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SUMMARY

I. Project Title

Development of High-Level Waste Solidification Technology

II. Objectives and Importance of the Project

Spent fuels would be reused as energy sources through proper

processing rather than be disposed of directly. This would

enhance volume reduction effect and disposal safety if we handle

only high level radioactive wastes generated from spent fuel

processing facilities. High-level waste, which is high in

radioactivity and emits heat, should be stabilized with highly

leach-resistant and thermally stable solidification agents. In this

view point, it is necessary to develop solidification matrices which

possess superior mechanical properties and high leach resistance

for longer time. At the same time, development of solidification

process which can manufacture homogeneous final waste forms

and has higher durability (corrosion resistant) is required.

III. Scope and Contents of the Project

1. Characterization of radwastes arising from nuclear fuel cycle

- Survey on the amount and characteristics of high-level wastes
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that can be generated at KAERI site.

2. Development of vitrification technology

- Manufacture of lab-scale vitrification unit

- Study on the glass melting characteristics with high frequency

induction melter and simulated waste glasses

3. Research on manufacture and assessment of borosilicate glass

- Characteristics of and test methods for borosilicate glass

- Manufacture and characterization of base-glasses made with

used HEPA filter media and additives

4. Basic research on the fabrication of candidate ceramic matrices

- State-of-the-art on the Synroc (Synthetic rock) solidification

technology

- Fabrication of Synroc precursor by self-sustaining combustion

method and characterization

IV. Results and Proposal for Application

1. Research results

1) Characterization of radwastes arising from nuclear fuel cycle

- High-level wastes from DUPIC fuel cycle

- High-level wastes from production of Fission-moly

- High-level wastes from spent fuel analysis laboratory
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2) Development of vitrification technology

- Borosilicate glass has been accepted as a good matrix for

the solidification of high-level wastes and widely used. In

this research a lab-scale high frequency induction melting

unit with cold crucible was manufactured to handle

simulated waste glass. Different amounts of titanium,

stainless steel, and iron were added into the simulated

glass powder to investigate their effects on the glass

melting time.

3) Research on manufacture and assessment of borosilicate glass

- Survey on the glass characteristics, test methods, leaching

phenomena and its interpretation, and compositions of

borosilicate glasses for HLW vitrification was made.

- Matrices manufactured with used HEPA filter media and

some additives were identified as amorphous borosilicate

glasses by XRD analysis. Leach tests (PCT-B method)

were conducted to see the applicability of fabricated

matrices as vitrification agents. The optimal base-glass

matrix will be determined after further experiments and

analysis with more glasses.

4) Basic research on the fabrication of candidate ceramic matrix

- Synroc is considered as one of the most promising

candidate waste forms for HLW solidification. The state-

of-the-art on the synthesis of Synroc material was done.

- Perovskite, which is a component of Synroc, was

fabricated by a self-sustaining combustion method. The

synthesized powders showed different characteristics

depending on the type, amount and composition of
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combustion fuel used.

2. Proposal for application

Researches conducted in this year contains only the results of

survey on and evaluation of various solidification processes and

matrices. Continuous and sufficient supports are needed to

establish HLW solidification techniques. These include through

understanding of HLW wastes and glass structure, the

characterization of waste glass and melt, quality control and

assurance of the waste glass and vitrification process, and

development of advanced solidification technologies including

fabrication of Synroc.
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M l - (Volatile fission products) : Kr, Xe, Br, I

(Metallic precipitates)

: Mo, Tc, Ru, Rh, Ag, Cd, In, Sn, Sb, Te

^S}-#^- ^ ^ l i r (Ceramic precipitated oxides)

: Rb, Cs, Ba, Zr, Nb, Mo, Te

^^S-tf l -§-^^>3}-«- (Oxides dissolved in the fuel)

: Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm

l: A ^ t

Table 1-1. Chemical states of radionuclides in spent fuel and

estimation of their fractional release during

OREOX process 1 of 2

Residual

elements

Xenon

Neodymium

Zirconium

Molibdenum

Cesium

Cerium

Ruthenium

Chemical state

in irradiated

oxide fuel[l]

E

A

B

G

D

A

G

Chemical state of
volatile species

by AIROX

Xe gas

-

-

-

Cs2O

CS2O2

Cs

Csl

CsBr

-

RuO4

RuO2(?)

Thermal
data
(1C)[2]

400 d
650 b
678 b
1280 b
1300 b

108 d

727-1227 v

Fractional
release,

%

100

10.0

-7.3

100

100

Remarks

17501C, H2
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2 of 2

Residual

elements

Barium

Palladium

Lanthanum

Praseodymium

Strontium

Technetium

Samarium

Tellurium

Yttrium

Krypton

Rubidium

Rhodium

Iodine

Europium

Prometium

Niobium

Antimony

Chemical state

in irradiated

oxide fuel[l]

B

G

A

A

B

G

A

F

A

E

D

G

C

A

A

Chemical state of

volatile species

by AIROX

BaO2

-

-

-

-

-

-

Te

-

Kr gas

Rb2O

Rb2O2

RbOa

Rb

-

h

-

-

Thermal

data

ccf]

800 b

1390 b

400 d

1011 d

1157 d

688 b

Fractional

release,

%

10.0

10.0

-25.1

0.015

100

?

100

-14.0

10.0

11.3

Remarks

1750°C, H2

20001, H2

18001:

10501C,

Vitrify
[1] A : oxides which dissolve in host matrix

B : Oxides which can dissolve to a limit extent in the fuel and also form
separate phases

C : single phase halide solution
D '• Csi-xRbxBn-yly and compounds analogous to (Csi-xRbx)2(Yi-YAnY)O4
E : elemental state
F : Single phase chalcogenide solution ... (Csi-xRbx)2Sei-YTeY
G : Usually single phase alloy, sometime two phase. Some Mo can oxidize to

MoO2 & also form a compound analogous to

[2]b boiling, d : decomposition, v : volatilization
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1227~1427°C

1400°C ^ l ^ ^ -a:3E.i>H UO2

(grain boundary)^ ^ ^ - ^ ^ ^*]?}?]}
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1"4Holdoway1"4^ ^ 3. 1-24

Table 1-2. Nature of the ruthenium dioxide

Temperature of

deposition, °C

> 600

560

520

480

440

400

< 400

Nature of deposit

Small blue tetragonal crystals

Groups of smaller crystals

Isolated groups of small crystals

Larger twinned crystals

Isolated multi crystals

Clusters of needles

Black amorphous deposits

71

(2)

KeUn :S-1"5)

5°C, 60% R.H.,

-i- 7̂1

6 /A±Z.£L ^4.
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£ 99.8% . (S 1-3 %3=)

Table 1-3. Ruthenium removal from calciner off-gas with

Davison's silica gels

Off Gas Time through

Silica Gel, Hr

0

4

8

12

16

20

24

28

32

36

D.F. from Grade 40 Silica Gel

4,2822

8,2125

12,7539
16,2426

20,803

24,998

28,979

32,311

36,58

40,183

* Sorbent temperature = Averaged 80 °C, Sorbent height = 26 inches

Superficial vapor velocity = 0.4 ft/sec, Mesh size = ~ 12-40

Newby ^

Grade 4(M| ^ ^ ^ - S 1-4 -̂

Davison

fe 80°C

1-4 #3=)
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Table 1-4. Effect of column temperature on the sorption of
ruthenium from calciner off-gas

Sorbent

Temperature, V,

80

100

Off-gas Time through

Silica Gel, Hr

0 - 1
1 - 2

2 - 3

0 - 1
1 - 2

2 - 3

D.F.

343

107
214

86
41

3.5

* Gel type = Grade 40 Silica Gel, Sorbent height = 26 inches
Superficial vapor velocity = 0.4 ft/sec, Mesh size = ~ 12-40

(3) (HZO-1)

^(Zirconium oxide hydrate-dithionite)^: «1M*]) ^-2)

. ^ l l S ^ 200 mesh ^5}5] HZO-l-i:

J1^ (S. 1-5 120°C

180°C

80°C

Table 1-5. Ruthenium removal from calciner off-gas with HZO-1

Off-gas Time through HZO-1, hr

0 - 4

4- 5.75

D.F.

190,000

80,000

* sorbent temperature = avg. 80 °C, sorbent height = 26 inches
sorbent size = 20 to 50 mesh, superficial vapor velocity = 0.4 ft/sec
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Mordenites^ Chabazites

A
1-6 ^r D.F.

4 . Corning^}^ Porous Glass No. 7930^:

^ ] ^ ^ ^-^l-H-i: 24-60Al-olo] D R ^ o . s

benzene^

. Styrene-divinyl

n
Copper sulfide

Table 1-6. Ruthenium removal from calciner off-gas with zeolites

Molecular Sieves

Zeolon-900 (Na+form)

Zeolon-900 (H+form)

Zeolon-900 (H+form)

Zeolon-900 (H+form)

AW-300

AW-500

Vendor

Norton Co.

