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Abstract: Vitrification is the well-developed and the only kind of technology to industrially immobilize the nuclear
wastes originating from civil and military spent fuel reprocessing, because the glass waste form enables to incorporate a
very large range of elements, and has the good long-term durability to resist the chemical corrosion, and could be
produced with the relative simple processes under the remote control. In the view point of materials science and
technology, this paper introduced the glass immobilization mechanism and principles to design glass waste form, and then
reviewed the recent international research progress on glass waste form. The main efforts included: (i) ability to
accommodate the waste to improve the waste loading, (ii) melter feed reactions to maximize the rate of melting, and (iii)
the corrosion mechanism and the long-term behavior to ensure the safe disposal. Finally, future trends and options in
waste vitrification were prospected.
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SEFE L ERENS I AT RER R oK, (BT I B Y5 AT R %
RAVGYEEFEE R . KBHAE. e B Ren] B
REURAE A P I AR A ARG By, (HELIHIRE IR
M E R KBS T R R . A2 —Fhm skt
Ui, RERBRLR, MRS, BAEKABIEREPA™
HEARAT RSG5 G4 R, ARG R o 7 A TR
RV — B R E NIRRT E A Hr, Sso R R
U K SRR (KL A
BRI HAL B &2 e,

% 8 R} € AE AR 8 A COORR [ A6 44
Waste-Form) PARHIEBUSEZRITR, 5 B
AL B S i B 2 T 5. T ARG
JE¥) (Intermediate Level Waste — ILW, Low Level Waste
— LLW) B [ Ak T 9 75 Bk P R BB, Uk
(High Level Waste — HLW) &5 [ 1k T B Fa 5 (1 344,
IR & (URRNIES f, Synroc, 32 % SR
BRSBTS A 4 R TP,
Horbr, BB A0 2748 7= 1) (Fission Products) G &/
ZHEAE, BAMS LZRSR., 5 TEsige, Wik,
B 7 [ AL B AR (Vitrification) & B AT — Tk A H R B
T IR PR Ak FE T B

P EPEEIF 2003 4EHE4IAE T 2000 4F2 T BEHE
44 [ bR S BUIR Je T 2R K g . <A UM
TELH AT T 25 DUARBE B [ 4 T2 GAHHREE AR 1k
& o ASTMAPELAI AT, 1 AR S [ A0 AL B (1) 2
fiti b, SRR E PR b B At iR, Ak
R R B BRI 7T 5 R R iR 2% .

2 ERIEE L
2.1 SREY

EBREMEFR (Nuclear Fuel Cycle)—f&f3E 3 MM
E&: Hiu(Front End). i oz 47 (Operation) . )& %
(Back End). miuid 2 AFE S AR R. Bk
SRR () 4 s v o B SRR RS FEAZ LS 32 AT 5
uti¥e Z BB 5 AL 3 (Spent Fuel Reprocess) & #% % itk
1B 1% (Decommission) . 7% M BL I #5 J AS [R] (14 BLAL =
JNE, T A AN RO g e (B D Bl

TP 1 R BRI TR RIE A 5 g o

A HEEHE Z R G A R, SRRRER . K
FIFEEL U A Pu, S hnmg b RS 5% R s UR . =
R AGA & H 50 RAuE, — Mo ALLF 32K:

(1)511,3:,5#5%’ ﬁl:]: 134135137CS, 905]', 99TC, 131,129|,
141*144Pm, 151Sm, 152,154Eu /:T—%:

)/ B 2 T & AL AR P, - 22228y, 2N,
238,239Pu 241Am 242, 244Cm :(:r_

(3) 5 AL H IS FE AN ISR A JE i, iz Na, K, Li, Ca,
Mg, P, S, F, Cl, Fe, Cr, Al, Mo, Ni, Zr, Si %,

Nuclear Fuel Cycle

Front End ‘ Operation | Back End
3
&
e
]
< HLW
A
ILW
LLW

Volume (a.u.)
1 RHRBHIBER = R U 2 0 e P!
Fig. 1 Schematic of different levels of nuclear waste from nuclear fuel

cycle®

#* 1 NiEE UOX1 K2 PUREX Ab B 5 ™
A I O o 1) R, BB TR ) it & U
7EH A s £E (Enrichment) FE 55 AN, F0_E = KR
ARG A BRA % 70 30 BE I o3 18 e U
W ZE 700

