHTTR T, SR A AMF I 2 B EBRERL T & F T 5 BB R 113
i 8Ly 7 DB E BRIk FE (PyC ; Pyrolytic Carbon) R UFRALY 4 # (Silicon
Carbide ; SiC) DHVE THNEICE > - ERY lmm OR T TH 5, WERBERTOREREE
B % Fig. 1-2 I27R$, HTTR Tit, WEBRER T2 BEHKRE 7=/ — VRN A T DR
EMETAH—/N—a— b L, HERRICHEE - BER LB 2237 PELTWD, EbI
BB 8y P RFEHRORRAY) —TORICEEL b0 REREE L, BEHET AAE
ROBSH Ty 7 [ZEBELLDOEHEHEAL LTWwaY,

R R IFEBREL ORI D — D3, PRED S DM RAE K (Fission Product | FP) D %
B CHRE % ISR FOBBEBICHLETWE I L TH DI, FIZSICRBIZHEREO
HCR D BRIRENE (. FORENIEERR T 2AORERLREL TVWEY, 2
O SiC BOMEHMESMIZ, MEHEBE), S5V YL (Pd) KX 2 SICRER. NE, SRR
Lo REBEBICOET AT TRE 2O, s oBEREOBNE X, BihOmRE
WER CARFET A 75, SIC BERIZIRED 1600CE B D L. DS « HNOHELIES
. SIC OBSMEIC L ) FP OB R USEEIET % 72 5907, 1600°TH" SiC BB
FOFRBFHRIBRRL EN TN D,

EiEA AEREE X SICHBTITHATALOIE, HROBEBRBEAFOHBEEL LT
FHESNTVS SIC &0 E5ICHAROBVEEREHVL I EVAITH Y, OB
LLTHRIEY V2= . (Zirconium Carbide ; ZrC) Z#HBERE L T AHBERER FHF SN
Twh,

ZrC WEPRER T-13. GENERATION-IV 2BV CTIFREUFOBRMO—D2 L LTHEITHLNT
V3 A8 R A (Very High Temperature Reactor ; VHTR) O#FHE L TRESI A TWE7,
VHTR OBFHIER SN B M. QBHM THLHN) 7 L H RREEHERD 850CH 5 950
~1000C~ERILTE L 2 &, OBBOFERRBEL 1600CUELETELZ L, ORFER
BefE % fER D 80GWd/t 5 150~200GWd/it ~NERATELZ L, ORERDODBNEE (~
MW/m®) % BZ5BVWHDBENEONL I L THEHD, ZiC HBMREHI T3, SiC #BER
EHREF O # 1600°CIC3xT LT, #2000 B O R OWMBHEMEEICENL TS, OIZBVTA
U AT RBEE LR EEL2ODOBBEOHRIEITETH ), &5 IZQOFFRATRRA
BEOLARVOBHBEDIADSTERTH S, T, ZrC FRMERL T3 SiC #BIRER
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FICHAT, BFEEERG T TORBBEBE (7 X —1ZHR) 1L 2B L ZeC & DB
AT BLFEMHE R U, BRBEEICBVWTHERKT S FP 2807 EARICOBERL TV
CEFHOPI R ->TENE, QRBOBRBEIWHETEZ, 29 LEERPL. ZiC
BRBERL T2, SiC HBRER T2 HHATLHA L0 b GEBHERE T 2 EFIHEH D
DR, EOXRFFETI Y FPIR OB TFAOLHE LHFENTBY, VHTR BB & L
TOENGEMDO—DTHELEZLRTVWED,

—7. GENERATION-IV Ti3 ZrC B BB T OB REL LT, O ANy 7544
TOBERR, OBMBEERS 7 — 5 ORUR. OZrC BHOMSRERY. 1510 Ag DILHK
REONE, OZC BOBRILIFHE OB ZE R VB LD BR. OZC #EBRER T OB
EFVORE, PBRTFONTVDD, ThHizIhETO ZiC HERER T ORI R
OHRT, UTOEBICLVFEE LTHEES KTV,

