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Abstract : The conversion of high level radioactive liquid vastes into glass 
is now considered in every nuclear country . The glass composition must ta­
ke into account the components of the solutions and be formulated in order 
to Feet certain requirements, mainly those necessary forsafe further disposal. 
The compositions of these glasses, all borosilicates, are consequently unusu­
al • Beat due to 6 *Y decay generates some devitrification but ithas not yet been 
demonstrated that this is detrimental. 6 irradiation has minor effects en the 
glass structure but the effect of a emitters is not presently totally inves­
tigated. If stored energy consequenses are negligible, further experiments 
must be carried out to ascertain the effect of helium build up or the beha­
viour of the mechanical properties»Proce6ses of industrial interest have been 
developped and a plant has already produced radioactive glass blocks for 5 years, 
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1. Introduction 

Since the earliest days of nuclear energy, highly Tadioactive waste mana­
gement has been a major concern, both for the public and for those engaged 
in the industry, particularly with regard to the release of radioactive ma­
terials into the environment and possible risks of contamination. Over the 
next few decades there will be a significant increase in nuclear generating 
capacity and therefore the problem of the long-term containment and manage­
ment of high-level radioactive wastes from the reprocessing of irradiated 
nuclear fuel will remain a major concern. 

The high-level radioactive liquid wastes generated by the reprocessing of 
spent nuclear fuels are generally concentrated by evaporation and stored as 
an aqueous nitric acid solution in high integrity stainless 6teel tanks. 

Experience with the storage of high-level acidic wastes in stainless steel 
tanks has been good, but the continued storage of liquid wastes in tanks in­
volves constant technical supervision to ensure that the necessary services 
such as decay heat removal and adequate off-gas treatment are always available. 
While liquid storage can be considered safe and acceptable for some decades, 
it is necessary in the longer term to replace liquid storage by an alternative 
system based on waste solidification and immobilization of the radioactivity. 
This system is potentially better from the safety standpoint and could make it 
possible for the waste to be transported away from the reprocessing site for 
long-term storage disposal. 

2. Historical Background 

The conversion of high-level radioactive liquid wastes into solids has 
been studied for about 30 years. 

Experiments with adsorption on clays (1) (2) (3) led to the idea of using 
glass or glass-ceramic materials : the extensive heat treatments implemented 
in an attempt to fix the radionuclides definitively, resulted in the formation 
of glasses or heavy glassy materials. Research was therefore undertaken to 
produce the glass directly CO (5) ( 6 ) . A vitrification process was also tes­
ted under realistic conditions (7 ) ( 8 ) . 

At the same time, research was directed towards simple calcination (9X4) 
(10)(11)OT production of synthetic minerals (J2)( 5 ). However, it soon turned 
out that calcination provided materials which did not comply with long term 
disposal or even interim storage requirements. In fact this process is only 
applied today to diluted fission products solutions from the Idaho reprocessing 
plant in the USA, and even then, the resulting product is now considered as an 
interim material requiring further treatment. 

With regard synthetic minerals, two drawbacks were pointed out at 
that time : the need for a complicated technique and the limited versatility 
with regard to variations in the solution composition. Tor this reason, al­
though some other materials have been developped, glass has played a dominant 
role to the extent that most of the countries involved have already carried out 
or are planning to undertake industrial vitrification of fission products so­
lutions. 



3 . The W a s t e s t o be P r o c e s s e d 

The solut ions to be taken into consideration are those generated by re ­
processing of the spent fuel6 irradiated in commercial, defense and material 
t e s t ing reactors . 

Although the lat ter give r i s e to very diluted solutions so that the f i s ­
s ion products content i s low, they are generally considered as high level 
vastes because they are fabricated in the same plants as the others. Moreover 
for pract ica l reasons, these l iquids may be mixed with others which are more, 
highly radioactive for on-side storage. 

Except for some US wastes which have been neutralized (Banford, Savannah 
River, West Valley) these are n i t r i c acid so lut ions . Their composition i s va­
r iable and subject to various factors which are mainly : 

- the type of nuclear fuel 
- the burnup rate 
- the possible inclus ion of a decladding step 
- in the la t ter case , the composition of the cladding hull6 
- chemicals added in the course of reprocessing 
- the possible use of neutron poisons 
- the eff ic iency of Pu and U partitioning 
- the f inal concentration 

- the duration of the interim storage. 