% 1 EE UOXI MIRIHELE PUREX 4MEB/E 74 M B R A 4
Table 1 Composition of the HLW solution recovered after the
reprocessing of French UOX1 spent fuel by PUREX
process (UO, with 3.5% 2*U, burn up 33GW-dayt™ in
PWR, 4 years after discharge). Concentration: g/ton of U
in fuel before burning, reprocessing was performed 3
years after spent fuel unloading®

Fission products (gt"U) Fission products (g't"U)
SeO, 77.04 Nd,O3 4 672.37
Rb,O 385.06 Pm203 79.62
SrO 988.24 Sm,0; 923.30
Y203 587.15 EU203 151.80
Zr0, 4870.98 Gd,03 87.74
MoOg3 5017.74 Th,03 2.16
TcO, 1091.11 Dy,03 1.04
RuO, 2846.43 Actinides (g't"U)

Rh 488.30 uo;, 192.90
Pd 1245.40 NpO; 473.30
Ag.0 82.35 PuO, 7.10
CdO 89.03 AmO; 363.94
In,03 1.80 CmO, 28.71
SnO, 64.99 Additional elements and
Shy03 12.57 corrosion products (g't*U)
TeO, 591.99 Na,O 13 499.56
Cs,0 2804.76 Fe;03 8580.60
BaO 1750.69 NiO 1221.70
LazO3 1417.92 Cr203 1490.73
C€203 2 747.58 P205 835.96
Pr,03 1300.20 Zr0, 1350.90
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2.2 HIBELHIE

B 2.1 AL, SRR AL e R AR G 4 o
x, MEEEA—MIERSYR, BETRELTHZR
PESER, KA T AT NI A T, SEIN R 3R
)57 R4, BRI S SRR SEIT RS . (E B[]
et fEr, — ok s e, ST R EAL R IR N
NEZEE, FH&EE (~1150 T) Az gt

—RRUL, R B a0 Al Fe, Zr SFEN
IR 25 450, RN 3% 38 P 28 T 1 AR (Network Former),
S8 B ()AL P e s TR AR R S BH S -
Na, Cs, Sr SE&xiH 7R 7E P25 JE [, BRI 28 2 44
(Network Modifier), B{IRIZEEMZE 451, 3 IIIEM A
(Non-Bridging Oxygen)%t H , B35 358 1 i A4 2 5 et
PE, HIRA] PARBOB A RLR A, 5 TA . 1Xeg
FITIE TRk, TSRS, Wkl 2a k.

@)

Glass matrix Encapsulated particles Bubbles

B 2 g R R R B (O IR RS S T B &M AN : (b
A SRV (1 3R T A
Fig. 2 Schematic of immobilization of nuclear waste by homogeneous

dissolution (a) or by encapsulation in a glass matrix (b)

SR, TE SRR R R B s [ A AR b, B
k@ W & A /> B A (Bubble) & I ZE W)
(Encapsulated Particle) (/& 2b). S T B R 2
— RIS A SO A R R AR AR, R 3
Ak AR PERETE R K . 1 — e R B &4, 3%
BV R REARAR RO VRS L7 3R A AR 1R 6 33
BRI NER 2), BB HHET R, BaEY.
PRSP B ARG R W S, Mo, CI 25, T8 UG
B, AR, ST, X YA G
RNEA TG, A aA— e R sr
Bics, HefiMEEAEAmKEYE, Sk, Kb
TR PTRER NI, DRI, 06 2007 A
TR EYER IR R PRI TR T4, TEB
HR AR FE AR A1) 5% 428 (Noble Metal) 4 Rh, Pd %5703,

EATEH LU TR AT 2, B TR Fe,
Ni, Cr, Mn SEEBCESIERLEA AR, JRAT#T
3 ff A (Spinel) B & & (1 [Fe, Ni, Zn, Mn][Fe,
Cr],0,) M 15), 33 s b Sy B R B BRI A T A KSR
BAEBE AR FE T, ST RE TR, Tk
ST, BRI, DRI RS I 2 DU AT AT

TERZ R BRI ) 2, ] 4 o 4 0 i S
AL B, AT H & SRR A% F R E d A
P H AL T B RN , T R %3 M %5 ( Glass-Ceramic)
[ AL AR A ] A A R L B 3 5 n T (e i, S
W) 5 [ A A v Lo 5 (1 e e ) 2 ) TS
R BENAS T G5 A S, B P v R A ] Ak Ak
)47 %% & (Waste Loading), AT B AR SR 14 4% = 70 B
HRNITE, R—RRAEASE A, ERE
AAT S R R B R AR A (Powellite,
CaMoO,) , % #2 1 (Pollucite, CsAlSi,Og), 4K f1
(Celsian, Ba,Sr;.Al,Si,Og)2 M1, 3 5 Wiy 2 [ 4 1A
H AT R A5 8 T 5258 2 0 T B B, AR KRB Tl B A

