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Separation of 1C from Irradiated Graphite Materials (1)
Oxidation Behaviors and the Changes in Pore Structure of
Q1 and IG-110 Graphite Due to Air Reaction

(Joint Research)

Kimio FUJII
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(Received July 22, 2005)

Various nuclear grade graphite materials are used in the core of
Magnox-type Reactors, advanced gas-cooled reactors (AGR) and high
temperature gas-cooled reactors (HTGR) as core-support structural
materials of the fuel systems and moderating materials of fast neutrons.
The graphite-moderated power reactor, which was built by the Japan Atomic
Power Company had generated electric power(16.6 X 104kWe) from 1966.
The reactor was shut down in 1998 and its decommissioning program is
being planned. Moreover, Japan Atomic Energy Research Institute (JAERI)
had been constructing an HTGR called High Temperature engineering Test
Reactor (HTTR) and criticality was attained in November 1998.

For the nuclear graphite disposal, it is necessary to determine especially
the treatment of long-lived nuclides, such as 14C which are generated in the
graphite components during reactor operation. In relation to the planning
and implementation of the decommissioning of radioactive graphite
materials, it is essentially important to obtain the basic data about pore
structure of graphite components. As a research, which solves the problem of
the 14C concentration, the cooperative research contract of "The research on
the separation of 14C of the irradiation graphite" is concluded between JAE
RI and Japan Nuclear Power Corp. in 1999, and the research for the basic
data acquisition has been advanced up to the present.

This report is one of the results of the collaboration between JAERI and JPC.
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To clarify the formation process of 4C, it is necessary to examine the
environmental condition of graphite components inside the reactor,
especially the role of nitrogen, which is one of the air components. 14C was
formed with the weight loss by the oxidation of the graphite, because core
graphite of Tokai power plant was used in the carbon dioxide coolant under
radiation. To reduce 4C concentration in the core graphite, several methods
such as the collection as 4CO2 by leaching to aqueous solution and low
temperature can be considered. To find the optimum conditions for 4C
reduction, basic data on oxidation reaction and the structure of graphite
materials indispensable. In the present experiment, we measure the air
oxidation characteristics in the temperature range 450~800°C in Qualityl
graphite and IG-110 graphite. Changes in pore diameter and pore size
distribution due to air oxidation are discussed.

Keywords : Pechiney Graphite, Irradiation, Gas Cooled Reactor, Carbon
Transport, Air Oxidation, Pore Distribution, Specific Surface
Area, Total Surface Area, 4C Disposal, Mercury Intrusion,
Nitrogen Adsorption
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HIO0EBT -G L. CERERKOREER 2 ERICERIZHG )
L7z, RBICRY X QLE=X Y V RBHENRBRAI PO UC DBES %
HiEL, “WCIEBUILOEEMFREZRITLTEL, T2 TiX. RIXQLEBHFE
i UC DB SBEORERRET —F— L2 o7 Q1 KW IG-110 B0 =X #E
fbhstE & . RICOEITICN ) LR EHE & ML EDEIZOWTHET 5,

2. BFPNIZBIT 3{LERG

2. 1 BrEostt
EovkrpHTHREE, BEAE, BWHEBE, vy FERoEK. RE I,
EREAROEE,R L ORIEFEIC L - THERE. MILEE, B ko
Biphld, SR L ICHBIMHELRZ-TL %, ZOMEN - (L2
PhobTH 1 0ERIIENLE KEEEDTELE) THY, F20EHIT
BUEERE O BFEINE AN R 3 Bl At (FHSETOXTF) Thbd, £z,
BALES R & ORISEEIZ. EA MY OEE L . BIZL > TRKELLEREh®,
FOSEBENL, S8R LICRR D120, MBLRIBHMER, Fok > ipHE
B - (LFRHEEZE > TV AENEMD Z LIFEEICARTH B,

Ql BEHDARKEY R EME A Table 1 W) [ZIG-110 B DEMEL L HITR LT,
Ql BT, BUEREOENORO T EFHEIREN 1.34 THDHZ L0 b,
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oA, BRIHEEICEL THREFEZAL TS EEDRD, LL,
2800°COBEKIRE L T Ay 7R — k - 21— X(Texas Lockport Cokes)
EH—ARUVBHERRN 23%AME y FERELE LIZRBEIG® THHZ L LS, Bk
DM, WEA - L2, BRATEEIZ DWW T, IZEAELEEL R VONE
KTH D,

— IR FIF AR NI SRS, ZAEMEITH Y, 2FFED 20~25% 0
MILTEDDNTWD, ZOMILDOKBHFIIAREICH L THRBIREIZHY .,
1g 729 1.3m2BEOBHKE R UERARELZF - TWV5DH, ZOHENHE
DOBERRIGZFMT HBEICIE. BEVW-#FL(open pore). B U 7-#iFL(closed
pore)DE L, FOKRKEIDLBELMBRNO MM, £ OMEIOILFEN RIS
BEFEZ5E25Z 00, BMMEBIOBRIZKREEKFT S, £/, Bt
BHEBEMET R L OIS DHBEIZIE. FRICH L THEH L TWAAREHEIZH
RTHNBOREEOFNERIZKRENZ LD, RINBEIZ X - TiX, 4%
mTCRISLENRD ST RISHT AH, MFAEEE RIS LB LARICIH L, K
SRR RN, SR o THB T 2, 2O X5, BE-SKMHERIET
. RISH R & ROSERRT 2 OFEE, BHMAAICBITARIEE WoTe—#ED
KRR EYBRTILENH HD.06),

EHiz, BEARNERE CIXEMRMERDOKREBRFARNAMEEEZERL TS
BaE. BORKRRTFLBEICKXAEFEAE LTI, BHEOHEDORERT (=
v VIRE) IXRBEITH D LFEHITTEES.D.® TH D Z & 226 H AMERISICE
WTHEBENICTRLEND, LIz -> T, RKERBH Ty 72>\ TEL
L, A—#MTH-TH, FMEOH—HLEDRERGFIEKEFTLHZ L
(278 B0,

2. 2 BARBHDRICLOIEERBT
y RBHIC L DRBEEBITOA V=X L Z L TFITRLEZ®, 00,01, 02,
(D) FLESHE CO Dy BRTTORIGIZEY CO #FA

C+C0,—* 52C0

(2) CO: BHMPIZRBIT A EEMEDERK &5
DG HB F CO ITHHFEBRBRICE > TELYFHEEINARARRIZARVHET S
co—%2 5 co"

CO* +nCO »[(CON] (EHFILEY)

[cow] —(c.0,), CELEL )
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G)EHM P KERTFET D L CO XTATE Feirb | aaFbapik
T& 5,
2C0* +H, »2HCO* (TVTER)

IOEHZ, BlbdHDEVIZEEBITRIGICE > TRMBEOLRER (B
MERY7 Y OREE) NEML, MABELET D, 2. EHRERIC
mENEASIhIE, ZRESOREEHEMT 5 L25, “Nn, pC KT
170(n, @ )4C TR TS UC BIZEEEL 5D LILD,

EEIRETIL. C(O)DAEREE LHIEENELVE LT, FTALEER%Z
KR TROTND,

_ kl Pco2
1+k,P., +k, PCO2

DIk ke kR T Py« P RENTNORETH W, 09,

2 3 BB ORI KT D E A AR ODR

\\\\\\ AL D H A & A BRI, RIRED b EIRIRIC A D iLoh, b
fiﬁfﬂi)ﬁ(Chemlcal Reaction Control Regime). #f L P4k # # & (In-pore
Diffusion Control Regime), BEMEAHL#H#H(Mass Transfer Reaction Control
Regime)® 3 DD ISHHES, D, O L o THRE I, FROSHEEBEO MBS
B EREIT BB OB, R, RKIETAOBRFIZL > TERD,

X510, BB N ARSI, BEOER L ZIVEME L LTOREM
RUOTAOREEEL Vo EHF oMz, BEHFICAEE L L TE AR EET
e, BUSERET DO,

DD, BETRMMITEOMENNE, LFEE, E&U‘ YEE 72 E DR
Fiz & O'Cj(% SEBEBEINDILGAEBEND.6.0),

Table 2 i~ Q1 BEADOHELITIC L B EH MBI OSHTRRZ 1G-110 Bén
R ODI;[:%'E’CT Lz,

BRI TEM OV Fe, Ni. Ti. V. 7 U &B®O Na, KXROT A A Y &
BO Ca TEOSHED IG-110 BEMEHIL~NTZRETHL I LMH, QL&
STELOBMEEEIT R X VW L R TREINH@.6),

DX 5 BB OB A AR IC, BEERTO UC oMY S0 0E
By — & L LT Q1 RUIG-110 Béabrkhz oW\ TS ML ZEE R OBALITH S
HEREER M EDEL TR,

KEFZE DZEEBLR IS T, R E 450°CIM b P ROGE#EEE, 600°CKR T
800°C DB B i XA FL N JE B AR SR BE K. 500, 550 CIFEOEBEETHD Z
L& RAATERA L
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3. £ B
3. 1. FEBRICMHEHLIZEHHE
HEHT Q1 Béh L 1G-110 BSnk Bl 2 ETH 5,
KB O1EX Q1 BHEBRA VEEN 12mm (0.5 1 F), EEK 50mm

RBAFOGOHLAAIX, QL BEMEIRRFEEZAETIZ LG, F8EHED
EMT oy oMERFAICR L TEHTRARAZBBRFORFHFMICRD LI
BE L7, '

ML L 7RBRAIXUECIRR P TEBERES L&, 22XH 120°C T 48 FfE
ULER L ThbBRARBT THRE L. ZRBICRISR O ERE - MLy
MBECER Lz,

3. 2. BHABRHoREBE
BEORBRAOREIREIZ, AARET (BF) 8 JXA-840A AEEAE T HMKE
(SEM)Z AWV T, #HiEE R OB fE O MILEEO R {L 2 BIE L,
FIBHCER L DEITICHE S RBR A REREOEILEZHK b HFOEEIZ L » THE
L7,

3. 3. XK

BRICEDBRRIGE, W ZNVBRRBETERBL-EEE~y 7 VFEA
WTREFFIEFAKICE W TRIGRE 450°C, 500°C. 550°C. 600°C & 1 800°C
THEE LT,

BEMNEIRBAEFIZHRE LZBEMI L > TITV, BEREBEIZE1C
ThbD, '

3. 4 KREHFHER ML HmORE

REBRA OLLREREREIL, W RABEEE (BERERYMERE 7% 2 Y —7 2100-02
) ZHAWTHKREZEREE (7TTK) T, hEEREREE BET ) 2FALT
Tolz, BEN RIZIIME 99.99% DER T A FH L1,

Tz, HREERHOMILoMIT, BREZRBEICBITLIERTAOREZER
75 Cranston-Inkley4) {&iZ X > TR,

ZEIBERIC, TORABRUCHASHZAE L QL 2HRBRZ. IED
RIGHEB#BIZBRYHL, BEEAEICE > TERERLZ RO %, XREBE UL
SMERE L, ZTOEEBEEYIRL TBIERICOETIZHE Y RBF OREK
RO DA EEZRE LT, REBLKCHILSHAEIERTORER A OB X 4L
R EEIX 200°C, AAPRRFREIL 48 BEfli & L7z,
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3. 5 KBEAKZ X 5MASMORE

KEBEAEIZ L AMILDHABPEZ, BE-~A 72XV T4 v 7 AR KT
YA Y 9310 B EBRELEBEZFEM L, KER 14.5psia, ®/EHR 30,000psia D
PIEE— R CHIE LT, KEBHEAMAIT 1300 THDH, A LERABRA T, ARE
ERBRERR THHZ b, RUBEMRBRA . BLERARA L VERRE
HEIZ L > THAS TR 2 RIE LIz ORBRTIC oW TER L,