Norton Co.

Norton Co.

Norton Co.

Union Carbide

Union Carbide

Superficial

Velocity,

0.7

0.7

0.7

0.4

0.7

0.7

Vapor

ft/sec

Ruthenium

D.F.

6 -

10

3 -

12

2

5 -

- 63

- 70

170

- 103

- 19

150

* sorbent temperature = 80 °C,

sorbent size = 1/16 inches long pellet,

sorbent height = 26 inches

run duration = 3 hours
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RuO4

50%-H2SO4

RuO47>

OREOX

(1) ^^-^i (Hematite)

350-550°C

fl^*] ^ ^ ^ 3J0L3. ^ - ^ ^ $14. a

, 300°C olAcMH<>] D.F.^^1 «1^H 20

$14. 400 t:«fl>H

Ferric Oxidel- % ^ 4 ^ ^ - g - ^ A S ^ e ) ^ > ^ £ 6% ]

> l 20%
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Table 1-7. Ruthenium removal from calciner off-gas with ferric oxide

Off-gas Time through Ferric Oxide, hr

0 - 4

4 - 8

8 - 1 2

12 - 16

16 - 20

2 0 - 2 4

24 - 28

28 - 32

32 - 36

36 - 40

D.F.

126

141

208

221

140

125

163

204

183

246

* sorbent temperature = 400 °C, sorbent height = 16 inches

sorbent size = 6 -20 mesh, superficial vapor velocity = 0.4 ft/sec

Table 1-8. Effect of sorbent temperature on the sorption of

ruthenium by ferric oxide

Sorbent Temperature,

°C

200

300

550

Off-gas Time through

Ferric Oxide, Hr

0 - 1
1 - 2

0 - 1

1 - 2

2 - 3

0 - 1

1 - 2

2 - 3

D.F.

2.2

2.3

467

377

320

503

571

829

* sorbent height = 26 inches, sorbent size = 6 - 2 0 mesh,

superficial vapor velocity = 0.4 ft/sec
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(2) <*k3.*} t^-^lM- H-151 (Alcoa Alumina H-151)

n ^ ^

$1*11 0.1% Fe2O3«

-i: RuO4 ^ - ^ # ^

H-151

H-15161

IE 1-9^1

Table 1-9. Adsorption of RuO4 with various Alcoa alumina H-151

Impregnent

Alcoa Alumina H-151

CrCl3

K2Cr2O7

Na2Cr04

C0CI2

Co(NO3)2

Blue Silica Gel

C (mg/m3)

6.0

7.2

10.2
4.0

2.8
0.9
10.0

9.7

9.7
9.4

10.2

10.0

Qo (mg)

1.67

2.66

3.03

1.85
1.04

0.34
0.50
0.97

1.45
1.65
2.04

2.92

R (%)

1.2

44.4

21.8
22.3
39.6

99.9
99.9
99.9

98.5
98.2

98.0
97.3

Qi (mg)

1.61

1.46

2.34

1.38

0.58
0.00
0.00

0.00

0.00
0.00

0.00

0.00

* sorbent temperature = 22 ~ 25*0, retention time = 0.3 sec

relative humidity = 60 ± 5%

* C : concentration of RuO4 in the air stream

Qo and Qi '• generated and non-adsorbed amount of RuQi, respectively

R : retention of RuO4 by the test bed
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RuO4

Co(NO3)2S # * ] € I^™} IHF-Piq- H-15H

#^7} 7)%)^ RuO4^l ^ # ^^11 §1-7)

, Co(NO3)27>

(3)

K i m w ) ^ 3.$ ^ ^ V %}<q-§r A>-§-§><^ 7>

, TiOs, MnO2 ^ ^»

, BaTiO3,

BaMnO3 ^ ^

f l ^ 91%

85%

3-ff BaCOa-FeaOsfe 450~750iC<fl^ 95-96%

a-TiOafe 650 °C ̂ 1^1 95%,

94% %S.*\ ^ ^ ^AS.^-%: M - ^ - ^ ^ 4 . BE

4 \ <&^is[7\] 95% <>]#

, i 550°C o]-S-^>H 24

95% ^>1^-^ ^ 7 l 3 : ^ # ^ 1 S > S 4 . 61

11OO°C ^ ] TG-DTA

7>
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2)

Aluminosilicates(AlSiO4,

AlSi2O6, AlSisOu), Phosphate (Zr2(PO4)3), Titanates (BaAl2Ti6Oi6,

AlxTis-xOis), ^fl-i-£}-o]Jg.# <ytl II ̂ ^ ^ ^ (Pyrolytic-carbon-coated

zeolite) ^ ^ l *l]

Cs-aluminosilicates (CsAlSiO4, CsAlSi2O6

(pollucite),

Komarneni^l- Roy fe ty^=r aluminosilicate°1]

^^}^r pollucite(CsAlSi2O6)7f

y} AJ.*-^ pollucite^- aluminosilicates5}-

reaction)°fl ^"Sfl^ ^

| J ! Gallagher^ McCarthy •§-1"11)^8: aluminosilicate7|-

^-B] /Hl^-i- 3134^£-£- ^7]%}?] $\& filters-.-w|•£) 7]-^-^

l^ .^ , Mukerji^l- Kayal1"12^ >*f|#°f| t f l^ off-scrubberS.'H

metakaolin-i: 1̂]̂ 1

Cs2O(g) + Al2O32SiO2 • 2 CsAlSiO4(s)

Cs2O(g) + Al2O34SiO4 •> 2 CsAlSi2O6(s)

Cs2O(g) + Al2O3iSiO2 * 2 CsAlSi5Oi2(s)
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Kaolinite [kaolin] clay » 500°C "metakaolin"^-

SLB.S. Cs getterS.*\

Al2Si205(0H)4

kaolinite

Metakaolin^: 600°C

CsAlSiO4-i: ^^^ - f e^ l l

ofl ^ ^ s f l o ] : s } ^ H50°C

4 1 " 1 3 5 .
Al:Siti]7l- l:

"Al2O32SiO2" + 2 H2O

metakaolin

Al:Si «11- 1:2S.

Al:Si

CsZr2(PO4)3

CsAlSi5Oi2

l1?]: Cs doped BaAl2Ti60i6

BaAl2Ti6Oi6^- coated zeoUte JL

pollucite

1 U ) . Pyrophylite^

l, montmorillonitefe

0.2g/m2d

al*«r 3

. Cs doped

2. Fission Moly

# 7 ] Tc-99m Ik^7](generator)
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Mo-995.

fe (n,Y)

g. 1-104

fission 1998\i

Mo-99^1 wj

Mo-99

Table 1-10. Characteristics of Mo-99 according to the

production methods

1. 2:7j ^*1"U1

2. umi s

4. inl-fl 5.^2:^)-

5. ^-sl^^l

6. Mo-99 a l ^ r ^
(Ci/g)

8. 3 . S . P ] - £ ^ Tc-99m
generator ̂ 3 :

9. Gel^ Tc-99m
generator ̂ 113:

(n,Y)

^ 1 ^-g-

^^(98%) Mo-98

^ (l~10)

7>¥^9

7 > *

(n,f)

Fission Moly
ft -g-

High enriched U

*****

4 ^

* # (-10')

7r ^

7> ^ (2EN

-(n,Y) Mofe

(n,f) Moly l̂
1/000-1/10000
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M-. W§ 3̂17] #

(n,f) &-§-*. 3 .

Mo-99

Mo MO

1-131, Xe-133

, NOx Mo-99

Mo-99 zi

S. 1-114

^ .S . 93% fe fi. 1-

M".