% 2 ERhE R T EEMEER L (Borosilicate) I Fh Ay AR

Table 2 Approximate solubility limits of HLW elements in borosilicate

glasses®
Solubility limit
Elements (Wt%) as oxide
Al, Pb 25
Li, Na, Mg, K, Ca, Fe, Zn, Rb, Sr, Cs, Ba, N
Fr, Ra, U 15-25
Ti, P, Cu, F, La, Ce, Pr, Nd, Gd, Th, Bi, Zr 5~15
Mn, Cr, Co, Ni, Mo 3~5
S, Cl, As, Se, Tc, Sn, Sh, Te 1~-3
Ru, Rh, Pd, Ag, |, Pt, Au, Hg, Rn <0.1

2.3 IBEMLAEITEARREN

K2 IR B 1 [ A AR PR 12 T 75 2% E SRR A o A I R
F7K % 71 (Ability to Accommodate the Waste). 3735
&R B AR (Melting Process) ft AT 471t % f 2% 3% 3 44
fiE(Glass Performance) (# m] S ME25 i . B9 3P0 gs 1
BB E AR BT FH RS TR R . — R, 3%
ISR AR TR IS A AT in, BRI B
() AR TAEBE AR I, %S LT
P, AR R B — R HIZE 1 100~1 200 T, FRAEIX
MEEVEHE N B GERRE. . S3RE, D
KACBEFS =32 A B s B A R R AE e 1, it
EE Tt S RS 6 77 KWLM B T TH Ak B — %€ bR
T 5 6 A28 3 g o] £ AT K A T AR i AR R R
FHIERZ R M AP A BOT R ) ER . Bz, BamRE ik
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it — M riitl, MR b5 5 T
DIZ, i N AORE B B

3 ESMEIBELIRER

& 3PBaE TR VA, B . H. AN B
] A AR S B diE LR s R Ak B . e A 4
BRI 2 W R B HERA, (8 H AT Z RRER ) B E
X, FFRBEAT AL FRE U A1 Pu, BUAE R BOR
HOVR T % S A Ik ) A% A T R R A . K2 213
e TR TR AE T M 2R B 0 AR A 2k b (Hanford
Site), H & K#AF T 7 K D RGN B= FL g i = Hh
(Savannah River Site). 2% EEWFA—D7% FEH M

PREEIE L, IHCM) BB [ AL BRI E 5, 2
Bl — DI E AR BB E K. (H i T R 5 B R R
AT BER B MR RANE , 4 50 2 AEH
EF G e T KA RN AR AL B
T, 5% B ZE A I 8L B P TS0 S 1k P R0 A 8 ¥ FEE K

A VEEDR A A — AN NS E A Tk
5K, KHPEE (B G + N 4 & 7 Rotary
calciner + Induction-heated metallic melter) Xb¥4% Hi vk
ZIRREE A FE A R R . SR [ BRI A 3B [ A
FARER, (A5 3ERRk E w2 E R B8,

H .\ BOAE B3 [ A T e AE AT g1, AR S
E E AR — DR B B AR

Ability to accommodate the waste

Solubility (Cr, Ru, Rh, Pd, Ce, Pu, SO, Cl, ...)
Phase separation (Mo, SO,, CL, P, ...)
Devitrification (Mo, P, F, ...)

Maximize the waste loading

Waste glass

Process/technology

Ease of processing
Melting temperature
Viscosity, reactivity, residence time

teel canister

Glass Performance

Properties for storage/disposal
Thermal stability
Chemical durability

Electrical and thermal conduction
Additives needed

Resistance to self irradiation
Mechanical properties

Fig. 3 Parameters of formulation of nuclear waste glass need to be considered

Kl 3 s 5 e S

% 3 ESMRERERCKERRL TR

Table 3 General data related with nuclear waste vitrification from developed countries and their disposal options?!

