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(M REMBEEWBARA S RAELADORIEHEEET & R EFTM (H27~H29)

O REMEEVOBR#MRS S REERE (23— FEE)  (H27~H29)
INE TOFEFIFERNOEYKME (KURION 33 X TNSARRY) CTRAELZEA T A FREM
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FOLAT A FEEM GIHMESRE L, Cs BL O Sr 208 S K MEHEY 4T A bR
MEERO% ., T 7 ARBRINES & INBVLEIZ X 2T 7 AELRBRZ21T75 (2— R’
RER) o ERL7-H T ABEALERORHEICE R Z RIZT5EE LT, T A@AIORME, &,
WRNEE, WREEERE, WEEESER R T O, I b E2T7 A —F L LTy 7 AFE{biR
BRAATV, ENENOERMETIER LI 7 AELROREZ 39 5 FC. foi ey =
A B St % BT 5,

Q@ B S AEMLADOBEERETE (H27~H29)

77 AECAR D EEDPEDOH T, OBYRER T ELIROLRE 6 L UL Hisg DEXaT £ 72
Z OVERFHIIC B W TR ER A RER T D, ARBRTIX, AR (O WAEMBEFY D%
7 AEERER (22— FRBR) | ISR W THRRSM CTIERL L 72 0 T A B RIK O BmiE R
=Y =TTy alEEHOCCREOREE LTHET S, £/, @i (M) v
2 b=y a UEERHWEHEICLE > TH N 7 ABELKROBYRE R Z 545, 22k v,
7T ABALROVER (b2, Mg S22 &) 3 X OYREE & VR E RO BRI BRI SE AT
Fahbzx 52 gL d, £, KETHERTEDOEA HIP ELAE) O—FIiZo
Wb [AERICBME SR 2 HET D,

@ BELA S AEMLAD LM A ST (H27~H29)

7T AEACER DA A (R 12 R TR - A5 O PERERFAMIC 35 W\ TR EEAS AT
RIERTH D, KRB TIE, #iR0 1O WEMBEIEY ORI 7 AE(LER (72— PR
BR) 1 ICBWTERESEMECIER L7 7 AELEIZOWT, FiizlcBiss L ek b
LA 7 aF v RAGKRBRIEC L0 Z OWMEE 2R, pH, Eh, WHKALRNSE OBREER 7
BT A=K L UCEMICHETMET 5, £7-. HETERT 2 EA HIP ELAS) o
— DN T b [ARR IS AR B 2 2T 5,

@ BG5S AEMLARMERED KR ST (H29)

AR > TOWEMBEFED ORI 7 AFELRER) & [QWEY 7 A BE{LIK O BVRE L E
BRO TQOWEA 7 AFEUCIROAL R AMERL ] OFRERNS BRT T 2 E kS & EMk
RYEREDOMBE Z 3R L, F72, %k TWARY 7 ZAFELIRO FELEWIEREG ] OfEE LA bY
T, A7 AELEORYE | RE ., L5 OREIIBLE D D i e aaly 7 A B4 % 5l
L, b, mEM (=T 44— RKR, A RYUT AT Ly vry Ry) TEEYT 5 HIP
E b3 L OH 7 ABELOFHIFE R L& AT, BEibiEofld, RE. Lo oREmBlE»
F WA BEFE) O e 72 [EAL 5, B LS d K OE LR ERE 2 R-IE - 5.

QRBEMEZEYVOBIMA S AELEH EELAEREMMTME (BRFEL  RIALKFE)  (H27
~H29)
@ REMEZMOBMA S AELHAR Ry B, 2—)L FEER)  (H27~H29)

T AEUCED EERFED —o & U TR OEER, MH, Wy 7 X E ik T
MR BB I ELENICE (L SN D EIENZBIT oD, TER LT T R EEA0R
DEFEOE E=IE XRF (F0E X RO ([CX 2 R RERETARTH LN, BREOEH
RPN ENGE (EBEROIHYKLBTHRAE LB T A FNGEMBEFED D Cs ZAFRIL0. 1%
UTThd) . TOEBMEITIFRSTIERY, 20X RGEITITHEE S L —H%— (¥Cs &
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W 8Sr) & MW T-IEEY T A ECRER & T ZEALEOBERERIE (Nal > > FL—ah
U H =) DA TH D, o T, B b L—Y—2 HViziEay 7 2 BB (K b
B &, Rk & R A RO RAL R FZ u M E R I TIC B W T HE_T D, ek,
FEHIPED Cs B L Sr & W2 taR T 7 AEERER (= —/0 RERER) IC oW\ Tk, IR
T UNRFOmE TIEM L, FooRIERZHU L > TUERBFERN COWUREAT 7 AE1{k
R Z DN E T 5,

@ BRA S AECAOERY T (3—/L FERER)  (H27~H29)

SR TT 7 A EACAR D EEREM ML BEURIROIRE F6 KO3 fa ik DRRFHI 3B\ TR AT R
RIERTH D, AWFZETIE, Bk (O WAEMBEFEYOWRE T 7 2 E R (v FBR,
a—)L KEBR) | B W CERBGMECIER LT 7 ZAEEIRICO N T, FFICEEELEZEZ O
D H T AR EALAAE RT3 O RS BB R S & B IR BT B (TG-DTA)E 2 L Y
WEFMT 5, £2, WELT 7 ABIC £ 2 BEEYOWRFIC OV THIHMET 5,

@ BRA S AELEHDOREETME (H29)

Ak > TOW AWM BEEEY OIRET 7 ABALRER ] B IO TO@EY 7 A B bk o kst
PG DOFERN D WRELT T AECS & BRI MEOFBE AT L. £, RiED

(@AY 7 AR OBYRERAE ) BL O TOWEEA 7 A B ORI ANEREAT

DFER L BT, RBERER T 7 2 B2 FHE T 5,
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22 TR EEOBRREOBERVEBOERAE

SRR 29 4EFE O RFE OBEEE & LL T IR,

(1) WEMBREWBMA 7 AELAEOBEMEREFTE & L& 5T
O WEMREMOBMA S AELRE (32— FRER)

CsClB L OSrClKIEK (2— F) IZ8AT7 A4 FEHERT v XA M) 2 RES .
CsM ST W& SETMEE A T4 NEEMEZERT L, (ERLIEEREE A T 4 MNEED
(2T ARAl (NagB 07, LiC0p @ BaFTHRRA0%FEE) Z U0 L, INEAESREL (975-1100°CHEEE)
AN L0 T T AECREER T 5, ERT 50 7 XEEOY A T~ A 7 v F v %
KRR 2 W 7o AL P I A RIE Z FTRE & 35 4, 40mm x 10mm x Smmf2EELL | &9
Do W7 AMBORIE,RINEEVERIRE 2 /X7 A —% L U TCHREEO T 7 AF{LEKEE
Bl bl, WEEHSN (7T=— VRE, BHEEE, %) 2R L THRLB LOR
WD TT T AECIR O ERGA 2 RET L, @R ER L4155,

@ BEA T XELARD BMRE R T

A D> TOWEMBET OB 7 A LaRER (Z—/L FlBR) | CERL 720 Z ZAE{RIRIC
ONWTC, =P =TT v aEllEEEE AV CAMREREZAET S, BAEMICIE, ¥7 2
EAGIAR DER S & BYRE R OMBMEZ TG T 2 & & b2, o FEF (MD) FHREICK D,
7T AECABMEE R O FER X ONREERIFEIC >V CRE T 5,

@ BEA S RELADLFAIM A 45T

A D> TOWEMBET OB 7 AFEaRER (—/L FlBR) | CERL 720 7 ZAE{RIRIC
SONT, AL FEIMAMEZBIET 5, BARICIE, HKERRB R L O%EmRBRIc L v 4
T AGIRIEE 2 E U, WA O pH KTEME. IREERAFE . B L3R oo ZR P KUK 7 & A 3
%o MR CHEEWTER L 72 B IR DO —EIC DWW T b Z DI FRIIANE A RIE T 5,

@ BEA S AEIEARMERED R E ST

A D TOWEMBET O 7 AFE SR (2—/L FilB) | . QBRI 7 Z[E RO
(R . TR T A BEUCROALFERIMHANERTHE) OfERS L OEEID TOWEMBEIEY)
DR 7 AFLRBR (=2—/L kB, &y b)) | | Q@R 7 AFEARO SEREYERHG ) |
(@ KA 7 AFULSAFORETHIG) OFERD DESEH 7 AFEULEAE & 77 AFELAMEREOFHRS
REPLL . T AEROREE, I, A ORERIBLED D a7 vaR T 7 A B4 % 35
Do Filo. FEEMAICIHERT S HIP Ebis KORER 7 7 A BT 7 AELORHMlRE S & Gt T, &
WER BTN D Il 72BN ITE /G2 R T %,

QREMBEEVMOBMA S AELEH L EMLARERYMETE (BRiEx  RiLXE)
O BREMEEVOBRA S REKR Ry FRER. 12— FEER)

AIEID [OWEMBEFE ORI 7 A BEEaRER (Z—/L R | & [AERD 5 15 TRERERAE M
B D VERL IS X ORI 7 ABEUVIROIER AT 5, 2 2 CTIEH 7 ARFIOFRERE (NaB,0,,
B,0;, Na,COy) &SI (AFIAFH TR A0wtFEfE) | IENERE (1000~1100°CREE) % /3T A —
Z L UCHERAT 7 AR ZERLL . FRCEERET 7 A B EFE T Cs KON Sr DREERE (UIHE
FEMBER) 1235 A U TRt 7 ZEfeRE 2t 5 (a—n FRlR) . £, ZOREREZ I

2.2-1



HEHHED Cs (FCs) KUY Sr (¥Sr) W 47 4 NFEEEMZAERL L, Cs KOSt OEELED LV
EfE7e lizAT 5 Ry FakR)
Q@ BEA S AELAOERYMETME (2—/L FEER)

Rk > TOWEMBEEY ORET 7 A F{LiBR (a2—v FiRkBr, &> FRBR) | CERIL
72777 ZABURIZDOWT, BEFE, H 7 A8 A, ERBEEONEFM 2175, AR
NFATFTAEIZEY T A AL DTA ORZBGHT) XV ET D, £, BB
RPN DU TR S RIBEFEM AL 5y & T 7 ARIRIR Sy D EiRIZ 36T 2 AR 72 Wk K OB
Z DTA/TG URZEBGHT /BE &) & MS(E &) 2 VT~ It 7 A B LR O ff
FEMLEEREE 2 B35 (= —L RRBR)

@ BRAA S RAELEHDHRE LT

At D> TOWEMBET OB 7 AFERER (—/L FBR, &y M) | . TO%#RT 7
A EAR O SRR (m—/v RERER) | ORER SR 7 Z[ELSE & T T A B LA TEY)
PEDOFARI 2 (RRAITHEBE, FHM L. AilEioD (@RI 7 A B LAMERR DR E T (SR E =AY
HRAETSD,
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3. EMENBERUVEE
SN IREMEEYBRMA S AEILAOEEMREETE & &M (H27~H29)
311 WEMBEEYOBRMA S AELHER (2—JL RERER)  (H27~H29)

KRR TIE, BA T A FalBHIIERSED Cs E 7213 Sr 2 W SEI-EY 4 74 NEEDZ
TERLL . U7 ARA A2 CTMBGERL, WET 252 L TH I AEEEZER Lz, H27T FEOR
BRClE, 7 A@ANC NaBsO7 (30wt%) & V>, 7L 2 F 8L DIF ¢ 1100°CITHNEN L 7= A il
T A% B D D1F (600°C) HIUTHE F3 2 HIET, BVYREERIE R L O 0wt AMER E 23
AREZR Y A X (40mmx10mmxbmm F2ELL E) D7 T 7 (OOE[IN) DOMWEE R T A B AR
BInfEon2 2R Lz, £/, H28 FFEORERCTIlX, # 7 AfEl (Na,B40,) (2D ED 11,00,
BNz D Z & THRREZ 1050°CREE £ T TS CTHE R T 7 AELERE 215 DL 5 2 iR
Uiz, REEORBRTIZ, U7 AEUEORIER SO L2 AR E LT, X0 RWERIRE T
W7 AEMAR 2 OS2 72 D OEUL SR Z 5T Lz, BARRICIT, ZavE TRiF & LTH
WT &7 (NayB0,4+Li,C0,) D Li,CO,iMER NAMIEEZ T A—F L L, FRTA—X%E L
DN B ETTH T AELEIT 70, FERLZT 7 ZAEREIZOW TR SO RHE (7
AVPE M, AR, Cs FELE (Cs BHEFEHGRETICH 7 APICEELENLEE) ) ZHE
T L. R T ARSI R RE LT,

(1) BEEA 14 FEEMOER (H27~H29)

ARFRER T, Cs £720F Sr Z2WAE SHTMHRE LT A NEFEMEER LT, B4 T4 FREHT
IE, BT AREEEE SARRY ICBWTHEH SN TW D AT ¥ 3 A ~ (IE-96, UOP f)
ERI—=DbOE AV (K3.1.1-1) | ZO{bFEEIE UOP HEABE R 1] K ONA U —= A /L B
T IIFEEHT 2 FRETOFBBFIWEM & L THOWOREZEKT v 3% A b (IE-96, Linde #)
DILFML[2] 5% L LT, B4 T4 MRBOBEBLFMK % Na, (A10,),(Si0,), + xH,0 & {RKE
L7z (FEBRICIX Fe, CaEDIRMMa NI EE END) . £lo, KR EFHEIREICHHEALT A

KRB OE KR, BEENE - ﬂ‘%?&/\ﬁ (TG/DTA: Thermo Gravimetry/ Differential
Thermal Analysis) Z W 7=HIEZEMIZ LR 14 wt% (x=3) THHIFEEMHERLT,

EJr AN *@ﬁﬁ74bﬁﬂ%@mm%m IRIESHEDHZ L TCs 2WE S, BIESRELR
3. L 1-1 2R, BHERFOERILIL CsCl KB 2 LIicxf L TEA T4 Mkl 60 ¢ & L, K&,
IR 25°CT T2 B DIRIEZE T o7z, 22T, BATA h~D Cs ERE (B,) 1 XRIEEIKRD Cs
IREEZ ICP-MS (B E 7 7 A~ EH i/ HTi&iE 7500C, Agilent ) ZHWTHIEL. LD
EPHLUTORXZHWTIRE LT,
W,y = COI\; Cy

(3.11-1)

Waa : Cs W& & [wit%)]

Co - FIHIVETE Cs YIE [g L]
C: B DEAF Cs 2% [gL]
M:EBA474 FEE [g]
VAR [L]
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o, CsOWAER () BIVCs llfRE (Ko) ZUTOXLIRE LT,

-C
x 100 (3.1.1-2)

(3.1.1-13)

Cs WMAERBORER A 3. 1. 1-2 1" 7, Cs WAER, HEREE b, Rk 27~29 FEORRICE
WTRIBEORERNEONTZ, 22T, EBOB L 7 AWEEICE TS CsEL T T A HEEY
D Cs WAERIT 0. 07 wthfefE L HE SN TVD A, A (=—/v RRBR) CTIRIERSE Cs ©
SINTREEE DB D Cs WABEREZH | wthEsRE Lz, Cs W (lwth) B4 T4 b OB
A3 3.1 1-3 TR T,

WIZ, Cs WAE DA LRERICE A T A ik 4 SrCl, KERICIRIESE 5 2 & T Sr 2WE
STz, RESRMEFS L1412, StWERROF AL 3. 1. 1-5 [TRT, Sr &R, /iR
He b, Pk 28~29 FEEORBR THRERDFERDF B, £ 3.1.1-2 [TRT Cs WAERBRRER L
DIEEL Y | Srid Cs ITHATHAE SN . WAEROIRIE & 72 5 0B fRE (Ka) 13 Cs ITH
LTC2-3MHEVE L 22D Z &35,

%

| 2 Wi O T

A

X 3.1.1-1 474 FikElos 8 (1E-96)

#£3.1.1-1 CsWETLTTA FOERIZME (H29)

RIS
YA T4 bRk AT ¥ 3 A R (IE-96)
F13 CsClL#E [mol L] 2.25x% 107
e [g L] 60g /2L
IR [°C) 25
RIEWIR [h] 72
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#3.1.1-2 Cs W ERBRAE R (H29)

PR L VAT Cs e Cs Wi 3 3% Sy BliRE Cs % &
[h] [mol L] q [%] K [Lkg'] Woaa [Wt%]
0 225x%10° - -
72 7.52 x 107 ~100.0 9.97x10* 0.998

F3.1.1-3 Cs(wth) WEE AT A b OERAEFAE [wt%]
SiOz A1203 NaZO CSQO Hzo
Cs (1wt%) 75 1E96 50.68 21.50 12.85 1.00 13.98

#3.1.1-4 SrWETATA bOERSLM: (H29)

RIS
AT A Mkt AT ¥ 3 A R (IE-96)
FIH SrCL 2% [mol L™'] 6.62 x 107
e [g L] 60g /2L
IR [°C) 25
RIEWIR] [h] 72

#3.1.1-5  Sr W ERBRAE R (H29)

B [h] %ﬁ&%ﬁ Sr WA %E%% Sr W &
[mol L™] [0] [Lkg'] [wt%]

0 6.62 x 107 - -
72 3.25x 107 50.6 34.6 0.978

(2) EEEASM4 FEEVOBEA S XAEE (H27~H29)

RAIEC/R LI CsWEBLOSTWME LA TA FDH L, ZZTEEICCsEEALT A &2
WTCIRRLT 7 AEL 21T 5 T2, TREVY 7 ABEAL DO SMFIZ D0 T, Rk 27 4 ORBRIC BV T
HEYOH A X (40mm x 10mm x 5mm F2fE) D7 Z7 v 7 (OOEN) OMWY T 2 ELAREZ 7B
"HEDTODOFREREGLNTND (£3.1.1-6) , 22T, @HOHEE RMEIZONTIE, A
7 AEULAR DR DS Z 4 E T Z < OPERERAT S 23 & 2 BEAF O @ L~V T 7 AR (RAD
PEAERLEE T Z A POT98, [EIBAEAE 6 TSR T 7 A 1SG, %) 1T RARICEREIN TV D,

KRR TIL, ZORMEZEICT 7 AEEKORERSGEZ M ESEL5Z L2 HME L, KVIE
VAR EE T 7 AEUCZAT O 72D D&M 2 et Ulc, BRI 2 T 2 1213 /A o B & 4 3
KT IHER N TH D, TR 27 FHEORER TIImA & LT NagB,0, Z N TE Y | NayB,0; % 1
BT CHRBIREZ TIF5Z LIXAETH D, L LN D, NaB,0, & L2GE, &
H D Cs DA TEIEAY (CsBO,, Cs,(BO,),) #ALLARIEN LA 3252 &CCs EELE (Cs
PHREETINCH 7 APICEELSNDEE) DRI EnHEINTVWD[4,5], E-> T, F
fi% 28 4EE D FABR Tl NayB,0, Z R T 21 0 12 Li,0 D BIRINT % Hikz ik, Li,0 iz
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£V VEEIRE 2 1100°C22 5 1050 CRREIC NI CTH 7 AL TE 5 Z &N phoie, 7ok, Li0
X RPED < KK TOR O HBEE L2, FEBRIZIS W TIREINERZEE & LT Li, 0, 2 v
7o LiCOu1EH T AVEBETE CTHM L, Li,0 E LTHT A~ b U 7 AHFICHEET D, Ak 29 4F
FEDRER T, feilize 77 ABULEME 2 K0 3EMICREM T 5 72012, Li,C0, BINE IS L OVARNR
JEZNRTA—=L L L, BT A2 L VMNP B SETH T AELE To7c, ERLIET T
ABEUCARIZ DN TEO PO (F T ABEME, AR, Cs BEELFE (Cs BNEFBHRETICH
FAPICEEE N LEIE) ) ZREFTM L, Ri#ER N T R EUCSAE 2GR Lo, ARER
TOH T AEEEME 2% 3. 1. 1-T IR T, 22T, BAIORME () 13&EEH2RT T X EbE
HEICHT A (R EEOEAL LTUTICERSNS, £72. B4 74 FOKRK
HTOEKBIT AWMU THDLZ EDND W= 0. 1401, B ZENTE S, ok, IMLE
Li,COs I A T AT L0 E72D720, ZOWMEIL L0 ICHE LIZETRL TV,

a=Ya_ Wa = Wa (3.1.1 — 4)
We W, —Wyo+ W,y 0860, +W,
A: BAIEINGE (07 AE(RERICKT DA (R epiE) oEERE)
Wy: iAo ERE (FBR{b#s)
We: 7 AEAROE &
W,: B4 74 FoERE (fEfkEEt)
Wy,0: B4 T A M OREFAKOEE
#3.1.1-6 CsWEBATA SOwEas 7 2@k (H27)
AT A4 Mkt Cs W& (Iwt%) & T ¥ 3P A F(E-96)
Al Na,B,407, 30wt%
VRREEE /PR h e 1100°C 73 B[] (7 v 2 85 o)
wH 1100°C—600°C (FRERHED DIEF~DJiE T)