HEEOHK L, RBRAITET20mm ORSICMIT L TRIEICH Lz, RBRA
BT, RBAONSBERE LT,

4. ERGERLEBE

4. 1 EENEBETFEESCI2ENRABRFOMABEOEE
4. 1. 1 Q1 E&HoMAMsE

Q1 BénkfEhX, Table 1 1Z/R L= & 912, AL IR L TETRUEEDS
MICERR L= RB A OBIEEREOLN 1.34 TH Y FEdbEd MBS 1.08 TH
LRI S H R IG-110 L BT A L BRAFMEFETHZ LB TFRINDG,

Fr, MAEELRESBERDIENTHRINDZ DD, Q1 KU IG-110
HeRERE A H X Imm OFARICMIL, /4pm DFAL¥YELFY F v KT
BB L CEEUETHRME (SEM) THEL,

F7r. BENOKEIREZBETI-DICBb y F U b TER L,

Fig. 1 ® SEM 825K 6. Q1 B&OMAEIT. BEEHS K 50~100 . m,
10y m. 10nm BIEMALE . TRUTO/NSRBEOMILLBEBEEL TS

ZORBHIOWTEEN 0.51%~0.93% % CRBERAFRXTEZZEK T 800C T, B
by FUrITBIECEoTAS T —HErEBREL TEMEATEEBHE
L7z, Fig.2(a). M 0.51% Dby F L JHOREFER TH D, BEHANK
WEAABICH - URERLD AR (8 WITIZIXRLERRK) 12ER LTS 8kF
NEE SN, Fig. 20X, ZOEASEETRLTND,

TDEH A= ﬁ/kwﬁhﬁﬁi%w/%4b%i%ﬁﬁ@%ﬁf%bmh
Ql Bz, FOfEE B TEEILTWA Z L3R &7, Fig. 2 (b)
FDA)VTRLEZZ 7y 71X A=A REHAHFHEEOERMIKEORBRTH Y |
ﬁmh%@wuﬁ% WCHBIRO K R MALBEFEE L, RODAROAG#BE D
BRI 2727 T v 7 IROMALDFEEZ R L TN D,

Q&%@@ml/%/7%®MKﬁbt7§y9®Mk3EﬁFm3(dT
HY . FEFITNSBRMILOFEES & biZ, KBRS TERIROREBEPE
BINTW5D, ZORE% 0.93% % CTBfb™ v F 7 L% D SEM EE? Fig.
3 @THh 5,

0.51~0.93% ~DIENZ2BILT v F LU T DEIZ XK - T, B EIIRE <AL
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L., FHAZEELIE LIBRIN TS, Fig. 4 (e) iX. 0.51%D@8{kT v F >
TICX > TEHRERESUBR AL RFELFBIIEBIN-REASAFHEETmD SEM
BEEETH D,

Fig. 4 (DIX. Fig. 4 (e) FOB) TR LIZREMEANDILKEFEETH Y . BRIk
mAERINT, REMEAIZ lum UUTFONSREOHILABELL TWAE
FRBRIENT, :

RALERAB DXV Y A P REMITERE L ZMAEE T, BRI F o .00
FBICFET HHBAORE REOMILL ., ROLAROARFBEOEBICHR > T
T 7 IROMILVBEEZER- L) RBOMICHEETZZENBRVI->TNS,

D ORKEREOBROMILABILT v FL 2k 5T, REH BT
PERLU TSR TFOIHER SN, FIRFICRE L EZBICES N ZAFEE LI 1um
UTORRY/NSWEOMILE, FiIZBILT2Z L 2#ER LT,

UEDSEMEEXTEHH L QL BT
(1) RALBE BTl EEK 50~1002m, 10z m BIEDO KX 2B DML L
10pm L FO/NE2BOMILNREL TS,

(2) A=A REKRBLF O OEFEO B RE 2L . ROMEROANFEE
DEBEICIR>TIZ 7y ZIROMAILDFEEZRL TS, Thit, £ALYF A b
FREMOMILEE IR TRE L TW3,

(3) ABAHRIE% 800°C., EEL T 0.51%~0.93%DEE{b— v F L 7 LIk R,
72 lum UTO/NIWVHALOREL, 75 v 7RICHIERT D K& 2 7L
FRICAE L2 E M &2 FFo,

4. 1. 2 1G-110 B oMfEes

MR EF B TH D IG-110 BEHOREH RN L, BAK 50y m BEDL
BHE/NSWEOMALD ML TNDZ L Rbnd,

Fig. 5(a)ix, MIL/-UEZZOFEFBEL-ZFETH Y. Fig. 5 (b)it.
HEN 0.28% DB b v F L 7% ORBRNA 2R CHE CEHEIL/-EH Fig. 5 (c)
X, 0.97%F CBb v F L/ LIZRADPEE TH D, Btk vy F o 7tk »T
HFLOBWEBBRKBICRAREIC 20, B(IC X AMAROIEKR L . BT 2L
EWEEBTORTHBERZINEDN, BMEROMEILIZ X » THILEDSHE
B — T, 1% U TOBb— vy F 7Tk, Ql B8 X 5> R KRERBEOMILL
INSBRBEOHMILBEBET DR FIIBEE SN 2o Tz,

4. 2 KBEABECIDZRAEQL . IG-110 EHOMA 1
Fig. 6 13, 2 KORLHE Q1-10, Q1-11 KB IZ W TITo 7 /kEBRa o 2 —
Tl KIS MBEDHERTH D, BRR2RBR L h2bLT,
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30nm(300A), 3um, 20 m BRED SBEOMILLETIME THLIERENE
bz, —h. IG-110 B ORMEERER F OMILOAG I Fig. TSR L2 X 91
2~3um BEOKE JIZEF LTV, WMEOKBRO Y A —F—2X 55
IOMIIBEFEMSEBEOBR L L KL W,

4. 3 ZBREEBHICLDHFRERKER MM

—EHIT . MAILRIIY I 70 f(r<04nm), I 7 2f(1nm UUTF), A V1L
(2~50nm) K f~ 7 2 fL(50nm L E) & IZHEEINTEY, KERe I 2 —FiZ
AVHANL= 7 L OMILDAREICEES Ao Tws, —J, BET X
HMEMEROCHILSAREEOL I, ERVTAORKERBEIZR T HRE
B4 5 Cranston-Inkley #HEiICk o TR B FiEIX, I7ihb A VL
80nm(800 A)LL L DB EIZILE L TW 721 a8,

Ez. SEMBOTARFICBAL T, A VAR~ 2 a4 X CHE
W&, 7370k 70l THEFRENRELFH WV AD & INTWED,

Ql Bk v F o JEE O SEM BIBICB W T, BILEOHMIZtE-
TRERBA~OMALOILKE, NEFREMEEBERE (77 v 7RO BRILK
OHEEICHBA/NES BN RRFICRAE LZEEEZRB L, ERVAREELZ
XoTI /7 u kA VHUTOMABELBE LB L7z, Table 31X, Q1 &
U IG-110 EfpRNBRAB O REREAERRTH 5,

QLESHLDTARDELRAIRBAOEER N TERENOEON-RENTEEIX
1.70~1.73g/cm3 DT H V . LLREEDFEIEIL 0.240 m2/g, EXEE DT
HiX268m2 L RS —HLTEY, MY - REBHRTHD L NZ D,

Fig. 8~Fig.10 1. 3 KORLERBRA Q1-1~Q1-3 OISR ERE R & =
LTWB RBAIZL > TETOMEILID 55, MARIIERR 4nm. 5nm, 10nm
fHEC AL TV 5,

Q1 B oRMEBRBAIIE nm o+ um L WO EAEWVHALSMERLT
WAHREENEONT,

HERBTOBNEEYR BB TOBREEHATHEAEINTEY ., Yo
RETERPETIL 20 R OBIRIC L ABEBED R ST 8% THDH Z L 2 EET
5 e FENEMBEMIIRILICL > T, SHITBAVHIEBEZ AL TS D
DEEZLND,

—7. IG-110 BEiZ >\ T, Table 3 2 5. 1G-110 REA O KN ABR
A AKOEBEOTEIENL LGN RETEEIX 1.73~1.77 g/ems OREIZ
HY . TOHREHEOEHMEIX., 0.227Tm2/g, £REFEOFEHHEIT 1.92m2 T,
MR —BL, B—2EBMEThHEERXD,

ML A ORIER B % Fig.1l, Figl2 /R L1z, HSHFERNMEITH S
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IG-110 /% 5nm LA T OFHF /NS WVHALEZRF>Tnd 2 & 75‘7T< SnTW5,

4. 4 450CEXRLL LREE. 2R Bk L4 o Bf%
4. 4. 1 FRICET 5B(LEE & MFLERORER

y BRBH TIZHIT 5 B D CO21Z & ABEL2E 2OV T D Best, Wood10), b
b DOBFFIC LT, MILN T CO2 TSRO S RGO BV B LR % A R
LB ERIT D,

B LRI, ARBIEREOE S, MR L ZOFRRICHEBIN., BURNE
E2umUTOMILE ORIZHEEERD 2 LER I TV 5,

%72, Campion25 %, Bk CO2 & OFHTRHN T OBILKETIT 0.05
~2um OMANRISEEICEET 5 LA BEL TS,

BB OZIBIEOBEIIIRISEENELS | IMBEOEELZZITOTWE
END, TORISEHEIL, B EIER OMAIBENBERT A Z LT B,
—REIIZIL, 450°CIZ BT B 2B RS IR LY R I DAL 5 O3 BE D BT AR
L, UTORKISIZE D EBIBLAD P LEETNAMLEND Z B MbNT
VYA 6), (D), (9)0

C, +0, - C(0)+Co
C,+C(0)+0, > 0o, +C(0)+C, F7=ix
2¢(0) - Co, +C,

ZITC,RUC(0)IE7 ) —DRK L EBRLEYMTH B,

{LEROSEHEERIC BT 2 B OBILKISIX, 8RIC L 5 TRBR A NI
—IZEITT 50, EOIRERMAIIEBR L ICRR D,

Fig.13 IZfhi% AR R LC7477 (75 28, RBAEZ-11mm) O
600°CZEXBALDOBIZ R L7208, REBFNOEESMIT, BRRIZL LT —FIC
7Y, BRIRBRAFABE TIERLT, BEZ{EEZITZ L5, LC7477
WOV TIE, 600CE TIEFERGABEFEIK TH D Z L BRI TV S,

L7ZB->T, QL KVIG-110 Bz >\ TH, PINBELZTLE VT, &8
FRALBUSIZ BT 2 RISHEEBERZ AT 5 2 & &, BILICfE S MALBR DL
ZE DTG L ORRERETIZ BB TEETH S,

4. 4. 2 450CIIBIT 32K BLES%E)
Ql E&EBH 3 A (Q1-1. Q1-2. Q1-3) . IG-110 BB A 2 A (1G-110-1,
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IG-110-2) Z2WT 450CICBIT 2 ERBILRIG 2 ER L. BLOETITES
bR & O FL 5 A0 2 e i JIE L 7z,

ZRBRAICH S BB O EEORFMZ L% Fig.14-1 12, Fig.14-2 1213, BAR
RORISREIZELEZ R LTz, QL & IG-110 B0 EIC KX RERANR S
n, BILEEIT QL BRI RENTRVEENE S,

Fig.15 13 Q1-3 RBRA ORI KRBT E L EARE 0.62. 2.38%. 7.52%
B 10.53%ICBITHARBRAFOREHEZ LB LIZEAETH S,

AL DEITIZHEV, (IR 5D As-received RBA RE O RITKRE Iz L
D, BROKRERZBREEY Yy MBERIh, Hh-REARBEINL TV 3,

INLBERY Yy NOARRITFMHERORECER TS L6 Q1 BHo
RERBICEEIX, Table 2SR L2 X 5 REFAHDIZ L ABEHRICL - T
BICEEPMEINTRRTHEIEEZOND,

—75. 1G-110-1 ABRA DRRISHRBRA KA TR & ~8.35%DEREICEDL %
TZUE LD Fig16 THAM, Ql RBRAOEHBICELN-EEY Y M
BEIN2oT, ‘

450°C — ZZRBILFUSIT BT 2B L OEITICE S KRB OFEIREE S 241
BET 5012, BER 125mm(0.5 A > F), BEE 3mm M L7 Ql-A Rk
CER 1lmm, B X 3mm @ IG-110-A FHEHZSW T, R—H%5 . #ElEicz
K[ LE L2 0 EBAETHEBEIC L » TN,

Q1-A ® SEM EE& % Fig. 17~Fig. 23 I=;RL 7=,

Ql Benid Fig 18 R OLNB X 51T, BRE 047%F TIIEBH T 5 v My
HmTHHHB, BRE 1%L EIZZR2D L, Fig. 2063 L5, KILEI®D
BERSHARR & 2 0 iE ¥, 2.67% TiX, Fig. 21 DX H 231 U F— A5 DERMN
EBITLMMAROND X D272 5,

X iz, BRES%LL LD Fig. 22~Fig. 238 Tit. RIGOHHIcREHHZHEHDR
KL TWeR_AS BB, Fl-REIENS & &I, bR
BIZRENDEOIZRDD, BHERZOLOOBRIZ, bEVH#ITLTVWA
WEIITRZ D,

—7%. Fig. 24~Fig. 29 12/~ L7z IG-110-A Ak Tlid. BEE 0.25%0 5 &
PR ABIZEI (Fig. 25). 3% ELBR I 2RO BHNELPEBILIZ X -
TRHMY . BRI/ DN EREHOMANREEL TWS (Fig. 26~Fig. 29).

