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(1) —’80%EtE = FLANILNEEEEGEDEE

RVTABRASRA, BYVHWHASIR, oavy 537X,
AV )—b, AR/ EREEGK. etc . WEAE

(2)°80-"90FtE 5 X BHEAEARIFIEDFFHTE

eI AT, BEThE . FFMmEERELEL., BEMEE TTILiE.
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B LANIEER (IHEBEER®)
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- RNBHZIER
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.

RBDOEEEE :

B, 7&5#

0

FHIICZER
E/b!&#ﬁ# AND
BHEA W E

DR & G- -E{eAEDFEEE (DOE 1982)

(1) k94 4 B,&H S5 X (Borosilicate glass: BSG)
(2) Y HHSRX (High-silica glass: HSG)

3) ¥»>mw% (Synroc: SYN)
4) BREEEa V%S )— b+ (FUETAP concrete: FUE)
(5) £33 2 v o X (Tailored ceramics: TC)
6) HS R /%&R (Glass marbles in lead matrix: Pb-M)
(7) #ZB YV ILTIILHLF (Coated sol-gel particles: CP)




BHEA D#E & TEREFFAE
Efe AR SEEEOHIITE & T+ (DOE 1982)

a{b kT4 RE

(Product performance)

REMER= : 45%
(Waste loading)

i T Z= 1% - 15%
(Mechanical stability)

=T - 40%
(Leaching)

SLER

(Process factor)

REOEZEE5EME - 40%
(Complexity-reliability)

EXEDLTEME : 20%
(Personal safety)

mEEE mERIE : 15%
(Quality control & assurance)

HEFEM - 25%

(Resource requirement)

10




i (FOM)

i

BIERD#EE EREFHET

100

[0 @E{k#&E%AE (Product Performance)
Wi 7’1+ A (Process Factor)

B #4457 (Combined)

BSG: KU ABNT R

SYN. ¥y>ray 2

TC : Tailored Ceramics

HSG . RV AHI A

FUE . FUETAPa > 27 !')— }

CP . Coated Particle

0 Pb-M ! Glass Marbles in a Lead Matrix

BSG SYN TC HSG FUE CP Pb-M
EM LA
FOM=X[VP)W,]1  V(P) :ffifERS%, W,  EEELLE

B 12 53 854K 2 (hierarchy) [ITE D<K, B35 (Figure-of-merit) 2k 5
BEl{bAMEEsEH#E R (DOE 1982)

- RO TAEEN SRIZLBEME : iR B IEBED RS,

- MEBEFHIE L, B E BFEARICELYELD,
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HSXBEHEHDIEE

@ Actinides(+lIl, +IV)
@ Other elements

e b dal SO = e Si(lV) B Na, Li, Ca, Sr, ..(+1, +II)
—RTEEEETIL {o Si(V) @ NaLi.Ca. }

AE(SIO,fEam) BEHASASIOFRE) HIRABEIKRG D 7AEEHFR)
HSRDIEFELGARE I FEETEF D2 TLVELY,

IKOTABISR L, BEEBHETEZILEFETES |,




H 5 R BIHE D=2 HiFF 5l

Si

WP= SIMULATED WASTE
PRODUCTS CONTAINING
ALL ELEMENTS NOT
INDIVIDUALLY SHOWN

= ERi%E - MCC-1

Temp.=90°C
S/V =10 m1
Time = 28days

ALK N\/\

LAY/ 4N
LZaVA\CuV

AVAVY

X

Composition with leach rate < 0.1g/m?/d
SiO,: 51-53wt%

B,0;+Na,0: 24-28wt%

Al,O,+ Fe,0,+WP: 21-25wt%

;

L0

Al, Fe, WP
Glass Composition (weight %) for

Glasses with Leach Rates at 28 Days of

B, Na

not More Than : 45.0,0.2,0.1,0.02 g /m 2
/ day for Element Si at a Temperature of

90 °C and SA/V of 10m !