O ZrC HRBMERTF OREHE L U TEERFESHL S h, B CIREmEIC Y
EREFKCERL ZrC BERUHVFHLINACY, L L, 8kic & 2 8% HE
MTHY, BESME Gkg Ny FHE) B2 RELUEZHITHIIESTEL T,
ZrC BB OB L O RFEN L HBIRE O TV Y,

@  ZeC HRBRER T O BEHFHIC oW T, BRHICB W Tid 45%FIMA ¥ TOERIES
NTWVBWH, BREFSRBRICLI2ERMILAETH Y, BEEFKII LV,

Q@ RREDOBREAIAFIATFATHIEEFA I NVEFRAY— BB THEE &
N2 Ag DRFFRENIE. ZrC HRBERL T3 SiC HEBERTF L 0 b BVEENES
NTWBEAE 7 — & s v,

@ ZiC HBRARR T IR FESA P THEETH V9, BHMREFRCBV TIEER
DBILIC L ZBHEVBE END, LA LR, REH R BILREBO 7 — 7 1347 <
WERLHRE 2 0T 2 -0 DRBRBET DL TV 2V,

® ZFERALLBVTORERIRUREREFOLOICRBEEEF NV A BETZLEND
205, FMIGBREA = XA BHONTBLY, EFMED DD RGN %7 — 5 I
BRENTVRN,

% Z THAMFTId. GENERATION-IV @ ZiC #BRMHA FOBEREE 2 1), ZrC HER

FRFOEMILEEHE LT, LTO S oOMEEEZER L7,

O ERMLZRFHICEVHEELMEORT

@ BILEEE & ZIC ROYWH 7 — ¥ DEUE

@ HIREBEWR Ag ixtd 2 RFEMEORE
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® BREFIVORE

AHTIE, 2 BBV TINETO ZiC FRMERT O ERRRRO L Lo — 270,
GENERATION-IV 2B T N A EMBEELEET L, ChEeRXIT, 3 BZBT
ZrC-TRISO # BB F ORI H % L 02 L L dIT, FITRIEL 2 ZiC AR
B OB IZOWTHND,
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Fig. 1-2 Coated fuel particle.
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2. FATHIFRICBIT B & RE

2.1 ZrC O—RxEI M

ZrC 13 EM & LT, FAFNICRELRILEWE LTHLN TS, Table2-1 (2 ZrC O
YA %R0, E 72, ZrC-C ZICRIRER & Z 21 Figs. 2-1 (R T BUIRT &5
12y ZiC RIEWAEMBIRIC D720 THET 5. TH, {LFEMOMELE (C/Zr ) »F
C/Zr=1.0 Tdh A EH ZrC (Fig.2-1 O Zr1C L FTHIR) 2oV T, AHA3540C LR E
{\ B-SIC®03~0.7 Wem'C'V L ARENMRERE D, 77, NELER (Fig. 2-1
D ZxC BMERDA) iICBW T, ZrC H O AR E CRILL. RET 3 %, 742,
%R T B, ZICHEEBE BV TRETLREO C S GEBRE) 3. BELEH ZxC (6.59
giem®) LD HFEL WA SE, 512 ZrC+C A (Fig. 2-1 © ZiC BAFIR L ) b CBETH
BB O E D530, &HICRMEERFEIR, C/Zr AT 1.0 LT T 0.10 Wem' T L
Teabh, —FOBLET I AR LR DD, o T, BiRT AFHRE L LTO ZIC HBERE
ELTIE, BRZICERAVAZEDPHETH S,

1 BTRR L H 2, BEOBBRTAFRENCAVLON TS SiC HEMRERL T ORFEK
EHRABE X 1600CTH 2 DIxF L, ZiC DBEEEM & L TOFERXFIRR . ZICE I
BT HBSRIEE (PyC) BEDOERIZBI S ZrC-C MO KRS CHOREE 2927C L % 51Y,