1-134

Si

- 42 -



Table 1-11. Radioactive wastes generated from

Fission-moly production

-§-*n
(-§-*M:

Mo

NQr£<r

4N-NaOH)

^ - ^

(1*HM1
3)17l#)

(2,3*}

Ag

Modenite

1-131

Xe-133

NOx

zircaloy tube

SUS

Na2U2O7

alumina

alumina

1-131

UO2

93% EU

1.281X103 Ci

4.390X103 Ci

0.17 mol

1150 g

5 I

2.896X103Ci

UO2(NO3)2

HNO3 "§•

300g

6.5 I

UO2(NO3)2

HNO3,
BO§

200g

1 g

1.281X103 Ci

0.1 (

20% EU

6.594X103 Ci

5.135X103 Ci

0.74 mol

130 g

9 t

2.9944X103Ci

UO2(NO3)2

HNO3 ;g-

300 g

6.5 i

UO2(NO3)2

HNO3,

200 g

1 g
6.594X103 Ci

0.3 i

UALx

20% EU

7.35X103 Ci

5.436X103 Ci

370 g

16.5 I

3.1700X103Ci

NaAIOz

NaOH "i-

300 g

5.5 i

NaNOa

AKNOOs

HNO3 %

200 g

1 g
7.35X103 Ci

5.5 I

: lbateh

U02 20% EU (U : 262.6 g)

UAlx 20% EU (U : 278 g)

fe 93% EU (U : 60.9 g)
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Table 1-12. Criticality of U-235

^ (kg)

^tHa^*!^ (cm)

•§-^*H U)

^ £ (g/ *)

=7- *

-8-3

•8-^
^ #

0.35

10
12.7

6.9

4.8

10.8

0.82

22.8
13.8

7.9

6.3

12.1

Table 1-13. Treatment of radioactive wastes generated from

Fission-moly production

n 7} #

-NOx
-1-131
-Xe-133

• I ^^Ml
• NOx ^ T ^ l ^

*i 3 «c> «

NaOH^l] ^-^r

Ag-modenite0!! ^ - ^ ^ • 7 ] 23 ^ " ^ ^ Q

7"j ̂  o^ ^ ^ V ^ ̂ 1 7l "§•

3.
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UO2)1" ^ ^ ^ ^ 1 ^ ^-^-S. 3^ -7 ]2E. Z}

t o p e n d p i e c e f e > ^ ^ l H Q

2)

PWR

(NDT) S-^-el ^ ^ ^ ^ - ^ ^ n&S- A ] ^ # 037]

zlo) 600mm7>

3)
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(10

1)

2)

^^61 3.
o] 500ml

^]7]

# DUPIC
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60

500

65

40

hi

400

50

320

Figure 1-1. Schematic of stainless steel waste reservoir used

at post-irradiation examination facility
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2-1,2-2)

i ^^(hysteresis loss)6] , -fi-S.31 ̂ -(induction current)^

current)^

7>.

o] 0}

(hysteresis loss)

14

ii

^ ^>^(magnetic

(a) (b)

Figure 2-1. Principles of induction heating
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6] ZL x f ^ ^

5514.

P —h - n f R L 6 VV I £5m V

7) : Z \ ^

f : ^ 5 ) - ^ [Hz]

Bm : ^ t f l ^ V ^ ^ H [wb/m2]

V : €43*113 [m3]

(2-1)

Figure 2-2. Hysterisis loop

1-eltil

1 wb/m2

(10,000 gaus) 3.H.S.,
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4 . s. A]~g. ^ 4 ^ 7 > ^ 10 kHz 0)^-0.

M-. ^f^i^- ^-^ (eddy current loss)

(1) ^ ^ - ^ £ £

i2 7> SH.7fl Sl̂ C-11 o)

ion area) ZJ-̂ -

Ix = Io e"(x/p) ef(x/p) (2-2)

x m ^ ^ 1 ^ 1 ^ ^^- St, A

Io : € ^ ^ ^ r * H 3 a ^ ^ ^f-^, A

P : ^ i ^ - ^ ^ S ^ £ ] 1/e S. ^J-iSVfe ^ ^ 1 , m (efe

in effect)^JL

quenching) ^14^7V ^ i ^ - ^ ^ -g-3 ^^1 ^ ^ ^ -§--§- <̂̂ 1

. ^(1-2)^1 P ^ JL^3\- ^^-fil %1:f-a<=>l (penetration depth)

p[Q -cm], ^ 4 ^ f
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p = Vwi!'/' =m3ft? [ml (2-3)

O «

O

O

Po = IOMG ' cm, fir = 100, P=1.6/ im [mm]

730°CS.

^l^(austenite) S^-2-

Po = 100/ii3 • cm, ŷ r = 1, P^SOO/f172 [mm]

: Po = 1.7M Q ' cm, Mr = 1, P^SS/f172 [mm]

10

E
E 1

f
0)

Q
O

I
0.1

0.01

^ ^ " - - , _

Gamma Iron
Cupper
Alpha Iron

. ^ \ ^ " ^

0.1 10

Frequency, kHz
100 1000

Figure 2-3. Relationship between frequency and penetration depth
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f = 400 kHz, 200

kHz, 100 kHz, 20 kHz, 10 kHz ^ 3 kHz4

zj- 900°C

2-1

Table 2-1. Penetration depth to hot Y-iron with applied frequency

^ 4 ^

400 kHz

200 kHz

100 kHz

20 kHz

10 kHz

3 kHz

3 ^ S 61

0.8 mm

1.1 mm

1.6 mm

3.4 mm

5.0 mm

8.5 mm

(2)

(Ohmic loss ^ ^ Joule's loss)

2-44 O 13—1

e ^

1- B [wb/m!]

[V] (2-4)

2;rr [52]

VQ

(2-5)
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Figure 2-4. Heating of cylindrical metal body

B H ' E ! ^(reactance)-?

e 2 d\ [A] (2-6)

[W/m]

r = 0«1H r = a

P = [W/m]

(2-7)

(2-8)

B = / i o ^ r H = Mo*Mrln = 4 ^ X 10~4 X fl rIn

dB/dt = (OB =
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-b9-Z

( A )

(K)

(H)

( I )

(OT-Z) 8 - 0 T x ihu

p"tr -§-b S O

< d/P [ft tod

io

\pfo~E ( « )

(6-2)



(critical frequency)^

log (frequency)

Figure 2-5. Relationship between power generation and

frequency for a cylindrical metal body

6\

[^o (^^-5] ^^ - i : ) = 4* X10"7 [H/m]]

a/P = 2.25 (2-11)

= 2.25
5 0 3 " Mrfc

.'. fc= 1285 x 106x —fi-j- [Hz] (2-12)
/ i r a

=L% 2-6^ n ^ 2-3*11
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(2-12H

12.8

10 fc =

1000

N

|u
en

c

w
O

II

tic
al

 1

100

10

o

0.1

s

s\

\

\
s
s

s

\

— G«imnna Ire
Cupper
Alpha Iron

\
\

MI --

1 . 10

Diameter of Specimen, mm
100

Figure 2-6. Relationship between critical frequency and

diameter of specimen

fe 1-10
(thyrister inverter)^.

(proximity effect) %7]E.S.
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2-74

Ri
7NAAA.

Li

M R2wwv

u

Figure 2-7. Equivalent circuit for heating coil and specimen

Vi = (Ri + J^ Li) • Ii - Ju, M

0 = -Jw M Ii + (R2 + Ju,L2) • h

T - J^ T
H R + Ja)L2 ' l l

(a)

(b)

(coM)'

= (Ri + A2R2) + Jw (Li-A2L2)

= A - co M

R\ + (coL2)
f-

(2-13)

(2-14)

(2-15)

(2-16)

- 57 -



I2
2 R2 = A2 I12 R2 (2-17)

I\ R2
( 2 1 8 )

(i)

(ii)

«] b/a^l

ife A2

n2

2.

^ 400

30kW^ # ^ # ^ ^ safe
2-84 7>
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I

Electric Power

220V/60kVA

Chilled Water

30 L/min

o oo
450kHz/8kV/4A

with Cooling Water

Outlet

R/F Generating
Power Supplier

P/G

? Pyrometer

O
O
O
O
O

Melting Chamber

Off-gas
Outlet

Crucible

Skull

Induction
Coil

Figure 2-8. Schematic of experimental induction melting unit



7\.

220VS]

tap

4.

13kV

3uF,

^ 4,800pF,

l,000pF, 20kV£]

4.
220V,

<H-§- ^ I r

^ 7 1 4 ££^
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3.