600°C (BRI DIFNTT =—/b 2 BEfH)
600°C—200°C (i ELEEE 15°C/h)
200C—=iE (K&

RRET 7 AL, ETRIE TR LI Cs(Uwth) WAEEA T A b (] 40g) 1ZH 7 AFHFI% Nz
BA Liztk, 7AIFTRLOFICANERFHCTHIR L, FTEORE CHrEOREFAER L-, &
2. TV TR DIFHOEMAY T A% H 50U 600°CICHREE LB IZIci FL, 7
==V ROIRIBICE O T AEUCIRZAER U7z, (ERL 720 T AECRIZ RIS DI1EHHRY
MLk, A4 Ve FMEED v ¥ —2 AW THIl L, SiICHHERB L OF A vES RX—Z |k
ChifE lum) ZHWVWCHIET2HE T, HHET DY A4 X (40mm x 10mm x 5mm F2E) DOH T A[H
EARERELE Uiz, WA 7 AEEOIRE 7 1 7T A8 X OVARAY 7 A D B 5 DIF~Di F D
T2 3.1.1-2 (27, IREZr 7T AW TiE, KJEDJRRAE & 72 5K5E LU Co, 27k
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FABERET 2 B CTHIRFHZ 750°C T 1 IRFRIMRFF L. E£72. BRI ZREMT 5 72O m AT

600C T 2RO T =— N % 7oz, ZOXIRFEIZLY, 77y 7N EI KDV 72 0ETY

DY A ZXDH T AFEULEKEL 2 ERT 2 2 LR TE 2, BRI SENDEY H L= H T A[EAL
& & I RS O H T A EURIADAELZ K 3. 1. 1-3 ([T, 7B, BdhoH 7 2 ¥EM, AR,
Cs BELE (Cs BERETITH 7 APICEEL SN HEIE) OHOWEIHT D (BURE RN

EB OB AGRERIC L L 72v) H T ZABEIKICOWTIEZ A D7 T v 7 B3TFEE L THHE
WZXEDR 2 NWed | ZOFERICH T2 > TIEHT 5 CsUwth WEEA T 14 FOEEZK 10g & L,
EROBRBLOIF~OWTF 7B RAZEAME L TTAIFREOFPCRKOGBHZITH Z & T
T AECRRE ZER L=, T TR FH TomEANC L 0 ERL L 727 7 AEIE D 48]
% 3. 1. 1-4 |27 T,

#3.1.1-7T CsWAEEA T A4 bDH T AELSH: (H27-29)
(B4 T4 Bl : Cs B (lwth) BT v SV A bk (1IE-96)) )

o VAR B T ik R ] )
LA B A S B HIGAE
[C] [h]
NoiBiO.: 30w 1000, 1050,
a 30wt NN o . N
2 * 1 1075%, 1100, VABRIRE —600°C  (SEEAHUZ SIE~FT)
Li,O: Owt%
1150

Na,B407: 30wt% 1000?, 1025, 600°C 2 FE R+

Li,0: 2.5wt% 1050 (BHpELAHSIFNTT =—/L)
Na,B407: 30wt% 1000, 1050,

Li,O: 5wt% 1100, 1150 3 600°C—200°C (W HIEE 15°C/h)

N32B407I 30wt% ) a)
975, 1000 . - g
Li,O: 7.5wt% 200C—=iE (K& R)

Na;B407: 30wt% 1000, 1050,
Li,0: 10wt% 1100, 1150

Na,B407: 30wt%
Li,0: 12wt%

975%, 1000 ¥

% NayBO7: 30wt% = NayO: 9.2wt%. B,Os: 20.8wt%
O SRR 29 4E FEFE
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Temperature [°C]

12000 1100°C(950 - 1150°C), 3h

1000

800

750°C, 1h | 600°C, 2h
600

-15°C/h
400

200

5
Time[h]

]

‘\,//-’.',

,

L

. §
o

" RRUZOIE

iy — T — ]
S

3.1.1-2 V@A T ABULDOIREE T 1 75 N E R 5 A DB L DIE~DF T

* r =

e

3.1 1-3 RS DI B H Lo 7 AE(iR & CIWF B D 77 7 A [E{b R

Cs(wth)RIEEA SIS +HSXFE

B AHNEROASRE LK

1L 1A4ATAIFHEDITHTORINC LV ER L5 T ZE{bIED 48]
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(3) A5 REMLAED4F TR (H27~H29)
BIEOFR 3. 1. 1-T IR TR TERL L 7= 4 7 A ELAR O F
B, WAESE, Cs HESE (Cs BNERETICH 7 AFICEEILEINDEIE) ZHE LT,

D HIAHEMH
HZ 2 E M

DHEL AR THEL, £,
BOTHHR XBREHTIC & 2R OFEIIHERR T & R 7278,

I

K OVLi,0 iINED D205
ENgyinolz, i,

ABPEMEIN TS TN D
Li,0 #INE: 10wt%eh F) |

X 3. 1.1-5 1277, £7-.

LV EEIREN T Y

TYERT T AELERTE S 2 & £z,

Rl & LT

[ZOWTIX, H T AEBIETT OB (5D . Hrtda,
ﬁﬁﬂ*ﬁg);ﬁ.ﬁ;’d?*ﬁ]j{xﬁ@jﬁ VCEEM; L/7Lx_o b\jﬂﬂ®ﬁ72.’ﬂﬁ
VA RIR FE 28I 2R

- -

TlX, T AY

fdRtR) e LUV

(S

BT A FRD DIEONEECHUN T IR D DHER S, AT

H T AN

REZ T oneWnWZ E3nhoTz,

HEY: B

ﬂﬂ{mmzsm%)
TBEBE 1 1025°C

- ¥ BRUEE :1000°C
| HEM:FES

X 3.1.1-5 H 7 ABHEMHED

RaFH - Li22.5 %)

* J'

Y o, 7L

| FBERE :975°C

— ORI T AFEMESRE (ERNEEE 975°C,

TEWTIEA 7 ZEEIzkE UNERGBEFH ORI L0 7T 2D
BHEN TN LB8) BRI, BT ABEWENTEG TR ERDho Tz, Bl
Al DGR A FE LD TFH 3. 1. 1-8 TR T, Li0 @I
. Li,0 iIn 2. swt% DA% 1025°C, Li,0 AN 7. swt% DA% 1000°C
Li,0 INEZ 10wt%lh R 5 & RF ANk 2 0 Hl

St SR D — 15l

B : Li,0(12 wt%)

BEE: FRED (KB

FHmAS R o —p1] (H29)

#3.1.1-8 T AWHAMEOFHlRERO L Lo (FERER 3h)  (H27-29)
55 %A AR [°C
950 | 975 | 1000 | 1025 | 1050 | 1075 | 1100 | 1150
x=0 - - - - - X O O
x=2.5 ] ] x O O ] ] ]
Na,B405 Li,O x=5.0 - - x O O - O O
30[wt%)] x[wt%] x=7.5 x X O - - - - -
x=10 x x O - O - O O
x=12 X X O - - - - -
O:HT7AHEMR,  x: 7 AWEERK S, - (et

3.1-7




@ Cs BElE{bE

Cs BELER (Cs BEFETICH T AHICEENLENDEE) I2HOWTIE, ER LT T AJH
bR D Cs &4 &% XRF (X-ray Fluorescence : T3 /L X —/3 U d Y X B0 HT 25 1E EDX-800,
EHERERTR) ) ZHOWTHIE L, 7 ABLETOE AT A b D Cs W& & O LEgH &5l L
7co XRF ZHWT Cs BHEAZEE X HET 2I2IE, MERIZHW DEEEGEL O & k%
HERBHNCEMIT D Z ENEETH D, £ T, Cs WAERERNRLD (0 ~1.0 wth) HFEHEOE
FTIA P L. ZhbZETHIER] TH LN TV D Cs BB 100% & 72 5 4104
(Na,B,0,: 30wt%. VARLIEEE/FER: 1100°C/3h) fﬁ*’ixlﬁttf@ﬁufeﬂkb T AR & YRR
L7z. 728, XRFIC XD Cs A RENTIE. H T ABBIERE Z ARk (B £ 150 ~300 pm)
2L, FrEEZ HHARIIANTIT o7, Cs FEEROWPER K Z K 3. 1. 1-6 [Z-77, Cs [HE
EERITERIRED LA L & bIh LFomd L, £72. LiL,0 WIinEofEme & bicd LI oEd
TDHZ DTN D,

110 r—— 77—t 7T 110 Fo T =

A i K PRI

X9 o % I e ; rrrrrrrr -
$ ., — | e || Dtosoc] T ]
i o Lok ¢ 1100
S [ Li20 5%
Q 70 IR W LigO 7.5 [ _ 70 L -
A\ Li20 10%
60 - W L:012% BO |
50 1 I 1 Il 1 50 L L L | | |
900 950 1000 1050 1100 1150 1200 0 2 4 6 8 10 12
BRELRE [°C) Li,OsTINE |wt%)

X 3.1.1-6  Cs [FHELFROWUEME (IR X OBAIGFINEKFrE)  (H27-29)

WIZ, Cs [EERORERR L SR D T 7 ABJEVEOFHGRE R a2 G CliFE Zme T o0
T AEULSEZ R L7z, £ 0T AEMEOFMAIR (R3.1.1-8) X0, BWHEALH T XH
LR ZFD 72D D Li,0 BN&E & EEEE O AEDEN 005, RIT, Cs EE(LFE O IE S
O—FE LTI EEFREL, 7 AEEME Cs BEILROWE O 7= 3 5025 L7,
RS A3 3.1, 1-9 1Rt I T AWEMELE Cs [EE RO E 2 e+ 5 07 2B
Li,0 #ANE Owt% CE@EFE 1100°C, Li,0 AN 2. 5-10wt% TR @A 1000-1050°C DHEIFHIZH Y |
Li,0 IINEDEEI & & BITEWRIREN TR D Z LN 00D,
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#£3.1.1-9 7 ALEMEE Cs EELFEOFMIE RO E L (H27-29)

o AR [C
AT A
950 | 975 | 1000 | 1025 | 1050 | 1075 | 1100 | 1150

x=0 - - - - - x O O
x=2.5 - - x O O - -

Na,B405 Li,O x=5.0 - - X O O - O O

30[wt%] x[wt%] x=7.5 X X O - - -
x=10 X X O O - O O
x=12 X X O - - R

- MERRE T

® BEE

O: 47 AEJEMR +Cs BELR 95%LA L, O U7 AWEWR, x : U7 AHEMERT.

BWARBIZONWTIE, AT AEMKDEEZT VI AT ABICLVPEL, BA T4 FOEEE
E DN HROERISIHI L7z, 9, BAR (X)) 2, U7 ABELEOEIEEZ Ve, BA T A

FOEEE V28 LT, UUFICE#R LT,

>

V_ VeV, Vg

X = —= =—_1 (3.11-5)
V; V, V,

ZIT, BATA NOEEEEp,, T AEUIKOEE Zps & T 5D &

W, W,
Ly y 2 311-6
Pz= NN 0, ( )
W, W,—Wyo+W W, — Wy o+ W
po=—=—L MO0 A py yoo2 M0 4 (3.1.1—7)
Ve Ve Pc

B.1.1-6) BB 1. 1-7) L& B 1.1-5) KIfCAL T,

W, = Wy,0 + Wy
X=E—1= Pg _1:&.M/Z_WHZO+WA_
V w, Pq W,
Pz

1 (3.1.1-8)

T, BA T4 bOEKRT 4wt% TH D72, (3. 1. 1-8)KiIkD L 512 B,

X

W, —0.14W, + W,
_Pz W z A_1=&(0_86+—A)—1 (3.1.1-9)
Pc W, Pc
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F7o. G119 WaWzld, @AmnE (4) oER (6. 1.1-49):) LVRORIZESL
Do

=T (3.1.1 — 10)
z

(3.1.1-10) A& (3. 1. 1-9) KUITRAT D Z & T, BT, BER (X) 1347 AELIKEE
(pg) « BATA4 NEEE (p,) . WMAINE 4) ZHW T TFOFICRIND,

pz 1

X ;AR

Py BATA FOEEE (0.96[g/em’])

pe @ N T AEUCIRD RS 5

W, : 474 boER (GEfkzaEie)

Wg: #7 AEAROE &

W, BFlOEE (R{ICHHE)

Wy,0: B4 T A M OREFAKOEE

A: BAIRINE (7 7 ZAERRIC R 2 /@Al (BB eiis) o@E&EE)

RO B 1L 11D REHWT, SRESEECER LT 7 ABELIEORE R L RD Tz, WEFOF
i 2 3. 1. 1-T 12T, EY., WFnoH T ZAELEHFICB N T H A RIT-43~-50%T
HY ., A7 ABERIZE Y TTDOEFED 1/2 FBREICHAESND Z 03 n0 D, £, BEROERIR
FEARTEMEIZ N S WS, BB 2 EANRINERAFERN S D Z E 0353, Li0 UINED swihE Tl
A LRDOEAIT/IN S WA bwthPh EIZ72 D LA RNE 2T 2 (AEERNMET2) 2 &
WDy T,
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0O T T T T .
O Li20 Owt%
“10 ® Li2025% | 3
_ A Li20 5wt%
R =20 F | VOLR20 75% -
§ ] Li20 12wt%
-30
= LT LeO Tewte] ]
1
o-40 | -
=
50 L. 9. ,,,,,,,,,,,,,,,,,,,,,, A A |
-60

| | | |
950 1000 1050 1100 1150 1200
ARLEE [C]

3.1 1-T JAROFHEHER (AR L ORAIBRNEKFTE)  (H27-29)

@ HEREECERLEIR

FEEERE T, WMEFIREEMO HIP (BIR%)E 71 R : Hot Isostatic Pressing) 12X 5 [H
It (=7 4=V RR% : UoS) BIMEBUS DR T 7y AT T AL D0 T AR (2
U7 Ny yry Ryt ICL) %L b, ZOFEMIT%E O 3.3 REMOMIENE K&
O RT3, N6 EBIRO—ERIZ OV T B AR CHEREREM  (BMRE R E L OMLZA0IMRH A
PE) A M LTz, FHMEA 1T o 72 HIP [EHkRIE [Zeover] & MRIEH 2 RIREIEDF v SYP A B
AT Cs % 0. 94wt% & S&, HIPE L L2 DO TH D, ZOIERSEM: L FE{biRONME 2 &
3.1.1-10 B XU 3. 1. 1-8 I1T” T, E7o, HIP ELIROEMRE RIS L UMb A ANME O 1 E 5 5
WZOWTIHEEICRT, —FH, R v 7 A Bl 7 AELIRITERT ¥ 34 b (IE96) (2 Cs &
0. 27wt 75 ¥, H 7 A@AFl &L L TR UEReh (PB) E7/-3A U7 A s (PBS) Nz THEREL
b ThDH, TOMEMEMEEEIEONBAF 3. 1. 1-1112, K3, 1. 1-91ZRT, el
UEEAT T AR (PB) B XL O T 7 A B 7 AR (PBS) (2 oW Tk, X 3. 1.1-9 1T
THRICZH D7 T > 7 BLOZERBFET 720 I . BVYRE R L O AR ANED J
NI IR R EGD LN TERD -T2, TNDORIETE/m TE ool

7% 3.1.1-10 HIP EMLARDIERIC W= W B H & ERIS 1 (UoS)  (H29)
Zeover Si0, | Al,0; | TiO, | P,O5 | MnO | MgO | Na,0 | Ca0O | Fe,0, | K,0 | Hy0

Oxide [wt%] 52.0 | 17.0 | 0.5 | 0.3 | 0.2 | 2.0 0.6 | 5.7 | 3.6 | 6.1 | 12.0

W 75 | BEFEY) i A HIP i % HIP J£ /) HIP F[E
Cs (0. 94wt%) W35 Zeover 300°C/12h 1250°C 110Mpa 4h
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K3 LI-1L SRR U T A BRH 7 ABUCARDIERIC N IZ T ARAI & (ERES: (TCL)

(H29)

AT A PbO B,0, Sio0,
PB (Lead-borate) Oxide[wt%] 80 20 0
PBS (Lead-borosilicate) Oxide[wt%] 63 25 12
W A FETEW T A@Al | RBEREE | BEREIREE
Cs (0. 27wt%) W45 TE96: 25wt% PB: 75wt% 600°C 400°C
Cs (0. 27wt%) W5 TE96: 25wt% PBS: 75wt% 600°C 500°C

= U

X 3.1.1-8 HIP EfbED4EL (UoS) (H

PBS

A

40mm

PB

\4

29)

3.1.1-9 ShAR TR 7 AFELIE (PB) BLOERA T A BT 7 AELIE (PBS) @AMl (ICL)

ZE Xk

(H29)

[1] = BFkk At HP 7 % o Z7& kL : “UOP IONSIV™ R9150(IE-95)35 J UF R9160(IE-96)

A AR,

http://www.uskk.co.jp/assets/files/PDF/UOP-IONSIV-R9150-R9160-JPrev1.pdf

[2] L.R.Eisenstatt, Description of the West Valley Demonstration Project Reference High-Level Waste
Form and Canister, DOE/NE/44139-26(1986).
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Bl“m B EFRTRAELLCEED OB QL - W5 v 2T AHEEZ M T 7o SL 4
Jo 0 (27) CsAECA T A L OE@A 7 ABUERMICET 2098 (2 D3) " KA &,
FRIE\REIR, Yt —#k, B, 20144F B AR T F2M O R, "MK FEQ2014)

[4] “fR S R FH TR LI BR D OB BRI 72 LB - L5 o AT DR ELIZ T 7o SAEAESE « (38)
CsAELBA T A FOWRAT 7 AEULRIFICET D098 (£ 04) 7, FRHE\FL, AA i,
HYe—ik, ARLE, 2015 H RIR 7 ) F2EOFE, KIEKF(2015)

[5] M.Asano, T.Kou, Y.Mizutani, “Vaporization of Alkali Borosilicate Glasses”, J.Non-Crystalline Solids,
112, 381-384(1989).

3.1.2 BRA S RELARDEMRERETE (H27~H29)

KRB TIX, B4 T4 MNERLT 7 2B AR OEREEA: & BVYRER O BIM: 2 33 5 & L1,
S8 (MD) BHR T HEMRERZ G L, Z OMBUKTFME R X ONREERIFIEIC W Tor
L7,

(1) BMzEEDATE (H27~H29)

ARBRCIX, ik 3.1.1 §ITER LTI AERED S B, 7 AEEMEE Cs FEELE
(95%LL 1) izl e+ 55 7 ZAEIED WL ShOREHZHSW T, L—F—T T v aik
(LF &) @%@ (LFA-502) & H W CTEMRE R 2 250l L7 (X 3.2.1-1) , H27 4FJEICEA
L7z LFA-502 1%, BWtEiE & L CREECR o B L OULEVE R Cp NFRIFFCHIETETH D, BYEL
BRIZRBNODBISEEZ N —T 7 4 v T A 7T 52 L VRE O[], BAERIIS AR
(BEV 7T o) Z#MWIRERSFRIC IV HES LD, ZO/E, BRERIIL TR THE
s,

2 = a-Cpp (3.1.2—1)

ZITplIEETHLD,

BYRERAEICH WA T A NS 7 ZFEBIR (LI CSZG LIgT) B L OB L ~L
W7 AR (EBAERE 6 sl oA 7 7 A« 186, HAROIEUERE N 7 A 1 P0798 K7 A) O
& 3% 3.1.2-1 127-97[2,3], H28 4R £ TICHENL L= T A3B o LF IBIC X 2 HIEEIZ. RO X
IRbLDTHoT=, 7 AREIO M (L—V—2RE S b)) IC&REFEASEE (SC-
701MKIL, H28 FHEHAN) MW THSKZZASE L, WA —R o A7 L — 2 TRMERAEE T 5
(¥3.1.2-2) . 2Ok, YV 77 UG RRICEAIRT 5, A@BEOT 7 ARE~DEKEILL
— P —HDOFBEBGIET 5720, BACET L —F— O FEES L3 L OBD WU DR % & o
DTHITITO,

AT A M@ A T AEERIE. G0, B R Z 1.5 K220 T 1100°CE THIE L., £ F
F 3 HFEREF, £D% 600CE Tam L, 2RHRF LEBFR T2 L THERL TV, 20
%, FEMRICE TN DK KON 7A@ & LTI T LipCOs 2> R AET D IRIEN A %+
(WK « BEH 232 BEYT, Hi7zl [750°C T 1 KefEl ) OFLE TR A4 FRE RNz 72,
CSZG1 Xk B AT, CSZG2 LT CSZG3 1Fek Bk OBVILE T 458 L CIERL L 7=,
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BREN T ADBEEZK 3.1.2-3 12757, (a)CSZG1 1L Li,O BNRMENTE LT, T 2B
T ERIE ORIAN SIS T=, (b)CSZG2 13X Li0 28 S wt%iRMM & TR Y, e o&ia
TOT N ThoTe, TAUTERDORIAK « BT ABIMBONRIZ L DD EEX BILD, (¢)CSZG3
1 L0 25 10 W% ENTEY | KUBITASNRWE DO, Wil 72T 235 UE IR IC B &
N7, (DISG IZITKIAIZDOT N LR BN -o7=, (e)P0798 H T AITKIIBE SN2V
DD, BERERITHT > TR BlE ST~

KR T ADBYREHLREZK 3.1.2-4 12T, WTHNOH T ZAFEHIK LT b BYRE R TIRE &
TR LTz, ZHuE, FEREIR L (1) BAEBCRITIEE ST 00,
WOEIEIT/NEN, Q) BEERITEELIIENT L0, BIEGRERS>T-2TOH T A
AREHZILE T O HER KB SN2 b DT, #iH. 2 2OZR T LD L 5 REBYRERDOIR AR
o lebD L ETE D, o, BF T A MERAT 7 A OBYRESRT Li,0 IINEIZBEIFRZR
Dy b TN EoIcb R 5A (X3.1.2-5) . CSZG1 <° CSZG3 IZBIZR S =& ia<oHr
HPNZ L D2 BVMRE R AR T ST 2 ER G WETE Nz, ZRIETO/KREN B, L0 N
BIRFEEIT S B 720,

T 74—V RRFETIE, CSWEELTA NEEBEAT VLV AX Yy = AFITEEO, @i — &
JESRFETHIP LB L, Bk L7=® > (HIP EfbiA L BEd) Z2EBbiADRES L TREL T
Do £ T, Al 3.1 1. WEMBEEY ORI 7 ABE R (22— FRBR) | ©oF 3.1 1-
10 (278 L7z HIP [ELRIZOWT, ZOBRER AL EA T A MNERAT 7 A L [FERIC LF & THIE L
7o TOFEREK3.1.2-6 (2787, HIP ELROBRE R, B4 T A MO 7 2L 0 HbF
MITIEN B D TH o7z, HIP [EILEICIZTEA DELT A b (Fr A VA b)) FE-TELT, 8
FA (albite) Z X LD LT DA RPDDBAR L TWDHZ L. X, ZOWREE I T T A R4
HIZIEMDR LT D THDH Z L3, XRD L OVE FHMEBIEIC L VLIRS TN D,
7t~ T, HIP E{LAR DR NWEYRE R T, MM E O R —ERRE TH 5 LR TE 5,

#3.1.2-1 HFHHT T A0/ (wt%)  (H29) [2,3]

Nay(AlO,),(Si0,)4 * 3(H,0) Na,B40; Li,O Ve R S
CSZGl1 70 30 - 1100°C
CSZG2 65 30 5 1050°C-
CSZG3 60 30 10 1000°C

SiO, B,03 Na,O AlLO; CaO | ZrO, Li,O Z Ot
ISG 56.3 17.3 12.1 6.0 5.0 3.0 - -
P0798 46.6 14.2 10.0 5.0 3.0 1.46 3.0 16.74

CSZG: B U LWAEL AT A AT A
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- 08

05 §

o4

03}

02
0 1000 2000 3000 4000 S000 6000

B (us)

X3.12-1 L—H¥—7F v 2 ERIEEE K ORE OIS

Nd-YAGL —H—

h—ARUE

% 3.1.2-2  H T ZFZBHE D7 6 D A4 K E K OBV LT
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(‘ (. ('
(' (e).