2.2 ZrC HRALF O RERM
2.2.1 AbF#EEE (CVDEE) 12X 5 ZeC BEBM

ZrC R DL FRABM ORI, 1960 £ HERE, KE, BE, 2o 7IZBWTH#
W HNTELD, SiC HBERERT L FRRIC, BERERLT~D ZIC HBROEBE L L
T, B (GEBIREEIC X v, MEWEIZ A 8 Xy [ (Spouted bed) & bIT5) o
BSUF % A7 CVD AR S hizo CVD BT, BMEDEEMHE SN, AR
LN EBEWORRERHBLLTVEVIFILALA LT, BBMRE T, WEIKRTHE
BAARTXEY ) THACL WER S ZEOMBAINDL, ZOB, FE TR OFHIG I
EDERT S ZiC PR FREIIH —IZEE SN D,

ZtC O CVD & LTk, FEMICEINT Y by vamg b b RIEKFEORICERH 5,
Nay ALV azy AOBKRFTENRELRS CVD & LT, kI va=v 4 (ZCl)
BEOREIZL D HE REEE) R, NaF ALY va=y LAER L REKRD T
IR CTHER S ¢ 5 HEO?IDPRBE SN BREFEOFHE LTI, CHy ¥ A H, ¥ A,
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Ar ARV ZiICL MR E AV 5, ZICL RERTEEATH ), BE 352CTHET S, ZCl
BAREME L7 Ar FATHMB SN, HEVRAOBBR FREIZ, LLTORIGIC & 0 Mt
0.59=x<0.98 DEE % HitHl ZrC H°%EE S h B4,

ZrCl, + xCH, +2(1-x)H, — ZrC, +4HCl (x=1)

9 LI-MRBFEORBIL, BEWOLFEERABILAHE L L iKiE, BEWHER
CRECHBTHMEEEL — BT H0IREETH 572, —HHEE, KBIKTOND
PRIV A= AEROEREEA L TLEMUSETH Y, BRIZBW TRIELPE®,
THRIEAF LI HFED, a gD, RIEWESRET SN0, o) b,
BAHEICBOTOA, EHZICEEETAHILIZHIIL TS,

222 RAtipEe”

BAETIE, T3, BAERE LB LD ArFAZF v )T ELTBp VA2 RESHE,
MBLZERZ EORIBIZE Y Zr RAMOEREER T b0 THE, CHiFARU H 7 R
EREL, WBIKRNMHET 5, BERBOHFME LTI, Zr I ER S5 HR (B1L
WRICE) &, ZIC 2 &ZE T H2MBRZHOEY 2 ROBSF LAV 5,

Zr BAtWORIC 70t ADBBERE DT ISR T, BEERICID. 2% Zr & LBr OHE
EOBRIL, ERT S Zr BIEWEBEIZZBrL, THLHLEZ LN,

xBr,+ yZr — aZrBry+ bZrBr;+ cZrBr, (400~6007C)
IR CHyk FAR H, AL DREFTAE LTHE SIS, CH, H R, 800C & ViR
TOBRDET 5, FDLO H, AL, CH, W A DB RFHUE (CHy, 2 C+2Hy) 12X 1,
TEBIRLARI T D CHy 7 2 DESHE 2 FIH 5 72D IV 5,

TRBYR TORIE 70+ 2 DOBEMER 2 LT ISR iRBE 1300~1500C T CH, 7 2 DESHE X
JBIZE D C & ZBr, L DRUSIC L Y ZIC 2 & T 50 Br & H, ORI & D ¥ % HBr °
PR ARIZEETNS,

ZiBr,+ CH, — ZrC + 4HBr

CH, = C+2H, (800CLLL)
ZrBty+ C — ZrC + 4Br (1500C)
Br + (1/2)H, — HBr

SHROMARFREZ, RILWEIETELD D, RIZ, ThEFTITbAALRIWEIC L B0
RBREIZ L DREMED ) b, BEYOWHICH L TRICERE:R, € ZIC 0ESELFHER
UEEDHER IOV THESRZHRIZOWTERT 5,
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2.3 BULMIEI B B M ZeC DR &M

