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1. Borosilicate glass 2%3

widely used as the matrix for HLW immobilisation.
a massive, stable and durable material.

can chemically incorporate high levels of RW, can physically tolerate
large radiation doses and can accept wide variations in the
composition of the waste streams.

however, devitrifies with time

the long half-lives of many fission products and actinides in HLW
requires that they must be isolated from the

biosphere for log time periods (10° y) and . — W
the safety has to be proved |

most tests - short-term in lab. .

long-term stability: possible use of
ANALOGUES

Source: (www.civildigital.com) CIMASTEOs 01224 + T -



1. Czech Republic: vitrified waste 8%3

« disposal concept: DIRECT DISPOSAL OF SNF

« transfer of highly enriched SNF from research reactors to the country of its origin
(2007, 2013)

« US DOE T Russian Federation T IAEA program

=« Czech Republic, Poland, Ukraine, Belarus, Serbia, Hungary, Bulgaria, Vietnam,
Uzbekistan

« SNF transferred to Mayak (RF) and reprocessed
(112 SNF assemblies with enrichm. up to

Transport of SNF from
36%) g

Vietnam

« Vitrified waste will be transferred back
after 2024 in
Al i Na phosphate glass form (0,586 m?)

« Will be most probably disposed in DGR
« Part of the source term for SA



2. Glass history S_’%}

C first appearance: approx. before 3,500 years (Egypt
and Mesopotamia)

C glass blowing (approximately 5017 0 BC)
2

L .( e

T 2 4 \)‘))?j .
¢ soda-lime glass around 1000 AD when potassium-lime TORIRBY /
glass started to be produced in Northern and Western

Europe.

C 11th century: new ways of making sheet glass by blowing
spheres were introduced in Germany (perfected in the 13th
century on the Venetian island of Murano)

C around 1688, a process for casting glass = more commonly
used material.

C invention of the glass-pressing machine (1827): mass
production of inexpensive glass articles.

C cylinder method of creating flat glass (USA, 1820s)
commercial production of window glass. This and other
types of hand-blown sheet glass were replaced in the 20th
century by rolled plate.



http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi2lJax54DUAhUOsBQKHRFBAJsQjRwIBw&url=http://www.archaeology.org.il/news68.html&psig=AFQjCNG7eynUk9trp1ZilJTepBbm6X9fRQ&ust=1495449954308356
http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi2lJax54DUAhUOsBQKHRFBAJsQjRwIBw&url=http://www.archaeology.org.il/news68.html&psig=AFQjCNG7eynUk9trp1ZilJTepBbm6X9fRQ&ust=1495449954308356
https://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiN0Jm06IDUAhUBnxQKHS8XA_sQjRwIBw&url=https://www.youtube.com/watch?v%3Dq4ZU7zUxdM8&psig=AFQjCNGnZG2k04-U4iTpdCduL75M6lh1hA&ust=1495450211946794
https://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiN0Jm06IDUAhUBnxQKHS8XA_sQjRwIBw&url=https://www.youtube.com/watch?v%3Dq4ZU7zUxdM8&psig=AFQjCNGnZG2k04-U4iTpdCduL75M6lh1hA&ust=1495450211946794

2. Glass structure S_’%}

¢ amorphous solid substance formed from a melt by cooling
below its melting, or liguidus point, without crystallization or
spinoidal decomposition with viscosity greater than 10 Pa

C the basic structural unit for silicate glass is tetrahedral (SiO,)*

Structure of a) SiO2 (quartz) regular lattice, b)
irregular quartz glass lattice and ¢) Na quartz
glass structure (Hlavac, 1988)
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1. Glass types i%B

Oxides used for glass production can be divided into
net-forming (SIO,, B,O,, P,O¢, GeO,) and modifiers
(CaO, BaO, Na,0, K,O)

Glass types

a) soda calcic glass (basic glass - sheet glass, bottles
etc.);

b) borosilicate glass (containing borax B,0O,);

c) lead glass (optical use);

d) other oxide glasses (aluminosilicate glass,
orthophosphate glass etc.).