3.1.2-3 KFEH T AREIOBEE (H27-29)
((a)CSZG1. (b)CSZG2. (c)CSZG3. (d)ISG. (e)P0798)

3
+Li20: 0%
25 | mLi20:5%
4 Li20: 10%
§ +18G
. 2 - eP0798
£ L]
.6 | o A
71.5 ul + A ﬂ : °
g 1 ™ o $ ¢
|
05 +
0 1 1 1 1
0 100 200 300 400

BE [C]

3.1.2-4 BT A OBYRER (H29)
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m25°C

EZBE (W/(m - K)]

ot
o
T

Li20: 0 Li20: 5% Li20: 10%

X 3.1.2-5 BMmiERO Li IINREEME (25°C)  (1H29)

3
+Li20: 0%
25 | mlLi20: 5%
- ALi20: 10%
< )
. 2 | eHIPed Cs-chabazte
£ o
= o
é 15 | m " A 2 4 “
< %
L . -
B o1 +* o ¢
P k3 g
05 +
0 1 1 1 1
0 100 200 300 400
BE [C]

X 3.1.2-6 HIP [k & AT A MEEAT 7 A DBRER (H29)

(2) B=EERD M 5+E (H27~H29)

AT Crx, Fhk & PR CTh 7B /157 (Molecular Dynamics: MD) 725 & 4 7 A DR E R
ZEHME L7z, AEEIIYAT A MAMT 7 A28 L2 b0 &0, ZhE TR
Pedone DB L7z MR T v o v VBB A > TBMRE R A H L, FSHRICER LR T
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VU NVEEIIUTORXTREIND, T 2T IXEMN. rIR RS, e IXFER. D, a. o
CIEART XY W/NT A —=HTH 5H[4],

UG) =242 4 py [{1 - emeurm 1] 4 S (3.1.2-2)

riz

ZORT VX VEETIEA A BRIIERERTD 60%E LTWD, RELY 7 A DBYREROFTE
LB L 72 DR TR (ZZTEAFY) ORT Ty W RTA—2 %53 3122 [ZFE &,
BB SRT, JEE MD i (NEMD) ZFIH L7z 77—V =Hl% & & ICE5H L72[5], NEMD &
TliX, A==t DO—2DOFHRIIREAR Z L, RN RE AR G725 2 & 2 FH

LTEVBEEMRESND (Z—Ux[l) . &z FMOBRRET 5 LkONTREIND,

Jo=-2(%5) (3.1.2—3)

MD FHHICE T B H T A%, IR 5000 K, (KR E DM T THYICER L%, 2X107 K/s
OEETROBEZ 30K ETFTFDHILICLVER L, SIENGLERDZEFT A NEBAT Z
2D EF 3.1.2-312F L%, Nol ¥ 7 CSZG1, No.2 1% CSZG2, No.3 |% CSZG3 D
R3S LT Y . Nod 1% LiO FIIEA 15 wt%, No.5 1% Li,0 D8 ¥ 12 Na,0 % 20 wt¥%H i
LizbDEoTWS, £, EFRTHEMLEZEAL T A FIE-9 IV EEENHTHIT, £FD
TLHEDOBEZEEL TN DEEDE LTHo7c, No2 o7 DA —_R—E %[ 3.1.2-7 IR
¥

B 3.1.2-8 IZBA T A NEMY 7 A DOBRE RO ER AL R, BVEERIL 1.5~20W -
m! - K'ORMICH Y, RBE LT TOER, ZOBEMBI/INSN ERSD, £, (@)
B ~ET NIV AFY (Na LOVLi) OFIMENEINT 5 & Hic, BYRERIE T LTV D,
OGNS TIE, TAB VA A 2O L OEEHREML TWHICHEL LT, BrEROEI
hEWV (K3.129) o 2FED, TABVAFORMEVIBENSRDL L, —KICET 477
AT ELTHEIND NaA T OB EE 2D S8, LiA 4 ORI ELY 527
W, RIS E LD TIH VW LRI D, £ T, LY HEMZRHKD Si0,-Na,0 KO
SiOy-Li,O 7 A ZAEk L, T OMENLRMRERE LIIRINOERE B LIz, SiOTT7 AL T
B2 O0H T ADOKEEZ X 3.1.2-10 127”7, Si0, 7 AL Si WiEiE2 b5 %y b T — 7 1%
(6 ARS8 AR Y) ZF oD L, Si0,-Na,0 7 A TlE, Naldxky hU—7hbokn
TWb, —Ji, Si0)-LiO TiER > T —Z X2 TIEHRNH OO, Li A3 Si W RIZ & 5 FEEE
Mo TNDDONRGIND, TIHDT VI Y A A b sk —(RF BB & OB EL % X 3.1.2-11
127" d, Li-O BEEfIE Na-O HBEIC -~ THE< . Li ORFBORNEN 4 BRETHDLDIZH L, Na
1L 6~8 R & K&V, [X3.1.2-12(a)iE Si WA IZELL T D Na WA &L O Si W E RO & 2R
L7=b D THDHMN, Na W AEIZAE BN L TV RV, —J7, K 3.1.2-12 (b)iX[E U< Li MU &
O Si WiHRDOENL T 2EEGER L2 DOTH DA, SiUHEAIS Li UE A 1-2& Si l#E#S 3
OBNLT DT —ALEWEIETHFET LI EE2R LTS, UEoZ &b, LiA A I Na &
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FCLT AN AFT L THDTHHIOT, AT EEPKIFED LNRNTZD, NalZEH T AxRy
NU— 7 MRS DERIT W E B TE S (% 3.1.24) [6], X, AT ADERERITENT,
ZOHNFETHDL 74/ COHBITRII~Im U FEZEZLNTEY[78]. ZiUIH T AD*x
v MU — 7 EAERT D/ NEAL S| R RDSBRIRICHEG L TV A RESEETHD (X3.1.29%
M) . %o T, MDEHEBIE, LI Na i E SN 7 AOBREROK FIZHG LianZ &0

HEMNE 7257, LFIETEH

K0, 7 AR O

ENTBATA MR T 2 OBYRERO Li UMK AR, Li #900

B8
2

#3122 BFLvwnsT 2—4 (H29) [4]

WRESEMLIEHRTH D LEFTE 5,

D [eV] a[A7] to [A] CleV A" Reference

o'%o0"? 0. 042395 1. 379316 3.618701 22.0 Pedone (2006)

Ssi**-0"? 0. 340554 2.006700 2.100000 1.0 Ibid.

zr**.0!? 0. 206237 2. 479675 2. 436997 1.0 ibid.

B'%.0"? 1. 169075 2. 775623 1. 508041 0.0 Arima (2015)

Al'%.01? 0. 361581 1. 900442 2.164818 0.9 Pedone (2006)

Fe'®.0"'? 0. 418981 1. 620376 2.382183 2.0 ibid

Ca'?-0"? 0.030211 2. 241334 2.923245 5.0 ibid

Li*-0"? 0.001114 3. 429506 2. 681360 1. ibid

Na’6.0™'? 0. 023363 1. 763867 3.006315 5. ibid.

# 3123 BUREA T A MARI T R LA A% (H29)

o7 0 Si B Al Fe Ca Li Na
No. 1 10015 2500 1892 754 112 83 0 1590
No. 2 10842 2500 2038 754 112 83 1144 1662
No. 3 11807 2500 2208 754 112 83 2478 1748
No. 4 12946 2500 2408 754 112 83 4056 1848
No. 5 12775 2500 2650 754 112 83 0 4836

# 3.1.2-4 A AP (A) LRI (H29) [6]
CN = 4 5 6 7 8

Li* 0. 59 0.76 0.92

Na* 0.99 1 1. 02 1.12 1.18
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3.1.2-7 No2 B> 7 (CSZG2 IZXhin) DA—X—F)LDAF v T g b (H29)
(F Si, /KB, JK Al, 7§ Fe, % Ca, #kLi, ¥ Na, 7% 0)

< [W m T K]

PpIEER

(©

_{ii_

| | | | | | | |
0 300 600 300 600 300 600 300 600

B K]

X 3.1.2-8 BATA MNaMA 7 ADOBMESR (H29)
((a)No.1, (b)No.2, (c)No.3, (d)No.4, (e)No.5)
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25 | +300K

HIZEE (WimK]
o
4

1 2 3 4 5
AFES

X3.12-9 ¥4 T A MEGY 7 2D TORRER (H29)

3.12-10 FFEAT T ADFRy MU — 7 i (H29)
((2)Si0,. (b)Si0,-Na,O, (c)Si0»-Li,0 7 Si, #% Li. 3 Na, 7% O)
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6 24
a b
(a) ] ®
1) —Li-0 20 -
=4t 16 |
b =
&= 2 12
#® 7] =
T n
ﬁ 2+ 8
1t 4t
0 ' 1 0 L
1 2 3 4 5 1 2 3 4 5
A7 eIREEE [A] A7 FeIREEE [A)]

3.1.2-11 Si0,-Na, & O Si05-Li,0 # T A D (A0 BRI % (a) & BAA7 2 (b) (H29)

(a) (b)
50 50
= x
—40 — 40
4o 4o
i o
= 30 = 30
n n
= [
¢ 20 < 20
£ *
E 10 'S 10
0 7}
0 0

3.1.2-12  Si0,-Nay(a) 2 ¥ Si0,-LiyO(b)H 7 A D Si U R ~DENLE S (1H29)

S5 XM
(1] B[RO A, TL—FT7 T v 2RI L DBPERCERRE ] , miRTaEE, 34, (2008 429 A).
[2] Y. Inagaki, T. Kikunaga, K. Idemitsu, T. Arima, “Initial Dissolution Ratio of the International Simple

Glass as a Function of pH and Temperature Measured Using Microchannel Flow-Through Test

Method,” Int. J. Appl. Glass Sci., 4, 317 (2013).
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[3] M. Guerette, L. Huang, “In-situ Raman and Brillouin Light Scattering Study of the International
Simple Glass in Response to Temperature and Pressure,” J. Non-Cryst. Sol., 411, 101 (2015).

[4] A. Pedone, G. Malavasi, M.C. Menziani, A.N. Cormack, U. Segre, “A New Self-Consistent Empirical
Interatomic Potential Model for Oxides, Silicates, and Silica-Based Glasses,” J. Phys. Chem. B 110,
11780 (2006).

[5] F.M. Plathe, D. Reith, “Cause and Effect Reversed in Non-Equilibrium Molecular Dynamics: An Easy
Route to Transport Coefficient,” Comput. Theor. Polym. S., 9, 203 (1999).

[6] R. Shannon, “Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in
Halides and Chalcogenides” , Acta Crystallogr. A32, 751 (1976).

(7] FaEER—, /NHEY, Foki@k, TR T 2 OBGIHER, HEG JOBREROHEE
X, AARGREYREE, 65, 680 (2001).

(8] Fallfli, MRS 7 2 DBMREHFE] |, Netsu Sokutei, 39, 106 (2012).

3.1.3 BRA T RELAR DL F R AEEFE (H27~H29)

KRB TIE, R0 3 LIS THER LT T ZERED 5 b, T ZAWEM L Cs EELR
(95%Lh 1) OmE LT D07 AELIED WL SO TE RO IAfFARBRE £ L, T
AVRRIEE 2 E R LT, H T AWRIRIEE OFRRE & 72 2 FIIVAREHE (ry) O pH {KTEME (H28
—H29 FRRE) | IREEMKAAME (H28-H29 ARJE) ZMIEFAG 5 & & biZ. I T REMET ORI
FEAKEAANE (H28 4EE) ZWEREAM L7z, £72. /oM T AEMHEE O R Z Z N E Tl
WMEINTWDE LAV T AEIROUEFRRE T — & & Il L7z, Iz <, EEM (=
74—V FR) THERL L7z HIP BEABIRIZ DWW TS PR EE (r) ZHIE L. AAMTHERL
7o 7 AEAR & PRl REm L 7=,

(1) 5 RELE O WA #Z R E 0 F1E

77 A ECAROALFE T AME O TS I3k % 2488 H 0 . BIZIE U CTER D OFREE % 1 1)
WA DR TRANRFERA L ETH D, TOROEEREEO—DII, 7 AEBIE LS
IFI K & Befil L 72 BR D 1 T AR OVEIRIERE T 528, MR XA 7 AN 2 TR B4
e (BOSTEIROMALpH, IREE, LAFWE, R, %) IS HFE L TEMICE(LT 5, E-> T,
AT AEEAR O ERIR LTI W T, BREERAMT 2 B8 LR mmei i s L & 72 %, L
NUVIT T AFEUCARIZOW T, ZivE TIZE < OEBRI, MRITRONTIEIC L0 0T AR 0O H L
FIRHEAHEED G TRY . 2B Z L OFRERIZESN T, BUEDOHT, F 7 AEMHERE LTH
TFADEEMS THDHT YA (Si0,) O—REMANZIEHE L T 5T ORRREEXPRE SN T
W5 [1],

R= ro [1'(Q/K)] + Vyesidual = 4] (1'CSi/Csat) + Vresidual (313 - 1)
R: 5T AEEMEEE [g/m/d)
ro: VISR (R, pH % o R%0)

Q: A A AGEMH
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K : 75 AYSIRBE O Fx 7030 O -1 78 5

Fresidual . TEAFVRIREE (BRI [1-(Q/K)NWARAE L7 WEBITAMEERE, pH, A
R R, W T ARMMAEEOER, ROSEITE (BefE]) 1I2AF L T 2
EEZLND, )

Csi: ATV VU HIRE

Cour: VEIRVHIREDOVETE ) DIRIE (BFRIE)

ZZC, (O)ROELFE1EHD rg 1 IR AEEE (Initial dissolution rate) EFEEIL, A A
V%%%Q=o¢ﬁb%mfv)ﬁﬁfcg=0®%@&@%Lt}®m%Lﬁ xS 5, W)
W (I 7 ZARKIZEA O (Intrinsic) /AT A= TH V| #ik pH PRI L » TEAL
TN @I A T ABEULERIZ DN TIEZ O pH AR EEARFFIEAFEANC BT S TV 5 (2, 3],
AWFZETIE, 3. L1 H#iTER U720 7 A BEIR D W IRIEEE (rg) 1ZDWT, £ O pH MR
L ONL AR A 2 A E REAG L 72

W T A EUCAR DRI EE 2 E 3 2 72 0 OFEHERBIEIZ DWW TR, 2 E TICE < ORBRED
BREINFEBREOWEICEHA SN TWD, £DOH T b — A2 REREITKE OMCC (Materials
Characterization Center) NIRRT 5 —HOMCCRERETH A (4], MCCRBREIZIZBMIZIL T T
SFEEHORBIENH Y, MCC-UTFEFED 70 5 T 7 A DWRfR=E O ik 2 B & & 5 g
B, MCC-213MCC-1 & ARk DB % iR (110-190°C) THEHMET 23 BR, MCC-313H 7 A 517 K
(ZWIRS 2 0 O KIRE ORI Z B & T 2RI T 7 2 & VT #RRER . MCC-4 1A i H
FE A= MR SR OBIE L L TR 2 72D Ot /K ER . MCC-HITFEF D A2 5 T A DE R
B O 2 DR ITITO 72D D Y v 7 AL —fi/KRBRTH 5, T o ORBRIEITE R T EE O
7 ZADEHEB O LLBEHIIC A TH Y . T ETES < ORBRAER S 1% < ORBRT — 22
BONTWD, LALAERBNG, 2 ORBROILTIEH 7 AEALIRD ML I O VEREREAM 2 24 Z2 72
AT AR O R E TR B 5 B RIFRIT/m ey, BlAE, U7 AEMEEE OpHIKAF
P2 BIES 258G, MCC-1, -2, —3DFRERTE TITHBR P IR HIE O pHROM R AN 2L - % 7o & IEfife
RREITIRFRETH D, F7o, MCC4RBRIETIES/V (I 7 AEKmME iR HRIEFEL) /<R
HHR P e 3R L E O RS L SV o D IERE 2R E IX R FTRE T d 5. m% 77 AWK DLy B

PERERFAINIC 35UV Tl BRAx RERESRMEIZIR T 27 T AWRO=E R L 7 R O B

R LIRD, £ 2T, A7 AEMROERERIIFHEZ B & U TH7ZICBEE S ok v
VTV RAFRAKEREREE (SPFT: Single—pass flow—through) []B IV~ A 7 B F ¥ RLiAKR
Byt (MCFT: Micro—channel flow-through) [2,3]1 CdH b, ZD2O0OFHFETWWINE T T R &
PG T DI DOBEMEERATLE O —EMEICR O Z L2 B E LKA TH Y . 2z Hl
RERBDD DD, Fox RBEERIZIT 20 7 AEMREE O EMRNEICEL TL, ~( 7=
F ¥ RNGARRBRIEDEN TN D, A 7 8 F ¥ R AKRBRIE OB 2 B3, 1. 3-112, £ DkF
8z LU PSR T,

C PRI KD T R EBRBOS T DR OWNE AL E O —EMEI RO Z LA KD,

VT (=R Y) R TAREEA WD Z LX) ERREE (g/m’/d) RO EERELE 7

HRONR B L EMEICRETE b,
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A7 uF ¥Rl (20x2x0. 16mm’) [ZEBWTH T A ERKE LSS Z LIcky, 7
—IRRH T A HNTHEWS/V (F T ARHMIEREE 5o hb,
=R T T ADMERIT LY H T AREEGIE T & GRS T O A VEFEAT 23 AT RE,
- AEE BTN,
o T, AT TIZIA 7 A EAR D YIEIRREERIEIZ~ A 7 v F v RAGKRBIEZ M L.
WAL (r) OREZAT > 7,

R YL 8FvoRILEIL

7507
=5 G —RURH S ZER
(30mm x 10mm x 4mm)
V7 N - il
(0.16 mm thickness)

<« F7OVER+
N 1T F7AYFa—7

_________________________ [

| HSREE A5 ARESH
T E>| |

—> 1 2
| RiGH#EH

- 245 OFvHIL o]l | BRI
R4V )Ry T Size: 20 x 2 x 0.16 mm3
A—rHrTFS5—

X 3.1.3-1 ~A 7 aF v xiKiRERE (MCFT) ORENE[3]

-

(2) AZABEMLEDMEABEERED pH &k7FE (H28~H29)

IR, ko 311 BiTCERIL 72 T REURIED S5 B T AEME L Cs [EELFR 95%
ik (38.1.1. QEIZH) OMEZHMET DN DNDOH T AFEEKIZONT, v 7 aF ¥ x
M AR FRBRIEC X 0 BB A 90 L. PIISARIEREE (rg) OWSHE pH IRFMEZTE L7z, 3Bk
SR 3.1, 3-1 IORT, RUSTRIKIT 10°M KC1 ¥#g & L, KOH F£7-1% HCl R A2 TH
I pH IR L7c, Z2C, IR pH ITREIC L > TELT D72, By latRa— R
PHREEQE % F W=t EAE R DRBRIEE TH D 90°CICTB W THHE pH (3, 4, 5.6, 9) L7254k
ISR L7, BERBRIC LV B o 2 ROCBRER  —EWMEIc 7Y v 7 L, BIRbh o0&
FOWEEZ ICP-MS (FBEFES 77 A~EEHIIEE 75000, Agilent ) ZHWTHIEL, T
AR A RD Tz, T AFEUBRIZZHEOTHENOKRY . TOEHEE (RE) 13RItk oT
BRI DT, IR~ DR RTR L OV & rRm IR D, 6o T, T AEMIEE I 7
AR A B L TR EUSTR TR LA MEEE NR; %2 IV CHHEL L7212, 3], NR; 13457035 O IAfR
WE % 7T A RROVEIEHRE A LTfETH Y . H T APOEKITLHRN T OMBILIZHE > TH Z
AREDHLFFIA (congruent) |ZWEMET 2356, NRIZETOILHE TR —DEE 2D,

NL;

, ¢ 1
NR; [g/m*/d] = AL a7,
13

Y 313-2
S (313-2)
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NL;: i T O BACE B B (%L 7 & Normalized elemental mass loss [g/m’])
At K7 I [day]

Coo o7V 7RO i THEE [gm’]

fi + BORHETH T 25t o i JeREES R [-]

Ve 7Y TR [m]

S G FERE [m?]