ZrC DHEELRMGONG A —F L LT, FAMK, BFRE., K FOREIIRE, HEIK (A
S by F) RAET SN B, ZrC BHERTIE, TROH0/5T X —F & [HE LRI
. BEBMERA RS L CHERE S EHET 2. Thbb, BEEHEEET
B EICE . BRSNS, ChOIHEBES . W, (LERRAIIEDR
EMHIRICHEBT LI LN o TV D, KB8F A= DB IrC HEWHIRIIGE R 28 L
TiZx o5,

2.3.1 JERH A MK
AN UEBE) 1, BAEWED Zr-C-H-Br ROLFFHE £ &4 ZrC EFKISIZOWT, HH
IANVF—B/MEEC & AL LD . RICEBORE 1727200, ZORR, K
B A MBI x A B Z2rC EROIREER L L T Figs. 2-2 XU 2-3 5345 5 1, Table 2-2 {2
TR B RSB b AALF RS AEH S 72, 1800K I BT 5 & 4 DR E A fHUS % fif¢
T Table 2-2 IZ7R$
PLEOLE TR E O R L HBEEROERDP S, RO LDPEH I N,
@ ZeC BHFEBIL, FRF AHROLVHBTHEET 5,
@ H, i ZIC+C HEBRIC B 2 EMRFZORELIHHL, ZIC DEFELERIES,
® ZrC BB TIZ. CH,BEIC L ) ZIC B VRESNL, T4bL, 1 AHE
FHATICBVT, ZEREIX CHRE KT T %o
@ —F. ZrC+CABFEIRTIZ, B CH, A 5 ZrC ~DEHR#EL, ZBr, RO E L%
T %0 ZIBr G IC & 1, ZrCHCHSEIR L L CHAET HEREIRE % ZiC NIRRT &
B, Thbb, B EZFHATICBWT, ZiC, DHLFKIL ZBr, BE KET 2,
B CHZ L B CHHREICHT 2 ZiIC ~DERMRIL, DT O CH AR E, 2 X
hRINS,

_ ZrCNEERE N R FE D=
I CHE LTRGBS RFEOR

o T, ZBr, AR I L C CH Mt EZREL T, E M RITUSERRFEIUT 2
MHEMD D Do E 13, RERNORTEMER CREROBAR, ML EF ORBERMAIC L
DR D70, LFTEHFETIEIROLNE V. LA LRAS, ANIOEHEARIE, CH, 4
BRI LTE, R MIET A2 LI2& Y, ZBr, B ROBBIH ) AW O ER R UMLK E

FHTE, WREROKERIC BT S Lamani,

_..7._.
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CDEHI, B ZrC BEOEBERE L LT, CH DB EOFIHIEETHL Z LAF
GWolze #oT, RAMMET ZiIC 2 BET A2 540, ZEWH AR OGS RFZISHH L
BWE)ICERESRGEZBDCHEA T 2LEDD 5,

232 FARERE

RAEREIL, EHZICE2BL700MHEM L LTEELNTA—ITHbD, Z1C DEE
. LFEROME (CZrlt) CRBRBIKZ LIAKEL, TSRO BBREICED THK
BThHb, WKL 2HEERBRERETIR, ZFIRE 1500CLLF TIIFED 6.4~6.6g/cm’
DREW ZIC A HFHNTZHY, 1550C TR 5 L BGHECIIREDE L 2o THR SN, 20
R, BEYWIVBEMRFZELELI L) CZe ATKE W (C/Ze>]) RER ZIC L2 Y | HBE
PETLAY, ZokH i, ZiC OMBREE L, BRI 1500C TEHR ZrC 255
NEERIBERERTH, Ihid, Lo FPEGEAGOBANTIZ. CH, 3MEhEH
MWL 1500C TR Z/RT T & ICBfR LT 509,

233 AT RNy FRIR

ANy bRy FRERIE, OBMRES - ) OFFERVQEMNBEMRS Y OXEES 2k
DLBERELRDBIO, Ay MRy FREREEF, I—-YBOR/SY MRy FROKOEB XU
WMAMORSI TRESINDD, AX7 bRy FHORT-EMEN-EDBE, Thick )~y
FEERE (- BAEHFOETTALZY 7TOEE) BLURY FEE (R8% b Xy Fib
DHFDRE) PRESN, BERHONRT A5 Ld,