Examples of some so lut ion compositions are given Table 1. 

Table 1. Composition of some high-level waste solutions 
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4 . Waste -Bear ing G l a s s e s 

The glass composition used for any radioactive waste must comply with s e ­
veral requirements. l n fact , the composition i s governed by 3 factors : 

- the constituents of the radioactive l iquid waste 
- the properties required for the anticipated fabrication process 
- the desired properties for interim storage and long-term disposal 

Pract ical ly , i t i s never possible to meet a l l the requirements ful ly and a 
number of trade-offs are necessary in order to achieve an acceptable optimiza­
t ion . 

4.1. The Role. o£ the Waste. ConAtUbuextb in. the. GLtu>& Medium 

The structure of a g lass matrix comprises elements playing a network former 
r o l e . In commercial g l a s s e s , the most common oxides of these elements are Si02, 

Other ox ides , the so-cal led network modifiers, are used to obtain the des i ­
red propert ies . According to J.M. STEVEL's assessment (13) , the fi6Eion products 
are mainly network modifiers (Table 2 ) . 

Table 2 . Electronegativity of elements and ro le in glass structure 

Metallic ions which part ic ipate as modifiers 
Glass formers 

Real Probable 

P 2.1 Sr. 1.7 
B 2.0 Ti 1.6 
As 2.0 Zr 1.6 
Si 1-8 Al 1.5 
Ge 1.8 
Sb 1.8 

Ca 1.0 
Sr 1.0 
Ba 0.9 
Ka 0.9 
K 0.8 
Rb 0.8 
Cs 0.7 

I t bas been poss ib le to combine these products with B2O3 and SiOj to obtain 
g l a s s . F i ss ion products oxides contents in excess of 20 wt Z have even been t e s ­
ted despi te the detrimental e f fect of Mo on the g las s homogeneity (14) . 

Owing to the var ie ty of the compositions of the l iqu ids to be so l id i f i ed , 
i t i s impossible to formulate a universal glass : several g lass compositions 
amst be devised to cope with every liquid composition. For example, a glass 
corresponding to an MTR type l iquid must deal with the large amount of Al i t 
contains and therefore the fabrication of an alumino-s i l icate or aluninouboro. 
s i l i c a t e i s unavoidable. Aluminium, as well as jircocium, has a coordination 
number which depends on i t s content and on the chemical environment* so i t can 
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be used not only as a network former but also as a network modifier. It has a 
beneficial effect on the chemical resistance but it raises the melting point 
even when the content is small. 

Alkaline elements and to some extent the alkaline earths are typically net­
work modifiers and are fluxing agents. 

Corrosion products such 86 Ni and mainly Fe are in general well incorporated 
in silicated structure. On the other hand, Cr often initiates microcrystallisa-
tion in the form of oxides. 

Platinoids, when they are present in metallic form, are only slightly sili-
catized and can constitute nucleation centers. 

Fluorine is a fluxing agent and can induce some devitrification when a lar­
ge amount is present in the glass, but this is not the case for the radioacti­
ve glasses considered here. 

Examples of compositions are shown in Table 3. 

Table 3. Examples of glass compositions (weight 1) 
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4.2 GiMb ViOfXAJUu V&JUxteA to TabnlcAtion 

The main fields to be investigated are : 
e 

- corrosiveness of the molten glass 
- viscosity of the molten glass 
- volatility occuring during the glass fabrication. 

The corrosiveness of the molten glass is an important matter because it go­
verns the lifetime of key equipment components, hence the stream of secondary 
waste which plays an essentiel role in the overall appraisal of any technique. 

Generally to evaluate the corrosion rate, samples of pToductB to be tested, 
ceramic materials as well as metals, are placed in the relevant molten glass 
and kept under the same temperature for various times in order to estimate grain 
boundary or pitting corrosion. At present there is significant convergence on 
the choice of Inconel type alloys, especially Inconel 600, 601 and 690 and, 
amonp, non metallic materials, on high-grade CrjO- refractories. 
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The viscosity of the molten glass, which is of no importance in a process 
not involving any molten glass transfer, ÏB on the contrary an essential fac­
tor in a flowing process. 