:^6] S. 2-2^1

4
2-34

Table 2-2. Target glass composition after melting

SiO2

54.94

B2O3

16.94

Na2O

14.29

AI2O3

5.93

CaO

4.88

ZnO

3.02

Table 2-3. Chemicals and their weights used for melting experiment

(g)

SiO2

218.5

H3BO3

119.7

Na2CO3

106.8

A12O3

23.6

CaO

19.4

ZnO

12.0

74mm,

150~200g

130mm

40mm, 95mm?l

"4
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1.06mm)4

19mm4

0.90mm)A

1.60mm),

20mm

fe £ 2-44

Table 2-4. Variation of melting time with type of metal ring

Type of

metal nng

Titanium

Iron

Stainless
steel

dumber

3
4
5
6
7
2
3
4
2
3
4
5
6
7

Weight

(g)

6.94

9.95
11.77
14.12
16.14
15.24
19.80
28.25
8.25

13.45
17.45
21.56
28.16
32.85

Melting
time

(min.)
-

73.0
66.5
54.0
33.0
51.5
34.5
16.0

-

45.0
38.5
26.5
25.0
24.5

Plate
Voltage

(kV)
5.4

5.7
5.4
5.5
5.6
5.3
5.5
5.6
5.0
5.3
5.7
5.3
5.6
5.6

Plate
Ampere

(A)
1.55
1.92
1.62
1.67
1.72
1.62
1.70

1.91
1.45
1.60
1.60
1.61
1.72
1.80

Grid
Ampere

(A)
0.52
0.52
0.51
0.52
0.52
0.52
0.52

0.51
0.51
0.51
0.52
0.51
0.52
0.52

2-94 2-KH
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80

70

60

_c
1 50

p 40

i 30«

20

10

Titanium
Iron
Stainless steel

10 25 3015 20

Ring Weight, g

Figure 2-9. Effect of types and weight of metal ring
on the glass melting time

35

80

70

60

c
E 50

CD

30

20

10

0.2 0.4 0.6 0.8 1

Plate Power/Weight of Metal Ring, kW/g

Figure 2-10. Variation of glass melting time with
plate power/weight of metal ring

1.2
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-fr-fr^fe x\#o)

7} 7}% =LV\, ^ ^ 6 l ^ | i : 7 ^ 7}-$r7)7\ ^ ^ - ^

, 0.75
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nfl

Plastic
Phase Liquid Phase

Volume
\ \ \ \ \ \ \ \ \

T s Tg Ta Tm Temperature

Figure 3-1. Change of Volume with Temperature
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T

7l-i-7]7>

Cf. 014 ^ ^ r ^ ^ ^ ^ ^ ^ r ^ ^ 1 d)

, 4

^ , 1013 dPa.s

(Glass Transition or transformation temperature) Tgs}-

L, 2)

1) ^ E . (Viscosity)

7» -

-§--§- ^>EJ]O1]A|^ ^ 1 0 0 poise (10 Pa.s) 3E

Andrade

, Newton - M S ^^ -^ ^ ^ 4 ^ AI4^H ^ (3-1)4
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Table 3-1. Glass property acceptability criteria for

an 1150t: melter at PNL

Property
Viscosity at 1150T;
Electrical conductivity at 1150°C
Liquidus temperature
Phase separation

Dissolution rate in deionized water
PCT (7 day, A/V = 2000 m"1)

B normalized release
Li normalized release
Na normalized release

Glass transition temperature
Devitrification during cooling

Acceptability Criteria
2-10 Pa.s
10-100 S/m

< Tm-100°C % 1050°C
No liquid-liquid separation

in the melter

^ EA glass
8.2 g/m2

4.8 g/m2

6.6 g/m2

Descriptive
Descriptive

.B/T

^r log n = Ai + B/T

Littleton ^ Lilliefe

(3-1)

(3-2)

37M

.(3-2)3

Newton

O Strain point (log n = 14.5)

4xlO14 poise (log n = 14.5) o]
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strain^

O Annealing point (log n = 13.4,

2.5xlO13 poise (log n = 13.4)

T M ^ S strain^ * 1 | 7 ^ 4 . 1013 poise (log n =

13.0)3. ^ * } 7 ] 2 E t b 4 .

O Softening point (log n = 7.65, <83HD

^ £ 7 > 4.5xlO7 poise (log n = 7.65) °i *H^ £ £ 5 . Littleton

point el-ZLE. ^ 4 .

O Flow point (log n = 5,

lxlO5 poise (log n = 5) ^ ^ f £ S LUUe point

O Working range (log n = 3 tfl*l 4 ~ 7.6 *}*],

log n ^ ^ S . 3^4^ ^ -B] 7.6 3} IE. Afo

4) -
R2O-SiO2^^ 2 ^

^ Li2O > Na2O >
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. Silr 0.1% t(l*W 4r3 £Sr3 33-^^-^ Lithia

4°C, 1-i ^ 3CC,

O Lithia (U2O)

- Lithium carbonate (Li2CO3), petalite (Li2O'Al2O3-8SiO2) SEfe

spodumen

O F

Na2Olr CaO, MgO,

MgO7> 5 L 4 7 > 7]-^- 331 A12O3(

. CaO, MgO, A12O31-^: ZrS. q ^ S .

(CaCO3.MgCO3)

Na2O-4SiO2 -fre?^<H|>H SiO2« B2O3S. 2\&$: 3 - f <Hlfe 800°C

B2O3-^ ^ 7 > ^

fe B2O37> 0 -

5|i4.

CVS-II ^ l f ^ ^ -B-Bl^ ^ £ f e rotating spindle 7 ] # # c]-§-

ol, S ^ ^ S . ^ ^ ^ ^ 1 GDL-VSC (Viscosity Spindle

Calibration, Rev.O)^- GDL-VIS (Standard Viscosity measurement,
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-01-

V- -ta-tn Ib-k^r & f o ^ to^lo -irlo ^•fffca-g- -§-&&>

°D = d/i = o

Ir ttaio -byCD-S^Hal: ^UYM^IQ 3 : ^ [ O ^ ^ ( ^ ^ 3 : ) 35&UR: W

Ib

[zti (Z

(s-0 (°x-x)/a + v = u ui

log: ^ i §

iv a09TT-090T

^ k ^ toa006-000T-0SIT

-09ZT-0OZT-O9TT-00TT-090T-00TT-09TT '•b^l^-y- -^H-ls^i3: Ibfegr

ferl, ({2:$0S ^P) i r f , ^ ^aO9TT klblh h ^ ^ - ^ f e ^ ^ k t a - o - -tz



^ GDL-ECC (Electrical

Conductivity Calibration Procedure, rev.O)^- GDL-ELC (Electrical

Conductivity Measurement Procedure, Rev.COll- ^l-g-^l-^l, ^r-o-^-^ Al ^ -

GDL-AECC (Rev.O)^r GDL-AEC (Automated Electrical Conductivity

Calibration and Measurement Procedures for Molten Glass)-!-

^n, Pt-10%Rh «-^l^l^ (blade) 27fl«

1250-1150-1050-950°C^|

4 # 4 ^ ^ Arrhenius^

In E = A + B/T (3-5)

A, B : Arrhenius coefficients

3) ^^"Sj-SrS. (Liquidus temperature)

91

^1 (precrystallized)

(gradient furnace)<*IH ^ ^ ^ ^ ^ A^ ^ ^ 1 ^ 4 X d̂

^ crystallization fronts GDL-GFC (Gradient Furnace
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Calibration Procedure, Rev.O)^}- GDL-LQT (Liquidus Temperature

Measurement, Rev.0)#

SEM/EDS

(Scanning Electron Microscopy with Energy Dispersive Spectroscopy)

4) " 1 ^ ^ (thermal expansion)

P = 3a

aAT = (l/4o) • (A«/AT) ^ ^ (3-6)

PAT = (1/vo) • (Av/AT)

iLf- dilatometerS. #^-&}^c-1| ^ - ^ ^ ^ 7 } ^ f e ^

300°C 4
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5) 1 3 ^S3|?]

51 2}<>H

(annealing) a 4 ° 1 ^ ^ 4 . ^ ^ S ^ - ^ l ^ 7>

71

(annealing point)Hf

(strain point)^

o] £51 i£3HH^r 7>^fb ^ igzi-^Sl- ^71 )
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4 . 3 L ^ ^ sfl 711-8-

315)-

tailored (Synroc)

1̂71

t4]§.o]4. a .a ]4 ^ ^ (devitrification)

Hr3] ^^-8-71 ^ over packed7>

, M=Li, Na -̂)-fe =L% 3-24

sio4
4+

$14.



• : Silicon

A : Na, Li, Sr, Cs

: Boron

: Actinide

O :: Oxygen
: Other Waste

Figure 3-2. Structure of borosilicate waste glass

M-.