I3, OHMBMH-) ORERICOVTERET S, 7. BEETRSE SL-EBIRR
MMERSXERME 2D, BERBTFORAPEHINE 220, Z1C OEERGIZOVTH
HFREOLTEZ2EMHPTITOREZLEZ SN TV, Fig. 24 12, 28y bRy KO
SBEOFNZBRAMIIR Y o C DR, ZiC ZERICAHE 2 2 HIBIL, KM RIGAH Z 2 HiR,
Thbb, EENANHEET 555 (Fig. 2-4 DA% b (Spout) #§) ThH b, HAIFED
Y DEERIT. KNFDORANT PRTOHERBICEIVRESN S, £, EEFEROFER
ZBWT, BURMH-)DOEFREIA T POKESICHAIL, Ny FREROLBIIE
MTELIEIEINEDP 2T EXGH 27209,

DR, Ry FREHFANT FOKESDLEH LA, BAUBMS) ORERII—F
Elrde —H, Ry FREFANT FOKELEINNEL, HIFFEE 2R/ - THEE EAB
£ BRBER, MTFOANY PP TOFRERMIE &), BEEH ) OBERIINY
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FEZICHBILTRAT 5, 60T, Ny FREOREERZ, HTEFEIZILoTHIETD
REVTERTH S,

. QA B ) OREE X, Ry FRERICEET 52 L5200, Fib
L, Ry FRERIVPEVE, RTFAAY MPCHET2HEFMMTAI &icL ), B
MR H ) OBEEESIIKRE b, ZOB, Ny FREMIEMBHES ) 0FEE (B
) KRB LAahow0, $4bb, Ny FREMBOHEE ZrC AEY ORBIER K UHEIC
BT LLE2h, CNDLHIT, AN IRy FERIEEROE S, ZEMAMLTROLY)
W&t b,

234 WEHIREE
RERPORNFOREIREIZ, HFEHE, HTOKREE, NFBEEOM, FAMK, 7
AR, BEOSENEEZT S, £070H, Wallroth 12X D EFHRE SN TWBHHEOIIL D,
HFORBIRELFHL TV, ZO, MTOREIRER, BRTHETHHRD 3OO0
FA=FIZEYWREND,

3
Ar = NeRe? = ﬂ("—{-ﬁ
6h°q,
Be=£BE= Vgsqf
6 Ne ghl\g,—q,
6=
Vs
ZZT, Ne : =a—Fr¥ h © EpREEAREK
dp : MNTFHEE Ve . BILEEPTORBH TFOFHE
Q@ . HTHE THEEE (BEREE)
q - WHEE W EEEE
g . EHMEE Var | BR/NEMCEEE

Thbho T BARBILEE Var ROKXTEEN B,

v, =ﬁ[£1_f_)" _2gL(q,,__— )
" d,\d, qds

ZZT, d . /R n . FEH
d . AW . L . spouting Rl DREE
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Thb, TN B, Arid Archimedes 3£, Re i Reynolds B TH 1) . ZFNEIE L HHESH D
HR OB (o3t 3 2 BM D LMD O 2 R TV, EROEERRIIB TR, K&
g, VAWRE, BEEGED/NT A= 34T 5 3 DOERTKOSA L. K OREIK
B L OB RGBT 2 2 LT, WBIREEFHT LI LATEL,
FFORBIIREEIZ, BICEEBEOBBIZL > TRE(EDLSL, A/87 PRy FREK, K& S
HOLGDPEDLLBAICE, BYULIRELIEETIULENDH S, FICRTEFEIL, A/5Y
by FIIR, BETARBERUTAMESEE THLHE, HIEHEIZI DNy FRES
PEILL, RFORBIREBROIANY POKXSICEET S, o T, BESAETORES
HEBET A0, WAL NNy FHETERICHBABRR UEERRTITV., K%k
HOT— 5 e EMTLLENF D,