HSOABEE AR ZHEFED3TIREER (Hench 1983)

TSR AR L IR BREZEE (SiO,) DSBS 7=,
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(1) HLANIVERE{LTEDERE (~'804FLE)
EEWH

- BLALESL (B EE) #8E0 DEENIZEER
FECLHBEEFETH O

- BLDETEHROTA BN SRIZLEBEEIZERET -5,
BIEG % FtE L, ZEDKIIZELYZEL S,

- RERIEDERBEL L T, B DXL "EENEIZET SEM
BIFHE DL EIED TR ENT=,

all
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(2) 15 RAEMEEERFEOTE (80905 HE)

EZRIMTIAE, BEGT0E, FFMGERFZZEIL, FEFRFBHZ.
Bt FTILE, FEim o EE5m,. Wal lace-WicksE T
L, KFILTARILF—FTI. GrambowTE T /L
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RENGH SR EEHFHE TG %

£ Fh MCC-1, MCC-2 MCC-3 MCC-4 MCC-5 VHT
=R BRD M L BHROER 1K 3 7 Soxhlet SEEkCES
EHEK, &K
B = ! Gk Gk R & R &
% WMABDIK, 4 A EEK
MCC-1: 40,70,90°C
.it%ﬁ cc 070,90 o =T = 40, 70, 90°C >100°C 150-300°C
B E | MCC-2:110,150,190°C
En g 5 NILY INLY INILY .
SILY ¥
1 1k = T 5 400mm? R = T FE400m? = & FE400m? NG R
TR BEiRE S FRE: 01,001,0001 .
\ m o R 1+0.2ml/ "
15 # L 12+ 2[@/min ml / min I mismin L
5%_&5& L L L L L
X
R =& SHEEDRE. B AN 5E
HIZIEEHEARIE s e — - o B It R _ .
RG] R LR A BAFIEEAE | REKEEAE bR ZREEME R

B E TER DR T E — BENFEREZ IR (MCC)
- MCCIAEHFE T — DA LB D=0 DIEZETH Y,
14 BESTHIE D #8331 {78 22 2E TIL 7LD,
— BHY, FICEY BB B D 775 D FFE Z ##c _
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S BIHE 4 D FETAFIBEAF

50 [ :
[+ B | JSS-A glass Normalized elemental mass loss
wh 0 mo | Meet . HIEIL BB (EEIEE)
| emp. = NL; = C; f; VIS
- ® Cs | g/ v=10m"! B
30 i ; Ella deionized water n e
NL ; [ A Al , Ci.-/ff/‘ﬁfft’ljl?%_/ﬁ/; -
[/m2] | Q f. : ISR BT EEZE S E
20 [ " O Si © | V:BH&KIXIE
' ° S: HOREKEE
10 |
\ A A A
0

0 50 100 150 200 250 300 350 400
time [d]
A5 AELAD IESAFNARE (JSS Project Phase IV, 1987 )

BILRDBAEEE)  BAEEITELELICKESEH DTS,
[FEFAFHIBRE] > B R DEBEFHIBEBEETIEHBE,

7
17




wAE-ET /L — Grambow’s reaction path model

£ TERDE R R
RAFTHHE

PHREEQE

Matrix dissolution

HSARKN) RS R
R REETE

Rate Equation

(congruent) <

v

Each element
Soluble or precipitate ?

Soluble / \Precigitate

Solution Secondary phase
B, Li, ... Fe, Al, ...