[20]

USA France UK Germany Japan Belgium
Operating 50
reactors 104 58 16 9 (before 2011) !
Existing HLW
glass, 2012 6700 7700 2200 2300 700 650
(ton)
Total activity 2.6%10'8 2.810% 2.4510" 2,610 3.210"° 6.3x10'
confined (Bq)
Spent fuel from Spent fuel from
0,
Origin (%) DefNer::e ((79;?)’ NPP, few% from NPP, few% from Spent'\flgi! from ?r%?ﬂtl\flgi! Spenthl;g from
0 defense defense
WVDP
e AVM (1978~2012), ; TVF (1995~),
Vitrification (1996~2002), T . 5 Karlsruhe (until : . .
facilities DWPF (1996-), R7T7 (1989~) Sellafield (1995~) 2010) KA (tlgsgctlve Eurochemic
WTP (2019~)
Rotary calciner + .
e . Rotary calciner +
Vitrification JHCM Induction-heated i on-heated JHCM JHCM JHCM
technologies metallic melter, metallic melter
CCIM (2010~)
. . . . . Mizunami, .
Repository site Yucca Mountain Bure Not yet defined Not yet defined Horonobe HADES in Mol
Disposal Glass, carbon steel Glass, metal Supercontainer
Not yet defined ! Not yet defined Not yet defined overpack, design (concrete
concept overpack

buffer material

buffer)
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DRI, A S5 A 21 55 [ R [ U 4 9 T B R 4
PRI 7R o PRI = AR 2.3 FT B A B T2
A IR 7L, FEAFE . ORF 5T B A A% IR
AREEE ST, ARG R @ TR B
R ARV K (B 2 IR, DABR R a7 2. R IT
I 78 63 b (Corrosion) HLEE, 37K 3I(Long-Term) & 14T
IR, AR R K A AR R 22 VP4
3.1 IRIBRXT 4% R A4 HY A R

FEHRE SRR BREERSESEREZ0E
(Cladding), PimBUEE &6 KESTTER. 28
TERIRERR 26 (VAR R — AT 25% AT (3R 2), $&m
FRTERE R IR, BT R S, SR e
P PSR 2% & Bt 4 75 41 #H (Nepheline, [Na, KJAISIO,), fi
B R BRI AR . BRI, 3R R R B 1
M Ak o 6 R B2 R R A, Y
SiO,/(SiO,+AlLO3+Na,O) i & KT 0.62 I, A
FH, AT 25 B KPP PR b B 5 5258 % (PNNL) 5 5% FLgh
Tl B K 506 = (SRNL) B2 K & 0 RV AL, &R
BRI H A 2T A IX— R o A AT R B 4 B FS 7E
SiO,/(SiO,+AlLO3+Na,O) it & Lt/ T+ 0.62 Bf, RIffifE
RARINFIET, AR B AP, McCloy
5 NG Ik X S B I AE M IO 9T, TR HE TR D R SR
75 49T 4 % 1 (Nepheline Discriminator) 45 #4270y ik
— IR R R

IR A (0K TS0 YR A1 0 30 o B S AL AL B, IX s
I 80 % W Hh _E 3% W (Supernate) & 76 L £ (Salt Cake)
A, TR SR S B ER AL . RN R
. OBERREE. BRI, Bk, S, AEMNY
FR IR #h o 7RI H i S mhd R b, A R SR AN R R
R, HTH N, CAItE, MRl T /iR
v, KB4 S JUER AN W IE BB, S R
YR . @B B 5, SOz E B
FERR ShA% IR L s IRV MR BE T 4R = 22 1.5%
1320 Vienna 253303 it 253 F A (G B0 55 1)
RGTL, TR SO MR 5 A s 25608 &

(| 4). —fkEE, LiO, CaO 1 V,0s AT #2 5 SO,
7 3% 78 1) 9,28 (Tolerance), Cl Al Cr,05 1] f#1K SO,
TEBE TS VA RS, T — 22 B4 40 MgO 5 F X} SO,
3 RNGS S N AR

MoOg 1 1% [ B 3 7 (11 3 A P — MBEAR T 396054,
I 5 MoO; 2F 35 70 #H,  TE B #H (Yellow Phase),
EATIRE BB A A By IR A 27 J bk B s b A A T

RN, Caurant™ 1 Schuller® i it 22 4kl iy 2] A3k
E SR, P2 S r 455 (CaMoO,)
S m Mo 1 B AR Y ok &