2.4 B ZrC OMGHER

2.4.1 JRBHRBIZ X BEDFR

ZiC BB O LA R LT A REU - ) 0BERSICL D ER Y, BRI
S|P I EVWETHBLL TV B, T, Bl ZC OMBMERIE, HTORBIIKEI K S
(HBT D, ICBOBEBIIRS Z L TRAEVAY, BOTARELBHRERAT v ¥ 7
KETIR, HEBOHERIBLbND, BROBEFEROZRTIE, BELLEBIKET
. X BEIIC L 20 OBEREL e ARSI ERL, L VENROREVEBRETEDS
N EEWIFBREOREA T ¥ ¥ 22k ), X REHOERECIEERIGEVEEEREE
L7z®s 29 L-REDAEIOTT 2 RBIREBOHR. NBEFREOHRIIOVTIIBEHS L
TELYT, RFENLT— 7 IIR{OA TRV,

242 BESIRUBEREIC L 2%R

ZICRIZH 1500 CU LOBIRTME SN D &, BBV ERIL LB, BEFRFICLLE
RGO ZERIIEDNRA®, CHIIRMHRICLIZ2DDEEZ LN, CORMIHRIT ZICE
EHICOEITL, ZiC HMIRD RS PRy FRERICEET 201k, BEAF OBESIRFRIC &
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Table 2-1 Major characteristics of ZrC.

Density (g/cm’)!"? 6.59
Melting point () @® 2850
Thermal expansion coefficient (™) ¥ 6.83x10°
Thermal transition rate W/ (cm-C) ¥ 0.45
Young modulus  (GPa) ¢ 480
Poisson ratio 7 0.26

*C/Zr ratio of stoichiometry ZrC is 0.97.

Table 2-2 Heat of formation of the reactions for ZrC producing.

29

Eq. No. Reactions AfH kJ/mol (Temp.)
N CH,4(g)=C(s)*+2H,(g) 92.8 (at 1800K)
) C(s)+4HBr(g)=CH4(g)+4Br(g) 527.6 (at 1800K)
(3-1) Z1Bry(g)+(1/2)Hy(g)=ZrBr3(g)+HBr(g) 165.9 (at 1800K)
3-2) ZrBr;+(1/2)H,=Z1Br,(g)+HBr(g) -54.7 (at 1800K)
4-1) Z1Bry(g)+C(s)=ZrC(s)+4Br(g) 911.9 (at 1800K)
4-2) ZrBr3(g)+C(s)=ZrC(s)+3Br(g) 590.9 (at 1800K)
(4-3) Z1Br,(g)+C(s)=ZrC(s)+2Br(g) 220.3 (at 1800K)

%) Br(g)+(1/2)H,(g)=HBr1(g) -155.1 (at 1800K)
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Table 2-3 Comparison of diffusion coefficients for fission products in ZrC and SiC.

Species

Diffusion coefficient in ZrC (m%s)"”

Diffusion coefficient in SiC (m%/s)V“”

Cs

1X10"8~1X 10" (1212~1623TC)“V
2.3 X 107exp(-3.18 X 10°/RT) (1260~ 1600T)

42)

1~5%10"® (1600°C) @

<6.8X 10 exp(-1.77 X 10>/RT)
(1200~ 1400C)

Sr 1.5X 10" (16007C) “? 1.2X 10”%exp(-2.05 X 10>/RT)
2% 10" (1400C) ©® (1600~ 1850C)

Ce |[2.0X10"%(1600C)“? 2.0X 10"%exp(-2.51 X 10°/RT)
6.4X 10" (1500°C) ** (1600~ 1850C) |

Ru |1.2X10"%(1400C)©® 2.3X107exp(-3.06 X 10*/RT)
3X 10" (1600C) (1600~ 1850C)

Ba |29~4.6X10"(1400°C) ¥ 1.2 X 10%exp(-2.05 X 10°/RT)
2.3 X 10%exp(-3.01 X 10%/RT) (1700~22007C) | (1600~18507T)
(13)
1.3X10"7 (1500C) ¥