3. Glass durability 7

Glass durability depends on many variables

¢

¢

¢

glass composition

SIO, content

surface area

volume and pH of the leaching solution

lons present in the corrosive solutions and their
concentrations

humidity and temperature of the environment etc.

| -



3. Glass durability Sy

Timehne vear

1 DO00000
1 10 100 1000 10000 100000 1000000 10000000 0

1. Metahc/ gl = miemchon (Freitzz et al, 1980 |

2. Silica plore reiménerenent to cenent [T

3. Eess in iy ash (Yo and Meremieks, 1005 —=—
4. Freach muclesr shock glass _—I—I

5. Smtsey volcanic acvity (Jakobsson and Moore, 1986, in Milleret al, 1995) | ]

6. Uaniem ghas s (Bohenta) |

7. Venetisn glacs (Byanetal, 1993) |

& Bemdque ghss (Fapln, 1080)

0. Fenessamce glhcs (Eapln 1980) |

10. Panichino ghass sanples (Ukoaine, Manichen-etal, 2004) |
11 French glss amefacts, conponents, 5 Denis (Macoquet snd Thommssm 1997

12 Madieval ghss (Janten md Podinec 1984) |

13. Britain glass sanples 1700 (Cooper and Cox, 1994) |

K. Chmese ghops (Eaplm, 19800 |

15. Fugi sanples (Amaietal | 1989) |

16. Egyptial enanel (Fapln, 1070) |

17 Basalnic glacs (New Mexico, Gordon and Brady, 2002) |

12 Basal-shyoliic sanples (Wolf-Boenikch et al, 2004} |

19 Qbsidian artefacts (Ino et al, 1998) |

20. Fhryolitic gless (Magonthieretal | 1992) |

21. Hengill basak hyaloclastites (Tsland, Crovisieret al, 1997) |

22 Besslts (Palagonts, Crovseretal, 1987) |

23, Hirsafell basalt (Ebnd, Crovisieretal, 1997) |

24 Obsidian - valcanic giass |

25, Andes e soona (Thinda Soehon, Famed ef al, 2000; |

26. Deep sea thyolitic glass (Parece Vella Basin Phillipme plate, Zhon et al, 1967) |
27 Basaltic veins (TecherT etal X01)

28. Tectites - mokisvites (Bouska etal, 1993) |

20, Chsidisn, Snake Fiver (Jantzen and Plodimec, 1984) |
50 Handirrd bes alt (Tanten and Flodines, 1959)

31. Tectites - Haiti ((Fass, 1984) |

The timescales of the most representative glass analogues (Havlova et al., 2009)



4.1 Glass dissolution s;%g

Essential role plays

¢

¢

¢

temperature

pH

ratio of glass surface area to volume of solution (SA/V)
flow rate (groundwater flux)

glass composition (Si content)

solution composition (concentration of Si and alkali ions)

|| [N ——



4.1 Glass dissolution s;%g

Stage I. - release rate of elements is congruent and linear because the elemental
concentrations in solution are lower than the solubility limits of most phases.

Stage Il - after loss of silica from the glass, when the dissolution rate decreases as
the silica concentration in solution reaches a higher level.

glass reaction during Stages | and Il : formation of a reaction layer that may
or may not be partially crystalline - palagonite

Forward Rala (1)

- mixture of a hydrated glass matrix
with authigenic minerals.

Long-Term Ratea (111}

Interim Rate (1)

Stage lll glass dissolution process as the precipitation
of aluminosilicates (e.g. zeolites)

Concentration (arbitrary units)

removes silicon from solution. The phases formed are
dependent not only on glass composition but also on
the composition of the water in contact with the glass

Reactlion Progress

Schematic representation of
reaction progress for glass
dissolution (after Bates et al.,
1996, and Grambow, 1991)



4.2 Glass leaching S_’%@

elements incorporated into the glass matrix can be leached out and released
Into solution.

slow and dependent on the flux of water

alteration/palagonite layer may become a chemical sink for released
radionuclides due to the precipitation of phases, or it may be a physical barrier to
diffusive loss of radionuclides.

short-term laboratory hydration and leaching experiments suggested that the
alteration products act to retain a range of elements, including iron, REESs and
actinides (Petit et al., 1989; Trotignon et al., 1992; Ribet et al., 2007).

non-selective dissolution (all the ) | Pypiale pasiiar e
glass elements are hydrated at the ) -
same time) but becomes incongruent,
l.e. not all the elements enter solution

the elements recombine in situ
to form an amor phc
layer.