DX T, IG-110 BN A ¥ —HOBLIZ X 281 Q1 BH LV
BN EREEINT,

IOMRDOE T, Q1 Bk, BEERBLIR UL U F — RNk % H B
D IG-110 LY KRENWT &b, EXREILIH S EERDERIIRE VA, B
LIz X 5MAEIOBREITIG-110 B X v /& W2 L Bbh b,
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4. 4. 3 450CZEKRMLICHE ) kR AR CEREHOEL

Q1 B 3 R KVIG-110 £én 2 BB T O\ T, 450CIZB WV TIAK
ZBEMAL LEEBOLRERE., SREHEOAEEREZRRIOBERRL L IR
L7=®7 Table 4 XX Table 5 TH 5,

Sk —BEEBOCERISEEERICB T A VAL TH Db, RISDLE
T > CTEMBEHONIICE THREMERT 2720, Q1 KU IG-110 & HiZ
RKREF OLFEBEOCEREREITEKRT 5,

Ql BSnERBtic L A FBREICK T HEREROE(LE Figd0 2. £
REMOEL%E Fig.31 TR LTz,

HEEHEOMMEIL. QL-1 RBRAF OBRKERFE4.27% T 7.5 %.Q1-2 D 8.5%
T 8.4 1%, Q1-3 TIX 10.53% T 8.8 f £ THWM L 7z, &REREIIF CRRERE
T72. 7.7, TOECHEMLEN 10%DERBLVETEH 8HBLUNTH D,

—J5. IG-110 3RBRF1X Table 5 (R L7z X 91, 2 K& bEREEROCER
EREDOHMEBERKAEV, HREHEOHMMEIT Fig. 32 R LZL I ICERER
2.38% & 3.75% T 10 {52 B2 52t % 7~ L. IG-110-2 R A DR AKERE5.7%
TH 17 1%, 1G-110-1 ABR A TiX 8.35% T 16 fiF@mM L 7=,

Ql BEHROREREEITXN Y T4 FREMTELIL, ZOBMBERTFOKES
IO H D IG-110 LV K& <, BHADOEE EORH—EHRE,

Lietio T, Z DIREBRICH T 2BILEOIHIT Q1 B HTBAEN D, Ein
EEZ DY OO DEN, RO LEEHER 2R EROEMER O
BONMCER TS EEZ NS, IG-110 KB A OLREE, £REERUEM
LEOHMBEAED TREWE{LERLIZIEND, MBS FHENME TS
% 1G-110 DERERLICBE L Tid, MBkiEoBR LR 2BRE (EEBL )
L EBICHREEOHMEBRT RETHDL I LBOND,

Z DX D LR S AE AR OB EIC BT 2 EAICER L X, mEM Ot

AL, REEMERTDI LI > TAEUIBBRIRENKT. BXHEDS
I+ EBETHILERDD LEZ LN D,

4. 4. 4 A50CZEXRALICHE S MIALBRELL

Q1-1. Q1-2. Q1-3 DHRIGHRER T DMALE & 450 CEXBILICH O FHERE
BT AMILBROY — 7 & S DOE& % Table 6~Table 8 IZ7x LTz,

TNERIC ESEBLREOETICE S 3EEO QL RBRAFOBERERIZRY
AL EFRICE L., Ql-1 DR % Fig.33~Fig.35 2. Q1-2 % Fig.36
~Fig.d40 2. Q1-3 RBRH DR % Fig41~Fig45 (TR Lz, 3TEED Q1 AR
B OMILEIL. 450°CEREIC X - T 2nm LT O, #EREROH 772D
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AT DH LRI, BEFOMILBIERT HRFOELER LT,

Q1-3 DHFLERELZFHMIC RS &, Fig.8~Fig.10 DRIISARA T 3. 4.
8nm fTITIZ Y — 7 /R LTV, Fig. 41 2R X H 12, ED 0.21%DERALIC
-T2, 28mmBED, LV /NIWEOMIILARAE Lz, Z O, FKIZ 10nm
PUEOHFLBROILKE., MALEDEME VD 2 DOBEBRAELTWS, MLE
DOEEMIE AR 10.53% TiX. 7.52%ICHRD EBOPLTWABR, RBRAFDOY A1
APINEWTDICBEEOILBP B SINTELEZH EEZELLND,

—%. IG-110 B OXRKISABR A OHILE & 450 CEIBILIZHE S FREAEE
WCBIT2HARY -7 &E &0k % 1G-110-1 RBRF 22UV T Table 9 (2,
IG-110-2 RERAIZ2W T Table 10 127" L7z, £72. T b D % BEICE{LR
DEATIZME S IG-110-1 RER A DB ERRIZEIT 5MARE(LORER R % Fig.
46~Fig.52 |2 IG-110-2 R DR % Fig. 53~Fig.57 IZRr L7,

MARBRA &b, BROEITIZMN > TREIZ 2nm 31 OHGKE 72 B2 Ol LA B £L
LTV ERB T LN,

4. 4. 5 450CEXBILRBRIT OKREAEIC L 5040

450°CIZ BT BRI X DHFLOBEL « IR XA &2 AKRIEAETHE L
fE 2% Fig.58~Fig.60 |2 RALEM Q1-10(1 & FR). Q1-11(2 & FR) L& Dk
T L7,

W R BT OERRIEE X 400°CLL T T, REEN R X 5B EENN 8%RE
THDHZ b, EHRBHNBEMEOMILRIX Fig.60 O5HIZHE WS D L HE
Ensd, WTIhoRBAIZBWTYS, BIEOEITICHEWVBAEN KRELS 2 HE
MZ& a5 LTz, Fig.6l (ZKBEANEIC L DHARSITICAWEZRB A OB 2
WENHBBEEELY R LT,

T ORESE TR, LERCEFERER THEZ 00, BESILBLT, B
INECIEREEL L THOEE CTEL, IDITKRERMA~NEILRL TV @
BAURENT, ROUEM TIIRONZVWRELREROMILSRBR A NI AR X
NTNWBDONRHEERTE D,

Ql BEHD 450°CITBIT HERBILTIX. ZZIORLEZ X ) AL oL kL &
HiZ. 2nm LA FOFEFE ICHEAIMILAEEEIC L - THRAT A REM GRS
bz, Zhi, 4. 1. 13D QL BESHOMAIBETHER- LS, I VT
A FVRENMEBEAEOMENKBMLTWAbDEEZ LN,

ZOWERIIFig. 4 DEHE () DOEETHR L= L 5z, BLIEITTE L
Z )y MROBRRKLFOFOEFEIC, HBOKE RMILNIEKRT 5 & RRRIC,
NFHIRFEME EIZ Inm BEO/NIWHIFLAREL Z & 2 pEE LIZFiR O SEM #
BRERE—K LT, |

— 11 —
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4. 5 B500CLLLOBEBRICKIT 5 LE5BLEE L HEREH,. 2XEEEV
ML 5y A D BEER
NS IR0 BRI OBAITIZ, 520°C LA 0D 5 B IS CHIFLPN L8R B4
3%, 480°CIA T AL SGEIR. 480~520°C D RINERSER L K45 LTV 5,

600°CLL ED IR TIHMLFREIL DB E & BT 2 H 2 8T 2 5% 5
MNESICHLEEIZBE S5, RFE TR, BEEHTD 14C OFBIRMERL CIE
BALT 2 HROBEHET — FEHEEZHBNLE LT, 500, 550. 600, 800°CIZHiT5
ZRBALEEEL T, RBRANBOMILOADOENZAKBEAER T TTKICE
TLERNAWEETHE L, &SEEARORELF % ERAITH S M
TBHZ L BRLT,

4. 5. 1 500C~800CZEXEILABRT OAREALLIIC L 5L A
Table 11 )2 U* Table 12 (Z/KERAR 2 A —# |2k % Q1 B KRN IG-110 B4
DEBAGEEIZBIT 5MILoMOBEERE R LI,
RR2RBRAORER-RETHY . B RIZILE TERVRLSMILEE. 24
LEREBEROCHILENFREICRB T, EXRELOETE & bICHMT 2R
WZHHIERENEONT,

LA DKRBFR T o 2 —ZIZ X 5 BIEFKRE Fig.62~Fig.65 TR L7=,

RO F I RLEM Q1-10, Q1-11 L DEEBT/RLTH Y, Fig.62 23 Ql-4
AR A 2OV T 600°C, Fig.63 28 Q1-5 HE T D 800°C, Fig.64 7% Q1-6 RER T
7 500°C, Fig. 65 2% Q1-7 BB IZ 2\ T 550°CItBIT 5 KL% O QL B
FRBRA DMABREM L B L TW5, ROEM & FREICHE T 5B ERR
RIZRRD720, FREICIIE 2 R0, BLOEITE & HICHILBRIIIER L,
450CORER LT H L, BBLIBEDO ER & L HICBEEFICEL LTV A HEA %
L7,

4. 5. 2 bHO0OCZERRLKISIZHE S MIALEZEAL

Fig.66 iZ, 500°CZERBILISIZTA V- Q1-6 REBEF DA BARICEB T 2 EEG
REOBEEREY R L, ROABMICR LN HRRITBIEOETE L bickb
N, BEFE A%ZBZ 2 L RZADOHENRZIZKL b, BRIZEBE Y M Y
B50COBIEFER L EARD LS KEL BRoTWH DR TE 7=, Table 13
WCERATAREFEIZL S 500CIZBIT5 Q1-6 B0 EREB{LEISITRE Y HER
REVCEREEOUERREZRBATEELE L bITR L,

450 CEXRBBILEUSIZ BT 2 2R EEIL., BAER850% TH 7 (LRE, k&<
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2o T2 D8 D BOCOBEHMTH 5 8.3T%DERA R TITH 10 f5ic#m L7,