Predicted wgq,, wt%
o
|

e
o
|

0.6

-20 -15 -10 -5 0 5 10 15
Change in Component Concentration from Centroid, wt%

4 TRIRIBRAHR B SO 7E BT ) £ 0 )
Fig. 4 Effects of component concentration changes on predicted wsos at

the composition region centroid®

WERR £h LT P, S, Cr, Mo, Fe, Cl, F 20 R 1T
FRFEAIR (AR 2), N T4 EX e 0 1 AE P E Ak
(MR, 74k Sales 25 NV B Hh A ATk B IR h 33k
J#(Lead-lron Phosphate Glass) [l 1t g% £} FEmt 1,
Day % NP7 Clxt 4 il 25 938 [E1L &5 Fe, Cr, Mo, S, F 4
TCR ML T RG I - & 0= (E IR 2R 38 1 B
ER MR : Fe05-38wt%l,  Cry05-4.3wt%!*,
MoO3-60mol%™), S05-4%%; F-3.50%67%8, Xul b
To T ARKS SR BERR 2 BB SRR P T IRk,
RIL Re(TEA *Tc HIEBUR P& A M) AE 2k R £6 3 3
AN Iwt% ity , i@ KT Re 7ERNRERRIES +
(RITE A (~0.3wt%) 49 [RI I, kAN 26 B 1 70 AL PR
& Fe, Cr, Mo, S 55 0 & AL R T (1 R A AT,
(BRI Eh BB AE Sl T X P B A AR ) B oo, A2 B
1R LTS FH ) — R A
3.2 ZERIEBIEIE N E R

TEPFEISHILFE T, — Bk & A R RS B
WG CHEm M) PIREY, MIEEAN
FEAr, FEN N O AR 1 7R R Rk A TR T i — AN R
NJZ, HPYAWE(Cold Cap), A% % HL-5 3% 38 v Jin 741 17 3%
5 % 1k, (Feed-to-Glass Conversion) it £2 /7 & 2E 1) B
B WERAL 5 I RS R AEAE A IR 2 o T A% 0 Rk 30 1
OB E R 20 Z R A 4y, o pril A s AL
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SN Ay R A, AE X IX S B A 2 S N B A AR
B, AT XA IR Z M BUERL, 52 &
) § Tl

Hrma 2500 s ity = 5 5o 3oF < i PE okt R 4
(R BT S AR AL SRR R RS 40 R AE, 2l Ba
IR B A IR 4 A B, A ATt 7 S 06 5 4 2 S 06 R
(A% R B, AR AUM R 2 Bl B B AL I 7R, 15 2%
HEAHERE S (& 5b) BRESE Tix—45k. A —
% [ R (100 T < T < 800 <T)FILIAZ(800 T <
T <1100 T)AHKE*BN, fpamfiK. THLER M
FERL il B SR R AETE IO, TR R AR
REDSO, BEER R TR, Sin Al TR IT AR,
T8 B 1 Rl FEE 1) 32 82 47 R AR, T 3K 1 82475 A o 75 A
BT AAR, TR UK Z (Primary Foam)™®H;
WS T 1 000 T B, BEESIERLA N KA S AL R

(Redox) B, #fT A4, P2 AR B IR )2 (Secondary) ;

BRI ER E HARRAE L 45 A8 O ORI
i (Cavity)'®3, % RB BN, FABE— MR B
R A R [ A R X AR 5, OB 7R K E#RE, (R
A AE BN, TR 2 B R #uE 2, FH Ik
THRENLS, B, B IRE S5 SRR
FEREEIBE.

@ o ®)

-T=100°C

Reaction

00 © 0o © MLl

layer
‘Qo°
o 090

Primary
foam
Foam
layer ™| Cavities ...
S BT~ 0
i SRR T e

Melt pool

--T=960°C

foam

K5 AIRSHRER @ PLS s s A IR SE A (p) ®
Fig. 5 Schematic of the cold-cap structure (a)®and optical microscopy
graph of the quenched cold-cap sample from the lab-scaled

melter(b)*?

Schuller %@ it i th A% RH& 4, 38 - T
FOR X GFERATI  RESER .  5  5 RAET- B,
PEANRFF T AI(NOs)3 9H,0-NaNO; 14 2 78 & i T 4k
N KRS o Yano 2 OHE Fi R il X SRS
MUK 2 B % (In-Situ X-Ray CT)EA,  xf A L4kt
TEN 1 9 PR SRR A o FEREAT JEAT 4%, AT T e AT