IF

#3.1.3-1 AT AELEAIIITE RS (rg) O pHAKIFVERAI OFRBRZEA: (H28-29)

R E ~A 7Ty R PKRERE (MCFT)
Cs(Iwt%) R E B AT A MEFAY 7 A EbE
(JEAK © 40mmx10mmx4mm, ZZif lum DP #F &)
5T ARE - i : NayB4O7 30wt%+Li,O0wt%., VAR : 1100°C
- @ NayB4O7 30wt%+Li,05wt%. @R : 1050°C
- @7 : NaB4O7 30wt%+LiO10wt%, ¥Rl : 1000°C
N pH3,4,5.6,9
BT (10 mol/L KCI ¥£#% : HCI, KOH (T T pH F%%)
~A 7 aF vy RIIVEE 20mmx*2mmx0.16mm
P2 1A 20mmx2mm
— SuL/min or 20puL/min
o (A 7 v F ¥ 32/LH#E © 16mm/min or 64mm/min)
SA/V 6300m™!
R OE 90°C
iz KEH
rans:tlil ~100hr (~5d)
T WAH © ICP-MS 12X % Si, B, Al, Na B I E

R pHb5. 6 DRI IS T D A Ju R OB MRIEEE NR; OWRIERE S 2 FOGSKRE R O B% & L TH
3.1.3-2 10T, KoFEILIEPMA (incongruent) (TIAME L. FAIIAMED L#HE TH % Na, B, Cs
DOBGACTRAEEFE 1T ST IR TEBRE L, VT ARED OBIROICIEME L, T2, IR
IRFE L & BT D 2 N, — . ST OBUMSLEAREE IR X 5 FIRIE—ET
HDHZENyND, WIT, Si @ﬂ%{mﬁﬁ’%i_r# NRg; D ZELIZHOWT, A7 —L&IEKL T
AU R A 3.1, 3-3 12T, Si DY RE I TRERIIM 3 B HLURIZIE —E MR T 5
ZENGMND, TIZT, SilEAHT AR 7xo>£%i%5z;mef&> V. ZOEWMIREITT T A
~ NU U ADOMREE L R+ 2 LN TE D, £o. KISHBREERT O ST EEIXOTRE ppb 4
— X —T®H V., FIfID 3. 1.3. 1) AU MR O SiRE (BIARE Chun pH5. 6, 90°CT
1L~180 ppm) (ZH_T3HLLE/NE W, - T, 3. 1.3. )X ofb==E ) DHE [1-(Q/K)] %
1 &R, 2o Si gl GURBI 3 B B IO —EME) & W INEMEHEE rp & R 92 8
NTE, ZOMMEIT0.44[g/m?*/d] & 7p o7z,
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25

15

NR; [g/m2/d]

1.0

pH 5.6
90°C B Cs 7
® Sj
* Al
.... |
...-.
.....I..I o

*

.
%% ,0000000000

1

Reaction time [day]

(3. 1.3-2 48 ROBHALHAATE NR, DWRIZ(L (pli5. 6, 90°C)  (H28)
(Cs(1wio6) A AT A MHEA T A BCH (A NagB,0;: 30wtth, FFRHELEE 1100C) )

1.0
pH 5.6

08 | 90°C )
)
T 06 o ;
@ ........... r0=0.44[g/m2/d]
g o4 - ———1*“1““77

02 |

0

Reaction time [day]

53,133 Si OMLHMEERE NR OFFEIZ(L (pl5.6, 90°C)  (128)
(CS(IWt)RATE AT A NARAA 7 AL (B NaB 0, 30wth, VXHLELEE 1100C) )

FIBRIZ LC pH3, pld 35 & OF pHO (23503 2 GUNRARREEE (1) %Ki, ph5. 6 RS L AT
3. 13-4 1 d, KICITEZ, ZRETICHE SN TV D8 L7 ZERE (EEREETE 6
R 7 2 1S6) ORER[B] B LORLTNS, MED ., WIFROAT A E(LAES
VAT R (1) & A OWIEAREES R L, $72, pid 2B L% [V-shape]
D pHARIFMEZ RS 2 E My oT, £12, Li0 I LA T AFEALKIZEIN L7224 5 A [
(AR W T L Y G C IR DG < . FRPEREUS T ICARMEE 205 < 725 = & 284
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o7, 2, BANCADE GwtWfEE) O L0 2T 25 2 & THRIENSL 7V h VPO 42 pH 128
V2 IR R BE DO MEN e bK< 72 D Z E N3 ro T,

1
05 ¢t i
T 0| ]
&
5
— -05 | -
S
o
o 4L __ ISG(EEEE A EEHR) |
(Y.Inagaki, et al., 2013)
€ Na,B,0, 30wt% + Li,O Owt%, 1100°C
1.5 ¢ ® Na,B,0, 30wt% + Li,O 5wt%, 1050°C
A Na,B,0, 30wt% + Li,O 10wt%, 1000°C
-2 ; ; ; .
2 4 6 8 10

pH

3.1.3-4 AN T AEUCEOWIAEREELE  (r) O pHARAFYE (90C)  (H28-29)

() A RAEMEARDOMEBHREDREKXRFSE (H28~H29)

TR, ko 3.1 1 EiTHER L 72 T AR D 9 B 7T ABE ML Cs [EELR (95%
PLE) oz ziie 35 2 EO T T AEALIRIZOW T, fjifl & [k~ A 7 2 F v 2Kk
BRVEIC L0 BB A FEhe L. PIINVA IR E (rg) ORERFIEZNE Lz, RS2 E
3.1.3-2 12, BonMliafipdEL27 L=y A7 ay b & LT 3.1.3-5 [ORT, MLV, fl
FNZ L0 I L7207 ZFEAR D PIIEE R 1L, 90°CITR W Tidm LL i 7 A [EARR
(ISG) LIFIFF U TH DM, 50CITHBWTIT ISC (TN T—HIFEE /NS WMEA RS 2 & 30 h
o7z, —Ji, L0 & Swt%ishl L7 # 7 A BEULR O P IAfREE X, 90°C & 50CHO W T iz
TH ISC TR T—HRRE/NSVMEZRT 2 ERNgholz, ZOZEnn, @A &E (Gwthfz
) D L0 2T 5 2 & TH T ABUEOMAMEN T REICH LT 52 &R nol,
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#3.1.3-2 A7 AECEOIHIABREE  (rg) OIREEKAFIERIA OFBRSA: (H28-29)

BRIk ~A 7 aFx KR ERE (MCFT)
Cs(1wt%)W & B4 T A4 MA@ 7 AELIR
5 2Btk OBk 40mm>10mmx4mm, K lum DP #fF )
g - FA : NayB4O7 30wt%+Li,O0wt%., VAFREIEFE : 1100°C
« @ NayB4O7 30wt%+Li,05wt%. @R : 1050°C
N pH9
B R 3 S -
(107 mol/L KC1 ¥&¥% : HC1, KOH {Z T pH #fi*%)
~A 7 uaTF v RIVEE 20mmx*2mmx0.16mm
a2 1 A8 20mmx2mm
. . SuL/min or 20puL/min
BDIBL N . . .
(w4 7 v F ¥ Hi#E © 16mm/min or 64mm/min)
SA/V 6300m™!
RO 50, 90°C
HEK KA
rans:tlil ~100hr (~—5d)
i #W&HH : ICP-MS 12X % Si, B, Al Na & H|E
1 T T I I I I | 1
__ ISG(EBE#Ee MO BHHIR)
0.5 oo (Y.Inagaki, et al., 2013)
T m B Na,B,0, 30wt% + Li,O Owt%, 1100°C
— A Na,B,0, 30wt% + Li,O 5wt%, 1050°C
E O Lo e 29947 2
N
=
S 054 -
— N
N
o 1L i
8 1
S Y 5% RN SUPPUTT  SOTPIURURPRPRRPIRION USSR
N
A
_2 1 1 1 1 1 1 1
0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.4 0.41
1000/RT

4 3.1.3-5  45FEN 7 AELARDOPIHEMHEE (rg) OIREERAFYE (pHI)  (H28-29)
4) A5 REMEHEBREHORILETFTESIKENE (H28)

T, R 3L L1 EITER L= T AEARIRD 5 B Bl 0 Nay,B,0, 30wt%., AR
1100°C DM THERL L 72 4 7 AELARIZ DWW TR fRRABR 2 i L, H 7 ARMBEEE ORLIE TR
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PR A 2 34l U 72, 3B SCZRPHAC ORI (7 /v =2 95%+ /K3 5%) TRA A TE#H L
7mEZER o —7 Ry 7 A (UN-1200L 4 UNICO ) WNTHfEL7-, 7B, Fu—T7Ry 7 AN
(ZITATEI THWEZ~ A 7 v F v RVFUKRBRIEE 2 RET 2 Z L8 Lo, MCC-1 RUBRIEIC
YERL U 7o ek 2 920 U 7z, 2 AU RIS U CRRML SR ST O F i aliiR | R RR O S R 2 K
HCEM L7z, BBRSGMEEZ K 3. 1.3-3 1277,

# 3.1.3-3 I T AELAES AR E) 0O B L& oI5 PR SR A PERTAT O 3B S  (H28)

B IE FREOTA M RUER (MCC—1 (2 YEHL)
BATA MEES T R EIL
777 ARE Ok < RiA% 150-300 w m ByR, LK EFE : 0.088m”/g)
« FA : NayB4O7 30wt%+Li;O0wt%, JAREHEE : 1100°C
B R 10 mol/L KC1 %A% : pH9 (HCI, KOH |2 T pH #H%)
[, WK b 1g,/100 ml
SA/V 880 m™
B 25C
- bR A 0 KEH
/;;i\‘ SNpog, — = N N N
HILEPR: (T3 95%+/KHE 5%) IREH A
SR 191 e ~190hr (~—8d)
ST {ZAH : ICP-MS |2 L % Si, B, Fe IR EEHIE

HT AR 2L a=THITLF TR L AT L 2B A v 2 2 & VTR 150-300 um D
M AIRICHERL U7z, & O R mfEIX BET LR EAFHC X HHIE T 0.088m*/g Th o7z, WIT, K
SRR A LT O X 9 IS HEfif LT-, IBnRPHR COWwMRER X, £9. (T3 95%+K¥%E 5%)
BETATEBB LT 0 —T Ry 7 ZANITHA A 2K 2L ZFEERIARY 7a v L U RIBRICANT
WAL, Ml LTAREA vy v a2\ A LR, ZHAET A IFTR-AT T =2 N CHRIBEG T A
TR BERIANT Y > 7 24T 9 F A AL KFPORTFIEFZL L O BLRFELRE L, RIC,
pH A —%—& Eh A —%— (ORP EME : Pt/Ag/AgCl M) % 7 —7 Ry 7 ANITHA L, T
VU T#HOMA A KO pH B L OEh ZHE L=, ZOfEHE, pH=6.96(24.5°C), Eh=-320[mV vs
SHE] DER G BT, ZOEZK (H0) OZEIREBRICT 7y M LIEMREEK 3.1.3-6 [T,
ZIT, KOREBBRIILLTD 2 5O THRIE SN D,

1

EOZ(gas) +2e” +2H* = H,0 (3.1.3-3)
1

H*+e™ = EHz(gas) (3.1.3—-4)
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1.5

25C

1.0

[AEPOBAF K |

[ iU T ROBAA K | 1

05

Eh, V vs SHE

0.0

pH

X 3.1.3-6 /& (H,0) OZEIREX

X b ofiEshoo Eh (FALETTEA) I TRIETOBMS ZRTHEETH Y, R, K& |
(HAD TR bR, NSl () IR FEERTHL L EaRT, MEO AT Tk
DA A 27K D pH/Eh 137K DL E T IRATIALE L, AGIE L0 R IE o35 PR 2 MR RGHER ©
LT LN mole, £l BIEFEAKTH L RKH (Pep=0. 2atm, P,=0. 0004atm) THIE L7z
fiiA A 7K@ pH/Eh X, pH=5.65(25°C) . Eh=+750[mV vs SHE]FLME CTHWVEILEHS CTH Y . R
LIRS &R ITFEFHRDOEE DA LK EHT, T DA 4 L KIZZENZE I KCL 3RIE AV
%éﬁflﬁMMﬂ%ﬁkb\é%:mmﬁ%%%zfmm:ﬁﬁbto_h%®ﬁmﬁﬁk%
W7 AFEE (ARR) &7 7 v VEEEIRIRICAL, B, BIrofREKICB W TERT
@%%%%ﬁ%%ﬁotoﬁﬁﬁﬁ¢ *E@ﬁﬂ’ﬁﬁ%ﬁ@ﬂm%%@mb Fro. RIS

D—EB & E L CHILHEDPERE % ICP-MS 2 AW CHlE L, RAUITR T4 7035 O L B
9%(Mﬂ ROz, ZIZT, FREOEFRITAE (3.1.3.2) XEFELTHD,

) 1¢; Vv
NL;[g/m*"] = 7S (3.1.3-5)

7 AFERICE ENDILFED I B BEETTRFERIC & 0 BRE(L P AL LR )
DEALT D FREVED & D ot (redox active element) (%, B4 T4 oD EEFMKSE LTE
ENDFe (BF) OATHD, Fe lZM(LFFAK TIX Fe(I11) OELIRREZ & 0 KITKIT D IEARIE
I TRV S, SR ICIRFAS Tl Fe (1) ORRLAIRAE L 72 ) Fe* D LFTE Th HRREOIRE £ TR
f7Cc& % (pH9 TIX 10%mol /L FEE) , Fe i34 7 AMEALIAH T Fe,05 (Fe(111)) DALZEIE TIFAE
LTHY ., BILFEHK TOBEMBRBRIEIC N 7 ARE THSCNISEITL I T Fe(ID IZ2UEX,
T A D DEEFRIEE I X OVEME R DB ROGE IR THEINT 51337 Th 5, E-T. =
ZCIE T AEC IR OB RZEE) & L CE OB ITHE TH D Si, B &I Fe DEEMIZHER L
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THEEIT>T2, 723, NL; ORMICHTZVEBA T A b D Fe &4 &El1E Fe,0, T 4. 0% & KE L7
(6],

FRALIRE T4 T AU C DI RFABRIC 35 1) D ¥k pH & Eh ORFEZE L2 X 3. 1. 3-T TR ¥, ks
PHA D RBR CIXRBRMIIICIAR pH 28 7.5 £ TR F L7228, ZHITREH D Co, BWIEIEFIZ -
KYVEBEMLIZTeDEEZOND, —F. BuUFEHKORER CIXEIK pH 230D F 22 EH L7,
THUIHA T AINED Na DIEFRIZE DB D EEZ BID, FHK Eh 122 T pH Z{kIZiE U Th
FTICEA L, BLET DT ROFRAR bR P Icblo o TRAICHERF SN TN 2 &
DD,

10 T T T T 6001 e o © o ° °
i B g B )
9 . ..................................................................................... | 400 e -
E DO v veee vmeees e e 4
8 o P PP - (jj:)
T [
D. . . . . . > O e -
>
T [ e s o é
pr—— L0 ] e R ]
B ETRER L —wmm e
= [ = HEXHFES
S R -1 | o Bt B
S Qe e -
T LI ] "
5 L : L L 600 | | | L
0 2 4 6 8 10 2 4 6 8 10
Reaction time [day] Reaction time [day]

[X13. 1. 3-7 RfbiE T4 XA C ORI 31T 5 IEiRpH/Ehd BERTZE (L (128)

FR{bIE T TR R C OB IRBRIC I 1T D A e R OB L E b & (VL) OREIZEL A X
3.1.3-8IZR T, ek DRRIC, BITHFIHRDOBEIERBRIZI N TH 7 AN OFeld I T AL H THX
MR SN TFe (ID 2R AUE, T T A0 0 OEMRIEE B L OB E P BREIRHK OS5 EITHA~
THEINT 2133 TH D, K3.1.3-8L 0, FeDNL; DI ZB{LETHEAR T TS L. WIh
DOFFFARTHME FERAUT (IR TL0® mol /LARE) FIZZ L FOMD TRVME & 720 |
] F5% P UM CYRIRpHIZ D DE VR H 2 b DO O BRLET R RIC K& 2 I 72E O 3R T & 72
W, o T, BIEFEARICBWTH AT AEE TOFeDIZILSITMD Th o> < 0 & LT
P KREIEFe (IT1) (Fey0,. Fe(OH),. FeOOHZE) & LTH T ARMEICHTH L. T 20D DORME
B R KO RS IR R PR L FRR IS TRV & o & S iz,
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100 T T T T T T T 100 T T T
BIESES =ITHES
. .
[0 )] E— B R T A0
] m B s " " I
Y e Si ] ° ®
§ ® Fe
O) 1 b e e iias + e e eeaeeaeiaeieeieeeies eaieaeieesins . 1 ‘
= . . g i
.| ® i B
Z [ e Sj
P ® Fe
01 beeeenns ? ........................... f .................... f ............... - 01 o e e e e et e et e e e e e e n e e e e e e an e e e e e e eeeeeamee ]
FeRt TR | Fetg i TR
0.01 L L L L 0.01 L L L I ! . !
0 2 4 6 8 0 2 4 6 8

Reaction time [day] Reaction time [day]

3. 1. 3-8 M{LiETA TR CTOBMRBRICB T 2% cEORBKBIVEERADE (NL;) (H28)

(5) ZERIHETHER L -ELARRHOMEIAREEE (H29)

Jeik 3. 1 18 CIERL U 7= SRS BI TIERL L 7[R D 2 B, =7 4 — /v RRFZETER L
7ZHIPEEAA (323.1.1-10, [XI3.1.1-8) 122>\ T, ik T AEALIK ERERIZ~A 7 2T ¥ %
IR ARERERE 2 - CHIINA RS (rp) ZE L7z, ZORBREMFA RS 13-4 1T 7, 72
B AU TNAAVyYa sy ROTHERIULTEEER D 7 A 0 7 AEREIZ SO\ TR, 2H0 7
7 v I BROERBHFIET D720 FIM . v A 7 8 F v RAGKRBRIC SR Ig e K i &
"BHZENTE oz, WEIXEmRTE 2o T,

7<3.1.3-4  HIPEMLARWIEIS MRS BE (rg) FEAMOFERSME (H29)
BRIk ~A 7Ty R KERERE (MCFT)
HIP [E1{L A
S AR HIP i : 1250°C, J£7) : 110MPa, KEfE] : 4h
(AR : 40mmx10mm>x4mm, FE 1pm DP A %)
N pH9
IS

(107 mol/L KCI ¥4 : HC1, KOH |2 T pH #{%%)

~A 7 aF v XVEFE

20mmx*x2mmx0.16mm

2% AR 20mmx2mm
it IR SuL/min (%A 27 &2 F ¥ RX/LHPHGE © 16mm/min)
SA/V 6300m™
RO 90°C
FHX REH
rans:tlil ~100hr (~—5d)
BaKily ke - ICP-MS 12X % Si, B, Al Na &
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HIPEAV AR D WIHIAIREEE (rg) DOHRIERE R ZH T ZECIEOREER (X3.1.3-4) L&bETH
3. 1. 3-91Z7” 9, HIPE{LARO IR MEE 1L, 90°C, pHIDSAMFIZEB W TR R D H T AFEALIK
CRIFRE LR D Z RN 05, B, AHIETIEAS%1T90°C., pHID D B DIE Td - 1278,
N

L1813 F DO pHIEAEMECIR (R fEE 2 3145 & & BT, HIPFEALIED & DCs DIRFRZEFEENIZ DUV T
HEEAIC T2 Z L NMETH D,

1 T T T T
A
05 | |
&
8 A
> ol i
2 [ |
A
b '05 - ® O 1
O ¥ -
o __ ISG(ERREEE N REASR)
o 1 (Y.Inagaki, et al., 2013)
<> Na,B,0, 30Wt% + Li,O 0wt%, 1100°C
15 O Na,B,0, 30wt% + Li,O 5wt%, 1050°C
’ A Na,B,0, 30wt% + Li,O 10wt%, 1000°C
B HIPE{E{& (Uos)
-2 ] ] ] ] ]
2 4 6 8 10

pH

[X]3. 1. 3-9 HIPEM LR DA EE (r,) (90°C, pHI)  (H29)

S5 XM

[1] Civilian Radioactive Waste Management System Management and Operating Contractor: High Level
Waste Glass Degradation. ANL-EBS-MD-000016(2000).