ZORBADBBREFRIIBITIMISHOY — 7 &S OELE KRNI &t
B L7202 Table 14 -1 K2 Th 5D, ZORZEIZLEZEBILICHES Q1-6 R
B OMIFLEL % Fig.67 2> 5 Fig.73 125k L72,450°CZE &K ML (Fig.32~Fig.44)
TEA SN/ X D12, /e 2nm AIEO/PN I RMBILOFKAEITR DRV,
8.37T% DEREBE AR E THIT L THLRAEMIZIEE L TV 72 3nm E DKL
BY., FNLUEOEEZFSMILIZIER L TW L EHA B LT, ZORLERE
% SEM TiMICBETH7-0IC, BEE 12.5mm, EX 3mm ORE (Q1-A)
ZMTL., 500CHOZEKBIIE R ORERECE(LEF—REFCHEL
T-fER% Fig. 14~Fig. TT TR LTz, ERPRLR DD, 450CEXE (Fig.17
~Fig.23) TiI 8L LOBFEREE T, MHRBLANIT->E Y LTV Fig. 77
MR LI, 500 CHOETEEIL, BREAT2%TIX, FEZ L EDRNTER
EARIEAS K & < EfE LTz, |

ROSIRE 500°CIZ331) 2 B[ ORI, 450 CHOERL & T, RBA D
SREHEIRE EML., BHESEMT 2EMER LS, £, {LEK
ISR H D Z BB,

4. 5. 3 550CEXBILRIGIZH S HALEELL

550°CIZ81T 5 Q1-7T REA OEXKBLISIZHE S hREmE R V2EmBEOH]
EFER % Table 15 2B O~HEEL & & bITRLTZ,

ERmMEOEMIBEREE 8.61% T 6 fFLAN L 450, 500°CEIBILOER LY
INE oz, Zhiud, REBFOTEELBSK 0.3%RE L. /METIXD 2 38D
EEERLIZZEND, REBEARAOAY —ISDOBREEBELILND,

Q1-7 RBRF OMASH DY — 7 & S B RAEH &L LB L= D7 Table 16 T
b5, ZOREEICLE QL-TRBRAF OMARE(LE Fig.78~Fig.82 IZ/R L7z,

JERE 0.19%0 HBHEEIHALENIEA L, 8.61%RBRA Tl 5nm F2E DML
B 2 iz Em Lz,

Fig.79~Fig.81 (Z R 6 A FLEE 10nm XU 50nm DO — 71X, Zh LA
TOREHTIIELNL TN,

SHEZEER OESREEOHEMER L ZE28b® 5 L 550C L WV HIREIL. R
BRI B DL RIGEEEE D O MANIERBERICE D 2 BBIRE O&EIC
HBHBLDEEZLND,

DX 57, REY—ISIE Fig.83 2R L7z Q1-7T RBRAF ORLEBH N OLEAR
R~TIS%ICEDIE TOREEEEE THLBR I, 450°C, 500°CE{LRER
ATk, BREY Yy MBI INTHREHOXRIIEDLNL T, BAEKINIT-E
D LTV, 550°CTit, BRE 1L10%0 02N —RIER I, RERC,
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RENODOBILOEITHELS, KBRADO—BBELEL TS KFRDLND
Fig.84 12 Q-6 B DR % 8.35%!C 75%&#W%@@%%ﬁ$bt
HARABMOWRE L OB TR LE, BRIIRBRANME TI& L TEEFED
MILBEZIR LTV AT BRALND,

4. 5. 4 600CLELKEBILEISNITHE S WAL

600°CiZ BT 5 Q1-4 ENIG-110-3 HER T DZEKBLEUTIZfE 5 b REBE R W)
SREEDOBER R % Table 17 IZRB T TEE(LE & IR LT, Ql4 RABRA
OFEEILITRRERE 9.89% CHBRF AN 1.1%. & S H R T 0.4%ED L=,

—%. IG-110-3 RBRF 13, HABRE 851% THEHF M 2.4%., kI FMIZ
0.8%%/) L. #3537 IG-110 B D 600°CIZHT 2 EXREBLERIZ X 5 ~HERD
T06% OLY, KXBE(ER LT, Table 18 iZ IG-110-3 A5k OMFL/
DY — 7 ¥ & & RAEK & OB T, Table 19 12 Q1-4 AR OMIL DM OE —
7 X RAEM L B L TRLT,

Table 18 % 3iZ L7~ IG-110-3 R D 600°CEXEBLIZHE > MILREL &R
L7~ D7 Fig. 85~Fig. 90 TH 3,

B ULEUSDHIT L & b, BEFOMARITIEA LAY, MILEIX—B#mL
%, BAEROHEME L HIZEETA2HEMETR Lz, 0 I1G-110-3 AR D
izl > REREOE(LEFBE LIEHERN Fig. 91 TH 5,

FERRD 2% BT/ 5 & RUBMICR O REDOHRIIFTTEIZEKDN,
REBIZ AR DRI 8%LL LTI, RO EBIFRBHBINEHTL 2,

—F., R F Ql-4 RBRF OBLICHE S Fig. 92 OREBIEN OIX, ROEM
DERHRIZFEER 10%E< ICRoTHRbARWA, Rl DRmITIZER T
Ay FBRERENIG-110 L XL BR o RY—RERFEIHER INT,

Fig. 93 iZ 600°CZe5 B LAT# @ 1G-110-3 3B DS\ ini & B R F 9.89% D
Ql-4 RBRHA OHNMERMAZ LB LEEETH 5, 1G-110 BHRBRAITELIZ L -
TREDBARVRICZEZN, BREY Yy hOARIIR OV, QL4 ABRAIZ
IAEREERT L D ICHERICH K& Z2MILABIFLT 523, 450, 500, 550°C%E
SELBORNERE & D L KERMILIIARTFICREL TN D

i, m%&mﬁﬁﬁﬁmawﬁﬁﬁﬁﬁmk&ﬁb FUSHEE AL 72
D, BEOTEMNEY . RIGHEE TEIT L7201, AREOMILAIER L
rERLEZLND, EE125ecm (0.5 1 F), Eé 3mm (2T L7 Q1-B
RERFIZOWT, 600°CHZEREEILIZ L 2RBAF OXREIKELE (LA SEM THE
L7=BEHN Fig. 94~Fig. 97 ThH 5. ERFE 3NRE £ TIIBEFOMAN KE <,
Mo, Lo TWNAD, &KL LTIIRAEMICEVWERRETH D, BE
ENT%EEBZ2 5 L. FEICMMDENGED, Fig9s £ FD a DMNEIZR LD
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HIFLAS, BRER 10% %k 2 /- Fig.97 DEETIX, B L-MILICED > T, &
BNET IR, KERELEREZ LTW5S, Table 19 #FEIZ L7 Ql-4 RB D
B LAZfE 5 LR ELE R L TV 5 DON Fig98~Fig. 104 TH 5, 600°CLER
Bz L BHIILEOE ML, FISIEED 450~550°C L W REWZ L b, #
WEDIERPBEZEICEL, SEKFEEL KTV EAMRINTE,

4. 5. 5 800CLELKBLIINITFE > MIAEZEAL

800°CI= 8T 5 Q1-5 R NIG-110-4 BB A OEXKERILISIZHE O kR mER T
EREEOREFER % Table 20 IZRBRA THEELE L IR Lz, EREFRAOD
~HEELRIT Ql-5 REBRA T 1.25%.1G-110-4 B A T 1.70% DB ThHho 7=,

AREEOWMEE L. BERXEAR 9% T ETHET S LRIUREE TH DR,
5% T OBBETIE. AL/ EIVWERRELNT,

Table 21 iZ IG-110-4 AR OMILAZT DY — 7 | & 2 ROFEM & DT,
Table 22 |2 Q1-5 R OMIL DA DO — 7 & & 2 RN & KB TR LTz,

¥ 7=, Table 21 % 22 IG-110-4 BT D 800 CERER(LITME: > MIALARE(L %
Fig. 105~Fig. 108 {Z/R L 7=,

JERFER 3% T, 5nm RIEOREZROMILY 6 fFEML., BREOHEME I
12 /& 3~5nm T OMILENEIMNT 2EmM %2~ LTz, [RERIZ Table 22
%g L7= Q1-5 RBRA ORI S MILBROE{LER L TWD DA Fig. 109
~Fig. 115 Th %, '

F9.2~3nm ORI K L, BREEOHEME & HIZ 10nm 2L EDOHFL
ZPER LEE, BREAER 9.05% TiE 60nm £ TREL 2oz,

Fig. 116 {Z IG-110-4, Fig. 117 12 Q1-5 BT ? 800 CERE(LIZ L H K EHL
BEHEAR LT, RIGBEENS 1 BRIT, BRESKHN 10%ICETHITE. Bk
HWENEWZD, Q1-5 KRB IXERF M T 1.24%, RIS FMT L1%BIT 5
SHEEEREZ L, AR OBRBITHEEL TRAZHUT TV,

Lk, 450~800°CHORIGREIZRIT 2 Q1 B EOERBALRISIZE S B
SRDOMMALEEELZRE LR D, 450~500CH b7 RS A#EEEk, 500
~B00°CHEBEIK. 600°CLL EXAMILNIEREEFRK THD Z L 2R LT,

5. Q1 ZUNIG-110 BEEBHERBR A O 14C A JIERS R & BEHIFLIEE OB
5. 1 Q1 XU IG-110 B BERBR K O 14C i

HEREFMORHE=F )V 7HBHEN, BFyr o XL e F Fy R
BRAICOWT MCOEESMAZRE LIZHEREY Q1 Bz >\ T Fig. 118 & Fig.
11912, £7-. F F ¥ U RAMZEMEIN T2 IG-110 B0 R % Fig. 120 2
7N LTJ5’0
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Q1 B KV IG-110 FénABR A ORMLHE S 5 0.5mm, 12mm, &K 25mm
T CHHIL 2R 8B L= B RIZOWT UC ORELZHIE LIZFERT
Hd, TITE, UWCOREJEOERIETEZFIAL, UC OREREEEFDH
HUZ DN TN HRET B,

WTFHRORBAF DREORENRE . AHIZENIIZEEL 25 TH-o
7=, Ql BB OEEITN Smm XV NETIT—E & L3 A%ER L,

—7. IG-110 RERF TlIRmE & BN D 14C OREIX, BT/ LT
BY Ql BHIFERERBEERR LAY, IG-110 =% U v 7&EF 14C
DEEOWEEIT. BHRHE L BREENEN-D QL BShOBELIZERS D
BT cE 2y, LirL, UC OBREOCH—HmEmIZ oV T, 1G-110
RAER 12 Table 5 R Fig. 31 IR 6N A X D IZHEAREK 2.38% & 3.75% T 10 &
EBZAEAERL, IG-110-2 REF ORKERE 5.7% TH 17 1%, 1G-110-1
REBRHF T3 8.35% T 16 fFHM L= R0 6, (KIBBLIZR T 2 REBEOIERN
KEWED, EREDORENNTE TIHRTH0IZ, ¥—7 UC ORESS
FibholmbEBEL2 b5, —F. 450°CLEKEILIZRIT 5 Q1-1 RERF DML
A I E K B Fig.32~Fig.34, Q1-2 B H Fig.35~Fig.39 X' Q1-3 RER T DfE

[ALOFREE L, FRZEFORILBIELKRT R FOELEZEVIR LT,

RERBEFOEHEEIT400CUTTHD Z L0 b GBI —EHARDBRY IR
LIZ X BRSO RMEED P ~DOWFERDOILKMERIL, IG-110 L Y HFD
THHZENRTFRTED,

5. 2 BSHBBHETICRT 5B — KT A NG & B fLAEE O B{R
BIRD X 912, B v BB TIZBIT 2 CO2 & DEE{LEUL TIXA0,a1)  CO,
DEMNOMILF Ty BBADNRIZL > TRIEHEOE WA F o BbEE2 AR L.