3̂ | 7}-

3-2^ 5. $X

4-28%,

cnf-day

^ SiO27|- 51-53%, Na2O+B2O37r 2

21-25% 3j:£olSUe.^, ^ # # ^ r 5X10"6 g/
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Name
Component

SiO2
B2O3
U2O
NaaO
KzO
TiO>
CaO
MgO
AI2O3
ZnO
Z1O2

La2O3
BaO
CdO
CeO2

Cr2O3

CS2O
CuO

Fe2O3

GdzOs
MnO2
MoO3
NazOs
NiO
P2O5
SrO
UO2

Table 3-2. Chemical compositions of various borosilicate glasses for the

i ABS-118

I I.S.S.
47.52 (52.71)
14.65 (16.25)
2.07 ( 2.29)

10.30 (11.43)

3.23 ( 3.60)
4.22 ( 4.68)

5.13 ( 5.69)
2.61 ( 2.90)
2.73 ( 3.02)
0.93 ( 1.03)

1.03

1.15

3.04

2.14
1.59

0.89

GP 98/12

FRG
52.47 (58.50)
9.87 (11.00)

15.70 (17.50)

0.77 (1.01)
4.04 (4.50)
2.96 (3.30)
1.43 (1.60)

10.31

SRL-131

USA
39.80 (52.22)
10.16 (13.33)
4.00 ( 5.24)

15.22 (19.96)
0.12 ( 0.16)
3.07 ( 3.72)
1.07 ( 1.41)
1.28 ( 1.68)
3.14 ( 4.12)

0.32 ( 0.42)
0.34 ( 0.45)

0.01

0.25
0.20
0.31
0.03

14.73

4.30

0.46
1.59
0.10
0.14
1.67

PNL-76-68

USA
42.25 (51.10)
9.43 (11.40)

14.15 (17.12)

2.46 ( 2.98)

0.74 ( 0.90)
4.65 ( 5.63)
1.78 ( 2.15)
4.13 ( 5.00)

0.54
0.05
0.96
0.51
0.95
0.06
9.50
1.47
0.04
1.89

0.24
0.71
0.40

SRL-165

USA
68.00
10.00
7.00

13.00

1.00

1.00

SON 68

F
54.95
16.92
2.40

11.91

5.10
4.90

5.91
3.00

SM 513

FRG
58.60
14.70
4.70
6.50

5.10
2.30
3.00

vitrification of HLWs

SM539

FRG
45.50
33.00
4.50

10.50

6.50

UK 209

GB
68.43
14.99
5.39

11.19

P0422

J
61.00
19.90
4.30
1.40
2.80

2.80

5.00
2.80

AVM

F
56.10
25.30

18.60



2.

71 ^ #

fe °ltf

7}.

fe yov^-$-^ IAEA

!r ISO A l ^ ^ , ANS

^.^^ ^^-^- xl^>^
^ MCC-4S Al fe Mcc-5S
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MCC-1P ^ , PCT ^4. on-
3-34

Table 3-3. Comparison of various standard leach-test methods

3.

SL

«|(V/SA)

* 3 « # *l u
IAEA ISO ANS

-rL ZZJ zrj ^

25±5

V/SA
^ 10 cm

"'Si

PTFE,
PP,
polymethyl
pentene

40, 70, 90

V/SA
=0.1-0.2m

3-6^

20-50

V/SA
=10±0.2cm

5, 13, 24,
48, 72, 96,
120 -M̂V

MCC-4S MCC-5S

Soxhlettl

^ ^ ^ ^ - A | *î

MCC-1P PCT-B

•TFEife
PFA teflon

PFA teflon

«ioor)
PTFE teflon
O100TC)

PFA teflon

40, 70, 90,
110, 150, 190

SAAr

= 0.0100 ±
0.0005mm"1

0.1, 0.01,
0.001

7, 14. 28,
56, 91,
18213

6711« ^ ^

SA/V
^ 0.04mm"1

l±0.2

3, 7, 14 °A

40, 70, 90

SA/V
=0.0100 ±
0.0005mm"1

3, 7, 14,
28, 182^

(100-200

mesh)

Stainless
Steel
and/or
PFA teflon

90±2

V=10x

(SA/V
% 2000m"1)

7°J±3.4h
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PCT (Product Consistency Test) B #

Table 3-4. Comparison of PCT-A and PCT-B methods:3-9)

Type of Glass

Usage

Test Vessel

Test Duration

Leachant

Condition

Sample Mass

Particle
Size

Leachant
Volume

Temp.

PCT Method A PCT Method B

Radioactive Mixed Simulated

During production for
rapid analysis and for

waste compliance

304L STS vessels
rated to > 0.5 MPa

7days ± 3.4hours

DDW

Scoping tests : Crystallization
studies; Comparative waste

form evaluation

304L STS or PFA Teflon vessels
rated to > 0.5 MPa

7days ± 3.4 hours or varying

DDW or other

Static

> 1 gram

ASTM
-100 to +200 mesh
(0.149-0.074mm)

10 cc/g of
sample mass

90±2°C

ASTM -100 to +200 mesh
(0.149-0.074mm) or other sizes
which are < 40mesh (0.420mm)

10 cc/gram of sample mass or
varying solid to volume ratios

90±2"C or other temperatures
provided that any observed

changes in reaction mechanism
are noted
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PCT-B

10

cc

2000m"1

^ : ^-7] ofl

A

^ ^ (3-7)4

10,000^ H ^

k27>

F(t) = k ^ l -

F(t) : ¥ ^

k3t 1/2 k4t

7 1 ^
). ol

3-3^1

(3-7)
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-k,U

k3 t1 / 2 :

k4t : -*

•o

O

n
3co
••5
Su.

I
3
|

-
-

1

. . - • •

• - - ; ' • ' ' ' '

Dissolution
F(t)=M

• • • ' '

L
^~

Diffusion
F(t)=k3tia

_ _ — — — • " •

Wash-Off
F(t)=k,(1-e-k2t)

Leach Time

Figure 3-3. Schematic diagram of leaching mechanisms of model I

1 1000xA

B; : i

Ci : i

(3-8)

mg/m2

, //g/L
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, L

A : ( m
2

i7l#1-

t; : i

71-1-71

^ , mg/m2

day

, day

^ # ^ 1 ^ 71 ?> ti

^-^ Table 3-54

(3-9)

Table 3-5. Criteria for dominant leach mechanism from

meaning of slope

Range

Mechanism

Slope

<0.4

Wash-off

0.4-0.6

Diffusion

>0.6

Dissolution

S ^ - ^ ^ R7T7

-§•-§• >
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Mr MCC-4S

R7T7

l ^fe ISO

1995\i ^ 1996>i

Cr ^

kl- Sigma Plot SSzz .^^ .S . best-fit«|

(3-9)1- ol-g-SM ^ # 7 l ^ # M-^^flfe 71-1-71

^ 3g7> ^ 4 « Table 3-6*11 M-Bj-tfl&aL, Cr ^

(3-7)-i- ^-S-^r 4 4 * ^ 3-4, 3-5i

. ^(3-9)1-
lfe 1.0214 3.S.

70wt%, 80wt%<fl^fe 51wt%

Cobalt^ ^ - f 7 1 ^ ^-^ , k,S.

l Cobalt

20, 40, 60wt%^ ^ - f -̂AVol, 80wt%

^ 80wt%
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Table 3-6. Comparison of mechanism constants and mechanism slope

for chromium and cobalt

wt% of ash
Items

Cr

Co

ki

kz

ka

k4

Dominant Mechanism
by Eq.(3-7)

Slope

Dominant Mechanism
by Log Slope in

Eq.(3-9)

ki

ka

ka

k4

Dominant Mechanism
by Eq.(3-7)

Slope

Dominant Mechanism
by Log Slope in

Eq.(3-9)

20

-1.94E-03

8.68E-03

1.67E-05

1.60E-05

Dissolution

1.64

Dissolution

-2.81E-02

1.82E-04

1.51E-03

1.68E-15

Diffusion

0.43

Diffusion

40

-3.08E-04

2.15E-05

2.98E-13

7.95E-06

Dissolution

1.19

Dissolution

-3.83E+02

2.58E-08

1.28E-03

3.007-16

Diffusion

0.40

Diffusion

60

2.11E-01

4.31E-08

1.77E-16

3.05E-06

Dissolution

1.17

Dissolution

4.55E-03

4.24E-02

4.67E-13

2.35E-05

Dissolution

0.43

Diffusion

80

3.18E-03

2.62E-06

2.28E-14

1.62E-06

Dissolution

0.70

Dissolution

-4.58E+02

3.09E-08

1.17E-03

3.60E-16

Diffusion

0.72

Dissolution

- 84 -



0.006

•O 0.005 —

0.004

Experiment Theory

• 20wt%

H40wt%

A60wt%

©80wt%

s
2 0.003

u.