THEE R AR, o IX e 55 B A% IR 3B 0 475 Rl 1 5 A
PR T E RS R .
3.3 IBKHAREMITA

BHE IR o S R AEAE ORI, AR OH
(14 # (Diffusion) : & JEE 75 H B T2
(lon-Exchange); Si-O-M(M=Si, Al, Zr, Fe, Zn, etc. )8
JK AR (Hydrolysis); B4 38 26 BT AR 10 4 R 2581, 4%
M, BRI o i e — NI, AR 3
Wy AN ] 5] AR K ZE R AT I SE58
IS A AL 3 e A A A () M 5 B85 I R AT R
81, B 5 R AR DY B B A 1 A AT A AT 2 LT 78,

R T TS R A R B P LB AR R A R A
JR R B B A AT A7 1) 22 A VAR, T N T SE R B B
KHI AT AR, v, 3£, . HEERSKAK
OH R B 2 R AR A Y, A () B 3 2 43 e B AE
AN FREE T BE AT NIEAT T RGO AL, SEIE
AL, MR TR gAY, BRAE T T g T SR B
K 22 41T R 45 1T Hellmann 250950 1932 e 4
PoB 5 A (HR-TEM), — /K F R (SIMS), J&F
TRET JZHT G B AR (APT) X 8 1ok J 1 B 388 2 T 120 47 40
KRGS T BIZRAE, R I BRI A 2 o i 2 T 5 2K 5 ok
(R AR 2 18] A7-7E 375 0 7 11 (Sharp  Interface), X 3% 38 &5
T TR 2R R T BB T Pk

4 4t iE

IR RIS B A HR A BT 60 4R MR 785 N H
PSR, 2 A A BBV IR ) e SO R . B EE [
AN A TROR AL R I RS BN I AE i T
JERk, TERGEES, AFLE TR N, BHAESL Ak
AT, s AR i, e m™
K, ARSI 2 AV — B R B E A
R E S, MRS FHEEN T, b Bk
¥ QI E AR P, S, Cr, Mo, Fe, CI Filfi + ot &K &
BRI MR T, B M2 o0 RAE MRS h Bk 1k
[E, IR BBEISE AR, BRI O%
JRBH I Rl L 2T, a0 v IR B I Rk R
(CCIM), AbBEAERE VDB Bk s BRB IR £h 45 R Ak
S P A AR FH ORI A, W ik Bl IR s R A g ey
(Rrrdds, (R EER i Hh B A AR 1 TR s @
JE R B S A HFEAT S IR FE . 4B AN [ AR X B
if AR s B33 A -5 K g Do L AT 7
NI A AR TR I 22 4 A W AN



M &

Il: AZRBHICE ] A0 [ Bt Fu it

487

SE @k References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8l
(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Nash K L, Lumetta G J. Advanced Separation Techniques

for Nuclear Fuel Reprocessing and Radioactive Waste

Treatment [M]. Oxford-Cambridge-Philadelphia-New Delhi:

Woodhead Publishing Limited, 2011.

Ojovan M |. Handbook of Advanced Radioactive Waste
[M].

Woodhead

Conditioning Technologies
Oxford-Cambridge-Philadelphia-New  Delhi:
Publishing Limited, 2011.

Ojovan M |, Lee W E. An Introduction to Nuclear Waste
Immobilisation [M]. Amsterdam: Elsevier, 2005.

Lutze W, Ewing R C. Radioactive Waste Forms for the

Future  [M].  Amsterdam-Oxford-New  York-Tokyo:
North-Holland, 1988.
Caurant D, Loiseau P, Majerus O, et al. Glass,

Glass-Ceramics and Ceramics for Immobilization of Highly
Radioactive Nuclear Wastes [M]. New York: Nova Science
Publishers Inc, 2009.

Luo Shanggeng (%' _I-5%). Bulletin of the Chinese Ceramic
Society (FEf% hidHR) [J], 2003, 1: 42-48.

Liu Lijun (XINN#), zhang Shengdong (7K4E#5) . Atomic
Energy of Science and Technology (JR TRl A) [J],
2015, 49: 589-596.

Pegg I. Physics Today [J], 2015, 68: 33-39.

Vienna J, Hrma P, Buchmiller W. Preliminary Investigation
of Sulfur Loading in Hanford LAW Glass, PNNL-14649 [R].
Richland, WA, US: Pacific Northwest National Laboratory,
2004.

Hrma P. Retention of Halogens in Waste Glass, PNNL-19361
[R]. Richland, WA, US: Pacific Northwest National
Laboratory, 2004.

Short R J, Hand R J, Hyatt N C et al. Journal of Nuclear
Materials [J], 2005, 40: 179-186.

Capobianco C, Drake M. Geochimical et Cosmochimica
Acta [J], 1990, 54: 869-874.