ENTEY., MAAOHPTRIZONBETHDLHZ 0D, KISEEIIEEA A
DEABOEETHD L LTWD, BRI IO DOENA 4103, £FT 5 CO,
CHy, HoO 2 F L RIS LT, ZDEWRKIGHEL D,

B2 CH T B REICAE L TERHORDVIZIETHZ b, BRI
9B B0 EMGIT 2HEEFFO LI TS,

EHIT.yBENTIZBWT UC TT7UL LT PGA B8 E COz & OB KIG
% 225~3T5CDIREEE TR~ BALEEITHNBRBHDRIC X > TE U RIL
BOEE, FHEBITE, MR LEREROIMIREBIZEE I, 14CO : 14CO:
DAERKIT CO BEOREZ?Z T, BEOLERL L HIZHEML, HIZBRHE
& 2um LT O#fL(transport pore) & ORENZHBEMRH S Z & bIEEH L TV 5,
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FHEFRETIZEIT S CO2 & OKIET.0.06~2 1 m DY A XOMFLI K S
WREL LD LEBERINTVWB0),

¥ 7z, Blanchard®}X, Ef 7.5X103m, &£ & 73X103m ® AiER O R
RAXnYr A4 NEGKFRBRA Z~L¥— D BR-2 FIZIBWT, 370~500°C DB
#iPHT 5X103~14 X103 W/kg O FBE T TO CO Bt EBRE 1T 7=,

COz L DRIEHHANEERIETHY ., BEERDIZ, T LT 38um UFD
MFLIZE > THBLEND Z L E2HELTW3B,

Kelly@o i3, th RS T CAGRBEFEFFOX LY A ha— 7 2B {F
MALTWIRFERHR T 0y 7 OBLERAR, BHOFOMILBROHHEN, &
{LEEZHHET DI, BHHTHDI I LEERLTWS,

Stephen L@V BB TERETHZ LIZX - T, BRo-#ILSH 2o
XY A4 FREHFEBLE 725°C. 25bar DEMAET T CO+CO2 H R & B K
SEIFER. BIERISERE LS RR o LEREL TS, RIELEEH
IX2RET, 1213 A BHBEIT, HBE~1mm U TFZ2HWT EESRIZE-T
BLEL 50 m LTIV S EZE TS, b5 1 DB N 50um UTF
T5~8um fHIICHILfi 2 &> B BB TH 5, RISICHES BET LEKE
BROZBITMABD/NS VB OFBBIEOKE VA LV HREWVE, 20
RIGHEIZ A DFHELIREN, TORKE LT, B3 A, B mE DML
BIZHXT2HEN - LFEHHEDOEL | RISOETICHE S LB OELIZE
K s HEE L EZET TV 5,

SEOERTIX, Zhb, BCBESISNTWAXE LY T4 FZREH O T
BEOy BBH TICRIT DR R L ORISCET 3R L RERIC, 2nm BED
ERZAETHMILOBLEL, TNt THILSHESEIELT A Z L IR
TOMERPEEG L TV ARIBEERRKEWERAE LN, ZRE KGR
EDOLERIZE->T, 450 CTHR EINT 2nm UTOMALORERR Lo
DX, BACRISHEREEEA LA L, RICHEENELS 720 | MALIRAE L Rk
WCHERICEL ‘R THEEEZ NG,

COERERL. RBREROEEENEEDN CO2IZ X » TILER GRS
FIHD 400 CLL T ORE TR 8N DEERB V245 & 5 RBLEZ T TWVWA D
Ll EHREBERICERICRINDEREBG2EZ 2885 L. ZERSTH
ZEFRRVOBRIIVEEETDHETTIERL ., RUEETHLEFERENREL
LDRBNDBHY ., AT D UC ERICHEEZEZDZ I ENEZONS,

HIE TR LI ICRBHE=F Y 7 D 14C BRBRA DOH 72 0 NEIC
EFTHMLTNDDIE, I70~DER, BERLORENRERTHD %
Z B,

Fo, BICBREINZREEENH® Q1 BEEEREFIC, XA F—2 LT,
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/Uy (CoH7N) ZAWVWTWAZE2nb, N BEFLTENLHERAEEZEK
LTWAEAICIE., BSRNHICEET S UC ORFEERVELIEEL HAEOD
ERFERIESL TV D,

6. 14C DERALO wEEE:
10 NEMRBR A FIC— RO, RAMECED TER/ELTNDLE
ERALMIR -T2 e, UC DEBICIZUTOFEREZ LIS,
(1) BopgEmoREREzs T 5, :
(2) By 1UC OFEREICEL TX, FI2MASLETH I8, B
HERDRRL - E 0 LRSI ER b D EBEXOND T b, kF
RSB SR DR IR 450°C~500°C TERBILT 5 Z LI LY, 14C ZFRW
Bk LT 14CO2 & LTHBET D,
(3) EHBENEEDH SHREDOBLEZIT TWDIFED, MILEBEDHER
Bk VUK EADE LB BROEEERVWZERBRIICE - TH
14C02 & LTEINGBET 2 Z L BFRETH D,

7. &8

Pechiney Q1 ERBR A OAREAE R CERBEFEIC X » TRIE LIZZER
BRIz fE S ML OE{LERIZ. SEMBEHRL—EKTIHHLDOTHY -

(1) 450°CHLELKEILIZ L » TH=A VIREMER T I B AL U F -85
BIREICEME L. TN AERT D L L b, R Y v MROAFTRFHEE
OISR SN TRE RBEOMILIEMT D,

(2) BALASEITT A & BEEREAIC b/ X 2MALARAE L, BEFOMALIL,
JER. B bo#ITE L BT, ZOBREBEBRVIERT,

(3) EBOEERE LY 50°CEED TEH N, FEOZEREILIZE >TI 7
DFICHYTAMILAE L L3, REBRERMOER-EHROBYIEL
Il oT., ZOBERSITBIND I LE2EERTIE, ERRDTHIERK
Ve iImERET A7 Tide . RAMETH HLFERENLE L HBNH
5V . HIZ 4N, pC ., 170(n, ¢ )4C THERT 5 UC BRIZEEBEH XD Z
EBEBEZOEND,

Bong = ) L SREHO UC ONFRERD B, 14C (IR D72 ) REIC
FTRHHLTVABIEREALNER->TEY, ZhiXI 7 ol ~DER, BRE
WO ORENFERTHDL EEZDND,

AEELNEERIT. T2 )V IRBRAICOVWTTHY ., ERIZETFFET
A L= BEEw T o 14C 54, REOEBBITRROGFIORER &M
RBRENRMLETH D,
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(4) A E D 450°C~800°C DIEEBIZH T 5 ERELEE L LR - 2R\
R OSRALSAABIE TlE. 450~500°C ML RS EE R, 500~600°CH BB
fEIR. 600°CLA LD, MIFLNILHERER TH DB RBF/TONT,

(5) 500°CLL EDIREICK T HEELRAE OMILE DM B HFLEEDILRIC
FREICBIE LTV ARIEREN S, 450~600°C DIREM CL - hiX, B L
IREB AN E CTHOICIEBTE, UC OIEHY A FE2RIRMICERILT 52 &1
I, BETHUCO 2WETH LV ERBIEOBANAIEETH S, 600CLLLE
DEZEAL T, REOBILEESKE W=D, RBANEHO 14C A FET
BERBEIE L2,

(6) EHEHEIEYO QL BEOMILAMIL, CO2 FTH 8%DEERD &R
LTWBZ Enb, Fig. 59 2R L5 Q1-2 £#? 90nm. 500nm, 30,000nm
FHEDOHIFLRIZ, BTV b D EHETE, KRR RRENI &b,
A KBRS & LR 23 IR BRI T 4C DEBUL R FTRETH 5,

(7) BE4pkPEl L EEE. KKK, COZDH R & D 500~600°CHOEBBHERE N
450~500°C DAV RS HOREFEIRIC B T 2 BALRIS I B W T, B LMD R (28
LTCWAAREREIZHEST, NEEEEOFNEEIICRENW L b, ARE
TRIS LE R Do T2 0 ZABNEICIEE T 2 720  RBR A WEIZ I — B L2 E1T
T2,

(8) IG-110 B>, Z DEERICE T 2 EXKBLISIZHB W T, hREHRK
VEREHHEOBWMERKEWEEN G LN, LRABOBMEIL, LEAE
2.38%~3. 5% DEBRT10EE2BZD2ELERL, 5.7%~8.35% THJ 16 fFLA
Fizsgm L7, IG-110 B 140 &4 205 F RN, Z DIRERIZ
B ABERETIE. RTOBREEE L iz, BROETIINE S NRKRER
DEIMCEBETOILERH D,

# &

AL, FR 1 3EE R - RELFAFE TRERROKE 14 ODHEIC
BTaHE (202 KESWTERBLELDTHD, RHTRUHARETS
RE () OARLFEFEEYEEA, MCITKBR A -F2BE LW
W JRBF « KEERFZERT - BFIAE S N — T ENLBEHOEEZRT D,
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Table 1 Typical material characteristic values for Q1 and IG-110 graphite

JAERI-Tech 2005-048

Q1 IG-110

Graphitization Temperature (°C) 2800 3000
Apparent density (103 kg/m3) 1.75 1.77
BAF value 1.38 * 1.08 **
Bending strength (GPa) 21 39
Compressive strength  parallel 40 73

(GPa) vertical 40 70
Young’s modulus parallel 11 9

(GPa) vertical 8 10
Thermal conductivity parallel 176 124
(at 20°C, W/ m K) vertical 147 138
Thermal expansion coefficient

parallel 3.5 *** 4.0

(at 673K, 106 /K) vertical 4.7 ¥*x 3.6

* : Ratio of Thermal expansion coefficient

** . Observed value of BAF(12)
*%% . Observed value (D

in Q1 and IG-110 graphite

Table 2 Summary of analytical results for impurities

Average(ppm)
Elements

Q1 IG-110
Al <0.73 <0.1
\" 62 0.26
Ti <13 <0.8
Cl 0.88 2.3
Mn 0.005 0.001
Si <5000 <2000
Ni 9.5 <5
Na 0.29 0.19
K 1.9 0.11
Cu <0.057 <0.05
Mo 0.15 <0.003
Ca <6 <4
Cr 0.117 0.015
Fe 3.7 2.6
Co 0.031 0.005
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Table 3 Results of specific surface area and total surface area measurements for
as-received specimens

. . . Specific Total
Weight | Diameter | Length | Bulk density
Sample | (10s10) | (102m) | (102m) | (103 kg/m?) S?lr(f?f;f/;;a) S“rf?f;f)r ea

Q1 graphite
Qi1-1 10.6350 1.240 5.084 1.73 0.242 2.57
Q1-2 10.9330 1.270 5.085 1.70 0.279 3.05
Q1-3 11.1523 1.270 5.086 1.73 0.212 2.36
Ql-4 11.3371 1.290 5.080 1.71 0.271 3.07
Ql1-5 11.4267 1.290 5.090 1.72 0.285 3.26
Q1-6 11.3017 1.290 5.083 1.70 0.235 2.66
Q1-7 11.4348 1.289 5.078 1.73 0.158 1.81
1G-110 graphite
IG-110-1 8.4665 1.100 4.999 1.77 0.288 2.43
1G-110-2 8.4663 1.101 4.999 1.77 0.286 2.42
I1G-110-3 8.4690 1.112 5.033 1.73 0.165 1.40
IG-110-4 8.4803 1.116 4.999 1.73 0.168 1.43

Table 4 Changes in specific surface area and total surface area of Q1 specimens
due to air oxidation at 450°C