Ag | 2.6X10"%exp(-2.25 X 10°RT) (1700~2200C) | 6.8 X 10" exp(-1.77 X 10*/RT)

13)

(1200~ 1400)

(*) R is gas constant (8.314J/mol-K)

T is temperature (K)
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Weight Percent Carbon

Fig. 2-1 Phaze diagrams of ZrC-C system.
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Fountain

Annular space (annulus)

Fig.2-4 Spouted bed®?,
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Table 3-2 Results of coating experiments.
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(10)

Deposition Z1Br, CH, . .| Deposition
) H; mol/min | Ar mol/min
g mol/min mol/min rate g/h

SU-3/1 55 1 1.25 95 - 9.8
SU-372 65 1 1.19 59 59 17.0

LU/ 50 1 1.19 59 44 *17.1

LU2 62 1 1.12 56 57 17.6

LU/3 50 1 1.19 129 - 8.7
SU-1/1 70 1 1.27 91 - 14.2
SU-2/1 55 1 1.89 59 - 11.7

*corrected by the critical bed depth.

Table 3-3 Flow rates of the source gases for ZrC process.

Gas Flowrate  (cm’/min) Flowrate  (mol/min)
ZrC process . ~0.5kg/cm’
Br, 80~150 0.005~0.009
CH, 80~300 0.005~0.02
H, 3500~7000 0.2~04
Ar 3000~5000 0.2~0.3
PyC process . ~0.5kg/cm’
Cs;Hg 700~ 1500 0.04~0.1
H, 3500~7000 02~04
Ar 3000~6000 0.2~0.3
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Table 3-4 Flow rates of the disposal gases.

Gas Flow rate (mol/min) Flow rate
mol/exp. (1~2h.)
ZrC process
HBr 0.01~0.02 1.2~2.4
H, 0.2~0.4 12~50
Ar 0.2~0.3 736
PyC process
H, 0.2~0.4 12~50
Ar 0.2~0.3 12~36
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(1) Fabrication process of ZrC coated particles with Ag.

(A) (B)
Carbon Ag powder Carbon
Ag powder
powder powder
|
Melting
Mixing _
I - Binder
Drying ZrC coated
particles Mixing
ZrC coated
particles
Drying
Mixing
l Sintering
Sintering
1
ZrC coated particles ZrC coated
with Ag particles with Ag
(2) Diffusion experiments.
(A) (B)
ZrC coated Z.rC coat‘ed
particles with Ag p:alrtlclesl with Ag

Heat experiment

Measurement by |
EPMA Remove ZrC by
HNOs-HF-H:0.
|

Irradiation of

Observation of

silver diffusion

solution with

removed ZrC

Radioactivity

measurement

|
Decision of Dag

Fig. 3-1 Diffusion experiments of ZrC with Ag.
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Irradiated capsule

Visual experiment with ITV

Inner capsule

Visual experiment with ITV

y -ray scanning with Ge detector

Particles or Compacts

Weight measurement

|
[f’articles Compacts

Visual experiment with ITV

Scale measurement

[Electric deconsolidation / Acid leaching ne of compacts

Ceramography

|
Erticleg ILeaching solution

y -ray energy analysis

Failure fraction measurement

ZrC coated fuel particles ZrC coated SiC particles|
Ceramography

X -ray radiograph Ceramography Heating experiment

FP inventory measurement EPMA X-ray diffraction experiment

Heating experiment with electric furnace

Fig. 3-2 Post irradiation experiments of ZrC coated fuel particles.
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Optical thermometer

Ar gas Disposal gas

Graphite tube

Quartz bell jar

=l

Spouting bed and nozzle _| ¢ 136

HF coil

SCll

o Registance furnace

o
\ tube (to load Zr
‘ /// Quartz tube ( )