N

Solution concentration
for each element

SiO,(am) + 2H,0 = H,SiO,

1st order dissol. rate for SiO,(am)
Ao:
r=k,(1-3>)+rg

aS at

r . glass matrix disol. rate

k.. initial dissol.rate(constant)
aq;. H,Si10, activity

a.,. H,S10, activity at saturation
Iin- final dissol.rate

T

v

Si0, saturation
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BT T /L — Grambow’s reaction path model

" B JSS-A glass
X L MCC-1
a0 © Mo . o
[ m Cs B, Li, Mo, Cs Temp. = 90°C
) - S/V=10m!
30[ O deionized water
NLi X A
[o/m2] |
20 |
10 |

0 50 100 150 200 250 300 350 400

time [d]
HSRABELAD IEFTFN A —Grambow model IZ kAR5 E
(JSS Project Phase IV, 1987)

Grambow model /. CAFTDZLDEEEZEZIFH TRES
SR BH T B3BBG 5H I E T /L Tho7=, (D.Strachan )
4_'71""
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TSR BEEFEDIESIENE

g a-decay
E
- UO, fuel 30GWdt
% 10204 Waste loading 20wt%
g . B,y-decay et
°
£ 1024- /
é spontansous flission
, -
(& ]

1032 v Y v T v

1 102 104 108

Disposal time (y)

WASTE STORAGE TIME, YEARS
1 102 104 108
1

T R CERAMIC WASTE FORMS
GLASS WASTE FORMS

o~
_

—_—
T

p

1}

Displacements in HLW glass per decay event
a-decay: 130(a-particle)+ 2000(recoil nuclei)

p-decay: 0.07

CUMULATIVE DOSE ALPHA DECAYS/m3

aFRIRICEHEME A D ARTRZE 1L (Lutze, 1988)

BRERFIZLDHSIAELAD
[FUEHLREF#(Lutze, 1988 )

o (FF. Rek#) ICLBIRFDIZLEHL
= REXELHIIHE

HSRIEESSORIZHEEL S HEH IS0
o
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(2) 75 RAENLEERFIEOFE (80~ 90£ELE)
FEH
- W E NS BE D HEBEFTHE OD 7= 85 D IR R FERRER T DN

- Grambow mode | & (2 k& B 5 R BEAEIERELAEDEE,
- S XEBSINEDFHE,

- REFEDFE L L T, RABHEBEZRDER, FNFIRETD
IERESTE ., Ho/E M ERESTHE~ DEHDBEED TR SN T=,
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Q) HSREE AMEBRED ST (C90—"004FtH)

REBAE -EE - HEZH R, 5D EERISTHE,
MEEEETI, FFaZ/IF7Fav,

A IR Z A7 IE, 1EBEFTEHE T L.

Hii [E QN 53 £ BESTAT ~ D 1 FH
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HIXR B EEHEE)

]
=0 P0798 glass Measured / \
Temp. =90°C " S + Na ES/V%#
S/V=1,200m’! AR
deionized water = = - Cs @

° a s - . R
£ . @ 3 pwe = || BBEASURED
g _

: 1.0 9 . e b2 B[ TEA
Z — LiBNaMoCs || SiBAR]1#E D ZEEf
--- Gi .
i DYBBFEIZ 57700 B
Ca
----- A' \ /

0 50 100 150
Corrosion time / day

BSIVEHTDHSRBE#EEGrambowET JLED LLE (Inagaki, 1994)

RIGEINESEHB/=0DDZSINE M TDFREEIL, Grambow
ETILDH TIELEHBITEL),
— RIIRIGEEDEBEFEEETIIEDBE, o
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HIXR B EEHEE)

‘= 1E+5 | —

= ] . S R7T7 glass

— Temp. = 110°C

E 1E+4 ‘( 0 B S/V=10 - 21,000m!
s T MgCl, brine water
5

S 1E+3 -

=

8 —%

o | = S

(D) {E+2 s | C |

R el ¥ B

- -

P |

c —

p4 1E+1 1E+2 1E+3 1E+4 1E+5

SIV 4 t, day2/m
HOAREBHE ZTEDJS tI&EHE  (Grambow, 1992)

EHBMR(BSINIZES) I, /T IZHAIL TEFTT .
~ (IS DILBBIEL R EREEE,
(HSREEHDIKE- 1L BT IADIH 7).
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SR BEDEERAIEE — S5 X EHEEE