. . Specific | Total | Ratio
Sample Burn-off (%) | Weight | Diameter | Length | gurface | surfac | of total
(Reaction time) | (103kg) | (102m) | (102m )| area e area | surface
(103m?/kg ) | (m?) area
Ql-1-1 As-received 10.6350 | 1.240 5.084 0.242 2571 1.00
-2 | 0.11% ( 75h) | 10.6235 | 1.240 5.084 0.870 9.24| 3.6
-3 | 0.23 (195h) | 10.6109 1.232 5.080 1.094 11.61 | 4.52
-4 | 1.86 (900h) | 10.4375 1.228 4.990 1.233 12.87! 5.01
-5 | 427 (1240h) | 10.1804 | 1.228 4.970 1.821 1854 7.21
Q1-2-1 As-received 10.9330 | 1.270 5.085 0.279 3.06| 1.00
-2 | 0.16% (120h) | 10.9159 | 1.270 5.078 0.980 10.70 | 3.51
-3 | 0.51 (380h) | 10.8770 1.270 5.076 1.012 11.01 | 3.61
-4 | 2.06 (810h) | 10.7079 1.260 5.071 1.391 14.90 | 4.89
-5 | 5.90 (1410h) | 10.2880 1.260 5.071 1.642 17.58| 5.76
-6 | 850 (1720h) | 10.0041 1.260 5.071 2.350 2351 7.71
Ql-3-1 As-received 11.1523 1.270 5.086 0.212 2.36 | 1.00
-2 | 0.21% (120h) | 11.1293 1.270 5.086 0.868 9.66| 4.09
-3 | 0.62 (345h) | 11.0828 1.260 5.085 1.210 13.41| 5.68
-4 | 2.38 (755h) | 10.8868 1.259 5.080 1.334 14.52 | 6.15
-5 | 7.52 (1355h) | 10.3138 1.259 5.070 1.868 19.27 | 8.17
-6 | 10.53 (1620h) | 9.9770 | 1.259 5.040 1.876 18.711 7.93
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Table 5 Changes in specific surface area and total surface area of IG-110 specimens
due to air oxidation at 450°C

Burn-off (%) Specific Total | Ratio
Sample (Reaction Weight | Diameter | Length | surface | surfac | of total
time) (10%kg ) | (102m) |(102m) area e area | surface
(10°m?/kg ) | (m?2) area
IG-1-1 As-received 8.4665 1.100 4.999 0.388 3.29 | 1.000
-2 | 0.04% ( 50h) 8.4629 1.100 4.999 0.387 3.28 | 0.997
-3 | 0.54 (900h) | 8.4205 1.100 4.999 0.413 3.48 | 1.06
-4 | 1.11 (1470h) | 8.3729 1.100 4.996 1.738 14.55 | 4.42
-5 | 1.97 (2208h) | 8.2960 1.099 4.996 2.231 18.51 | 5.63
-6 | 3.75 (2628h) | 8.1490 1.095 4.995 3.868 31.52 | 9.58
-7 1571 (3053h) | 7.9831 1.090 4.995 4.870 38.88 | 11.82
-8 | 8.35 (3455h) | 7.7594 |. 1.088 4.993 6.457 50.10 | 15.23
1G-2-1 As-received 8.4663 1.101 4.999 0.286 2.42 1.00
-2 | 0.58% (960h) | 8.4172 1.101 4.999 0.790 6.65 2.75
-3 |1.29 (1505h) | 8.3570 1.100 4.996 1.987 16.60 6.86
-4 | 238 (2047h) | 8.2695 1.099 4.996 3.024 25.01 | 10.33
-5 14.20 (2444h) | 8.1105 1.086 4.995 3.568 28.94 | 11.96
-6 | 5.74 (2724h) | 7.9808 1.057 4.993 5.134 40.97 | 16.93

Table 6 Changes in pore diameter of Q1-1 specimen due to air oxidation at 450°C

Burn-off

(%) | As-received 0.11 0.23 1.86 4.27
Pore diameter
10 A(1nm) — - — 94 —-
20A 45 98
25A 79 26 120
28 A 60 50
30A 108 37 88
35A 95 58 72
40A 77 52 33 77
50A 98 48 29 5 34
55 A 9 23 10
65 A 33 21 15 58
75A 12 22 12 45
90 A 19 16 10 25
100 A(10nm) 48 17 11 26
120A 18 14 12 22

X 10 m3/kg/ A
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Table 7 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C

Burn-off
(%) | As-received | 0.16 |0.51 2.06 | 5.90 8.50
Pore diameter
20 A (2nm) —-- —-- —-- — 61 56
25A 21.4 70 70 58 77 168
28 A 140 785 | 135
30A 14 48 119 70
35A 19 36 20 46 30
40A 34 52 112 30 148
45A 22 15 78.6 42
50A 24 10.5 10 36 47
55A 11 53 56
60A 235 | ---- 41 43 22
65A 12 22 33 53
70A : 22 54 46
75A 42
80A 12.5 30 24 37
85A 36 34
90A 30 32
95 A 21 22 32
100 A(10nm) 15 10 25 31
120A 11 12 22 24 31
X 10 m3/kg/ A
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Table 8 Changes in pore diameter of Q1-3 specimen due to air oxidation at 450°C

Burn-off
(%) As-received | 0.21 0.62 2.38 7.52 10.53

Pore diameter

20 A (2nm) — 51 - - — —
25A 75 68 134 83
28A 63 78 59 128 103
30A 34.9 24 93 27 34 72
35A 19 12 26 38
40A 14 66 37 119 65 87
45A 15.1 40 47 6 23 27
50A 5 38 5 17
55A . 27 58 40
60 A 5.4 9 20 32 26 38
65A 17.5 33 | 33
70A 19 13 31 17
75A 19 20
80A 9 17 13 30
85A 10 52 22
90A 4.5 23 23
95A 22 15 16 22 29
100 A(10nm) 3 14 16 24 27
120A 4 13 14 20 27 25

X 109 m3/kg/ A
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Table 9 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C

Burn off

(%) | As-received | 0.04 | 0.54 | 1.11 | 1.97 | 375 | 5.71 | 8.35
Pore size
20 A(2nm) 115 - | 143 | - | 250 | 220
25A 53 25 | 138 | 178 | 197 | 215 | 320
28 A 57 | 175 | 150 | 152 | 235 | 380
30A 105 33.6 58 10 | 188 | 158 | 265 | 260
38A 60 355 | 82 | - 23 | - | 100 | --
40A 61 46.3 20 | 495 | 145 | 162 | 145 | 260
45A 15 62 52 88 88 | 280
50A 4.0 9.5 | - 70 | - 82 | 168 | 140
55A 16 70 128 86 | 110
60A 45 | - | 102 96
65A 7.5 16.3 | - 44 85 88 | 100
T0A 11.0 | - 38 | - 68 | 112
75A 130 75 | 110
80 A 8.0 17 | - 20 52 80 | 100
85A 7.0 22 | - 85 | 105
100 A(10nm) 8.2 15 | --- 24 45 80 90
120A 45 70 98
140 A 50 | woo- | e | - | 48 | 75 | 90
200A 4.0 6 | - | - | - 60 | 82

X 109 m3/kg/ A
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Table 10 Changes in pore diameter of IG-110-2 specimen due to
air oxidation at 450°C

Burn off

(%) |Asreceived | 058 | 1.29 | 2.38 4.20 5.74
Pore size
20A( 2nm) 70 37 200 160 300
25A 43.5W 42 140 140 150 230
28A 60 40 110 210 115 195
30A 82 26 118 138 240
35A 62 40 123 260
40A 63 86 42 125 230 140
45A 15 252 75 80 85
50A 9.5 21 78 42 158
55A 48 85 105 70
60A 7.0 38 50 65 110
65A 98 34 55 82 90
70A 5.0 33 50 48 70
75A 22 45 46 75
80A 4.0 16 47 60 85
85A 45 63 90
90A 3.0 10 40 58 70
95 A 38 54 75
100A(10nm) 7.5 54 38 54 80
120A 7.5 43 48 75
140A 5.0 7.5 35 37 45 90

X109 m3/kg/A
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Table 11 Results of pore size distribution measurement of Q1-graphite by
mercury porosimetry

) Density (103 kg/m3) | Total pore | Total surface ]
Sample vfg.laiht Hg volume area Porosity
(10%kg) | Bulk | g;c01acoment (103m3/kg) | (103 m2/kg) | (%)
As- ived
orto | 41025 | 174 2.18 0.107 2930 | 16.818
As- ived
Ql_rlelce“’e 4.0257 | 1.73 2.16 0.103 3.065 | 17.213
50°C-4.27%
2214 ° | 43115 | 1.66 2.07 0.120 3932 | 19.890
450C-8.50%
Ql-;c 8.50% 41078 | 1.76 2.26 0.125 3.919 20.696
50C-10.53%
31_03C 10.53% 44552 | 1.66 2.19 0.147 2.936 24.282
6 -9.89%
Qci)l(f;c 9.89% 44558 | 1.55 2.05 0.156 4421 24.259
0°C-9.05% v
301_5 ’ 43250 | 1.42 2.15 0.238 4.022 33.804 .
00C-8.37%
gl-;c 8.37% 3.9478 | 1.64 2.15 0.143 3.369 23.557
0°C-8.61% ‘
851_7 8 ° 3.5649 | 1.67 2.12 0.126 2.991 21.093
Table 12 Results of pore size distribution measurement of IG-110 graphite by
mercury porosimetry
Weight Density (103 kg/m3) | Total pore | Total surface p "
eig " vol orosity
Sample 10k ) Hg volume area (%
( €7 | Bulk displacement | (10 m®/kg)| (10°m?/kg) 6)
As-received
1G110-10 2.9012 1.65 2.10 0.093 2.572 15.091
450°C-8.35%
1G-110-1 2.1829 1.64 2.10 0.135 3.715 22.085
450°C-5.74%
1G-110-2 23054 | 1.70 2.14 0.121 2.787 20.504
600°C-8.51%
1G-110-3 2.5887 1.63 2.08 0.133 3.015 22.692
o _ 0
800C-12.7% 3.0770 1.68 2.10 0.145 2.922 23.369

1G-110-4
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Table 13 Changes in specific surface area and total surface area of Q1-6 specimen

due to air oxidation at 500°C

Burn-off (%) Specific Total | Ratio of
Sample (Reaction | Weight | Diameter | Length surface | surface | total
time) (103kg) | (102m) | (102m) area area | surface
(103 m?kg) | (m?) area
Q1-6-1| As-received | 11.3017 1.290 5.083 0.235 2.66 1.00
-2 | 0.11( 7h) | 11.2888 1.290 5.083 1.020 11.51 4.33
-3 | 0.20(15h) | 11.2791 1.290 5.083 1.166 13.15 4.94
-4 | 0.33(25h) | 11.2643 1.289 5.082 1.235 13.91 5.23
-5 | 0.51(33h) | 11.2442 1.289 5.082 1.407 15.82 5.95
-6 | 0.80(53h) | 11.2109 1.288 5.081 1.562 1751 | 6.58
-7 | 1.05(69h) | 11.1827 1.287 5.080 1.786 19.97 7.51
-8 | 1.46(90h) | 11.1362 1.287 5.080 1.798 20.02 | 7.53
-9 | 2.33(127h) | 11.0389 1.286 5.079 1.879 20.74 | 17.80
-10 | 3.01(149h) | 10.9616 1.286 5.078 2.061 22.59 | 8.49
-11 | 3.78 (173h) | 10.8746 1.285 5.078 2.193 23.85 | 8.97
-12 | 4.61(197h) | 10.7804 1.284 5.076 2.282 2460 | 9.25
-13 | 5.40 (221h) | 10.6915 1.283 5.075 2.422 25.89 | 9.73
-14 | 6.40(245h) | 10.5789 1.282 5.074 2.478 26.21 | 9.86
-15 | 7.51(270h) | 10.4530 1.282 5.074 2.490 26.03 | 9.79
-16 | 8.37(290h) | 10.3553 1.282 5.074 2.498 25.87 | 9.73
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Table 14-1 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C