[2] Y.Inagaki, H.Makigaki, K.Idemitsu, T.Arima, S.Mitsui, K.Noshita, Initial dissolution rate of a Japanese
simulated high-level waste glass P0798 as a function of pH and temperature measured by using micro-
channel flow-through test method, Journal of Nuclear Science and Technology, Vol.49, No.4, pp.438—
449(2012).

[3] Y.Inagaki, T.Kikunaga, K.Idemitsu, T.Arima, Initial dissolution rate of the International Simple Glass
as a Function of pH and Temperature Measured by Using Micro-channel Flow-through Test Method,
International Journal of Applied Glass Science, Vol.4, No.4, 317-327(2013).

[4] Material Characterization Center, Nuclear Waste Materials Handbook, DOE/TIC 11400, Pacific
Northwest National Laboratory, Richland, WA, USA(1981).

[5] B.P.McGrail, D.K.Peeler, Evaluation of the single-pass flow-through test to support a low-activity
waste specification, PNL-10746, Pacific Northwest National Laboratory, Richland, WA, USA(1995).

[6] L.R.Eisenstatt, Description of the West Valley Demonstration Project Reference High-Level Waste
Form and Canister, DOE/NE/44139-26(1986).
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3.1.4 BRA S RELKRMERED L ETME (H29)

2T, AR 1311 WAEMBEYOERY 7 AFEERER (a—0 FRBR) | 13128
Aty o A ECIROBIRERAIE ] (3. 13 a7 2 ELIR O L 2RI AMEREAT | OR300 b
A 7 ZECSR: & ECRTEREDFIBI 23T L, £/, #Bibo 13,2 WaEMBEEY OIERY 7 A
BALSME & EALR IR Of R EAbE T, 77 AELRORE, RE. LD ORAR
BLED O R R 7 AFEMERIF 2T L7z, S 612, ®EM (=7 4 —/L KK : UoS, A
ARYT ALy Yy Ry ICL) CTEME L7z HIP B b3 X OA w7 &7 A B 7 7 A EAL O FET
R LG OE T, Bk, RE. L5 OREBIBLED b WA BEIEY O i 7 BV 715,
b Sk 2 FFAm L 7=,

(1) ASRYEHE, REERELD-OHDARS S RELEH

WM BEIEY) ORI T ABMICHT= 0 | ETIEDITRFIT R E FFITE e H 7 A E{bE %
ERICE 5L THY, /2, Cs R Sr LWV o MR Z 77 A ELEFICEELTE D 2
ETHD, WMEE T IIREBEHTOBY KL THRAE LIEWEMBEEY (T ¥ 3P A k
1E96) DIR@H 7 AEULIRICOWTIX, [T A0¥EM) & EREEE(EER] (I2BET D EHRO
K& 2ikBR - BN D WEYIZRART T AEALSEE L CUL RO EN N D,

-ﬁ?x@ﬁ:Mﬁ@@w%&E)+mpitimwmﬂw%)

. ”?%Eﬁaﬁ?- 1000-1100°C

VRFREER © 30 433 HERH

JSPEREFR O B BRI OV T, BEEOSRMICE W T Sr 13iF & A SRS FELA I EEL
EnBHn, XA T ARAFIOTIEOHMN, WRHEE O LF. WA OB E & b ICEREN
WA BEEEIBAT D, /o, Cs OFEFRE (FFEERE) FEEoRE S (EREE
TILEFE) I KTE L CEM L, BUREN/ NS WE S/V (REFE/ARE) R RKEL<72D, Cs D
BT 5, #-o T, Cs fRE (FIXFEEE) OB RmNTEM 2 IC, @Al ORI,
VSRUREL . TR, BRI O R E S % LR Mo CHEUICHE ST 5 2 L AEETH D,
7 ABJEVEC OV TIEREAI TH D BT v A hOEITED & Lbic, 7 Ahoxi
DAERNEEE 725, ZOKIGILEICHEHF E LTIRINT 5 REEE (Li,0 383X Na,0 TR &
LCHINT %) O THRAET D CO, HWANES L THERIND, Li0 & Na,0 &t L7255
Li,0 OFFNH T AR E FITEMA 7 ZAORME2 T T 7 APOTAOBB 2 RS 12T
DENEBRKE L BRI OAERZMHI T 2REBRENEEZXOND, - T, f@AlE L
TiX Li,0 o RERTWD, £, KUAOAEREZIEITL5HEE LT, 7 AB@M7 et A0
WP CHERNEE L BARVIRE (T50°CREE) CT—EMBRFET 52 b AU TH D,

2) HEBZHEOH RN S DBEMA Z AELEH

KEROT T AEUERORIEIZH T2V HER RO —D1F, WRHEE F 72 I3AERE MR 2 &
Tdh D, BENMIUTITRGEEREM B O L2 T, FHEARS Teetbm, £, &
AT Lx2xNF—HD THD, £7o. BEMEEEO B LAE T ~DOEELR b EER R L
Do [HIEAL T E 2RV EEAE I [AIY Lfﬁﬁ?lft*fé%%ﬁ&)‘o RUER R A OO WHE L 22 0 VT IR BETE
VORERZMEIT2BANOEERFM L 2D, AEORHMEL Y . AN Li,0 20 8RNY
HZ LT Cs BEEREGmSRoTZEERWAIEKE 2 50-1000C T 5 Z LR FRETH D, - T,
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FRRNREE OBLE D GIE T 2B T 7 A FEbSRE & L CLL T ORUEREN N D,
« HT7 AFA : Na,B,0; (30wthFEEE) + Li,0 (2.5-10wt%)
- VRERIEE © 1000-1050°C
- PERRIERE] ¢ Cs BT O BE AR 2 SRS . BRI OINE, WRNEE ., walrmE. B RO
K& )5l

Q) BIEARDRE. UHrOHERALILDBFRA S XELES

il U7 T T ZAERE ORE B L OEMAZIZ B W T EE B L AMERE L, BE{bERDOFEIC K
DIE LR ZMMA DD OEWEMREME L | RHIMICHTIZ 5 REK & Ol D@ (b5
MAMETH D, B, KRB THWZR T T AT 7 ZIARERNALF I ANED @ WA BT H
Do LoV EBE Y O ERERIC b SN D MBI TH D,
BELIRDBYRERIZOW TR, ADROFHEI LV . H T XL FBURFEEI/ NS < —T50 A
7 AP ORIAR B OFAIEIC LV BVEER ML T2 Z LB noTnd, - T, TRl
TR DL DI NS T AFbSR 2 RET D MNERH 5, £, ALFRMAMEIZ DN T
%, FORED—>Th 2 VIR MEHEE OO, WYIRE#M T 7 AEbEM & LT T D4
FEDNE DD,

« 7 AFEFH : NayB,0, (30wt%fefE) + Li,0 (5wt%fLfE)

- VRERIEEE © 1000-1050°C

- ERREER : Cs TS QM RR AR A2 S5, RAI ORI, WRNEE ., WRREE. Bk o

K& I Bl

(4) #a & 5T

AR TIE, B EE R I BAOGY AR TIAE LS M BEEY (AT v 31 b
1E96) DOLEFLEMELE L TR ZA WA T AL DH T AELA2EE L, T OEbEMt:21E
BOBENOREENCEHE L, KR EEEE LT TOSRMEEZE N,

« 7 AEFH : NayB,0, (30wt%fefE) + Li,0 (5wt%fefE)

- VRERIEE © 1000-1050°C

- ERREER - Cs TS QM RRAVREM 2 S5, RF ORI E, WREE., BElEoRE 5

A

BB, TOFRFTFEREA =0 (KRBt ¢ =% — 0Ok OHAERERIZ IV G L 728
RETHY, EHREONT T AELARIE~OMEAICIZE R IRADPMETH D, EEOWEM B
WL ton A—F—THAEL, EBRIHERT D8 T AELRIT— K H 7= 0 - ~%0m kg BREEICR
HEBZOLNDZ LD, FHREEON T AFEBIKZ 24, MEFE. DRIITHERS 2 720 0 T7N
IRIFSEBHRE N A% OMETH Y . ZORAREMNPLEND,

—J7. FEEMEERIC B W TITWRAERIEEY O HIP ELER (UoS) BI UMK 7 AT T A
B EaBR (ICL) RAEMESN TS, 20955 HIP ELICOW TR, fdE 22 EESREomaso b
& EERICER BB OBE 72 HIP ERASER Sh, BEICEHBERIZTVRRICH D, D1
ROMERBIZOW T, BARANCRB W TEVRE R L OB MM AN (DI A ) 2 JE 5El L
Tefi R, AAMTHER LAY 7AW 7 ZAEE L FIREOMREZ RS> Z RS/, HIP
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BALIEIT, @R - SER LT 72 D KB 22 B NS L ECh DM, — 7, ZIRBEFEMORAE
WD IR NFEORR A FFO, fiEo T, HIP EHL b AIREM O H 2 B T BB —2 EE 2 b
Do —H. AR U T AT T AFERIZ O TUHIERRMA O N T 2 & FHW CTRIE TR T 5 F 4 B
LT HIETH D0, BURE A Tl 72 B LSS L 2808 2 B bR OfERICIZE > TR b7, £
OMERESL R FSICEMI SN TN &b, BEARLBENLE LTSNS,
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3.2 WEMBEEYOBAMA 7 AEML &M & EML AR METM H27~H29) (BZFEL : ®iLX
%)
3.2.1 WEMBEEYOBAMA S AELRAER (2—/L FEER. Ry R (H27~H29)

AR CIL, R 7 AEUCSAER T T A EGR O BRI R T B AT 572D, Al
B 13.1.1. WEMBEDOWMAY 7 ABLRE (2—/L KRB | LR FIECRELE A
TA NBEEYOIERT T AE L ET->Tc, ETIRHLHIC, Cs BILUSr WAL TWRNWEA T
A R (BT v A b 1E96) & W TR 7 ABULIKZERL L, 1T A@hAloFEEE
WNEB X OGEMIBEZ T A= L U TRERT 7 AEEREEZ R Lz, RIS, 2004
e FATHGE D Cs (FTCs) L O St (PSr) W5 SH - E 4 7 A4 FEEFEM & I\ CIER Y 7 A
At (A hRlBR) ZATV ., WA T AEHLIEFE TO Cs KO Sr OREELR  CUTHEFEBLEER)
BRI U7z, F72, BT ¥ SV A B IE96 Lidhic, ABIPA T4 PBIXOXHEAT A MZ
DOWTH [FAREDEEFE T 7 AF LR 21TV, £ ORE G2 7 b L 7=,

(1) BHREF >4 FEEVOBEBMA S REL (3—IL KRB  (H27~H29)

ARER T, B 3. 1.1 WEMBEFEY OFE/ AT 7 ZAFERER (a—1 FakBr) | & [FER
DHIET, WA T A NEFEMOERM T 7 AEbE21T o7, 2 2Tl BT 7 A E SR
7T ABUCR D IEBEDPEIZ RIFTHBICEBR L, Cs BLOSr A L TWeWEA T A Ml
(BT ¥ S A R 1EI6) & HWTH 7 AFH OFEEE, W& (NayB,0,:30wt% + NayC0,:0-
1owthFEEE) 36 KL OBRIEEE (1000~1160°CHEE) Z/XT A —2 L LTH T AEIRZFR L A
W7e H T AEULEMEE R Lz, £ OfER %2 KIS 7 ABLIEBER TO Cs L O Sr O @b
CUTHEFBBEER) 2 3l 5 720 OFERPED Cs (¥7Cs) o T8 St (¥°Sr) WS B Y 45 A Y
DOIERGEHEZRFI LT, 612, AT ¥ 3% A F1E96 L 1Thlic, ARIEA T4 b XX A
AT A MTOWTHIER A 7 AFELRBR 21TV, 2 OFE(ESM 2 5kl L 7=,
® BRATRAELAMOHEEOHER

PA T4 Pk (BT ¥ 3P A b IE96 : K 1g) ITHTE R D Na,B,0, & Na,C0, # N2 IBA LT-
#%., RESmBEEOR— M7 LI FREFICAN, BIRERIFZ2HWT 10000C F 721
1150°CIZ TN (3 HFRD) %, KEBIMSENC L0 T AELIRZERL L7z, #£3.2.1-1 2% D
I T AR LS 2 R T, NayCO, IRIAREFE T Na,0 ([0 fiE T 572, 3 3.2, 1-1 TiE Nay0 12
BELTBEZ2RL TS, B 7 ABE LB OREI O ZX 3. 2. 1-1 12737, JMEBIZRLY .,
TERREE 1000°C (5:fF No. 1~3) TIT—H#REEOE AT A F3k-> TN D Z & DR I 727,
Na,0 EDOHIN & I RIERER /2 238 L, Na,0 & 4. 5wt% (Na,COy 5 15wt%) CTIEARIAERE /720
EWHERT D EBahoTc, —F . WRHRE 1150°C (54 No. 4~6) TIIH 7 ARAIRIMNEITK
HFET, WTNbEAT A MIUZTERICER LE R T 7 A L7720 | NayC0y BEDOENNC X - T
BYEMEREE D Z LN oT2e ZD K HIT Nay0 DEHNT L » T X 0KV @R CHE 2R A
TFABNELND Z BTl
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K32 1-1 BT A DO 7 AR & T 7 AR (H27)

2 No. NayB,0; [wth]|Na,0 [wthe] | Tk L [C] ambirfi] [hl]  SEME
1 0 3 X
2 3.0 1000 3 A
3 4.5 3 A
30
4 0 3 O
5 3.0 1150 3 O
6 4.5 3 O

FOHTABENR, A —EHESTA PRER. X ZROEATA FAREH

Z5#No. 1 Z{No. 4
%NaZB40730Wt%, 1000°C, 3h Na,B,0,30wt%, 1150°C, 3h

ZefFNo. 2 ZefFNo. 5
N32B4O730Wt%+N8203Wt%, 10000Ca 3h N82B40730Wt%+N3203Wt%, 115000, Sh

ZfNo. 3 ZANo. 6
Na,B,0,30wt%+Na,04. 5wt%, 1000°C, 3h Na,B,0,30wt%+Na,04. 5wt%, 1150°C, 3h

X 3. 2. 1-1 &R T 7 A O EHME (H27)

Q@ BEEAS/ FOBEBRASREIL

IR DA LT v S A b 1E96 E 1IN, A AT 4 PBLOXHBEA T A4 MOV TREE
DA T AECZAT > Tc, T AWBELSRM 25 3. 2. 1-2 1R T, R T 1050°C 5
1150°C & L, @Al & LT Na,B,0; % 30wt%iRn L 7= e Cisah i 7 Ak &17 -7, ZZCTEAZ
A FMRABIOREREITN Sg & L, £, 22T EEOT A I FTRLOFTEH W, EORE. K
3. 2. 12 TR T X ) IR OBELEFICB T O E R H 7 ZAELERN GO, FEOEA T
A MZOWTH RO 7 AELO FIENEH TE 5 Z ENRB T,
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#3.2.1 2 AP FS A4 FBIOXBEAFT A FOERELY T ZFELSEM: (H29)

ZA: No. YATA b Na,B,0; [wt%] | VARNEEE [C] | vAmlEER [h]
1 1050
2 AR AT Ak 30 1100
3 1150 3
4 1050
5 XL AZ A b 30 1100
6 1150
ZANo. 1 ZAFNo. 2 40No. 3

(ABIE AT A §,1050C, 3h) (ABIEA T A K, 1100C, 3h) (AR A5 A |, 1150, 3h)

ZffNo. 4 ZffNo. 5 Z4No. 6
(XBE AT A §,1050C, 3h)  (XEEA T A 5, 1100C, 3h) (XA A5 A I, 1150, 3h)

3.2.1-2 AP AT A RO XTE AT A bOERLT T 2 [EA% OFRESMEL (H29)

(2) BRA 5 AEMEE® Cs EE L35 (2 —JL FELER) (H28)

T TR T AREEACEE O Cs DFEEALRITOWTIERE Cs 2 V72— FRBRIZ LY
P L7z, £, Ao 13.1.1. WEMBEEYOERT 7 AE R (m—1 R | &F
FRD T T CsCLAREE (226X 10% mol/L, 1L) (B AT A Fatkt (30g) ZRiE L. Cs % lwth
W SETBEE A T4 MEFEDZFER L, RIS, RO RIY . G%TF v /391 K IE9%6
WZOWTHE e H T AFEALARDE S D IRENEE T 5 1100°CIZ THRENY 7 AL &2 1T > 72,
Cs ZWAE SETBEE A T 4 FMEFY (K 1g) IZFTE =D H;BO; & NapCOs I TIREG L7z
%, FESmIBEOR— MIT LI FRLOIFTICANL, vy 70 (FO300, v~ MRS
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1) Z MW T 20°C/min T 1100°C £ THIE L7k, 3 RERDINEMREF L. RRBBmENC L0 T 5
AR ZAFR U7z, £ OB 7 ZAFbSR 23K 3.2.1-3 1R T, B, ko 7 AE{RIC
BWTIIAH 7 AFAE LT NayB,0; & Na,CO, (Na,0) Z W 7=2% (F3.2.1-1, #£3.2.1-2) |, =
Z Tl Na,0 SN D2 % R HiPH CHEFE T 5 728 B,05 & Na,C0; (Na,0) Z N7z,

#3.2.1-3 Cs (1wt%) WAEBA T A hOR@AH 7 AE{SM: (H28)
%M No. A TA b [wt%]  ByOs [wt%] NayO [wt%] AEREE [[C]  A@EER [h]

1 &1.9 18.1 0 1100 3
2 79.5 17.5 3.0 1100 3
3 76.5 16.8 6.7 1100 3
4 72.6 16.0 11.4 1100 3

AR Z AEALIZEB T 5 Cs [EELRZFHEIT 572, XRF (X-ray Fluorescence : 6 X ##
SRR AW TREFO Cs SR EE2 RO, XRF HEE X, H28 A L&/
FUH Y X BRPATHEE Supermini200 (BRSNSt U H7) #H Uiz, 728, Cs EE{LROFMIC
biz> Tk, A7 AEbIKZ @i 2 VTR L. BIRIRTH O Cs &% ICP-MS &2 vV CTHlES
LHEGOFH Uiz, a2 AW REMETIE, £7. CsWE (1.0 wth) BA T A FROER
3.2.1-3 DMt No. | TERLL =4 T AV bmg 2 F N EN b —X T —h—IZ5 B LIERY
fe (68 %) % 3~4ml MIXRKMEIEE 150COKRy 7 L— K L CHIEN LT, HiE % 78R8 S ¢ 7214,
TERYEE 3~4m]l & 7 v {b/kFEBE (46 %) I 300pl 2Nz, HERy b L— bk ETHELZ, B
— A TNE—H—NORBIRT X CEM LT 2 & 2R L, WA T B35 £ TmEaE >3 72
#%. HER (0. 5mol/L) & 10ml ANz Tkl 2 & IR S 17z, ;ODKE{T*MDEE%OEU\{Z!K?E%/E IE L
721, 0.45um DIRAFE/NL B —RA T 4 L X —IZTHE L, & HICHEEE (0. 5mol/L) Tl B AR L
ICP-MS (BN fRreFERE S 7T X~ B /2L @ ELEMENT 2™ ICP-MS, —E 7 4 v v —H% A
TUT 4T 4y 7R ICXY CsBEME L, ZOLHICLTROEEFTA FREFO Cs
B & T AECERRELD Cs OIS Cs BEMREAZR M Lz, £o, OFRMETERLEZTZ
A EARIZ DWW TIE, XRF ZHWTH 7 AH D Cs/Fe DELAZTE L Fe lZBA T A FHITDE
BENDIRMESTHY . 7 AEFECREICEER LRWe O REME L 72 5) | ik oikiz %
R Tz Ryl CRIE LTz Cs BB RO R A FEUEL LT Cs BELREZFTM L7z, HFoii
Cs EEHEEZK 32131277, MEDV, Cs DEEFRIL NaO 2RI L 72 W5 TR 70% & 72
D, Fiz, NO BINEE & HITHEMT 28R ERoT2, 728, ZORRITAEO 3.1 1. BE
MBEZEY ORI 7 A BB (7 —/L FakER) ) ﬂ%r‘ont%%&%‘éé\ﬂﬂ“ Fro. —7ZR
WEALFAIE SEE LN b RIEIEIZ LD Cs [HELROEBFE L0 TlERn &
%%éﬂ\@Efﬂﬁx®ﬁﬁbﬁﬁgf%élkﬁﬁﬂoto%K%M%%wkim%7mﬁ