Vienna J. International Journal of Applied Glass Science [J],
2010, 1: 309-321.

Hrma P. Journal of Non-Crystalline Solids [J], 2010, 356: 3
019-3 025.

Jantzen C, Brown K. Journal of the American Ceramic
Society [J], 2007, 90: 1 880-1 891.

Donald I, Metcalfe B, Taylor R. Journal of Materials
Science [J], 1997, 32: 5 851-5 887.

Caurant C, Majerus O, Fadel E, et al. Journal of the
American Ceramic Society [J], 2007, 90: 774-783.

Taurines T, Boizot B. Journal of Non-Crystalline Solids [J],

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

(36]
[37]

(38]

[39]

2011, 357: 2 723-2 725.

Crum J, Turo L, Riley B, et al. Journal of the American

Ceramic Society [J], 2012, 95: 1 297-1 303.

Vernaz E, Brueziere J. Procedia Materials Science [J], 2014,

7:3-9.

Gin S, Abdelouas A, Criscenti L J. Materials Today [J], 2013,

16: 243-248.

Xu Kai (& #l) . Materials China (741 [E #4133t &) [J], 2015,

2:173.

Kim D, Peeler D, Hrma P. Ceramics Transactions [J], 1995,

61: 177-188.

Li H, Hrma P, Vienna J. Journal of Non-Crystalline Solids

[J], 2003, 331: 202-216.

Ddwards T, Peeler D, Fox K. The Nepheline Discriminator:

Justification and DWPF PCCS Implementation Detail,

WSRC-STI-2006-00014 [R]. Aiken, SC, US: Washington

Savannah River Company, 2006.

Hrma P, Vienna J. Ceramics Transactions [J], 2003, 143:

159-167.

McCloy J,

Recommendation for Use in Life-Cycle Mission Modeling,

PNNL-19372 [R]. Richland, WA, US: Pacific Northwest

National Laboratory, 2010.

Goel A, Mc Cloy J, Fox K, et al. Journal of Non-Crystalline

Solids [J], 2012, 358: 674-679.

McCloy J, Schweiger M, Rodriguez C, et a. International

Journal of Applied Glass Science [J], 2011, 2: 201-204.

McCloy J, Washton N, Gassman P, et al. Journal of

Non-Crystalline Solids [J], 2015, 409: 149-165.

Aloy A, Soshnikov R, Trofimenko A, Waste

Management’06 Conference [J], Tucson, AZ, US, 2006.
Matlack K, Joseph I, Gong W, et al. Glass Formulation

Development and DM10 Melter Testing with ORP LAW

Glass, VSL-09R1520-2 [R]. Washington, DC, US: Vitreous

State Laboratory, The Catholic University of America, 2009.

Vienna J. Glass Composition Constraint

et al.

Vienna J, Kim D, Muller 1. Journal of the American Ceramic
Society [J], 2014, 97: 3 135-3 142.

Pinet O, Dussossoy J, David C, et al. Journal of Nuclear
Materials [J], 2008, 377: 307-312.

Schuller S, Bart F, Phalippou J. Journal of Non-Crystalline
Solids [J], 2008, 354: 296-300.

Sales B, Boatner L. Science [J], 1984, 226: 45-48.

Day D, Wu Z, Ray C, et al. . Journal of Non-Crystalline
Solids [J], 1998, 241: 1-12.

Mesko M, Day D, Bunker B. Waste Management [J], 2000,
20: 271-278.