Burn-off

(%) | As-received | 0.11 | 0.20 | 0.33 | 0.51 | 0.80 | 1.05 | 1.46
Pore diameter
20 A(2nm) 20 30 | 80 60 | - | e | e | e
25A 60 130 | 128 80 | 155 | 185 | 143 | 98
28 A 102 | 144 78 | 90 62 | 126 | 118
30A 59 65 12 20 | 33 42 40 | 62
35A 38 40 10 | 440 | — | - 33 | 25
40A 158 48 | 85 15 | 62 | 182 53 | 52
45A 30 30 | 10 | 358 | 12 | 225 28 | 20
50A 20 28 | - | 40 10 | 252 13 | 40
55A 410 26 10 40 10 | 150 24 | 10
60A 32 25 | 26 | 35 43 23 | 35
65A 25 13 32 40 18 | 40
T0A~80A 198 22 10 15 15 35 20 | 15
90A 23 17 18 | - 40 12 20 | 18
100A 14 | - 55 | ---- 13 18 20
120A 13 18 | - 14 | - 68 18 | 22
150A 13 12 6 15 15 17 20
210A(21nm) 33 13 40 15 30 18 | 18
500 A(50nm) 5 13 42 15 13 15 | 22
620 A(62nm) 26 12 10 10 18 15 18

X 10-9m8/kg/ A
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Table 14-2 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C

Burn-off

(%) | 233 | 8.01 | 378 | 461 | 540 | 6.40 | 7.51 | 8.37
Pore diameter
20 A(2nm) 100 | ---- 180 | 150 | --- 150 50 30
25A 100 | 158 | 112 | 120 | 130 | 220 | 163 | 162
28A 192 85 125 180 108 100 118 118
30A 195 | 106 78 | 130 | 115 70 50 30
35A 68 22 65 30 | 195 23 58
40A 220 40 92 | 140 82 | 225 20 | 100
45A 40 34 25 75 77 90 93 40
50A 8 20 35 20 82 50 | - 36
55A 54 25 92 68 72 48 40 28
60A 30 32 30 42 | 30 30 50 38
65A 27 37 32 35 66 55 | 155 32
70A~80A 25 | 100 52 37 30 40 | 112 38
90A 25 10 28 32 40 50 12 30
100A 23 27 28 28 28 40 30 28
120A 25 23 25 30 30 30 33 30
150A | 23 22 26 28 28 30 33 33
210A(21nm) 22 32 22 28 25 33 36 30
500 A (50nm) 20 16 19 17 | 23 27 22 30
620 A(62nm) 20 18 17 17 20 30 28 25

X 10 m3/kg/ A
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Table 15 Changes in specific surface area and total surface area of Q1-7 specimen due to

air oxidation at 550°C

Burn-off Specific Total Ratio of

Sample (%) ‘'Weight | Diameter | Length surface surface total
(Reaction (10%kg) | (102m) | (102m) Area area surface

time) (103m?kg)| (m?2) area

Q1-7-1 | As-receivd | 11.4348 1.289 5.078 0.158 1.81 1.00

-2 10.19(13h) | 11.4132 1.289 5.078 0.452 5.16 2.85

-3 10.42(29h) | 11.3871 1.289 5.078 0.493 5.61 3.10

-4 |1.10 (54h) | 11.3089 1.289 5.078 0.586 6.63 3.66

-5 |3.04 105h) | 11.0868 1.287 5.075 0.733 8.13 4.49

-6 |4.88 125h) | 10.8773 1.286 5.075 0.850 9.25 5.11

-7 17.15(145h) | 10.6169 1.286 5.072 0.965 10.25 5.66

-8 |8.61(158h) | 10.4501 1.285 5.070 0.983 10.27 5.67
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Table 16 Changes in pore diameter of Q1-7 specimen due to air oxidation at 550°C

Burn-off

(%) | As-receivd | 0.19 | 0.42 | 1.10 | 3.04 | 4.88 | 7.15 | 8.61
Pore diameter
20 A(2nm) — | 80|12 | 30| 50| 20 | 25
25A 67 40 | 22| 48 | 43| 25| 45 | 55
28A 70 68 | 18| 10 | 36| - | 84 | 75
30A 50 60 | 13| 385 | 23| 46| 20 | 90
35A 10 60 | 27| 23 | 18| 40| 36 | 65
40A 86 86 | 102 | 30 | 72| 298 | 38 |188
45A 35 25 | 40| 22 | 34| 56| 18 | 10
50A 10 | 23| 8 | 10| 15| 20 | 28
55A 47 15 | 37| 18 | 35| | 18 | 30
60A 15 18 | 20| 45 | 16 | - | -—-| 18
65A 20 14| 10| — | 12| 15| 30 | 20
70A 23 15 | 22 | - 8| 10| 15 | 10
80A 12 15 | 10 | --- 8 5| - | 13
90A 7 10 5| 6 | —| —| 8| 12
100A 9 13— | 18| 92| 10 | 10
200A 5 10 10 | 10| 10| 11 | 10
300A 3 10| 14 | 10| 10| 12 | 10
500 A 3 12 28 | 10| 10| 14 | 10
600 A(60nm) 3 10| 10 10 | 10| 10| 14 | 10

X 10-° m¥kg/ A
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Table 17 Changes in specific surface area and total surface area of Q1-4 and
IG-110-3 specimens due to air oxidation at 600°C

Burn-off Specific Total | Ratio of

Sample (%) Weight | Diameter | Length | Surface | surface | total
(Reaction | (10%kg)| (102m) |(102m) area area | surface

time) (10m?kg) | (m?2) area

Q1-4-1 As-received | 11.3371 1.290 5.080 0.271 3.07 1.00

-2 1.02 (150min) | 11.2214 1.290 5.080 1.198 13.44 4.38

-3 2.23 (240min) | 11.0847 1.284 5.076 1.348 14.94 4.87

-4 3.29 (300min) | 10.9645 1.280 5.074 1.330 1458 4.75

-5 4.39 (360min) | 10.8389 1.280 5.070 1.334 14.46 471

-6 5.73 (420min) | 10.6877 1.279 5.060 1.382 14.77 481

7 8.17 (480min) | 10.4106 | 1.277 | 5.059 1.468 1528 | 4.98

-8 9.89 (540min) | 10.2160 1.276 5.058 1.503 15.35 5.00

IG-110-3-1 | As-received 8.4690 1.112 5.033 0.165 1.40 1.00

-2 0.13( 3h) 8.4579 1.111 5.031 0.343 2.90 2.07

-3 0.44( 7h) 8.4321 1.111 5.031 0.564 4.76 3.40

-4 0.99((13h) 8.3854 1.110 5.030 1.159 9.72 6.94

-5 1.67(19h) 8.3278 1.110 5.030 1.624 13.52 9.66

-6 2.59(24h) 8.2494 1.099 4.999 2.219 18.31 13.08

-7 3.76(30h) 8.1518 1.097 4.998 2.863 23.34 16.67

-8 5.34(36h) 8.0165 1.096 4997 3.554 28.49 20.35

-9 7.05(42h) 7.8722 1.087 4995 4.138 32.58 23.27

-100 8.51(46h) 7.7485 1.085 4.992 4.715 36.53 26.10
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Table 18 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C

Burn-off

(%) |As-received |0.13 |0.44 |0.99 | 1.67 |2.59 |3.76 | 5.34 | 7.05 | 8.51
Pore diamete
20A(2nm) 70 100 | 18| 80| 40 | 160 | 70 | 170 | 140 | 140
25A 43.5 90 | 30| 40 | 50 | 113 | 154 | 130 | 250 | 250
28A 60 40 | 50 | 132 | 120 | 118 | 150 | 260 | 205 | 210
30A 82 - 58 | 40 | - | 138 | 362|220 | 65 | 65
35A 62 60 | 8 |115| 75| 65| 72| 85 | 160 | 162
40A 63 220 | 62 | 53 | 270 | 198 | 70 | 248 | 55 | 55
45A 15 40 | - | 13| -— | 30} 28| 25| 70| 50
50A 10 450 | 350 | 15| 175 | 70 [ 335 | 85 | 45| 70
55A —- 40 | 70| -—-| 60 | 20| 30 | 8 | 82
60A 7 ---- --1 10| 50| 32| 20| 55| 70| 70
65A - ---- 80 | 18| 30| 20| 52| 58 | 55 | b5
T0A 5 100 | 95 8| 10| 42| 30| 60| 48 | 50
75A - 280 | 30 8 10| 30} 30| 53| 50| 50
80A - 70 | 25 8| 20| 3 | 32| 48| 70| 65
100A ---- we-| -] 10| 20| 30| 40| 45 50 | 50
140A - -] -] 10| 60| 30| 30| 48 | 50 | 48
160A -—-- —--1| 40| 15| 12| 25| 30 | 48 | 48 | 48

X 10 m3/kg/ A
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Table 19 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C

Burn-off

(%) | As-received | 1.02 |2.23 |3.29 |4.39 |5.73 | 8.17 9.89
Pore diameter
20 A(2nm) 35 58 | - | 45 (130 | ---| 65 | 36
25 A 80 | 75| 93| 118 | 60| 88 | 36
28 A 36 ‘78 | 80| 53| 58 (100 | 52 | ---
30A 34 38 | —--| 20| 63| - | | 34
35A 16 | 20| 28| 42| 61| 39 | 16
40A 45 | 95| | 108 | 65| 87 | 22
45A 70 8| 15| 75| —| 27| 6 | 71
50A 5 71 17| | 55 9| 23 | —
55A | 49| | 57| 28| - | -
60~65A 21 — | 28| 55| 15| 18| 13 | 22
T0A~75A 37 | 22 9| | 28| 55 | -
80A 6 —— | 18] 13| 18| 10| — | 6
85A 23 | 19| -—|100| 22| 13 | 6
90~95 A 4.5 18 | —-| 84| | 17| 18 | -
100 A(10nm) 30 |175| 14| 16| — | 14| 13 | -
120A 4.0 e | 17| 12| 15| 17| 39 | 20
140~150 A — 170 16| 17| 16| 20| 12 | 21
180~190A 150 | 16| 15| 14| 17| 34 | 20
420A | 23] 15| 13| 15| 24 | 28

X 109 m3/kg/ A
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Table 20 Changes in specific surface area and total surface area of Q1-5 and IG-110-4
specimen due to air oxidation at 800°C

Burn-off Specific Total | Ratio of
Sample (%) _ Weight | Diameter | Length surface | surface | total
(Reaction | (10%kg )| (102m) |(102m) area area |surface
time) (10°m%kg) | (m2) area
Q1-5-1 As-received | 11.4267 1.290 5.090 0.285 3.26 1.00
-2 | 1.28(20min) | 11.2807 | 1.290 5.085 0.844 9.52 2.92
-3 | 2.60( 30min) | 11.1292| 1.280 5.080 1.065 11.85 3.63
-4 | 4.43(40min) | 10.9209 1.279 5.060 0.902 9.85 3.02
-5 5.44(45min) | 10.8048 1.278 5.059 1.236 13.35 4.10
-6 | 6.73(50min) | 10.6576 1.277 5.052 1.331 14.19 4.35
-7 | 7.78(55min) | 10.5379 1.275 5.045 1.422 14.98 4.60
-8 | 9.05(60min) | 10.3932 1.274 5.036 1545 16.06 4.93
IG-110-4-1 | As-received | 8.4803 | 1.116 4.999 0.168 1.43 1.00
-2 1 0.30(10min) | 8.4551 1.113 4.999 0.433 3.66 2.56
-3 | 1.60(20min) | 8.3450 | 1.111 4.997 1.013 8.45 5.91
-4 | 2.94(30min) | 8.2310 1.110 4.996 1.252 10.31 7.21
-5 | 12.7(50min) | 7.4013| 1.097 4.989 2.553 18.90 13.22
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Table 21 Changes in pore diameter of IG-110-4 specimen due to air oxidation at 800°C