Amorphous
and crysialline
residual and
precipitated
phases

Altered Layer

" Diffusion
and
gel layers

Bulk Glass

From Lutze and Ewing (1988)



4.2 Glass alteration s;%g
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Altered Iayers in Iceland volcanlc glass (Bernotat 2001)




4.3 Glass devitrification s:%'g

nucleation and crystalisation

can affect silicate or oxyhydroxide gels that are likely to form during
the alteration of the waste matrices (Marshall, 1961)

simil ar |(rizalinogdos s otbes eitr ved f or histo

under low T and in the presence of a very small amount of water
devitrification takes a long time.

abundant water supply devitrification
requires only a short time)

severely limited existence of volcanic
glasses.

no known volcanic glasses or tektites older e
than those of the late Cretaceous (65 Ma, =

Marshall, 1961: Bouska et al., 1993) and Photomicrograph of a natural volcanic
t ’| '[F] 25 M ’ glass from Scotland. From Miller et al.
MOosSt are 1ess than a. (2000)




4.4 Radiation induced effects 5:%3

¢ In some cases, radiation damage has been observed in natural glass in close
proximity to radionuclide-bearing minerals (Miller et al., 2000)

¢ but it does not make any sense to upscale such observations to the high
radiation doses experienced by the vitrified waste matrices.

Uranium glass (Bohemia, 19th century)
¢ a century long doping experiment
¢ hot too much under research

¢ Inone case, bubbles in uranium-bearing glasses were
identified that could have been caused by irradiation
and could contain O, (Laciok, 2004).
However, the actual content and origin remained unkno

c In 70ties a research: it was noted that U was not
leached out of the glass and appears strongly locked
In its structure (research)

Samples of uranium glass from the Czech
Republic (left) and altered glass surface
(parallel nicols; right; Laciok, 2004).




4.5 Other processes s;%g

¢ Thermal cracking
¢ Wheeping

¢ Crizzling

¢ Pittling

¢ Layering

¢ Crusting

|| [N ——



4.5 Crizzling and wheeping {%3

Glass goblet, Venice, 17th
century, displaying advance
stages of deterioration.
Victoria and Albert museum

17th century glass goblet displaying early signs of
i nstability (6weeping gl ¢
the surface. Victoria and Albert museum.
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5. Sources of analogy :%3

Erench Tk
virified HILW [ vimrified
(Savage, 19905) HIW
(Drefra.
2005)F
S0 45 2 472
Al 4.9
MNa O o8 3.0
ELO
Cal 4.0
Mg
FeO
FE]D3 2.9
L1 2.0
B1O; 13.9 17.3
Waste 193 249 I
D:.’ﬂ'd-E'E .. TlE{H:(!LXl |SV£0?| lP:EIOPpLE
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¢

¢

¢

¢

5. Sources of analogy for borosilicate glass

Natural glasses

¢ Basaltic glass

¢ Rhyolitic glas

¢ Tectites

Natural shock glasses
Nuclear shock glasses
Archeological artifacts

Industrial materials

|| [N ——



5.1 Natural glasses

%

4 Natural glasses

Basaltic Ehvolitic |Tektite |French Tk
glass alass (Mazer, |vitrified HLW |vitrified
(Mazer, (Mazer, 1004) (Savage, 1995 |HLW
1994) 1994) (Defra,
2005)7
510, 307 740 744 452 472
AlOs 117 14.2 12.17 4.9
Na, O |45 4.68 132 08 8.6
E,0 107 4.50 261
CaD 106 0.33 1.52 4.0
MgO |67 0.02 1.85
FeO |- 0.40 -
Fe O; |13.1 0.290 5.58 29
Li104 20
B10s; 13.9 173
Waste |0.0 0.0 0.0 193 240

oxides




5.1 Timescales of the most representative glass analogueé%g

Timehne vear

1 DO00000
1 10 100 1000 10000 100000 1000000 10000000 0

1. Metahc/ gl = miemchon (Freitzz et al, 1980 |

2. Silica plore reiménerenent to cenent [T

3. Eess in iy ash (Yo and Meremieks, 1005 —=—

4. Freach muclesr shock glass —I—I

5. Smrsey volcanic acmvity (Jakobs son and Moors, 1086, n Miller et al, 1993)

6. Ulsmiem plas = (Bohents)

T Venetian glass (Fyan et al, 1963

& Bemdque ghss (Fapln, 1990)

0 Fenessamoes ghss (Fapkn, 1980

10. Panichino ghass sanples (Ukoaine, Manichen-etal, 2004) |
11 French glss amefacts, conponents, 5 Denis (Macoquet snd Thommssm 1997

12 Madieval ghss (Janten md Podinec 1984) |

13. Britain glass sanples 1700 (Cooper and Cox, 1994) |

K. Chmese ghops (Eaplm, 19800 |

15. Fugi sanples (Amaietal | 1989) |

16. Egyptial enanel (Fapln, 1070) |

17 Basalnic glacs (New Mexico, Gordon and Brady, 2002) |

12 Basal-shyoliic sanples (Wolf-Boenikch et al, 2004} |

19 Ohpsidian artefucts (Lno et al, 1998)

20, Bhyolitic gless (Maponther et al | 1997

21. Bemgill bassk hyaleclastites (Tokand, Crovisier et al | 1997)

22 Besalts (Palagonis, Croviieretal, 1987

73, Hirsafell basalt (Elnd, Crovseretal, 1997)