BHEDH S R EHELD 5 R S =t
Rate [g/m?/d] = r,- 10 1°PH . exp(-E/RT) - [1-(Q/K)] + r,

ira o ! ! .
WAEREE pHEHM  REEEN  LPR0N  BREEREE

(REAfERE)
r,: MERERE (BAFEEEH. H7AMEIZIKE) [g/m2/d]
n : BEOpHIKRTFEFZRE
E, : EtEfTzrI)LF— [kJ/mol]
Q: 1A VEERF (Sior Si+Al)
K: A5 RABBRISDAITOFEEN (AEETRE) (Sior Si+Al+ ete. )
rp: VY NEBEFROERFBHFEREE [g/m2/d] (BESLVREZHFEKEEHY)

- DB —RERERIICE DGEE R, (Si0,(am) + 2H,0 = H,Si0,)
- BIERF/NG AW, E,, etc...) DRI EFFH
- SBIFBIEEE r DB R - IREKF L5 - ET ILAED L E,
- BEFDEZEIFTEE DG IRE - RFIZL > TEL B,
- .
ZFE (EU, K) CHEFFZETOT 5 L5 RHTETT, o
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TSR BREDEEMIIETHE — F /=558 %

NFETDHIRBE  EEARE

FRRO S BR it 7K G BR

O EE Eim

-® B B~ = 552 —_— ;’&yli_t_;"E(:{%#
BE || @ sV B || |l [
Bk
HoORARE D £E #i :
Y > g & ) MEMEE
| Il BZE Bl 4750

552 e @ s/vV &

ONSRBEM  REZEEILRNME (pH, R [CTEYKRE<E L
= R E RIS (Z(E, FEDEKME—TERH TOFHESGE

ORMRTFEICET H2RERT —% (FICREAZF) (FE D740
= ABEFEDHE BLUVEREHTDT —SRF HOE -




TSR BEDEE AT — Br7=70aA8 5% (HKFER)

N, gaS& ——
1
O | (8
115 Peristaltic Glass
pump
& Reaction cell
Oven O

|| Input solution ||

|| Output solution ||

T JVINR TR IKERER R ZE (SPFET: Single-pass flow-through) CKEPNNL )

EEDRIER M TDH SR EHREEE) - &FEEH A BE,
M D1x 275 77% (FSIN | /KR TF) 2k B

P
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TSR BEDEEMIIETHE — REEF/ Y5 A3DEFHE

2 SONG68 glass
at pH=9

ro = 2.1 [g/m?/d] at 100°C
Q =76 [kJ/mol]

In(vo) en g.m>j"

-4
0,33 0,34 0,35 036 037 0,38 039 04
1000/RT

-9

-10

logr, 11
[mol/cm?/s]

-12

-13

| | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12
pH

HSREL KRB EERBERF/NS A FDFE (75 > X SONGS glass)
(RERBFEEE (r,) DRE. pHIKTE!M) (Advocat, 1991)

- AE, RE, N)LF—FICHV T, FEICHEL RIS F
INGAZDEFET—2ERTZ, FEEHIEREIZE D ST,
- REBFEEEDSHOL I EE D SN, /5w T,

S
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(3) A5 RAELiERMEREDFHE (90—~ 005 LH)
FED
- BRIEEIZE D FBETILDEFF

- BEIDEEDRAFIREIZI C - IRERFIZE T EEE T —
DI {FEEDIEFR I ED SN T=

- D X (L BEFTAT#5 R D B 4L 57 14 BESTHT ~ DB A 5 — ER &
- REIBIE-FEDBEFREREETIIEHEREL =5
F IR FIEFEFHEIZ LE 2 TV,
- RAEREFFHIC DUV T, EEEFHEBDE L OERL
PRGBS DFHEDBEIED TR ENT=,
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(4) #5RAEMEEERETEDEHEMER.LE C0FE )

R B EEERDEGFEFRIERE,

R EE R S DEFHE, BEREESILEEFIHDES.
B E DA REIZE D < MEEEFFE.
BAEDHTH.~I1E.