Burn-off

(%) | As-received | 0.30 1.60 | 2.94 |12.70
Pore diameter
20 A( 2nm) 70 50 60 40 | 140
25 A 43 25 133 60 | 180
28 A 60 20 154 50 | 100
30A 82 20 40 40 | 155
35A 62 40 46 96 | 215
40A 63 166 140 | 100 | 130
45A 15 32 35 | 250 | 205
50 A 9 6 10 | 100 42
55A 8 20 | 570 26
60 A 7 16 5 20 35
65A 8 20 70
707 5 5 20 20
80A 4 5 15 26
90A 10 12 20
100 A(10nm) 25 10 8 40
130A 6 14 8 32
150 A 4 12 10 30
180A 10 15 8 28
200 A 8 10 10 25
300A 4 8 8 | 25

X 10-9 m3/kg/ A
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Table 22 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C

Burn-off

(%) As-received | 1.28 [2.60 {443 |5.44 |6.73 |7.78 |9.05
Pore diameter
20 A(2nm) 35 30 | 35| 110 | 34 | -— | — | 80
25A 130 (113 | 45 | 73| 172 | 140 | 60
28A 20 20 [105 | - | 48 | 98 | 46 | 50
30A 55 17 | 30| 10| 87| 25 | 47 | 48
35A 63 — | 57 | 45| 60| 18 | 20 | 42
40A 155 57 |110 | 105 | 25 | 240 | 53 |342
45A 140 17 | 13 | 43 | — | 45 | 20 | 48
50A 53 | 23 | 10 | 56 | 63 12 | 40
55A 48 S R — 47 | --- 8 | 25
60A 16 52 | 13 | 165 | 80 | 13 | 22 | 35
65A - | 18 | 25 8 | - 12 8
70A 15 23| 20| 10 15 | 20
75A 15 23 | 38| 10 14 | 30
80A~85A 70 8 | 17 | 20| — 18 13 | 28
90A~95A 10 | — | 16| 28| 20 | 36 | -
100 A(10nm) 10 23 | 15 | 22 | 13 8 20 | 27
120A — | 8 5| 32| 18 16 | 13
150A 24 | 12 10 | 125 | 20 25 | 22
550(55nm) — T T INSS p— ---- - | 134

X109 m3/kg/A
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( %500 ) 10 ¢ m
Fig. 1 Micrographs of the surface of as-received Q1 graphite
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Fig. 2 Micrographs of the surface of Q1 graphite after oxidation etching at 800°C
(weight loss : 0.51%) |
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(d) : weight loss 0.93% 10um
Fig. 3 Micrographs of the surface of Q1 graphite after oxidation etching at 800°C
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(f) : magnifies (B) in (e) 171—m
Fig. 4 Micrographs of the surface of Q1 graphite after oxidation etching at 800°C
(weight loss : 0.51%) :
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(c) : weight loss 0.97% 100 um
Fig. 5 Micrographs of the surface of IG-110 graphite after oxidation etching at 800°C
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Fig. 6 Pore volume distribution of Q1-10 and Q1-11 specimen by
mercury intrusion method
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Fig. 7 Pore volume distribution of IG-110 specimen by
mercury intrusion method
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Fig. 12 Pore distribution of IG110-2 specimen by N, adsorption method at 77K
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Fig. 13 Density profile of LC7477 graphite after air oxidation at 600°C
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(5) :Burn—off : 10.53%
Fig. 15 Micrographs of the surface of Q1-3 specimen after air oxidation at 450°C
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Fig. 16 Micrograph of the surface of IG~110-1 specimen after air oxidation at 450°C
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As—-received
Fig. 17 Micrograph of the surface of Q1-A specimen (1)

Burn—off : 0.47%
Fig. 18 Micrograph of the surface of Q1—-A specimen after air oxidation at 450°C(2)
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Fig. 19 Micrograph of the surface of Q1-A specimen after air oxidation at 450°C(3)

Burn—off : 1.41%
Fig. 20 Micrograph of the surface of Q1-A specimen after air oxidation at 450°C(4)

—_— 53.._




Burn—off : 2.67%
Fig. 21 Micrograph of the surface of Q1-A specimen after air oxidation at 450°C(5)

Burn—off : 5.80%
Fig. 22 Micrograph of the surface of Q1-A specimen after air oxidation at 450°C(6)
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Burn—off :8.32%

Fig. 23 Micrograph of the surface of Q1-A specimen after air oxidation at 450°C(7)

As—-received
Fig. 24 Micrograph of the surface of IG-110 —A specimen (1)
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100 ¢ m
Burn—off :0.25%
Fig. 25 Micrograph of the surface of 1G-110—-A specimen after air oxidation at 450°C(2)

A Y e

100 ¢ m
Burn—off :3.60%
Fig. 26 Micrograph of the surface of 1G—-110~A specimen after air oxidation at 450°C(3)
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Burn—off :4.25%
Fig. 27 Micrograph of the surface of IG-110-A specimen after air oxidation at 450°C(4)

100 g m
Burn—off :7.55%

Fig. 28 Micrograph of the surface of IG-110—A specimen after air oxidation at 450°C(5)

—_ 57..__
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100 4 m

Burn—off :8.15%
Fig. 29 Micrograph of the surface of IG-110-A specimen after air oxidation at 450°C(6)
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Fig. 30 Changes in specific surface area of Q1 graphite due to
air oxidation at 450°C
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Fig. 34 Changes in pore diameter of Q1-1 specimen due to air oxidation at 450°C(2)
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Fig. 35 Changes in pore diameter of Q1-1 specimen due to air oxidation at 450°C(3)
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Fig. 36 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C(1)
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Fig. 39 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C(4)
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Fig. 40 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C(5)
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Fig. 41 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C(1)
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Fig. 42 Changes in pore diameter of Q1-2 specimen due to air oxidation at 450°C(2)
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Fig. 46 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(1)
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Fig. 47 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(2)
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Fig. 48 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(3)
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Fig. 49 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(4)
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Fig. 50 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(5)
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Fig. 51 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(6)
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Fig. 52 Changes in pore diameter of IG-110-1 specimen due to air oxidation at 450°C(7)
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Fig. 53 Changes in pore diameter of IG-110-2 specimen due to air oxidation at 450°C(1)
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Fig. 54 Changes in pore diameter of IG-110-2 specimen due to air oxidation at 450°C(2)
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Fig. 55 Changes in pore diameter of IG-110-2 specimen due to air oxidation at 450°C(3)
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Fig. 56 Changes in pore diameter of IG-110-2 specimen due to air oxidation at 450°C(4)
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Fig. 57 Changes in pore diameter of IG-110-2 specimen due to air oxidation at 450°C(5)
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Fig. 58 Changes in pore size distribution of Q1-1 specimen due to air oxidation
at 450°C by mercury intrusion method
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Fig. 60 Changes in pore size distribution of Q1-3 specimen due to air oxidation

at 450°C by mercury intrusion method
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(1) Q1-1 Burn—off : 4.27%

(2) Q1-2 Burn—off : 8.50%

(3) Q1-3 Burn—off : 10.53%

Fig. 61 Micrograph of the inner-part of Q1-1, 2, 3 specimen after air oxidation

at 450°C
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Fig. 62 Changes in pore size distribution of Q1-4 specimen due to air oxidation

at 600°C by mercury intrusion method
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Fig. 63 Changes in pore size distribution of Q1-5 specimen due to air oxidation
at 800°C by mercury intrusion method
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Fig. 65 Changes in pore size distribution of Q1-7 specimen due to air oxidation
at 550°C by mercury intrusion method
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Fig. 66 Micrographs of the surface of Q1-6 specimen after air oxidation at 500°C
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Fig. 68 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(2)
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Fig. 69 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(3)

Pore volume ( x 10%cm3/g/nm)

Fig. 70 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(4)
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Fig. 71 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(5)
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Fig. 72 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(6)
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Fig. 73 Changes in pore diameter of Q1-6 specimen due to air oxidation at 500°C(7)
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Fig. 74 Micrograph of the surface of Q1-A specimen (1)
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Fig. 75 Micrograph of the surface of Q1-A specimen after air oxidation at 500°C(2)
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Fig. 76 Micrograph of the surface of Q1—-A specimen after air oxidation at 500°C(3)
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Fig. 79 Changes in pore diameter of Q1-7 specimen due to air oxidation at 550°C(2)
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Fig. 80 Changes in pore diameter of Q1-7 specimen due to air oxidation at 550°C(3)
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Fig. 81 Changes in pore diameter of Q1-7 specimen due to air oxidation at 550°C(4)
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Fig. 82 Changes in pore diameter of Q1-7 specimen due to air oxidation at 550°C(5)
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Fig. 83 Micrographs of the surface of Q1-7 specimen after air oxidation at 550°C
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(1) Q1-6 As-received ( edge—part )

(2) Q1-6 Burn—off : 8.35%

Fig. 84 Micrograph of the edge—part and inner—part of Q1-6 specimen
(1) as-received and (2) after air oxidation at 500°C
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Fig. 86 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C(2)
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Fig. 87 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C(3)
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Fig. 88 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C(4)
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Fig. 89 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C(5)
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Fig. 90 Changes in pore diameter of IG-110-3 specimen due to air oxidation at 600°C(6)
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Fig. 91 Micrograph of the surface of IG-110-3 specimen after air oxidation at 600°C
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Fig. 92 Micrographs of the surface of Q1-4 specimen after air oxidation at 600°C
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(1) 1IG-110-3 As-received (edge) (2) 1G-110-3 Burn—off : 8.51% (edge)

(3) Q1-4 Burn—off : 9.89% (edge)

Fig. 93 Micrograph of the (1), (2) edge—part of IG-110-3 and inner—part of
Q1-4 specimen (3) after air oxidation at 600°C
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Fig. 94 Micrograph of the surface of Q1-B specimen (1)
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Fig. 95 Micrograph of the surface of Q1-B specimen after air oxidation at 600°C(2)
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Fig. 96 Micrograph of the surface of Q1-B specimen after air oxidation at 600°C(3)

100 tm

Burn—off : 10.72%
Fig. 97 Micrograph of the surface of Q1-B specimen after air oxidation at 600°C(4)




JAERI-Tech 2005-048

100 T 1 T
i Q1-4-1 ]
£ X d
-~ 80— ]
s ®T | -
§ i : e Burn—off : 1.02% §
S eof z : -
e - ssesn : As-received
x i " i
s | i :
£ ol k
2 40+ . .
8 X . = : i
o _ T . -
G =:111:
o R YEE T
20 F oi: bl 7
0b ‘ E “.': e el s s s e . ]

Pore diameter ( nm )

Fig. 98 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(1)
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Fig. 99 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(2)
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Fig. 100 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(3)
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Fig. 101 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(4)
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Fig. 102 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(5)
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Fig. 103 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(6)
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Fig. 104 Changes in pore diameter of Q1-4 specimen due to air oxidation at 600°C(7)
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Fig. 105 Changes in pore diameter of IG-110—4 specimen due to air oxidation at 800°C(1)
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Fig. 106 Changes in pore diameter of IG-110-4 specimen due to air oxidation at 800°C(2)
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Fig. 107 Changes in pore diameter of IG-110-4 specimen due to air oxidation at 800°C(3)
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Fig. 108 Changes in pore diameter of IG-110-4 specimen due to air oxidation at 800°C(4)

160 [ I T T ]

I Q1-5-1 i

~ 140 ]
£ i ]
cC R i
> 120 .
mE : —:
“-’; 100 - - Burn—off : 1.28% ]
Z 80 - ===** . As-received _
o - . i
N ! :
5 60 [ - 7
> _' . |
e : :-l n
£ 40 Py ]
20 | N :

0 i ] et - .

0 10 15 20

Pore diameter ( nm)

Fig. 109 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(1)
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Fig. 110 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(2)
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Fig. 111 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(3)
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Fig. 112 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(4)
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Fig. 113 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(5)
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Fig. 114 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(6)
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Fig. 115 Changes in pore diameter of Q1-5 specimen due to air oxidation at 800°C(7)
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