1
% 0.002

E
3
O 0.001

100 350 400150 200 250 300

Leach Time, days

Fig. 3-4. Comparison of model calculation and experimental results
for cumulative Cr release (MCC-4S leach test)

450

0.00E+O0

100 150 200 250 300 350 400
Leach Time, days

Fig. 3-5. Comparison of model calculation and experimental results

for cumulative Co release (ISO leach test)
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1) GLASSOL3~12>13)

(gel-layer) %<>§, Q#, ^

^ ^ B ) s ^ 1 ? ] PHREEQE

. o] s ^ f e "

PHREEQE 3H°IM ^1^€ ^ 4 1 - GLASSOL^I

4.
i ts?]: 2E°J GLASSOL r̂ *1^£]

Zr,
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2) Godbee & Wiley S-13"14)

, pH,

3) EQ3/6 code3"15)

EQ3/6 7]

-g-«H ^£^1 ^ " t # ^1^142. ^V^ ^H^-i: ^ 1 ^ ^ : Grambow^

4) DISSOL code

DISSOL-I:

3~16)

Aagaard^-

(3-10)
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5) LIXIVER3"17)

LIXIVERTT

6)

TT 37]] S f e 47BS] ^ " t ^ ^ l - ^ T T 4 . N4 Zlf-^1 BO4"7]-

- ^ ^ t | ] H ] ^ ^ N3 n-i-Sl BOsfe ^r^^l-

^ 4 . Dell, Yun and Bray, Milberg, Xiao,

Bray and Lui ^ ^ JLO>^- <̂ &) 2 . ^ ^ - ^ Na2O-B2O3-SiO2 -fr

lfe N3 £ N4 -̂

-fe Na2O/B2O3

t S Jantzen ^ Plodinec l̂

: (27]- a ^ I7>tl ^>i

H ^ ^ €*># ^ A ^ 4 I) F^Oa^ AI2O3
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3. HEPA

(high efficiency particulate air filter, °}^\ 'HEPA

HEPA

1^-^, HEPA

fe HEPA

P C T

7>. HEPA O ^ i M l S ] 4 ^ ^ ^ ^ 7 ] 3̂-19,20,21,22)

HEPA

^ ] ^ ^ - 0.75"

(particle

fe- 1970\!

^ crysolite
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(3MgO • 2SiO2

. 714

HEPA

Rocky Flat ^ i^db^^fe 1970\itfli

-n-) ^ crysoUte

"4A ^^r ^^^flfe non-molten hard blocks

& -n-^^-n- 70wt%°ll ^7>^1 (B2O3 20wt%, Na2O 10wt%)

HEPA

HEPA < 3̂Hfc:z11* 7cv^r-^-S ^ - ^ ^ Pu ^

Savannah River <£^-^M DWPF ^l-i«fl ^>-g-€ Flanders

Filters Inc.^H ^ l^ -^ HEPA fflter4 Clean filter ^ Fouled filterl- tfl

4v-$-^ S ^ ^ : ^ # €^lf!r ^ 4 ^ X 3-721- ^ 4 . i L ^ € Fouled filter

fe Integrated DWPF Melter System (IDMS)^^i

HEPA o}3hM£| 71^-^- 0.33 ~ 10

4 . HEPA

HEPA ^sM^H^r ^ " ^ ^ HEPA

^}^l ^^r ^ (BorosUicate Glass

, Model HB 5306)^-3.^ &n^ 2 ^ ^ # ^ ^ r & 3-84
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Table 3-7. HEPA Filter Composition at DWPF, Savannah River

Laboratory

^ ^ ^ ^ ^ Type
Components'"^---^

Oxides

Others

Total

SiO2

AI2O3

B2O3

BaO

CaO

Na2O

Cr2O3

Fe2O3

K2O

Li2O

MgO

NiO2

ZnO

Sum

H2O

Hg

Cl

F

F2

NO3

SO4

Sum

Flanders Comp.

57.0 - 63.0

5.0 - 7.0

9.0 - 11.0

2.5 - 5.5

2.0 - 4.0

10.0 - 12.0

0 - 0.3

1.5 - 3.0

0 - 2.0

0 - 4.5

0 - 0.8

Clean Filter

57.438

5.282

8.745

3.412

1.100

9.938

<0.006

<0.003

2.344

0.038

0.776

<0.006

2.882

91.97

4.697

0

0.151

0.656

1.311

0.519

0.614

7.948

99.918

Fouled Filter

46.089

4.439

8.039

3.712

0.809

10.789

0.802

2.422

3.466

0.225

0.310

0.472

2.800

84.354

5.308

0.061

0.507

0.678

1.356

6.678

1.058

14.646

99.000

S. 3-7^1 Savannah River

B, Al, K, Ca,

SLS. Si, Na,

DWPF
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Table 3-8. Chemical composition and physical property of HEPA

filter media used for making base glasses

Chemical Composition

SiO2

B2O3

NaaO

AI2O3

Fe2O3

K2O

CaO

MgO

ZnO

BaO

IJ2O and others

Sum

56.74

11.29

9.03

6.63

0.16

3.62

3.16

0.31

4.44

4.48

0.14

100.00

Physical Properties

Specific Gravity

Refractive Index

Softening Point

Service Temp.

2.52

1.515

677°C

538°C

HEPA

500oC°flAi

HEPA XRD

(scan) 4°/minS

disc mills.

3-6^1
267} 20~80°

ti<>l el

^ , HEPA ^ 5

^- ^ 1 ^ - ^ : (fine powder)

B, Zr, fl

Si,
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10.80 20.00 30.00 40.00 50.00

2 Theta
60.00 P0.00 SB.02

Figure 3-6. XRD pattern of HEPA filter powder

2) -fi-SH

HEPA

3-9^ £ £

3. 3- ^ 4}

f. Ple| 1,300V3- ^ 1 ^

3 0 ^ : %•<& 7}<£, -§--§- A]

^ t (W 15 x L 150 x D 20 mm)1

i 4317̂ - 6.S

f̂, 550°CS
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Table 3-9. Chemical compositions of experimental base-glasses

incorporating HEPA media

Type

SiO2

B2O3
Na2O
Li2O
CaO
MgO
Fe2O3

AI2O3

Z1O2
ZnO
BaO
K2O
TiO2

Remarks

HA1-70

0.5172
0.1540
0.1232
0.0150
0.0371
0.0022
0.0011
0.0464
0.0005
0.0311
0.0313
0.0253
0.0154

HEPA

Type I

HAl-65

0.5088
0.1609
0.1287
0.0175
0.0380
0.0020
0.0010
0.0431
0.0004
0.0289
0.0291
0.0235
0.0179

media H

HAl-60

0.5004
0.1677
0.1342
0.0200
0.0390
0.0019
0.0010
0.0398
0.0004
0.0266
0.0269
0.0217
0.0204

HAl-55

0.4921
0.1746
0.1397
0.0225
0.0399
0.0017
0.0009
0.0365
0.0004
0.0244
0.0246
0.0199
0.0228

y Additive 1

HAl-50

0.4837
0.1814
0.1452
0.0250
0.0408
0.0016
0.0008
0.0332
0.0003
0.0222
0.0224
0.0181
0.0253

HA2-65

0.5088
0.1434
0.1287
0.0175
0.0380
0.0020
0.0010
0.0606
0.0004
0.0289
0.0291
0.0235
0.0179

Type H

HA2-60

0.5004
0.1477
0.1342
0.0200
0.0390
0.0019
0.0010
0.0598
0.0004
0.0266
0.0269
0.0217
0.0204

Type I +
replacec

HA2-55

0.4921
0.1521
0.1397
0.0225
0.0399
0.0017
0.0009
0.0590
0.0004
0.0244
0.0246
0.0199
0.0228

Part of
1 by Al

HA2-50

0.4837
0.1564
0.1452
0.0250
0.0408
0.0016
0.0008
0.0582
0.0003
0.0222
0.0224
0.0181
0.0253

B is

Type

SiO2

B2O3
Na2O
Li2O
CaO
MgO
Fe2O3

A12O3

ZrO2

ZnO
BaO
K2O
TiO2

Remarks

HA3-65

0.4913
0.1434
0.1287
0.0175
0.0380
0.0020
0.0010
0.0606
0.0179
0.0289
0.0291
0.0235
0.0179

Type ffl

HA3-60

0.4804
0.1477
0.1342
0.0200
0.0390
0.0019
0.0010
0.0598
0.0204
0.0266
0.0269
0.0217
0.0204

Type II +

replacec

HA3-55

0.4696
0.1521
0.1397
0.0225
0.0399
0.0017
0.0009
0.0590
0.0229
0.0244
0.0246
0.0199
0.0228

Part of

i by Zr

HA3-50

0.4587
0.1564
0.1452
0.0250
0.0408
0.0016
0.0008
0.0582
0.0253
0.0222
0.0224
0.0181
0.0253

Si is

HA4-70

0.5022
0.1390
0.1322
0.0150
0.0371
0.0022
0.0011
0.0524
0.0155
0.0311
0.0313
0.0253
0.0154

Type

Type IV

HA4-65

0.4913
0.1434
0.1392
0.0175
0.0380
0.0020
0.0010
0.0501
0.0179
0.0289
0.0291
0.0235
0.0179

HA4-60

0.4804
0.1477
0.1462
0.0200
0.0390
0.0019
0.0010
0.0478
0.0204
0.0266
0.0269
0.0217
0.0204

m + Part of Al

Na

HA4-55

0.4696
0.1521
0.1532
0.0225
0.0399
0.0017
0.0009
0.0455
0.0229
0.0244
0.0246
0.0199
0.0228

HA4-50

0.4587
0.1564
0.1602
0.0250
0.0408
0.0016
0.0008
0.0432
0.0253
0.0222
0.0224
0.0181
0.0253

is replaced by
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O
-B-B]^M# disc milling $• * * W H PCT

disc milling * H XRD ^ EPMA &<$•%• *)£.£.