BT Cs OWITIED 7013 Cs OFEDEEBREEM ST L2 HE RO -S> LRSS,
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100
05
0 } .
< 85 | ¢
i‘_’f 80 | .
#
m 75
70 &
65 |
60 1 1
0 5 10 15

Na205EME [wti%]

3.2.1-3 1wt%Cs WAEEBA T A FDHT T AUERHEFICI T 5 Cs BEEAZE D Na,0 Il &AL 7
(FARDEEE 1100°C. IARIEERT 3h)  (=—/L REBR)  (H29)

() gt Cs RU Sr MBEEEEEA T4 FEEYMDOH S XEE (H28~H29)

AR TIZ, 7 AEMECRFOZEOEELFEEZ L EMICHHET 52 2B E LT, i
SHE s (P7Cs) RUNSr (BSr) AWE S HI-E AT A FRBIOWRELY 5 A ATV, E R
DI RERIEC K 0 R EEA LR L3N Lo, 7 ARA O IRINEIL NapBsO7 30wt% (NayO:
9.2wt%, B,03: 20.8Wt%) & FEHE L L, S HICEIRE A R 2 2 E A IFF S 1D L0 (RINEREE
1L Li,COy) ZUIML TEREZIT-T-,

B AT A BEFEY OSREWAE BT, AR O IR Cs 2 AW T3 BR & k3572 Cs K&
NSt W5 (B M+ JERUHME) % twt% & L7z, "'Cs % 671 BqmL ™! & 704> Cs #4FE 1.7x107
mol L™ 0 CsCl K¥#E 210mL (2P F T A Fikkl 7g ZIRIESH T Cs (Iwt%) WEL AT A b &/E
BT, BURE St (BSt) WERUEY AT A FEEMICOWT b AR Lz, b RERlE
A7 a i AT 4 10 (BR) ®WoHFR Nal > FL—a by % — PS-201 VW TIT-
72o PTCs 1T 30.167 £ T B HAEEA LC PMBa ICEEA T 5, PTBa O 2.552 45 T
B7Cs RN FLATEFIEI N T2, s & PTMBa 13k B & 72> T Y, PT™Ba 23
T5yiaEd sz LT es @ﬁﬁc%ﬁ EREZERTLHZENTE S, "MBa LA RRIT I
RV T, 662keV Oy BEKHT 5, 20 kY V'Cs ORSRERIE L, 662keV D y Mt %
AL CEREEIT 72, WET —XILChEBEOI Y N THHESN DD T, Ch#iz = r/L¥—(C
ZEH U7, AN M Am @ o 32512 K 0 fH &5 59.5keV O y #itAS 67Ch, ’Ba O EC #4512
LV S5 81.0keV @ y #1725 90Ch, 303keV D y ##A3320Ch TH D Z &b, THRLF—
E(keV)%Z Ch ®B# & L CLLFOXB3- D& H W TE# LT,

E = 1.2016X 107X (Ch)> + 0.91595 X Ch — 2.4084 (3.2.1—1)
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BEHRERIED —#l L LT, WCsWELHTA Oy MASY FAHIZE 3.2.1-4 1T5RT,
662keV T Cs ISR E A LN D E— 7 BHER S, 7TV METHEONT Ay 7 7T 7 R
H7ELEI 2 & T YCs oFHIE A B H LT,

777 A EMCHTR O SRR & T 2 72 DT ERF O RM PR U E2E L TOXLERH DL, =
ZCIEBEEARRE 2 SRR & R e b Ko ic, AN T L I FREESR (0 S x Smm, U H Utk
TN CSWELBA T A N EH T A@AIEZIRE LT 2 5500 20 mg AV TR 7 AL A2 1T
W, BERRRIE 2 T o 72, 7o, BIRBRO B CWRIUC L2 EREDREL /NI 572, Cs
WEEFTA N ETTABMBOREGFEZ ET 1000°CT 3 RERINELEE U CHURERIE 217\,
Z OB O RS RE 2 EEER 100% & RE LTz, £D%, £ 3.2. 1-4 OFRMFTHEBA 7 A [tz
1T EABIR DS BERIE 2> & Cs 38 L O Sr DEE(L 278 L 7=, Cs EELR O ER R %

(] 3.2.1-5 12, SrEEREORRELEK 3.2.1-6 12777, K 3.2.1-5 LV, LiO iRINE 10wt%D 54
WZOWTEERIRE N m < 725 & Cs BELFEMET 3 2 Hm R SNz, £72, Li0 BINEN
W3 % & Cs BEE(LEME T T 2P MR SN, —F., St OEELRITHNTILOREICE
WTHIZIE—ETI3%LL L L7220 | RERFMEIZE W TL St O ITHoIT/hEaneEE 6N
Al

10000

1000 | /\
[
-J\-' }

100 | w‘

10

Counts

1 1 1 1 aae wmho 2o see mam

0 200 400 600 800 1000
Energy [keV]

3.2.1-4 Nal o FL—a v Z2—aHAOTHIE LIS P Cs WEXE T A FD
vy BEA T U] (H29)

3% 3.2.1-4 ekt B7Cs, SSr WEP AT A NOH T AELEMH (H29)
(B4 7 A bkl : Cs,py Sty (Iwt%) WESRKT v 394 - (IE-96)) )

H T A AR Ve rah iR
2544 No. .
Na,B,0- Li,O [C] (h]
1 0 1100
2 5 1025
3 30 1000 3
4 10 1050
5 1100
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100
_ ©
X 75 .
=~ 50
1~
fial ¢ Li,0 10wt% ¢
g 25 ® Li,0 5wt% A4
Li,0 Owt%
0
950 1000 1050 1100 1150

BRRE [°C]

X 3.2.1-5 Cs(Iwt%)WAEBA T A b DOT T ARFEFICI T D Cs EE(LFRD LiO AR AL A
(A FRRER)  (H29)

100
o ® o
S
%
50
{1 :
@ ¢ Li,0 10wt%
_ ® Li,0 5wt%
»o25 Li,0 Owt%
0
950 1000 1050 1100 1150

BRUEE [°C]

% 3.2.1-6 S((I1wWt%)W 45 ¥ A4 T A b D H T AIERBEFICI T 5 Sr FHELR O Li0 FN K IFE
(v FikBR)  (H29)

Z 2T, 3205 1R E Cs 2 W2 Cs BEELROMERER (v MR ZEiEo
[3.1. 1. WAEMBEREMOWMY 7 ZAE R (2 —1 FikBR) | THRLAER (X 3.1.1-6)
EHEET D & BRENR AR M OY L0 IR EARAFE O IZE U Cdh 523, Cs EE LD
SHEIZS v FRBRO T NEBIEVMEL 22572, B2, ERNEE 1025°C, Li0 AN 5wt%o
FMETOMBELET D L, a—/L RikBR Tl Cs [BEEILFRDN 98%RE THDHDICH LA vy bk
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%T@%%&Efﬁéo3~wFﬁ%kTyF%%T€ﬁ§4F®CM%%%(m%)&@%@
T AFEUCSM: (BT A@AIOMRE, &, EEEE ) 32<FETTHY ., R0
%wtﬁﬁ?%kﬁﬂ@%ﬁ%f%é(:~wbﬁﬁfi@itj4% Ay FERBR T 20
mg) ., ZAUTER T 7' A TO Cs #HRB O ITEHERAFHI A LETH L Z L 2RET 5
@f%éo@ﬂ7utz?@@@ﬁ%i@%w7x§ﬁ?£_D\%ﬁ%ét@@@ﬁ%@&
HRER—ETHNE—ELBEZOBR D, —J7, Cs [HEMRITHEETITH T AHIZFE -7z Cs
BOEETHD, T7hbb, FEMEYZY D Cs HHIEHEE K OHERIFE (REIE) AFELCTH
FUE, Cs BB (7203 CsHRE) 134T A0FRmMHEEL (S /M) IZX->TET
HZ LD, TIT, CsHEFBEN/NSL, £, R 7 AR O T Cs OBATHEED Cs 3
HE LY &I O ERET T, Cs 3R (Cs R WA T Ah Cs &) [ZTUTD LD
IZF£R N5,

Cs R & aSt
CsHEFEE = =— 3.21-2
’ DTS A Cs i M ( )

a WBIER, S0 RUBRRIEAE, o FEREERE, M RUREE

I CEREREIAGET D &L L FOREGRMAER D Lo,

S=4nr? M= pV——pm"3JZD

aSt  atdmr? at
CsHER R =—=—"_ —3__ 32.1-3
SHiE M  4/3pnr3 pr ( )

FORERER, o0 BUBMEIE

Fio, WBOREr LAV OBEFRE Y . LUFOBRD KLY Lo,

1/3 1/3 1/3
=@ @)
4r 4r p
- at a 3\ 3
CsHFER =3—-=3— (——) M3t =AM~ 3¢ (3.21—4)
pr  p \dmp

A HEBIESK

FTrebb, Cs lRFITAEBER (M) O~ A F A = TR L OERFER () (Cpl L <2k T 5
il b, ZZTC, Ay MRBRCTOREBIEREEZ 20mg, 2— /L NRBCORBEEL 10g &7

AUE, W OEEIT 1/500 TH Y | FEFREEFHE U ThILL Cs R RITK 8 HFDENEL D
Tl lleD, EBEO Cs HERFIIA Y FRBRT 1TWRE (Cs FEELER 83%) . 2—/L RikBA T
20FEE (Cs EELFRK 98%) TH Y, TOETMBRRETH S Z Lo, AR & RBRE R
FIR<CESL, Z0HE xmm&ﬁiyéfkékﬂMéhé

Z OHERRIR O Z M M E S HICHERT DT GMAﬁw%ﬂmﬁ%$®ﬁ%ﬁﬁ(o
BIFMEZFE S 2 Z EBFEHTH D, £ T T/Fﬁ% 7% Cs BLOSr OFEEMNMER (fF
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FH) ZWAAFHEZ ST A =2 & UTRE L7c, MBREMHFZR 3.2.1-512, Cs BE(LE KT Sr
B AL S ORI ERE A 2R 3.2.1-7 RO 32,18 105, Cs BELRORERE (9
32.1-7) TIiE, Cs BEELRAEREERICIZIE LA L TR L TR0 | el oM B RRARTAT 0 2%
PERHERTE S, 72, B21-HRx 05, &y Pl e = —L FRBROREOFREEL (1/500) 12
BWTa— L FRBRE R U Cs B SR (ERER) 2155700 ORI 1/8 LR Sh,
2L ROV 3 IR & 5% LGS 578 FRBRO USRI 23 45 & 72 5. 4
3.2.1-7 X 0 VSRR 23 1S BT D Cs BEILFASMTET 5 LK 94% L 720 . it —b R
DR (11989 1SN EnE .~ OBEROGHIO 24 ATRCE D, 5T, Os HE(LF
B RIETRRELAIEE LT, H 7 ARARERILEIC N, 7 AREOKRE & &
REfH & EHRNT A—=ZITRD T ENGnD, —Ji, St EELROWPERRK (X 3.2.1-8) 122
DT, WAL BRI 3V T b Sr EEALHIT 95%Lh OV L 72 % 4%, TR 01
e &b se ERERA DT MBS T HBARR b, SrEERICONT b RO LR
BRHERAZ 4 ThHH EEZDBND,

#3.2.1-5 HURME PCs, St WAEEBAT A FOH T AECENE (R  (H29)
(’Eﬂ“’74 }‘gft*il' : CSLoU SrLoL (1Wt%> /EI\E‘Z%)V/{—HS/I) ]\(IE_96)) )

) T A EhHl TRRhEE e
HURY 4T A | FEIEY S VA R
Na,B40- Li,O [C]
 Csip(1Wt%)W ¥ AT A K 30+60+90 min
o 30 5 1025 -
M Srtot(lwt%)%%’k j—7 /]) ]\ 180mln (@;’f\\ﬁ)
100
) O
=90 ¢ O
B
R
= -
| 30 ® 30, 60, 90minT D HNE }
3 EEL T 3h0E
70 1 1 1
0 50 100 150 200
INEARERE [min)

®132.17 Cs(Iwt)A5E 4T A kDA T A BT 51T 5 Cs B RO VRS K7
(v FRBD)  (H29)
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100 ®
® ()
g 90 +
Al
~
{'é ® 30,60, 90mind D iNZh
— 80 L T 3h0Eh
wv
70 1 1 1
0 50 100 150

D0 EBEFRE [min]

200

3.2.1-8 StIAWt%)KAE B AT A S DI T AUHEIRFIZI51T D Cs [E 78 (b3 D il g R A7
(> hakBR)  (H29)

Flo. BT A N OFEWRE RIZL DI T AERR OZFEER E B OB 2 R 2729, Cs
KO Sr DR (R M+ FERPE) 23 Iwt% DA L 0. Iwth DA IZ OV TR DIRELY 7 2

BEALFRER 21TV Cs O Sr DREERAZJE LTz, £ ORBREMF 2K 3.2.1-6 (2,

HRE A %

3219 KO 3.2.1-10 127", WTILDERMBITIBWTE Cs LN Sr OWFE B OEWT L D4
HELRICHEERENRN LR SN,

% 3.2, 16 HoHtE 19Cs, SSr MEEA T A b OH T A EIEME (IR Rk )
('Eﬂ“:j/l) }\%Et*q’ : CSLoU SrLoL (1Wt%> /EI\E‘Z%)V/{—HS/I) ]\(IE_96)) )

) T A AN wt% WRENEEE | Wk
N Lol o I
Na,B,0- Li,O [C] (h]
* Cswoi(IWwt%)WEE 47 A b
* Csiod 0. 1Wt%)WEE AT A b
30 5,10 1025, 1100 3

: Sftot(lwt%)'ﬂ%ﬁfﬂ"?% K
 Coul 0. 1WA L FT A |
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100
® )
75 L ® Li,0 5wt%, Cs 0.1wt%
X o Li,O 10wt%, Cs 0.1wt%
, Li,0 Swt% Cs  1wt%
Ei Li,O 10wt%, Cs  1wt%
~ 50 r
1
fl
¥} 0
25
0
950 1000 1050 1100 1150 1200

BRRE [C]

321-9CsWEB AT A bDOT T AREEFZI T 5D Cs [EELZD Cs W g k7 1E
(&> FiRER)  (H29)

100
®
95 r O
S
-‘\—J 90 -
®
il
5 ®Li,0 5wt%, Sr0.1wt%
g5 | oLi,0 10wt%, Sr 0.1wt%
Li,0 5wt%, Sr 1wt%
Li,O 10wt%, St 1wt%
80 1 1 1 1
950 1000 1050 1100 1150 1200

BRURE [C)

321-10 St WAEE AT A b DO H T ARBEFIZIIT D Sr [EELR D Sr W25 K7
(&> FRER)  (H29)

3.2.2 BEA S AEMLADER MMM (2—/L FFER) (H27~H29)

(D iEEZE (H28)
ZZCIERTHR O 3.2, 1-3 12k T Na,0 Z @Al & LTI L7247 AERIRIZ DWW T, AR

(X) %R, WAERT, B 3.1 1. WEMBEEDORBA 7 ZEHRR (2—1 R
BR) | LIRS, BA T A FREBOEBEE (096 glem®) & H T AFEALKRE OB FEH 5 AT
B.1.1.5X L VG111 L v skd 7=,
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WAER (X) il L= 7 ARE OB T 7 2 Eb S22 3. 2. 2-1 IR L, RO AR
Z NapO JBJE CHEPL U/ R A X 3.2.2-1 1R T, WTNOSEMFIZE W TS BARIL-40~-44%F2
FEL 720 . NayO ISR DEIEMEIT/NE <. £72. NayB4O;(30wt%)IC Li,O & /& (0-12wt%)Fs I
L7=35a (B0 3.1.1-7) LREBELRD ZENBDNoT-, 0B, NapB,O,(30wt%)DFNIiZ
B,03(21wt%) & Na,O(9wt%) DRI L < | £ 3.2.2-1 123515 5 By05(16.0wt%) & Na,O
(1 14Wt%) 2 RN L 7= Ry, 2o & k0| @il L LT By0s. NayO, L0 #4554,
b OBREDORMEE TIXHARICREREELRIISIRNWI LRG0 D,

7 3.2.2-1 JWHEFE (X) ZiMh L7=3 ety 7 AELS (3.2 1-3 2[R L) (H28)

AT A B wt%] A [wt%] VA I T R [
Cs (lwt%) W& 1E96 B,0, Na,0 [C] [h]
81.9 18.1 0
79.5 17.5 3.0
1100 3
76.5 16. 8 6.7
72.6 16. 0 11.4
-30 . .
_. 35 |
=
S
S
= 40 )
B ¢ o
K °
® 45 |
-50
0 5 10 15

Na,OiRINE [wt%]

[ 3.2.2-1 T A FECARIEES 2D Na,0 PN &I T OVA LR B (& 172 (H28)

(2) TG-DTA ZR W= H 5 REEFE A DRl (H28~H29)

TG/DTA PIEIZ LV WEWET 7 ZAERIRDO T 7 A8 R 2 E LT, 77 AEBBIGIX, 77
ADRFENR2MEE TH Y . T AEBRTH 7 AXBHHIERICE D> T, ED Lz kE
{725, 7 AR, BUZERENZLT H2RETLH LD, BN ZLTHIREE LTH
RKOOHND, ZZTIEHE 3213 OEGAT 7 AELSM TERL L 724 T A ERIAIC W T,
TG/DTA IEIZ L 0 T AR A2 RDT=, £ 32.1-3 DM 4 TER LT T 23R B TG/DTA
BIERERER 3.22-2 12787, KED ., BEA 1300°CUL ETHEREORD AR SN DM, Z LA
AT AHD B0 BENC,0 M ER L2 ickdrbotEXOND, £io, T AEB AN
TOPLRKZ K 3.2.2-3 12T, HT AEBRTIIHBANHERT 57201, REL LA S
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DT OWRBNBHI SV, AT OWBNEE I G8E2 T AEBRERRT I ENTED, 2
DI U TRDIZH T A A ORERERE T VB ) MFEINEOBESHE LK 3.2.2-4 127
T NayO RIS £ 0 H T AR AT T 208, IINE & T R 5 O W 7 AR AR L e AR
SN hole, oo @b H T RAEUE (EIBEEYE 6 Bt 7 A 1S6) D H T AL A
OWEME[1 & FAREORR L 20 . KEBRMEROGEEMESHER I, —J7. Lo 2N+ 25

& T AR E D BAE KT A

WINTe, ZOZENG, TAA Y EFIE NayO, Li,O Wi

Wb W7 AEBIREZ T T DR NH 55, L0 DIE D B H T AEBIREZIET S50 808
m <L AT AERILE 2R T T2 Z EnBiffsn D,

7% 3.2.2-1 77 AR AHE (TG-DTA) % il L7230 O 7 7 A [E{b 4 (H28-29)

Temperature (°C)

3.2.2-2 IREh A T AR D TG-DTA HIERE 8 (1H28)

3.2-13

TAZA4 bk T v 7 U FRRNREE | TaRlRe ]
M4 No. B,0;3 [Wt%] .
[Wt%] Na,O [wt%] Li,O [wt%] [C] [h]
1 81.9 18.1 0 -
2 79.5 17.5 3.0 -
3 76.5 16.8 6.7 -
4 72.6 16.0 11.4 - 1100 3
5 80.7 17.8 - 1.43
6 79.3 17.5 - 321
7 77.4 17.0 - 5.50
5 20
4 —TG —DTA 0
3
2 20 _
—_ >
S 2
et -40 =
g0 g
%’ -1 -60 §
-2 80 T
-3
-100
-4
5 -120
0 500 1000 1500




_ & SRR 17
N {1 -2

/
Heat Flow (uV)

540 560 580 600 620
Temperature (°C)

X 3.2.2-3 @A 7 ZE{LIRO TG-DTA HIlE R B(DTA yEKX)  (H28)

600
|
580 | *
— IS
S s
A4 ‘ %
ilk 560 Li,O
\I-E ¢ TILA Y gEIA I
X 540 | OISG [1]
N
Rso0 |
500 : '
0 5 10 15

TILA)EERINE [wt%]

[ 3.2.2-4 TG-DTA HIEIZ L VG SN H T A SO T L H Y @A &6 AF
(H28-29)

Q) ARBMTOELRTOILERE (H29)