SLS

To vacuum <G ‘ <= Argas
= <= Br,gas
<= Argas

C;Hs (+ Hy) gas

Fig. 3-4 The ZrC coating furnaces.
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S Photo of the ZrC coat
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EOSIRE 4 SIERICWEMIC e |5 ﬁ
- ¢ & W s itk 23%8 ﬁﬁéﬂ%&ﬁi 10712 I 3 p
A Vg |~ n v| Hz s -4 Br 7 = 107 74t f
7 =a-h+v| N m-kg/s? FVIZbo— L A 107'% 7 + a
E A© . W N1 A A | Pa N/m? N - v b
TivE- HE MR Y 2 - 4| J | Nm s~ = al bar )
TR, BHERT 5 b W/ s 4 »| Gal 1 %1—5i [EMRGR] H5 K ER
BAR, |7 - ) C | As * a2 9 —| i ERER 1985 FHTICL 5o 2L, 16V
B/, B, £8H | & w_ I- v W/A vy by v R BLU 1 uD@iZ CODATA O 1986 FEHE R
H ® & ®&|7 7 F| F | CV 5 ¥l rad EICE 1
8 X K ®|4 - 4| Q) VA v 4|  rem -
av ¥y s s vr|lv—Avz| s A/V 2. RAKCRBE, /79, T-w, ~24
w® ®lw = — | Wbl Vs 1A=0.1nm=10""m —WHRITNTOIHEROBMILDTT
~ —_ =
AR GAE IR { bar=0.1 MPa=10°Pa 3.Abarli. JISTG%&E}*U)EE?]%&*)TE
x wiwv — A Y| Im | cd-sr 1 Gal=1cm/s?*=10"2m/s? zKlﬁUiZ@fJT:U—GC&}ﬁEh’CL\
gEilrv 2 =1 Im/m? 1Ci=3.7x10'*Bq °
i x| i ) 4. ECHRFEFL5ATit bar, barnik
L L ISR d B B | Re2 o807 CThe O MEDRE) mmHg %2057 7 )
A )
® W & R(7 v 4| Gy| Jke I rad=1cGy=10"Gy Cernton, ¥ 7
B R 4 |-~ h| S| Jkg 1 rem=1cSv=10"*Sv °
: 3 j ) F3
71| N(=10°dyn) kgf 1bf £ [MPa(=10 bar) kgf/cm’ atm mmHg(Torr)] 1bf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 #11  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
5 ® 1Pa-s(N.s/m?)=10P(#7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 107* | 1.31579 x 10~? 1 193368 x 1077
BEE 1m?/s=10'St(X b — 27 %) (cm?¥/s) 6.89476 x 107° [ 7.03070 x 1072 | 6.80460 x 1072 51.7149 1
x| J(=10"erg) kgfem kW-h cal GtIHE) Btu ft « Ibf eV 1 cal = 4.18605 J (3+#&#:)
*
W 1 0.101972 | 277778 x 1077 |  0.238880 | 9.47813x 107 0.737562 | 6.24150 x 10'* =4.184J (M{L%)
E
| 980665 1 272407 x 107 | 2.34270 9.20487x 102 7.23301 6.12082x 10" =4.1855J (15°C)
% 36x10° | 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 107 =4.1868 J (HBASRR)
- 4.18605 *0.426858 | 1.16279 x 10™¢ 1 3.96759 x 107 3.08747 261272x 10" HHE® | pS LB
B 1055.06 107.586 2.93072x 107 | 252.042 1 778.172 6.58515 x 102! =75 kef-m/s
1.35582 0.138255 3.76616 x 1077 0.323890 1.28506 x 107* 1 8.46233x 10'* =1735.499 W
160218 x 107'* | 1.63377 x 10°%| 4.45050 x 1072¢| 3.82743 x 10~%°| 1.51857x 10"2?{ 1.18171 x 107" 1
® Bq Ci g Gy rad g'; C/kg R g Sv rem
it 1 2.70270 x 10~"! 8 1 100 " 1 3876 D 1 100
14 ® b B
3.7 x 10" 1 0.01 1 2.58 x 107 1 0.01 1

(86 4F 12 A 26 BBE)
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