Marasinghe G, Karabulut M, Ray C, et al. Journal of



488 o AR %35 &
Non-Crystalline Solids [J], 2000, 263-264: 146-154. Acta [J], 2014, 592: 86-92.
[40] Marasinghe G, Karabulut M, Fang X, et al. Ceramics [60] Pokorny R, Kruger A, Hrma P. Ceramics — Silik&y [J], 2014,
Transactions [J], 2001, 119: 361-368. 58: 296-302.
[41] Kim C, Day D. Journal of Non-Crystalline Solids [J], 2003, [61] Marcial J, Chun J, Hrma P, et al. Environmental Science &
331: 20-31. Technology [J], 2014, 48: 12 173-12 180.
[42] Kim C, Ray C, Zhu D, et al. Journal of Nuclear Materials [62] Dixon D, Schweiger M, Riley B, et al. Environmental
[J], 2003, 322: 152-164. Science & Technology [J], 2015, 49: 8 856-8 863.
[43] Huang W, Day D, Ray C, et al. Journal of Nuclear Materials [63] Pokorny R, Hilliard Z, Dixon D, et al. Journal of the
[J], 2004, 327: 46-57. American Ceramic Society [J], 2015, 98: 3 112-3 118.
[44] Zhu D, Kim C, Day D. Journal of Nuclear Materials [J], [64] Xu K, Hrma P, Rice J, et al. Journal of the American
2005, 336: 47-53. Ceramic Society [J], 2015, 98: 3 105-3 111.
[45] Poirier G, Ottoboni F, Cassanjes F, et al. The Journal of [65] Monteiro A, Schuller S, Toplis M, et al. Journal of Nuclear
Physical Chemistry B [J], 2008, 112: 4 481-4 487. Materials [J], 2014, 448 (S1-3) : 8-19.
[46] Bingham P, Hand R. Materials Research Bulletin [J], 2008, [66] Watanabe K, Yano T, Takeshita K, et al. Glass Technology:
43:1679-1693. European J Glass Science & Technology A [J], 2012, 53:
[47] Xu K, Hrma P, Um W, et al. Journal of Nuclear Materials 273-278.
[J], 2013, 441: 262-266. [67] Okamoto Y, Nakada M, Akabori M, et al. Electrochemistry
[48] McCloy J, Riley B, Goel A, et al. Environmental Science & [J], 2013, 81: 543-546.
Technology [J], 2012, 46: 12 616-12 622. [68] Grambow B, Muller R. Journal of Nuclear Materials [J],
[49] Xu K, Pierce D, Hrma P, et a. Journal of Nuclear Materials 2001, 298: 112-124.
[J], 2015, 464: 382-388. [69] Ojovan M, Pankov A, Lee W. Journal of Nuclear Materials
[50] Hrma P, Schweiger M, Humrickhouse C, et al [J], 2006, 358: 57-68.
Ceramics-Silikéty [J], 2010, 54: 193-211. [70] Curti E, Crovisier J, Morvan G. Applied Geochemistry [J],
[51] Henager S, Hrma P, Swearingen K, et al. Journal of 2006, 21: 1 152-1 168.
Non-Crystalline Solids [J], 2011, 357: 829-835. [71] Ferrand K, Abdelouas A, Grambow B. Journal of Nuclear
[52] Hrma P, Marcial J, Swearingen K, et al. Journal of Materials [J], 2006, 355: 54-67.
Non-Crystalline Solids [J], 2011, 357: 820-828. [72] Grambow B. Elements [J], 2006, 2: 357-364.
[53] Hrma P, Kruger A, Pokorny R. Nuclear Waste Vitrification [73] Cailleteau C, Angeli F, Devreux F, et al. Nature Materials [J],
Efficiency: Cold Cap Reactions [J]. Journal of 2008, 7: 978-983.
Non-Crystalline Solids, 2012, 358: 3559-3562. [74] Curti E, Dahn R, Farges F, et al. Geochimica et
[54] Pokorny R, Hrma P. Journal of Nuclear Materials [J], 2012, Cosmochimica Acta [J], 2009, 73: 2 283-2 298.
429: 245-256. [75] Neeway J, Abdelouas A, Grambow B, et al. Journal of
[55] Pierce D, Hrma P, Marcial J, et al. Effect of Alumina Source Nuclear Materials [J], 2011, 415: 31-37.
on the Rate of Melting Demonstrated with Nuclear Waste [76] McGrail B, Bacon D, Icenhower J, et al. Journal of Nuclear
Glass Batch [J]. International Journal of Applied Glass Materials [J], 2001, 298: 95-111.
Science, 2012, 3: 59-68. [77] Kamei G, Yusa Y, Arai T. Applied Geochemistry [J], 2000,
[56] Pokorny R, Hrma P. Thermochimica. Acta [J], 2012, 541: 15: 141-155.
8-14. [78] Verney-Carron A, Gin S, Libourel G. Geochimica et
[57] Chun J, Pierce D, Pokorny R, et al. Thermochimica Acta [J], Cosmochimica Acta [J], 2008, 72: 5 372-5 385.
2013, 559: 32-39. [79] Hellmann R, Cotte S, Cadel E, et al. Nature Materials [J],
[58] Pokorny R, Hrma P. Journal of Nuclear Materials [J], 2014, 2015, 14: 307-311.

[59]

445: 190-199.
Rodriguez C, Chun J, Schweiger M, et al. Thermochimica.

(i 2078