2T, T AERRRICAER T 2RI D AR A FM T 5720, 7 AT rE AT
AT DI ADGHT & T6/DTA B8 L OVE &2 W TIT > 72, TG/DTA IZBEAFD U 77 7 #8d
Thermoplus evo?2 ZEMA L. HASHITE RSN EE (V) H 7 #8 mass attachment) Z{#EH L 7=,
T AR 7' v 77 MIRiEIO 13,1 1. WEMBEFEM ORI 7 ZAE{EER (72—1 PR
BR) | O 3. 1.1-22&F 2L, 750°CE T 1K CTHIE, 750°C T 1 RefilfRFr, £ D% 1100C
FT1HBTHE Lz, FASWEIT 9 720, He F A & i & 500ml/min THE L7273 btk &
WHIEZIT o720 HWEREHIE AT 4 ~ (IE96) | Na,B,0, (30wt%) +Li,0(10wt%) ZiE& L TH
At lomg & L, A&V ANMEEIT -T2, 7 AR OEEEE T OBICHET H I A
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DIHTRERZ K 3. 2. 2-5 127 T, £F 200CE CICEEOBMA DR I N, ZOF, BRSO
FOVEEH 18O = PR INTTD, ZHTELTTA MIEENDLKGOERIZLD D
&%%éhéoﬁw15mcﬁkﬁﬁﬁﬁﬁgwﬁ¢#%méﬂtoE SHTCITE & 44 O
V— 7 MR SN0, ZHUE LiC0, R K D CO,0RAICE D b DL TSNS, £1-AK
FRBR Tl 750°C T 60 43 %ﬁbt@ ZDBEHT ADREITMER IR0 o7, LovL, EbAR
BIR K E < 725 & 500°CHHTTHRA Lz CO, BN i HH S D ITIXIARAY T A T % [F (R 5% i &
TREBBITT 2 LERH D | REERE NG AT AEELY 7 2Aickig & L CTRET
L2 LTINS, EBRICHIEIO 3. 1.2 R0 7 2 EIROBYRERGMN | 2BV Tikiamt
7T AEALRFC—E 750°C T 1 BEfRFF T2 Z L2 L » THRELT 7 A bR b o KA i 4%
TEBRHESN TV, HTABULARTOKIGIIBREE AT S5 ERER R D700, %
B DT T AEUIE &2 RIE T 2 BICIRIAR Y T A B LRI A5 00, 2 REICH T A6 1K
HEELTRBMNETHD Z ENRBI N,

0 =50°C SE-08
2
1G | AE-
-4 4E-08
-6
X -8 - 3E-08 =
= <
-10 2,
& m/z=18 E;
3 -12 [ 2E-08 —
-14
-16 - 1E-08
I /2= AN
-20 0
0 200 400 600 800 1000 1200

Temperature [°C]

3225 (B4 FA b+ Na,B,0,30wt%+ Li,010wt%) D FIEEFD TG/MS HIE RS 5 (H29)

3.2.3 BRAA T RELEHDOHRETFE (H29)

I T, BB R LIS T AERIR OB ENE, Csd KOSt EE(LR, AR,
T AR R, FEORBLEN SRR R Y 7 AEL G2 R LT,

ET. W T AECAROEEVEDOBLE N BT T AfAl L LT NaB,0; (30wthfEfE) & Mo Z
& T 100 CREEE DOV R L THHE 2 7 7 AFUIRR G B4, 72, Na,0 £7213 Li,0 20 &M%
HZETHITABRIBREZ T oD ENgholz, 7ok, 7 AEBRE T 5%5%1% Na,0
IV B L0 DERELS . KORICH T ABRIREZ TT 2 & & bITEMAT 7 AL T
FHT7APOKIE (RITREEEOSETHRET 5 C0,) ZD ST R bEmWEHE LD,
W, BREOEERICOWTIL, H 7 A@HIORMEOHE N X OEEEE O EHIZ k- T
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Cs DFEFRENELZ 0 Cs BEENTRDIN SITIFEA LR LN ERNgnotz, oz
X HT AFA : Na,B,0, (30wt%FREE) + Li,0 (0-5wt%FLf) . ¥R 1025-1100°CHLEE,
VAR © 30 43—3 IRpfHIRR FE D3 Bl 70 ISRl T 7 A B LS LI STz, 7rd6. Cs BB LRITAE
Wy 207 2AEEEORE S (HEEITERE) LORBREFICO RS REBEZ T D5 LN
Mmolz, ZHITEF T v A TO Cs OFFENREMAT 7 ARE TR Z Y, [ CIRE THIEEm
FEUTZD D CsHEREENR —ETHY, V7 A0FETEHEEL (S/M) 1Z#/-> T Cs EiEl
%(%ﬁﬁﬁ)ﬁ%miétw&%i%héo%of W7 1 2 To Cs FELER (Cs T
R) O T RN L E TH D Z E RN h oo, H G EEEM T Cs R RNR
ﬂig(M)@v4+x PR L OFHEFERER (1) Bl L CEILT 22 s, Wy 7 A1k
Gt (7 ARHIOFEEE, &, HEEUREKH) 2R U ThiuT, Cs #HERITER S5 T 2
BALAROEE (F723E6FHE) O~ A T2 ZFBITHH LT L, 205 Cs BEEESHMT
DT ENFInoTe, ZD O RITEEOWAEMBEFY 2 G BN T 7 A @S 570 0F M7
BRI B2 NB 5, 725, %ﬁﬁ@w%H%$%(§+~ﬁE@)@ﬁ§XEM%
B2 TE . IR Cs EEFE (Cs R) OREmRNAAFMAEEICRDL B2 b, L
FHRHE S & O R D RABMLETH D,

ZE XM
[1] Michael Guerette, Liping Huang, “In-situ Raman and Brillouin light scattering study of
the international simple glass in response to temperature and pressure”, Journal of Non

-Crystalline Solids, 411, 101-105(2015).
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+ Joint presentation to the Annual Meeting of the AESJ (26th March 2018, Osaka, Japan):
“Advanced Waste Management Strategies for High Dose Spent Adsorbents”, N.C. Hyatt*, T. Arima*,

M.J.D. Rushton*, L.J. Gardner, D.Pletser, W.E. Lee, Y. Inagaki, N. Sato, D. Akiyama, A. Kirishima,
MEXT and EPSRC Nuclear Joint Research Collaboration EPSRC Network. (University of Sheffield,
Imperial College London, Kyushu University and Tohoku University).

* Waste Management Symposium (1 822" March 2018, Phoenix, Arizona):
“Hot Isostatic Pressed Ceramic Wasteforms for High Dose Spent Adsorbents”, N Hyatt*, L. Gardner,
S. Thornber, C. Corkhill, P. Heath, M. Stennett and R. Hand (University of Sheffield).

+ Materials Research Society; Scientific Basis for Nuclear Waste Management (29th October — 3"
November 2017, Sydney, Australia):
Presentation: “Hot Isostatic Pressing of Simulant Radioactive Wastes from the Fukushima and
Sellafield sites” N.C. Hyatt*, L.J. Gardner, R.A. McCaig, C.L. Corkhill and M.C. Stennett
(University of Sheffield).

* Presentations at PACRIM 12 Conference (21“—26th May 2017, Hawaii):
“Modelling Heat Production by Fukushima Wasteforms”, M.J.D. Rushton*, D. Pletser, L. Vandeperre,
W.E. Lee. (Imperial College).
“Hot isostatic pressing of ion exchange materials, from the Fukushima and Sellafield sites, to produce
ceramic wasteforms”, N.C. Hyatt*, L..J. Gardner, P. Heath, M.C. Stennet, S. Thornber, R.J. Hand, C.L.
Corkhill. (University of Sheffield).
“Hot Isostatic Pressing of Spent lon Exchange Materials from the Fukushima and Sellafield Sites”,

L.J. Gardner*, C.L. Corkhill, R.A. McCaig, N.C. Hyatt. (University of Sheffield).

6) WX/ TAS—TA VIR

* N.C. Hyatt, L.J. Gardner, P.G. Heath, S.M. Thornber, C.L. Corkhill, M. C. Stennett and R.J. Hand,
“Hot isostatically pressed ceramic wasteforms for high dose spend adsorbents - 18129” (2018),
WM2018 conference proceedings.

* N.C. Hyatt, L.J. Gardner, P.G. Heath, S.M. Thornber, C.L. Corkhill, M. C. Stennett and R.J. Hand,
“Hot isostatically pressed ceramic wasteforms for ion exchange materials” 2017, MRS conference
proceedings.

* R. A. McCaig (2016) “Analysis of cement and ceramic wasteforms generated when immobilising the
ion exchange material CoTreat”, University of Sheffield, MSc Thesis.

*+ D. Pletser, Y. Yoshii and W.E. Lee, “Temperature dependence of Cs volatilization from Fukushima
adsorbents”, Proceedings of the 3™ DISTINCTIVE Annual Meeting, York (2017).

+ P.C.M. Fossati and W.E. Lee, “Assessment of empirical potentials for simulations of glass/crystal

interfaces”, Proceedings of the 3" DISTINCTIVE Annual Meeting, York (2017).
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* M.J.D. Rushton, D. Pletser, L.J. Vandeperre and W.E. Lee, “Heat output predictions for vitrified

Fukushima-Daiichi high dose spent adsorbent waste”, (2018, manuscript in preparation).
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3.3.2 AV PFILLKR—F+ (EX)
(1) Project Information
Project: Advanced waste management strategies for high dose spend absorbents
Reporting Period: April 2017 to March 2018
This project is an integrated UK/Japan collaborative research programme, the UK partners are:

University of Sheffield - Prof. Neil Hyatt and Laura Gardner
Imperial College London - Prof. Bill Lee and Dr. Michael Rushton

(2) Research Aims and Objectives
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This research programme aims to develop thermal solidification techniques for high dose spent
adsorbents (HDSAs) present on the Fukushima Daiichi site, yielding passively safe glass or ceramic
products, suitable for long term near surface storage or disposal. This approach will eliminate radiolytic
hydrogen production, steam generation, and potential stress corrosion cracking of the steel containment, by
dehydrating the HDSAs during the thermal solidification process. This approach will also eliminate the
dispersal and desorption hazard associated with the untreated HDSAs, by conversion into a solid
monolithic product.

The overarching aim of the research are to develop viable and efficient processes to immobilise
inorganic HDSAs for disposal, principally in support of Fukushima Daiichi site decommissioning, but also
supporting the long term decommissioning strategy of Sellafield, Hanford and other legacy nuclear sites.
The prime novelty of the research is to create a flexible toolbox of processes, capable of supporting
Fukushima Daiichi and NDA decommissioning strategies by underpinning future Best Available
Technology appraisals to implement new disruptive technologies within the next decade. The
implementation of such innovative waste treatment strategies will yield immediate results of reduced on
site hazard and recurrent management costs. Longer term benefits include improved public confidence, as a
result of successful acceleration of site decommissioning, and reduced interim storage and final disposal

costs associated with a lower volume of packaged wastes. The measurable objectives are:

e To develop and demonstrate Hot Isostatic Pressing as an effective approach to treatment of HDSAs
to produce a passively safe glass/ceramic composite product, and establish an optimised waste
processing envelope.

e To characterise radionuclide partitioning within the phase assemblage of HIPed ceramic wasteforms
(using stable isotopes) and demonstrate their long term chemical and radiation stability for storage
and disposal.

e To develop and validate modelling tools capable of predicting the variation with time of temperature
profiles in HDSA wasteforms, and allowing design of containers to limit centre line temperatures by
enhancing heat extraction.

e To model the physical alterations of the wasteforms and their interaction with the containers as a
consequence of the temperature, including densification, crystallisation and cracking.

e To develop vitrification of HDSAs to produce a passively safe vitrified product with characterisation
of the physical/chemical properties, and establish optimised waste processing conditions for storage

and disposal.

(3) Expected Outcomes
This research will provide the evidence required to make a preliminary assessment of the Best Available
Technology for treatment of HDSAs wastes, including:
e Fundamental mechanistic understanding of the solid state and melt process of conversion of HDSAs
into a wasteform product and the partitioning of radionuclides of concern within the product phase

assemblage.
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e Fundamental understanding of the thermal, radiation, and aqueous stability of wasteform products
and quantitative models of waste package heat output.

e Process envelopes, wasteform formulations, off gas/secondary waste considerations; enabling us to
quantify the relative efficacy, environmental impact, and deployability of Hot Isostatic Pressing and
vitrification technology.

e Quantitative data concerning the volume and number of waste packages, enabling us to estimate the

post-production costs of packaging, storage, and potential disposal, compared to indefinite storage of
untreated HDSAs.

(4) Annual Project Meeting
Project meeting, Waikoloa, Hawaii (25th May 2017)

The project partners were all in attendance at the American Ceramic Society’s 12th Pacific Rim
Conference on Ceramic and Glass Technology (PACRIM 12) which was held in Hawaii between 21°-
26" May. This provided a convenient opportunity to convene the annual meeting for the UK-Japan

HDSA project which was held in Hawaii during the conference.

A further meeting was held to conclude the project which was held on the 26™ March 2018 in Osaka and

coincided with the Atomic Energy Society of Japan’s Annual Meeting.

(5) Presentations/Posters

+ Joint presentation to the Annual Meeting of the AESJ (26th March 2018, Osaka, Japan):
“Advanced Waste Management Strategies for High Dose Spent Adsorbents”, N.C. Hyatt*, T. Arima*,
M.J.D. Rushton*, L.J. Gardner, D.Pletser, W.E. Lee, Y. Inagaki, N. Sato, D. Akiyama, A. Kirishima,
MEXT and EPSRC Nuclear Joint Research Collaboration EPSRC Network. (University of Sheffield,
Imperial College London, Kyushu University and Tohoku University).

+ Waste Management Symposium (l8th—22nd March 2018, Phoenix, Arizona):
“Hot Isostatic Pressed Ceramic Wasteforms for High Dose Spent Adsorbents”, N Hyatt*, L. Gardner,
S. Thornber, C. Corkhill, P. Heath, M. Stennett and R. Hand (University of Sheffield).

+ Materials Research Society; Scientific Basis for Nuclear Waste Management (29th October — 3"
November 2017, Sydney, Australia):
Presentation: “Hot Isostatic Pressing of Simulant Radioactive Wastes from the Fukushima and
Sellafield sites” N.C. Hyatt*, L.J. Gardner, R.A. McCaig, C.L. Corkhill and M.C. Stennett
(University of Sheffield).

* Presentations at PACRIM 12 Conference (21“—26th May 2017, Hawaii):
“Modelling Heat Production by Fukushima Wasteforms”, M.J.D. Rushton*, D. Pletser, L. Vandeperre,
W.E. Lee. (Imperial College).
“Hot isostatic pressing of ion exchange materials, from the Fukushima and Sellafield sites, to produce
ceramic wasteforms”, N.C. Hyatt*, L..J. Gardner, P. Heath, M.C. Stennet, S. Thornber, R.J. Hand, C.L.
Corkhill. (University of Sheffield).
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“Hot Isostatic Pressing of Spent lon Exchange Materials from the Fukushima and Sellafield Sites”,

L.J. Gardner*, C.L. Corkhill, R.A. McCaig, N.C. Hyatt. (University of Sheffield).

(6) Publications/Conference Proceedings
* N.C. Hyatt, L.J. Gardner, P.G. Heath, S.M. Thornber, C.L. Corkhill, M. C. Stennett and R.J. Hand,
“Hot isostatically pressed ceramic wasteforms for high dose spend adsorbents - 18129” (2018),
WM2018 conference proceedings.
* N.C. Hyatt, L.J. Gardner, P.G. Heath, S.M. Thornber, C.L. Corkhill, M. C. Stennett and R.J. Hand,
“Hot isostatically pressed ceramic wasteforms for ion exchange materials” 2017, MRS conference
proceedings.
* R. A. McCaig (2016) “Analysis of cement and ceramic wasteforms generated when immobilising the
ion exchange material CoTreat”, University of Sheffield, MSc Thesis.
* D. Pletser, Y. Yoshii and W.E. Lee, “Temperature dependence of Cs volatilization from Fukushima
adsorbents”, Proceedings of the 3™ DISTINCTIVE Annual Meeting, York (2017).
+ P.C.M. Fossati and W.E. Lee, “Assessment of empirical potentials for simulations of glass/crystal
interfaces”, Proceedings of the 3™ DISTINCTIVE Annual Meeting, York (2017).
* M.J.D. Rushton, D. Pletser, L.J. Vandeperre and W.E. Lee, “Heat output predictions for vitrified

Fukushima-Daiichi high dose spent adsorbent waste”, (2018, manuscript in preparation).

(7) The University of Sheffield
Researchers: Prof. Neil Hyatt and Dr. Laura Gardner
Two HDSAs have been identified for use within this project: CoTreat® (Fortum) and Chabazite

(natural source).

@ Overall Programme and Methodology

1) Development of HDSA simulants: Produce simulant HDSAs by batch and column ion exchange

experiments using stable isotopes, chemical analysis using ICP-OES, IC, XRF and XRD.

2) Dehydration of HDSA simulants: To optimise the bake-out step in the HIP cycle, each HDSA (as
received and ion exchanged) will be characterised using TGA, DSC, mass spectrometry and high
temperature XRD. This will enable the water loss events to be identified and selection of the minimum

reasonable bake-out temperature to avoid loss of volatile radionuclide or entrained chloride salts.

3) HIP formulation: HIP experiments (30 mL) will focus on treatment of HDSA simulants without

process additives, to achieve maximum theoretical waste loading. The bake-out temperature will be
optimised in task 1.2, the process temperatures to be investigated are; 900, 1050 and 1200 °C under 20
and 200 MPa for 4 hours. The HIPed products will be characterised using XRD, SEM/EDX, XRF, ss-
NMR, Mossbauer, pycnometry and Raman.

4) HIP optimisation: Optimise the phase assemblage to control partitioning of radionuclides into durable
host phases, by exploiting ion charge/size ratio and host crystal chemistry.

5) HIP scale up experiments: Building on tasks 1.3 and 1.4, HIPed HDSA simulants will be produced at

300 mL scale and characterised as above._

6) Investigation of wasteform dissolutions mechanism: Dynamic alteration experiments over a pH range

of 2-12 and temperatures of 40-90 °C will be used to determine the elemental release rates as a
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function of the ratio of surface area/flow rate. Batch dissolution experiments will be used under
saturated solutions conditions to investigate the nature of the crystalline alteration phases using XRD,
Raman, SEM/EDX and supported by PHREEQC modelling. Using the micro-channel flow dissolution
methodology and AFM, the retreat rate of different components will be monitored, determining the
relative contribution of each to the overall elemental release rate.

@ Results and Discussion
Chabazite
A natural source of chabazite was purchased from an Italian company (Verdi, product sold as “zeover”).
This material is also used by researchers at Imperial College London so the results can be directly
compared, however a limitation with this source of chabazite is the purity (Figure 1), where the HDSA
only accounts for 70 % of the product. As such, the waste loading of this case study is limited to 70 %
with 18 % glass former that will result in the formation of glass-ceramics. The ion exchange was
undertaken using a 0.1 M solution of CsNO;3 in 1 L UHQ (18.2 MQ) for 24 hours. The solution was
then replaced and mixed for an additional 24 hours. After 48 hours, ion exchanged Cs-chabazite was

vacuum filtered and dried for 48 hours at 95 °C.

Composition: (Nay 14K} 03€a; 0oME.17)[Al; 46Si5.530,4]-9.7H,0

Oxide wt. %
Sio, 52.0
Al,O, 17.0
TiO, 0.5
P,0s 0.3
MnO 0.2
Mgo 2 0 Ima‘; ;‘r‘;«;i;‘;m‘{za-onllne.org As-received Chabazite
Na,O 0.6
* 70 % Chabazite
Ca0o 5.7
* 18 % Volcanic glass (i.e. obsidian glass)
Fe;0; 3.6 » 5% K-feldspar (K-aluminosilicates)
K,O 6.1 * 3 % Pyroxene (e.g. diopside)
H,0* 120 * 2 % Biotite

* 2 % Phillipsite

*Structural water lost at 120 °C

Figure 1 Chabazite as-received composition

Characterisation of the as-received and IX Cs-chabazite (Figure 2) revealed that the main
crystalline phases identified were: chabazite, K-feldspar as orthoclase (KAlSizOs, powder
diffraction file (PDF) #01-075-1190) and anorthite (CaAl2Si2Os, PDF #00-041-1486). The
microstructural analysis of IX Cs-chabazite (Figure 1B) revealed that the caesium was
solely associated with the porous chabazite particles (elemental maps: Cs, K, Al, Si) and
not with any of the minor constituents present in the material. Obsidian glass is identified
by the Si-rich spherical particles whilst anorthite, K-feldspar and phillipsite (K, Na, Ca)i-

2(Si, ADsO16 6H20) are represented by angular particles of varying elemental compositions.
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A similar microstructure was observed for the as-received chabazite minus the Cs

contributions (data not shown).

“ A - anorthite_C - chabazite K - K-feldspar |

c

c

c Kk
c C Tkgc I
| Je o f ek B e o x o o
Cs-exchanged chabazite

Relative intensity (a.u.)