O ^ r ^ l ^ ^12: :

•fi-EH€# ^ # diamond saw* °l-§-^H ^ 10 mm

^^sij-ai a ^ # #150~#l,200 >

Um diamond pasted polishing

110 °C^A-1 ^5&A]?1 cf-g- nlAH^a ^ ^ 4 71 E|-

3)

^ -8--8-S.

7> ^ 3 ^ 4 .

(casting) ^ ^ ^ ^ i ^ # ^

^. HEPA

CVS(Composition Variation

Study)-H 3 5 )

^ ^ 1207fl

2^} ^ - ^ ^Hfl^ curve fitting^H A
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CVS-n
3-74 3-841

50 55 60 65

Wt% of HEPA Media

70 75

Figure 3-7. Melting temperatures of various base-glasses

1300cC 10 Pa.s

HEPA Jit|-

HEPA
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A1S.

Sil- ZrS Al-i- NaiiL

(B ^ 2.

Si

fe Ca,

50 55 60 65
Wt% of HEPA Media

70 75

Figure 3-8. Viscosities of various base-glasses at l,150°C

1)

2.41-2.56 g/cm3^
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60%^ 3-

50%

3l o]# CVS-E S.'SS.

HEPA ^ 4 ^ ^ 1 « 50%

±1%

A4, Si

3-90]]

±4%,

3)

(0
0)
Q

2.5

2

1

0.5

n

- - T -r =E

riMe
riMe
oCa

asured (5
asured (6
Iculated (i
Iculated ((

3%)

0%)

50%)

50%)

Type I Type II Type III

Type of Base-Glass

Type IV

Figure 3-9. Densities of various base-glasses

2) PCT

S. PCT-B ^ 4s}
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3-104 £ 4 . Si^ Al^

ZH 10"8 ~ 10"6 orders n

^ t l Si7} # 4 ^

\ -3
1(P orderS.

Table 3-10. Elemental mass fraction leached from base-glasses

(PCT-B leach test)

Component

- Si, Al

- Ca, Na, B, Li

- Ti

- Zr

Fraction leached

= 10'3

10"4 ~ 10"3

10'6 ~ 10"5

10"8 ~ 10"7

Test condition

- 7 days

- 90°C

- SAA^^ 2000m"1
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^ o];goj & 4 . 1978^^ ^^^-^cfl*]- Ringwood

^^g- ^ . J i s l ^ ^ . ^ , 31^^] ANSTO (Australian Nuclear Science and

Technology Organization)* wl^-sH ^-&, D l ^ , ^M"4, ^ ^ ^°H^1

<=1̂ -7|- T^l^slJL $Jt4. ^ A ^ ^ ^ # ^ ^ r zirconoUte (CaZrTi2O7),

hollandite (BaAl2Ti60i6), perovskite (CaTiOs) 6 H , ^ ^ ^ r ^ : TiO2,

AI2O3, ZrO2, BaO, CaO ^14. ^l^-ox]-^^r ^ S ^ ^

l 4 } ^ ^ ^ A~F 3.

1- & CaTiOs

^ oil 4 ^ ^-^- i - «lJ2-

CaTiO3°)| tfl^ Sr

1.

^ ^ ^ hollandite

perovskite (CaTiOa), zirconolite (CaZrTiaO?)0]^4""™ °11:
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# 4 . Fig. 4-1, 2, 3*\]

1) Hollandite (BaAl2Ti60i6)

*><£-£ Hollanditexr BaMngOie-^-S S A l s M o } 7 H M n £ 27>, 3

7]-, 4 7 H 4 . °}^-<&*\ B^l^ife BaAkTieOie^

Mn + 2 4 Mnt47f Al+34 Ti+4-$-S-

BaTiOa, BaTi4O9 ^ Al2O37i- ^

ZL «g=o] 7i±-&}7) *]^*\, BaTiOsfe n <9=o] ^ § 1 ^ - ^ ^ 4 . 900°C

^l^efl-H BaAl2Ti6Oi6°l ^ s M A)3j-^t|.. 3 . ^ 1100

BaTi4O9°l ^ ^ ^ l o L 1200°C i ^ i BaAl2Ti6Oi6°l

BaTiO3 + BaTi4O9 + A12O3 BaAl2Ti6Oi6 (at 1200°C)

Fig. 4-l^r hollandite ^ 2 t I L ^ ^ f e ^ Ti(Al)-OS. ^

7} ^^-^ j ie l ^°1] Ba^l ^^1*1: ^ S o l ^ tetragonal°m- monoclinic

* ^fetf. z]-

general formula = Ax(ByC8-y)Oi6> x < 2 4"16~18)

A cations (mono-, divalent)

+1 : K, Na, Ag, Rb, Tl, Cs

+2 : Sr, Ba, Ra, Pb

B and C cations (di-, tri-, tetra-, penta-valent)

+2 : Mg, Co, Ni, Cu, Zn, Mn, Fe

+3 : Al, Cr, Fe, Ga, Rh, Mn, Ti, In

+4 : Ti, Sn, Mn, Si, Mo, Tc, Ge

+5 : Sb

Hollandite ^ 3 :
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Ba2+

<V,Al,Fe)OR octahedron

edge-sharing
octchedral par

Fig. 4-1. Octahedral arrangement shown along the short unit cell

edge of hollandite. The small octahedral tunnels of

hollandite cannot accommodate simulated waste but the

large tunnels incorporate Cs and Rb.
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o

(Ti,Zr,WO6 octahedron

IOA

Fig. 4-2. Octahedral array and elemental partitioning in perovskite.
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IDA

O

f ^ {Ti,Zr,Fe,AI)O6 octcrfiedron

Fig. 4-3. HTB layer repeats and crystallochemical partitioning

in zirconolite.
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^r 2 -5 wt% . hollandite^ Csi -§-

narrow channel Si4. ^^H Ba
Cs ^l^r^l ^ 2 : MH ^

tunnel ^ ^ 1 ^ £3*1 7

. Hollandite^

+2

] 'key component'

Cs2Al2Ti6Oi6, SrAl2Ti6Oi6, K2Al2Ti6Oi6

2) Perovskite (CaTiO3)

Perovskite ^-^fe ABO3

#^r^l ? 1 6 > ^ J 1 , B-0 ^ ^ ^ l

Si 4.

fe. CaTiOs

TiO2 l-

°l ^>-§-^: 1100 °C i i 1 ^ >

1000 °C ̂ 1^5 . XRDtf.2.3. CaTiO3 ^ ^ i r

perovskite7]-

CaO + TiO2 • CaTiO3 (at 1100 °C)

r+3Sr+3(SrTi03)^

^ zirconolite ^ . 4 perovskite^l

^ ^ 5 7 ,

+3oflt- i : ^ i Ce+3 (r=1.34A)^ zirconolite

perovskite<Hl 12«ll^£ c| #0 ] $7flt}-4. ^ -^^ l Gd+3

(r=1.25 A ) £ 2«fl ^H<>14. Fig. 4-2^1 perovskite ^ £ t M-Hfifl^fe

Sr
+2

( Ba+2, Na+, (REE)+3, Y+3, Cd+2, Cm+3, Am+3, Pu+3 ^^>1

sa^i, T i^e l^ l f e Nb+5, Zr+4, Mo+4, U+4, Sn+4, Th+4, Cr+3^<>)

^ 4 4 ' 2 0 > 2 1 ) .
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Sr°l * l ^ s ) ^ : SrTiOa

REE7V * l $ 3 > a : REE A1O3 or REE Ti3+O3

U+47> * ] $ ; S ) T S : Cao.5Uo.5Ti+303 ^ ^ 3 )

: Nao.5REEo.5Ti+403^ ^^fl

3) Zirconolite (CaZrTi2O7)

Zirconolitefe CaZrxTia-xO?, 0.8 < x < 1.37AS M-B}-^H4~22), SL1-

f. ZirconoHtei fe

zirconolite2f *}3-

zirkelite, ^ f ^ ^ - i : polymigniteS}- tl"4.

Zirconolite^ perovskiteS-^B) ^ ^ ^ 4 . 8 0 0 " C ^ ZrO2

^ S I J I SZfe perovskite^ a>-§-§}^ ^ 9001C^^ ^

iO2^- anatase°!M rutileS €s|-^>JL, zirconolite^

T1O2 + perovskite + ZrO2 (at 900 °C) • CaZrTi2O7

hexagonal tungsten bronze (HTB)

^}5l, Zr ^^cflfe- U ^ 4 Th

(Fig. 4-3 f -S) .