24 Obsidian - valcanic giass |

25, Andes e soona (Thinda Soehon, Famed ef al, 2000; |

28, Deep sea thyoliic glass (Parece Vella Basm Philipme plate. Zhon et al, 1987

27 Basaltic veins (TecherT etal X01)

28 Tecties - moldacies (Bonska et al, 1995

20 Cheidism Snake Fiver (Tanten and Piodmec, 198

50 Handirrd bes alt (Tanten and Flodines, 1959)

31. Tectites - Haiti ((Fass, 1984) |

The timescales of the most representative glass analogues (Havlova et al., 2009)



5.1 Natural glasses

Basaltic glass
¢ the most similar to vitrified HLW (chemical

¢ composition - silica content, alteration products,
alteration structure and morphology

¢ Similar processes of degradation and palagonite
layer

o o Basaltic glass (Hawaii, Smithsonian National
Rhyolitic glass (obsidian) Museum of Natural History)

¢ the SIO:in obsidian is much higher than for
vitrified HLW.

¢ Still have value as analogues of vitrified HLW as follows:

» chemical composition (durability of high Si glasses =
upper limit of the durability of nuclear waste glasses);

» enrichment in Fe (analogy for secondary phases);

» enrichment in incompatible elements, such as the
REEs, U and Th (analogous to radiotoxic elements;
Magontier et al., 1992); Obsidian

(earthsciences.hku.hk)


http://www.earthsciences.hku.hk/shmuseum/image/earth_mat/2-3/rate_of_cooling/Si-44a_large.JPG
http://www.earthsciences.hku.hk/shmuseum/image/earth_mat/2-3/rate_of_cooling/Si-44a_large.JPG

5.1 Natural glasses 8%3

Tectites

¢ Slightly exotic glasses, formed by cooling of molten material (usually
assumed to be due to asteroid impact. Those are usually acidic silicate (SiO,
content higher than 65%) glasses with high melting point. (Bouska et al.,
1993).

¢ Australasia (australites), the Czech Republic (moldavites), the Ivory Coast
and North America (Glass, 1984; McCall, 2001).

¢ Studied tektites vary in age from 0.7 Ma australites to the oldest known 65
Ma samples from Haiti

Typical forms of tektites (generally 2.57 5 cm
across). Image courtesy of Mila Zinkova
(http://nome.comcast.net/~milazinkova/Fogshadow
html).




5.1 Stability of natural glasses

%

Rate {mol cm” 5'1} Glass/solution Comments Reference
10717 — 10782 Basalt glass Huallai Volcano Gordon and Brady
(3kyr) 10-20°C (2002)
10782 1077 Nepheline —svenite | Fieldrates (1—9a) | Melnyk et al., 1083%
glass
1071 1072 Nepheline —svenite | Lab rates Melnvk et al.. 1083%
olass (1—100 days)
107148 Basalt 10 °C seawater rate Brady and Gislason,
(minerals + glass) estimated from 1997+
measured activation
energy and higher T
Tafes
107 Basalt glass 25 °C meteoric Gislason and
water. pH 9.4 Eugster. 1087+
107%* Basalt glass 25 °C in seawater Crovisier et al., 1987
10— 10 510, 25°C Wirth and Gieskes.
1070+
10— 107 Various compositions | 25 °C Grambow et al..
1085%
1072 — 1071 Glass phase of coal | 25°C Yan and Neretnieks,
fly ash 1905
1.250-6.250 Uranium glass Bohemua Prochazka et al.
um/1000a 2002a

Examples of glass
dissolution rates
under different
conditions
(references marked
with *) are referred
in Gordon and
Brady, 2002)
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5.2 Dissolution rates of natural glasses 5_%3

¢ Itis clear that dissolution rates of basaltic and other glass
are low

¢ less than 50 ¢ M1000a and the rate appears to diminish
with time Iin continental and oceanic environments the
glass dissolution rates