T T T T T T T T
5 10 15 20 25 30 35 40 45 50 PTITeY
20(°) .

Figure 2 A) Diffraction patterns and B) SEM/EDX micrographs showing the phase
assemblage and microstructure of as-received (XRD only) and IX Cs-chabazite

Hot isostatic pressing

The aim of this project was to define a suitable temperature/pressure regime that will ensure collapse of
the zeolite structure and trap radionuclides in a ceramic/glass-ceramic structure. The HIP cycles
investigated were 1250, 1150, 1050 and 950 °C, at pressures of 100, 50 and 25 MPa, all HIP cycles
were processed with a 4-hour dwell period. Prior to HIPing, samples are hydraulically pressed directly
into stainless steel canisters (¢ = 38 mm). Thermal analysis of the Cs-chabazite indicated the main mass
loss occurred below 300 °C, which was associated with the loss of bound and sorbed water (TGA/MS
data not shown). These data supported selection of the bake-out temperature of IX Cs-
chabazite to ensure that the excess water removed whilst avoiding Cs volatisation, which
will not occur below 400 °C. All Cs-chabazite HIP samples underwent the pre-treatment

regime detailed above to ensure comparability.

Characterisation of HIPed wasteforms

For brevity, only the characterisation of the HIPed wasteforms will be described for HIP cycles;
1250-1050 °C at 100 and 50 MPa. In all the HIP samples investigated, the chabazite structure
was completely collapsed. At lower temperatures, the phase assemblage was assigned to:
albite (NaSisAlOs, PDF #00-010-393), diopside (CaMgSi20s, PDF #01-075-1092), whilst at
higher temperature the phase with the highest relative intensity reflections was
associated with K-feldspar, present as high temperature leucite (KA12SiOs, PDF #01-076-
2298). It is postulated that Cs incorporation occurred with the stabilisation of high-
temperature leucite, which has also been observed in K-geopolymers exposed to 1200 °C,
where a partial 20% K to Cs replacement stabilised the cubic structure when quenched to
room temperature.

The microstructure of HIPed Cs-chabazite (Figure 4) shows the formation of a multi-phase

glass/ceramic. The crystallites are strongly associated with Cs, K, Al, Si (identified as Cs
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incorporated K-feldspar), which are interspersed throughout the glass matrix. As the
temperature increased, the definition of the individual phases (e.g. albite, anorthite,
diopside) present in the Cs-exchanged chabazite (Figure 1) decreased until 1250 °C, where
no angular particles were present, indicating incorporation in the bulk matrix. No
unreacted obsidian glass particles were observed in HIPed Cs-chabazite samples. This
results from the relatively low melting temperature of the ~18 wt.% obsidian glass (700-900 °C).
From the results shown, the effect of temperature is greater on the phase assemblage and microstructural
properties than the effect of pressure. As such, the pressure can be lowered without detrimental effect on
the phase formation. Any preference for a particular phase assemblage/microstructure

should therefore be defined by the durability of the differing HIPed Cs-chabazite samples.

| A -anorthite B -albite D - diopside K - K-feldspar F - MgFeAIO, I [ A -anorthite B -albite D - diopside K - K-feldspar F - MgFeAlO, I

A » |

K 8 5Bl B Kp K kb p o K 888 3O koo ko )
5
1250 °C kg 1250 °C K
A e Ei D
B B AB K D
A K ARy Rs kol K D D K ¢ maBAB Kpf K Kk D o
1150 °C A 1150 °C K8
2 Ak A MaRaA L A L
1050 °C
r T T T T T T T T 1 r L3 ) T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
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Figure 3 Diffraction patterns of HIPed Cs-exchanged chabazite at A) 100 MPa and B)
50 MPa

1250 °C 1150 °C 1050 °C

100
MPa

50
MPa

Figure 4 Backscattered micrographs of HIPed Cs-exchanged chabazite at 100 MPa and 50
MPa
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Scaled-up canister

A larger scale HIP canister (Figure 5) with dimensions of: 60 mm height and 60 mm diameter was
processed with Cs-chabazite to demonstrate the effect of scalability using the small research HIP facility
at the University of Sheffield. The sample size was 165 g, four times greater than the typical canister
produced during this experimental programme (40 g in a 30mm height/38mm diameter canister). The
HIP canister was processed at 1250 °C and 100 MPa for a 4-hour dwell. The photographs in Figure 5
show the progression from the packed canister to the HIPed canister and the final wasteform (can
removed). The XRD and SEM/EDX analysis (not shown) was in agreement with results for the smaller
canisters. The main crystalline phase was a K-feldspar (leucite) with relatively low intensity reflections
present for albite and anorthite. From the large canister, samples were prepared for MCFT
measurements at Kyushu University with dimensions of 40mm (length), 10 mm (width) and 4 mm

(depth).

o
ym T

Figure 5 Photographs of: Packed canister (left), HIPed canister (top right) and Cs-chabazite
HIPed wasteform (bottom right)

Reactive spark plasma sintering

As an alternative to HIPing as a thermal treatment method, recent work was carried out using reactive
spark plasma sintering (RSPS) to determine the effect of time on the phase assemblage formed during
the heat-treatment of Cs-chabazite. RSPS was conducted at 1000/1100 °C for 10 and 30 minutes’
duration at a fixed uniaxial pressure of 15 MPa. The X-ray diffraction patterns (Figure 6) reveal that the
main crystalline phases present were: orthoclase, K-feldspars (leucite), albite, diopside. The
microstructural analysis (Figure 6) indicated the formation of a multi-phase glass/ceramic wasteform
with Cs incorporated into a Cs-rich leucite, no remnants of unreacted chabazite were identified. The
results for the RSPS experiment strongly support the HIPing experimental programme, that the phase

formation is controlled by temperature rather than time or pressure.
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Figure 6 XRD and SEM/EDX (1100 °C only) of RSPS Cs- chabazite processed at 15 MPa
for 10 minutes.

Key findings:

» Chabazite can be completely converted into multiphase glass-ceramic product with stable minerals:
K-feldspars, anorthite, albite and diopside formed at all temperatures investigated.

» At higher processing temperatures (1250 °C), the main crystalline phase is a form of stabilised high
temperature leucite with Cs incorporation interspersed within a Ca-Mg-Na-Al-Si glass of unknown
composition resulting from the incorporation of albite, anorthite and diopside minerals.

= RSPS experiments emulated the likely phase assemblage of HIP wasteforms processed at similar
temperatures (potential to use as an initial scoping technique)

» The final phase assemblage is temperature dependent but independent of the pressure or dwell
applied.

Summary
Work is continuing to determine the durability of the K-feldspar-rich wasteform (higher processing

temperature) and the anorthite/albite-rich wasteforms (lower processing temperatures) using ASTM
PCT-B test methodology. For comparison, these results will be compared to international simple glass
experiments conducted at the University of Sheffield. The results for the RSPS experiment strongly
support the HIPing experiment programme, that the phase formation is controlled by temperature rather
than time/pressure. Upon completion of the durability assessments, three peer-reviewed manuscripts
will be submitted to the Journal of Nuclear Materials based on (approx.) titles of: 1) Characterisation of
Cs-exchanged chabazite processed by Hot Isostatic Pressing, 2) Thermal treatment of simulant
radioactive wastes from the Fukushima and Sellafield sites and 3) Immobilisation of Cs-chabazite using

reactive spark plasma sintering.
(8) Imperial College London
Researchers: Prof. Bill Lee , Dr. Luc Vandeperre, Dimitri Pletser and Dr. Michael Rushton

@ Overall Programme and Methodology
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1) Radiolytic heat generation tool: Implement a database and algorithm to calculate the heat generation

of the encapsulated radionuclides as a function of time. Using existing information on the heat
released and the species generated through radioactive decay, the values for volumetric heat
generation will be included in a finite element model, which is necessary to understand how
wasteform composition and package design affects the transfer of heat out of the waste. This will
allow the evolution of temperature profiles within the eventual wasteforms to be predicted as a
function of time and package design. Moreover, by populating the tool with other radionuclides that

might be present in limited amounts the aim is to create a generally useful tool.

2) Implementation of radiolytic heat in temperature distribution calculations: Initially, material data for

thermal conductivity, heat capacity, stiffness and density will be gathered from relevant sources and
where necessary determined by researchers at Imperial College London and the University of
Sheffield, and by conducting key experiments to determine valid boundary conditions for heat
exchange with environment and containers. Using the tool developed in task 2.1, a parametric study
will be conducted to determine the effects of waste loading, wasteform shape and size on the
evolution of stress and temperature distributions in the wasteforms to ensure efficient design of
waste packages. Predictions will be validated against experimental data obtained from real
encapsulated systems or from experiments in which microwaves are used to simulate the heating

caused by radiolytic decay at Hitachi.

3) Implementation of damage predictions for the wasteforms: Stresses acting on the wasteforms,

temperature differences can be substantial and lead to separation between the container and the
wasteform and the formation of internal cracks. Such changes may also affect the efficiency of heat
extraction from the wasteforms and initiate a series of events by which the entire wasteform is
degraded. To account for this, failure mechanisms will be incorporated into the model developed in

task 2.2 so that these effects can be predicted.

4) Development of predictive tool for processing of glass composite wasteforms containing HDSAs: To

model the sintering and crystallisation of the wasteform and the resulting changes in thermo-
mechanical and thermo-physical properties. This will be carried through bespoke routines coupled

to a commercial finite element code.

5) Data generation for prediction of processing of glass composite wasteforms: To fine tune the tool

developed in task 2.4, a range of measurements on the properties and evolution of crystallisation
during densification will be collected as crystallisation is always highly system-specific and can be

influenced by the presence of otherwise inert phases.

@ Summary of Research Programme 2017-2018

The research being conducted into HDSA wasteforms at Imperial College has two main components.
Firstly, a programme of experimental work, in which glass composite wasteforms with low processing

temperatures (to reduce Cs volatilisation) have been developed around lead-borate and lead-borosilicate
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glass systems. Secondly, a general purpose computational tool has been developed which allows the heat

deposited from radioactive decay to be predicted for HDSA wasteforms.

® Experimental Work
The experimental work on glass composites has been conducted by Dimitri Pletser through his PhD
studentship. This work was sponsored by Hitachi but was conducted in conjunction with the UK-Japan

project as it is so closely-related its key findings are reported here.

Glass Composite Wasteforms

By design, in the composite wasteforms, adsorbent granules are fully encapsulated by a glass binder, with
the intention that radionuclides remain sequestered within the granules for the lifetime of the wasteform.
In developing these composites the key aim was to minimize volatilisation of Sr and Cs radionuclides
from the HDSAs during processing by keeping temperatures below 600°C. In order to achieve this,
HDSA granules are encapsulated in the glass binder by first compacting them with glass frit before
consolidating the wasteform by sintering to produce a dense product. Two glass compositions were
chosen for close consideration due to their low softening temperatures: namely the lead-borate and lead-

borosilicate compositions shown in Table 1.

Table 1 Encapsulant glass compositions

Composition / wt%

Glass PbO B203 SiOz
Lead-borate 80 20 -
Lead-borosilicate 63 25 12

In the previous reporting period, the process of optimising the sintering routes had been completed. These
indicated that well consolidated wasteforms could be manufactured using processing routes having peak
temperatures of only 500°C and 400°C for the lead-borosilicate and lead borate routes respectively. As
part of this work a number of volatilisation studies were conducted to establish the temperature at which
Cs is released from a number of relevant adsorbents, these results (see next section) demonstrate that
these processing temperatures are sufficiently low to prevent the release of volatile radionuclides from the

composite wasteforms.

Cs Volatilisation from Commercial Adsorbents

Volatilisation tests were conducted for A-51 JHP, IE-96, IE-911 adsorbents using a bespoke experimental
rig. Each adsorbent was first dried before being loaded with Cs by exposing 1g of adsorbent to 100ml of a
solution containing 1000 ppm CsCl for 24 hours. This process produced a Cs loading of 7.5 wt% for the
A-51 adsorbent with similar loadings expected for the other adsorbents.

Tests were conducted for the Cs bearing adsorbents for temperatures of 600, 700, 800, 900 and 1000°C.
The Cs content of the gas flowing through the experimental rig was measured and in conjunction with

precise measurements of the adsorbents mass before, during and after runs, any Cs loss from the samples
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could be accurately gauged. These revealed that A-51 JHP retained almost all Cs up to 900°C, similarly
although IE-96 showed measurable Cs release above 900°C this was at a very low level with only 0.03%
Cs released which only increased to 0.1% on reaching 1000°C. The performance of IE-911 was
considerably worse: minor volatilisation (0.03%) was detected at 600°C which increased to almost 8% at

900°C.

Wasteform characterisation

As mentioned above, for the lifetime of the wasteforms it is intended that waste elements remain inside
the adsorbent phase of the composite material. Given that Sr and Cs would be expected to act as network
modifiers within a glass it was important to establish whether these species remained in the adsorbent
granules during processing or if they could escape into the composite’s glass matrix. If such partitioning
from the HDSA granule to the glass took place, it would be expected to reduce the softening point of the
binder beyond what are already very low temperatures, as this could have had deleterious effects on the

long-term behaviour of the wasteform it was important to understand if this occurred.

Cs. The correspondence between the Cs distribution and the location of the chabazite particle
demonstrates that the Cs remains localised to the adsorbent granules during

Composite wasteforms were prepared containing Cs loaded adsorbent granules. These were then cut,
ground and polished before being subjected to an EDX elemental mapping study. This revealed (see
Figure 7) that the Cs remained within the adsorbent particles. Furthermore, by comparing composites
containing adsorbents that had previously been loaded with Cs with composites which did not contain Cs,
it was found that the presence of Cs in the adsorbents had no measurable effect on the sintering behaviour

of the material.

Development of Heating Tool

A piece of computer software has been developed to allow the heat generated due to radioactive decay to
be predicted for the various wasteforms proposed as part of this project. Due to the quite different nature
of Sheffield, Kyushu and Imperial College’s wasteform concepts this tool has been designed to be
flexible enough to simulate materials with different compositions and densities. In addition it provides
support for a wide range of sample geometries — this capability has been built into the simulation tool to

allow the effects of wasteform package design to be studied at a future date.
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The computer programme is built on the GEANT-IV particle transport toolkit. This was originally created
at CERN to aid in particle detector design and is a software library which provides the building blocks
required to develop sophisticated simulation tools. At the heart of GEANT-IV and by extension the
simulation tool developed for this project, is a Monte-Carlo particle transport solver. This is coupled to a
powerful physics package which, importantly for the type of decay chains exhibited by Cs and Sr, allows
B and y processes to tracked.

The simulation tool works in two steps: first, an initial isotopic composition is provided to the tool. This
is passed to the FISPACT-II inventory code which acts as a pre-processor which determines how the
starting composition evolves due to radioactive decay therefore providing an updated composition
representing a given point in the wasteform’s future. The second step then involves using the GEANT-IV
physics engine to reproduce a representative sample of the decay events occurring in the wasteform for
the composition passed forward from the first step. This is achieved by identifying the unstable isotopes
in the sample and identifying their half-lives (this process occurs automatically within the code by
interrogating the nuclear decay database embedded in GEANT-1V). The activity of each species in the
system is then calculated - Monte Carlo decay events are then triggered in proportion to these activities.
The various decay events and the daughter-events they trigger, such as Compton scattering and
ionisation are tracked within the computer code. As energy is deposited through these processes, the
magnitude and location of where this is happening in the material is recorded. By averaging across many
such Monte-Carlo events it is possible to get a representative picture of the heat deposited in a material
for a particular snapshot in time.

The heating prediction tool developed for this project allows complex systems to be defined. In addition
the simulation engine provided by GEANT-IV has been coupled to the Visualisation Toolkit (VTK) in
order to enable straightforward visualisation of results. In order to demonstrate these capabilities an

example of the typical outputs from the tool are now provided.

Heat Deposited in a Sample of the Kyushu Wasteform

The heating tool was used to predict the heat deposited in a cylinder of glass with the composition
developed at Kyushu University and included a Cs-137 loading of 0.86 wt% in these calculations. The
initial simulation configuration is illustrated in Figure 8 a. This shows a cubic simulation system with side
lengths of 20cm, at its centre is a glass wasteform cylinder with a radius of 33.2mm and height of
115.2mm (this is similar to the dimensions of an average soda can). In Figure 8a)-f) the results of
simulation runs are presented. These show how the energy from decay processes was deposited across the
cylinder — to make this easier to visualise, these were plotted using the Paraview software, on transverse
and longitudinal cross-sections taken at the mid-section of the cylinder (the location of these cutting
planes are shown in Figure 8 a in red and green). As the Cs-137 in the glass decays, the isotopic
composition of the cylinder changes (as shown by the results of the FISPACT-II Figure). As the isotopic
content of the glass changes, so too does the amount of energy deposited in the wasteform every second.
Figure 8a)-f) shows how this varies as decay proceeds, through plots of the condition after 1 day, 1

month (30 days), 1 year (365 days), 60 years (21915 days) and 100 years (36525 days). Although there
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is a slight decrease towards the edge (as radiation is emitted into the air surrounding the cylinder), the
energy distribution is remarkably uniform across the sample. The distributions shown between 1 day and
1 year (sub-figures b,c and d) are very similar, as may be expected given that the Cs-137 content of the
material only starts to show significant decrease after about 10 years (as demonstrated by the Cs-137

decay curve in Figure 9).

=

a. Configuration and slice location b. Energy deposited after 1 day

c. Energy deposited after 1 month deposited after 1

e. Energy deposited after 60 years f. Energy deposited after 100 years

I [
1x10* 1x10°8 1x108
Energy Deposited in 1s of simulation time
(MeV)

Figure 8 Heat deposited in 1s of simulation time for a cylinder glass with the Kyushu glass
(containing 0.86wt% Cs-137). Cylinder has dimensions of r = 33.2mm, h = 115.2mm and
mass = 966g and is surrounded by air.
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Figure 9 FISPACT-II calculated inventory for Cs-137 and its decay products.

By integrating across the entire volume of the cylinder, the total amount of energy deposited may be
obtained. This is represented as a function of decay time in Figure 10 where it is given in J/kg by
normalising to the cylinder’s mass.

In the simulations illustrated by Figure 8 the cylinders were surrounded by air. In the figure it can be
observed that a significant amount of energy is deposited in this air (this is seen as the green halo
surrounding the cross sections which is particularly apparent during the early stages of decay). Cs-137
decays through beta and gamma processes which can travel a significant distance through the glass
before their energy is completely dissipated. As a result, assuming they have the same ratio between
their radius and height, more of the energy from decay would be lost to the surroundings for lower
volume cylinders due to their higher surface area to volume ratio. In simple terms this is because the
average distance between points inside the cylinder and its surface is reduced, meaning that the average
interaction length for a gamma ray or beta particle is also decreased, reducing the chances of their
energy being completely dissipated within the wasteform before a portion of their energy is allowed to

escape into its surroundings.
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Figure 10 Total energy deposited per second in glass cylinder per second as a function of
decay time.
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Figure 11 Total energy deposited per second in cylinders of increasing radius after 1 month
of decay for the glass wasteform developed by the project’s Japanese partners containing 0.86
wt% Cs-137. The dashed vertical line indicates the cylinder illustrated in figures Figure 8
and Figure 10.

This effect was tested using the heating tool by performing a series of calculations for cylinders of
consistent aspect ratio but increasing radius. The results of these are shown in Figure 11 where the total
energy deposited in the cylinder per kg are presented after 1 month of decay for cylinders with radii

between 10mm and 200mm. Across this range the energy deposited almost triples from being close to 2
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Jkg'ls'1 to almost 6 Jkg'ls'1 at the largest radius considered. This has implications for waste-package
design as those with higher surface area to volume ratios would be expected to exhibit lower radiolytic
heating. This effect would be further enhanced by the more effective heat transfer possible out of such
packages. As making many small packages may be difficult to manage, a similar effect may be obtained

by designing high aspect ratio waste-packages (e.g. tall and thin cylinders).

Summary

Leach tests are ongoing for the Imperial composite wasteforms but are due to complete imminently.
Once the results of this have been finalised, a pair of papers are planned for publication in the Journal of
Nuclear Materials: the first will describe volatilisation of radionuclides from adsorbents and the
composite wasteform design. The second, will focus on wasteform durability.

In terms of the modelling effort, the simulation tool currently provides the source heating term for finite
element calculations and a series of such calculations are planned. These will allow the radiolytic heat
production term to be converted into wasteform temperatures which can be modelled for number of
package designs in various storage scenarios. These will be greatly aided by Kyushu University’s recent
laser flash measurements of their wasteform’s thermal conductivities. Which will allow this to be the
subject of a modelling paper, again planned for the Journal of Nuclear Materials. Finally, it is intended

that the heating tool will be made available for more general use by the wider research community.

Future Work

Although this project is formally complete, a pair of collaborative papers are planned, involving all
members of the consortium The first will be a review of the work conducted on the Fukushima-Daiichi
adsorbents and the second will bring the colloaborating authors together to write a paper on the relative

durability of the three waste concepts.
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