HoRMp " HEZDHKR. FEEEM

30




HIRXRRKBME - EEDRIGAT—

v 1 y ] y 1 ]
—_ ~» |Stage Stage Stage Stage
"'—s —_ =4 b= i = i =
&'L‘Z) o I 1 1
I 1 I 1l I v
i | !
w1 Lo 1 1
£ 5 g% I 1
— =10 I [
[ ] = = {0
5 'Y o= sSEc I I
-— i - 0.8 i 1
x —c"""l w 05 I I
L 28, 2 535 I 1
e w3 Qowm I I
Q D-—El l i :
= 1 — | 1 -
% . I c
o 1 B _ 1 £ ©
= Ww
o . 5.8 =
= m ca
1 M = 1 oo
(T 1 = >
=0 B =
2.0 1 o @a
1 E%E 1 =S“
| A v o 1 '{l—E
1 ]
Time

HoORBEE . ZEE D RIGAT— (Jiricka, 2001)

Stage | [ BHETATEBEEREREFTDRIG (—REHEE)
Stage Il JBET 1 EEEAFLEEIZVTNVEAETD R (TLEEE ?)
Stage Il H#EED = RILYERIZLBRIGIELE (FEIERHKFIEX)

31




HIRXRRRIBHE " EHET/N

[ mmEosioRD |

| hERFOsIOMNR |

ANa, B, etc. ASi ANa, B, etc.
|"(.2";;;|;J§Wa>slo>yz§& H
Z X H Zr
% TIVE : g JIVE
= | OFENARORY | b | AR
ﬂaﬂé 07 - |: E| GEIAETRDR M | Xﬂr\ﬁg (AR (TIEORER) YL EE Gt BMADEN, AR
5 5 5
4 4 Z
x A A
KFEBETIL RENTILBETIL ZRIMERETIV
(KDILER) GBTRT 1 B DHLED ChRAEFDERK)

ANSARATOMERITEEZERL-ERORABHEETT /L (FEE2004)

HORKE COYEBITEAEEBIELT DEHMDZEEHH
RAIETIHIES NI,
— FEEFEITIRERMHICLYELD ?

L=




HIXRRRBHE - EEDEBFFHIER — hHFEETETI

|

200
0.6 - !
L B D, =18x102 ms ~ +
05[ __— 205 [
04 '
A, u 210
NLg, | 30x10"m/s — Q = 49kJ/mol
B 2 > Iog DI
g/m2 03 12x 1022 m?ss -
' 215
_ + 120° :
02 L - 1(2)8°g - | PO798 glass
= — -1
0.1 a 80°C 220 | S/V=7,400m
[ ® 580°C r | 0.00IM NaOH
0.0 2 2 2 2 0 . 4, - - 0 . - - - 0 ., . - . 0 ., . . . -22'5 o . " " " " "
0 20 100 150 200 250 24 25 26 27 28 29 30 31
time, day 1000/T(K-1)

Ref. data for activation energy
- lon-exchange in Na,O-Al,O;-SiO, glass : Q = 49 kJ/mol (McGrail, 2001)
- Initial dissolution rate for SON68 glass: Q = 71 kJ/mol (Techer, 2000)

KIMEEETIVIC & 284 EREEKFM (Inagaki, 2006)
- RAVBEIEIT AT K Z S DILELIEE D BIFEEX

T —
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HIRRR B EEDEBRFFHIERE — — R LR DFE

7T
L Boron

6

NL g ( @/m?)
=N

. 120°C

Analcime forming
conditions

Smectite forming

conditions

10

Square root of time (day%-)