TiO2> A12O3) ZrO2, BaO,

SiO27|-
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leucite (KAlSi2O6), kalsilite (KAlSiO4), Ba-feldspar (BaAl2SiO3)

tfl^^r zirconolite^- Q^r perovskite°fl oL^s)^, S r£ perovskite°ll, Cs

kalsilite sf leucite^l J 2 . ^ 4 . Kalsilite^- leucite^

71 4 1 ^ ^121^^ ^ i ^^>51 TiO2^ AI2O3

4. ^ 10-20

^I-?-^-^ D-b ^r-3- T 1 ^ ^ - ! : ^ : perovskite, zirconolite, nepheline

(NaAlSiO4) ^ spinel^^, hollandite7V ^7}$7)S. %t\-m o]fe ^ 6 0 -

70wt%

, 37H

, 60% <>)<$ rutile (TiO2)^r ^JL $14. o]o||

^ 9090% *)# CaUTi2O74 hollandite ^ rutileS

- 50 Wt%
7M o]^-<y-^o) a&^^r Table 4-
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Table 4-1. Typical Synroc Composition

Synroc-B

Synroc-C

Simulated

Radwaste

Component

TiO2

ZrO2

AI2O3

BaO(BaCOs)

CaO(CaCOs)

Synroc-B

Simulated radwaste

Additional TiO2

Additional AI2O3

CeO2

Nd2O3

EU2O3

MoO2

FeO

ZrO2

Cs2O

SrO

NiO

Amount(w%)

59.5

11.4

6.0

7.2

15.9

85

10

4-5

0-1

9.7

28.3

4.4

16.3

9.6

14.3

8.4

6.2

2.8

2.

A.

7\A °1 Oxide route
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, 750~900°C

r ^^8: 4 i^^ :£ (J l^^^Al 1250°C)7l-

^M- Sl-W ^ ^ o ] y]5L^ 2-

phase)̂ 1

Sandia routes.^ Ca, Ba,

Zr ^-^-i-i: $ ^ ^

. °1 ^ ^ ^ - S . *l|2:€ ^-^r^r oxide routed «L
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Figure 4-4. Molecular structure of (a) glycine, (b) citric acid,
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Fig. 4-5. Flame temperature measured by two-color optical pyrometry

for the combustion of glycine/nitrate La(Sr)CrO3 precursors

prepared at various G/N ratios.

- 113 -



Hi
0)

I

20

Fuel Rich

Stoichiometric

30 40 50

Degree 2Q

60 70

Fig. 4-6. XRD patterns for La(Sr)CrO3 ash combusted under

three glycine/ nitrate ratio.

- 114 -



A

3.

7>.

CaTiOs £-^-§- ^

Sr# CaTiOsi

. Ca 3-ffe-

Ofe 0.5 M ^
#^ v ^ ^ ^ - S . TiCl4 ^ ^ - i - ^ -§-§1-^^^ , o]

. 2 mol TiCl4 ^-^-i:

7d2iQ 3000 ml 3^- t ^ ^ i TiCl4

(99.9%) 2 mol (^ 370 gM:

€ <g^-2:4-i: 3 g/£ ^ i ^ ^

«1 ^S}-^^0 ! ^Vi :^ ^ r - g - ^ ^ £ # 2 MS. S^^>^4 . TiCl4

250 m l * 3§M # ^ - ^ 250 m l * ^7>e>^ ^ . g . S I ^

28% U-S-^oi-1- ^^-^r 250 m l i

- 115 -



l 13

4 NH+4

titanium hydroxide* tft-

Tr c r

°1 300

TiO(NO3)

TiO(NOs)

Ca(NO3)2

. Fig. 4-7

$£.7} , c]

7} (reducing valence)

fe 71^1^ N2) CO2) H2O

£ S.R. Jain ^ ^ l 4 ^

(oxidizing valence)^-

^ - S CaTiOa

CaCOs ^

Scanning Calorimeter : DSC, Netzsch^»

. DSC

(Differential

1000°C

- 116 -



CaCOa +TI02,

COMBUSTION
REACTION

MIXING

HEATINING

CaTiO3 POWDER

ANALYSIS

ORGANIC
FUEL

Ca(NO3)2

r

MIXING

r

HEATINING

r

IGNITION

TiO(NO3)2

SOLID STATE
REACTION

I
CaTiOa POWDER

ANALYSIS

Figure 4-7. Experimental Procedures

- 117 -



4. Sr

Sr<>l

^ CaTiOs £ i M : f ^ H r 2:^2] ^4? =£#<£ # ^ # ^ ° f l SrNO3l-

Ca ^}s l i Sr̂ >l 5, 10, 20, 30 mol%7]-

CaTiOs

^ - ^ ^ r X

# ^ , EDS<H1

X^i S ] ^ ^ 2 6 7} 20~80° ^ ^ ^ ^ scan

morphology^ 200 KeV,

SAD (selected area diffraction) pattern^-

Cu gridi ^^-^>^ ^ # ^ 1 - ^ 4 . o]^}^^]-^ morphology

4. ^

7K

- 118 -



7](chemical group)

ic acid) 7]7>

-Hpj^ a 4-2^1-

Ca(NO3)2^ TiO(NO3)2^

^ CaTiOs*

- 119 -



Table 4-2. Effect of fuel types and compositions on the synthesis of

CaTiO3 powder

Composition of the fuel(mol)
(for 1 mol of CaTiOs)

Urea

10/3

5/3

-

-

Citric acid

-

5/9

10/9

-

Glycine

-

-

-

20/9

Reactivity

no reaction

strong reaction

weak reaction

very strong
reaction

Phase (XRD)

Ca(NO3)2)

TiO2(anatase)

CaTiO3

CaTiO3 (impurity)

CaTiOs

^ » Fig.

CaTiO3
 Aov£

TiO2 ^-«r°l

7V

anatase

° . ^ , Ca(NO3)2

CaTiOs

, CaTiO37V

SLS. CaCOs ^f

CaCQs

80°C

CaTiOs

oil
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Fig. 4-8. XRD patterns of as-synthesized CaTiO3

powders with various fuel types and
compositions.
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Fig. 4-9. Scanning electron micrographs of the as-synthesized CaTiO3

powders with various fuel types and compositions ;
(A) urea, (B) citric acid, (C) glycine and
(D) mixture of urea and citric acid.



Fig. 4-10. Transmission electron micrograph and
SAD pattern of the combustion
synthesized CaTiO3 powder.
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Figure 4-11. EDS results of the combustion synthesized

CaTiC>3 powder
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Fig. 4-12. XRD patterns of CaTiO3 powders combusted under
three glycine/ nitrate ratio ; (a) fuel lean,
(b) stoichiometric and (c) fuel rich

- 127



# ^ € £ ^ DSC &<$•£ j

. Fig. 4-13£ -ELtf^*13 ^<i ^ ^iSt-g-sl £^-3.>H 800~900°C

£<I peak°l

CaTiOs #°1 ^ ^ 5 ] ^

fe 1000°CS. *>&.£.*J, °) ^r£^l^i 2^1^ ^ 1 « 1 - ^ CaTiO3

. Fig. 4-

^ 0.5 ^ m ^

; I r ^ ^ - S H ^ : 20~30

morphology 1- 3.
^-^^] i ^ ^ ^ l 3.71] ^ € ^ SU-i: ^ A

. Sr ^7M 4 ^ . CaTiOs

perovskite ^ 2 t ^l\d ^- i -oH, ^3. Sr ol^r^M- 37]-^

±r CaTiO.3 ^-p
a
v-i:

Fig. 4-15TT Sr f-^°l 4 4 5, 10, 20 ZL^JL 30 mol%^Jl,

. S H 5^- 10 mol%

^-f5f ^o) ^ ^ ^ perovskite^1?! CaTiO3

Sr^l ^ i ^ - g - ^ 1 CaTiOa ^ ^ M ] ^ Ca^^f ^^°fl *13r*§ Jl

. Sr f-^^1 20 mol% A S ^7>

-O1 ^ ^ CaTiOs

- 128 -



-0.05

100 200 30b 400 500 600 700 800 900
Tempenrture /*C

Figure 4-13. DSC curve of CaC03 and TiCk mixture with temperature



Fig. 4-14. Scanning electron micrographs of the
as-synthesized CaTiO3 powders using
(A) solid state reaction and
(B) combustion reaction.
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Fig. 4-15. XRD patterns of as-synthesized (Sr,Ca)TiO3
powders with amounts of Sr addition.
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