¢ This decrease may be related to a diffusion mechanism
Involving key chemical species and controlled by the
mineralogy of the palagonite layer

| -



5.2 Comparison of lab and analogy based dissolution

%

—
Form of data Dissolution rate Reference Comments
(gm”d’)
Short-term lab 1x10° JNC (2000} H12 reference value
Short-term lab 1x10° Nagra (1994) K-1 reference value
Short-term lab 1x10 Nagra (1994) KE-1 model
sensitivity value
Short-term lab 1.5x10™ Nagra (2002) BNFL glass
Short-term lab 2x10° Nagra (2002) Cogema glass
Short-term lab 0.75 Crovisier et al. Svathetic basaltic
(initial rates) (2003) glass leached in the
lab 1n low-silica
solution (quasi-
analogue)
Short-term lab 0.75 Crowisier et al. SONG8 ‘nuclear’
(initial rates) (2003) glass leached in
low-silica solution
Short-term lab 3.5x10° Techer (1999) Svathetic basaltic
(initial rates) glass leached in.
high-silica solution
Short-term lab 3.5x107 Techer (1999) SONGS ‘nuclear’
(initial rates) glass leached in.
high-silica solution
Natural analogue 1.0x10%° - 1.5x10° | Techer (1999) Basaltic glass in
contact with clays
Natural analogue 15107 - 1.5x10° | Grambow et al. Lowest rates
(1985) calculated from
‘1solated” basaltic
glass tektites in
marnne sediments

Havlova et al. (2009)
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6. Conclusions

%

¢ basaltic glass was recognised as good analogy for HLW waste

¢ long durability of basaltic glass under natural can provide an argument for long
term durabllity of borosilicate glass

Havlova et al. (2004

| Timeline year

)

1

100

1000

10000

10000000

100000 1000000 10000000 0

1. Iletalic/'plas s miemction (Freitaz et al, 19890 |

2. Silica plone reinfherenent to cenent [T
3. Ge=s i fy ash (Yan and Meremigl=_ 1005, ——=4

4. French muclear shock giass |
5. Bmtsey volcmic acivity (Jakebsson and Moore, 1986, i Milles ez al | 1905) |

6. Uamitem grios s (Bohemis) |

7. Venetian zlcs (Byanetal, 1993) |

& Beroque ghs: (Fapln, 1980 |

0. Renessaince ghss (Fapln 1980 |

10. Panichino ghass samples (Ukteine, Memichev et al, 2004) |

11 French gless arefacts, conponents, 5. Dems (MWacquet and Thomsssm 1997

12 Madieval glas (Tantzen and Flodmec 1984 :

13. Britain glacs sanples 1700 (Cooper and Cox, 1904) |

14 Chmese glees (Faplm 19600

15. Puji sanples (Arai et al, 1980) |

16. Ezyptial enanel (Kapkn_ 1979) |

17 Basalne glass (Mew Mexico, Gordon and Brady, 3007

18 Basalr-shryolitic sanpiles (Wol-Boenisch et al, 004) |

19 Dhgidian arfefacts (T et al, 1908

20, Finyolitic giess (Maponthier et al, 1907) |

71 Hengill basak Iryaloclastites (Tskand, Crovisier et al, 1097) |

22 Besalts (Palagonis, Croveiereral, 1987) |

73, Hifisafell bas alt (Fsland, Crovisier et al, 1997) |

24 (s idian - vulesmic glass

E.Mies:mﬁ{ﬂaﬂmiﬁmumf&me:ﬂ:m:

3 Z j 5 (Pazece Wella Hasin Phillipine plate, Zhon etal | 1967) |
Z7. Besaltic veins (Techer] etal, 3001) |
28. Tecties - mokdavies (Bouska eral, 1993) |

20 Chedism  Snake Brver (Tantzen and Flodmer, 1984)

30, Hanfoord bes ot (Tantzen and Plodinec, 1984) |

31. Tectites - Hai (Fass, 1980h) |




6. Conclusions S;%g

¢ Some materials (archaeological glass, ferrite material etc.) could also provide
useful information, mainly about processes that the glass matrix undergoes
but the analogy is not always as clear.

¢ Archaeological glasses can be used as analogues for long-term behaviour

only with caution, due to their different composition and relatively short
time span involved

¢ Not all processes could be addressed satisfactorily using glass
analogues: for example radiolysis, thermal fracturing, interaction with metals,
cement and other engineered barriers remain without ideal analogues.
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7. Conclusions concerning vitrified waste in CZ 5:%3

different composition (Al-Na phosphate glass)

declared leachability
¢ max. 10°® g/cm?/day = 102 g/m?/day
¢ can be considered as an initial rate

at least expert judgement or research of potential
behaviour under DGR onditions should be needed

#2R UJV Group

Schematic representation of reaction progress for glass B oo movamon 1 eone
dissolution (after Bates et al., 1996, and Grambow, 1991)