15

P0O798 glass

Temp. = 120°C
S/V=7,400-12,000m!
Alkalline water

Test 1

+ 0.1MNaOH
x 0.03MNaOH
* DIW

¢ 0.IMKOH
Test 2

o [Nat]=0.003M
a [NaT]=0.01M
o [Na¥]=0.03M
e Na']=0.1M
a [NaT]=03M

H S5 R EME KA R IE E 0 4 B = R EE &K 77 1% (Inagaki, 2006)

r RAGZANERSKNE: T ERIC LB EE (ELY)
7 a(analcime) £ LR - /56E - EE DIEE
- ZRIVDERKHEDEZE%E,

1



HIXRRRBHE - EEDEBFFHIERE — B /-G8 5%

Vo0 7 o5k RS E DHEE (Inagaki, 2009)
/|
—ERE —
— — YAUBRFYURIL 2
Pl RIE P8 :20 x 2 x 0.16 mm?3 Ho T H
BETIE: 1~50 pl / min S/V ~ 6300 m™ = AR
7 #

[ EBOEE—EEM N\

- I BGE. ILFSTIL
- J— /7“/#0)71 7xnﬂ“#

77 SR i%z?ﬁ @E}%ﬂ’] E ST =B R T —REDELEIES
- IO 7oz
k F5S/V = EEEL K IE S HT A BE 35 /




HIRRRER EEDEBRFFHIERE — ERLET—F

2 —7 1 ft r v T ‘v rt Tt [ Tt Tt T [ T T 1
— 1l Present work (Micro-reactor)
§1 P0798 glass 1| o 90C
- ] 70°C
T [ W™ L0 [25-70°C - i 5 ul/min
£ 1] -a-50°C C . EE ool
b W e 1| -e-25C 90°C : iitiE 20 ul/min
39 »- !
S .a ©H -
o e H -~~~ 1 | PNNL work (SPFT)
1r e, . 90°C
--- 50°C
A
. ¢ ; 1| - 25
2T ® ]
2 4 6 8 10 12

pH
EDEDH S X DIEBAEREE (, )DEFEIFFE
(¥vr o0y 7o %82 & S )(Inagaki, 2010)

Y207 ORI S BATE#EE
- WFTHDEEIZHENTE V' ED pH k77 IE
~ SPFTAICL D AT REEIFIFES
- EBEpHE M TIESPFTEIZLHEANDLKAEME (LYIEEGT—3) |36




HIXRRBHE - EEDEEFFHIERE — HSXREHT

HEXRREEEEBDIT (1201 Fo 2 FKEEE. SIMSSH)
(Inagaki, 2009)

SIMS profiles for altered layer

£ d = /g ]
== Reacted > 10 | :
= — eacted area > ! Fe
= = v © e B
Sdaee—— 5 107 : . Si
<>_O T = _ :’/ I
o _ - Si 1
= i >102 ;
= i !
i C
R — Q B - :
= i £ 103 M '
i SIM W 6 MM >le 6 MM >
— —— 10 |Layer(1)| !|Layer(2)] i |
== 0 5 10 15 20
o S Depth (um)

Layer (1): 5¢ 8 6 ym [E
After test at 90°C, pH5.6 for 1000 h B: fully depleted, Fe: enriched = #TiE ?
Layer (2): A 6 ym [E

B: partly depleted = KFIZEE ? 37




EEDH SR BMEFIEREFFE — INC-H12 L A—F

HSREIEAERD B A% =
Rate = ry*[1-(Q/K)] + r; (rg>>r)

H12LFR—FL 7L R —XIZEFBH SR E DE SEET )L

[(ZZ275]
HSARDDBEFE)NRE R
':[iﬁ@.$nj—éo (1t$¥ﬁ*ﬂblﬁgﬁ*ﬁ) 10" ] T T T ' T

Rate =r S .
fﬂ - - ’Q 60°C
JKFEE 80 ISR D RBUBMRIIRST ¢ r e, ©
ISRl —EAREEET S, S0 L N
- ot l R . g "o 107° r W C-31-3EC (a)]
BEVINRERENZHTOREEER = 2 8000
FARBEEOREREL S, - O ma0
Flong (— FEfEat 60°C ) ZEXTE S 10°F| o pojes ) ;
Rate = r,= 10-3 [g/m?/d] o
BINIZEHHSRRERIEM : 10f5
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