The viscosity versus temperature curves display a continously decreasing va­
lue when temperature increases (fig. 1). This differs from the viscosity cur­
ves commonly existing for commercial glass : in particular, the "working pla­
teau" does not appear but this does not matter since the radioactive glass is 
simply cast into a canister. The maximum viscosity generally estimated for cas­
ting is in the range of 300 to 500 poises at the casting temperature. 

FIGURE I : VISCOSITY OF A LVR TYPE-GLASS VERSUS TEMPERATURE 

Viscosity (Po) 

1S00 

1000 

1000 10SO 1100 nso 1200 
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The most usual way to lover the viscosity of a borosilicate glass for a gi­
ven silica content is to increase cither the B2O3 content or the R2O type oxide content 

A choice oust be made in each particular case depending on the effect of 
such a change on the chemical resistance. 

The volatility of some elements during manufacture may hinder some fabrica­
tion processes. Boron could be released in the form of «odium metaborate and 
condensed on cold surfaces of the equipment, possibly resulting in tube plug­
ging, but this problem is easy to overcome by increasing the tube sise, On 
the other hand, problems related to ruthenium are «ore important. 
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When nuclear fuels are highly irradiated (LWR, FBR) the ruthenium content 
in the waste (mainly l°&Ru) is relatively high. Ruthenium is bound to he vo­
latilized at any 6tage of the vitrification process (15). It ié released as tetroxi-
de which decomposes at lower temperatures 8s follows : 

RuO^ > Ru(>2 • O2 
gas solid 

The very first Ru02 deposit on an off-gas tube initiates further deposits 
and this contributes progressively to blockage of the line. 

Three ways are considered to overcome this : 
- vitrify the liquid as it is and trap the ruthenium as soon as pos­

sible I thi6 can be done with the use of suitable filters ; 
- destroy nitric acid, for instance with formol or formaldehyde, sinee 

the Ru volatilization increases when the acidity rises ; 
- build up a reducing atmosphere, because Ru volatilization i6 con­

siderably enhanced by oxidizing conditions. 
It is also possible to combine 2 of these methods. 
The first method requires handling of the used trap which burdens the pro­

cess except when the trapping material is easily disposable (16). The second 
involves an additional process step. 

The third one i6 apparently easy to implement because there is nothinp. to 
do but add a chemical in the feeding solution (e.g. molasses or sugar). 

4.3. VAopeAtiu WUxttA to InteAUm Stonage. 

The vitrification process yields glass blocks which are conveyed to an in­
terim storage facility. 

The purpose of thi6 step is to store the glass during the heat release due 
to B and Y self.irradiation until the specific thermal power is low enough to 
allow subsequent disposal in a geologic formation. 

In routine conditions in the case of spent Light Water Reactor fuels, (the 
most common ones) vitrification should be implemented A to 5 years after dis­
charge from the reactor (i.e. 3 to 4 years of cooling time for the spent fuels 
before reprocessing, then vitrification one year later). 

At thebiginning of the interim storage period the specific thermal power is 
thus about 20 watts per liter for a glass containing 12 Z of fission products 
and actinide oxides (fig. 2) decreasing to 3 to 5 W.1 - 1 (which corresponds to 
60 to 30 years of storage time) depending on the conception of the ultimate 
repository. 

During this particular period the glass will have to withstand the effects 
of B y irradiation and;of the resulting heat. 

Beta and gamma radiation interact with the glass primarily by ionizing pro­
cesses and produce very few direct atomic displacements. From collision theo­
ry, beta particles are estimated to produce, • the average, less than one dis­
placement per decay event* and gamma radiation is almost inefficient. Displa­
cements can also be produced in ionic solids by ionization, the principal in­
teraction mode of beta particles and gamma radiation with solids. 
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The electronic excitations caused by ionization can persist for sufficien­
tly long tunes so that the lattice becomes unstable and produces permanent ion 
displacements. In this manner, substantial displacement damage can be produced 
by ionizing radiation in those ionic solids «here this mechanism is efficient 
(halides, for example). Nevertheless, numerous ionic solids (mostly oxides) do 
not exhibit this effect, and it has not been established experimentally whether 
this mechanism occurs in radioactive glasses. 

In fact, experiments involving various sources of irradiation (accelerator, 
Van de Graaf generator, spent fuels) with do6e6 up to 10 , J Tads did not affect 
the glass structure and therefore its physicochemical properties. However, it 

would be necessary to confirm this minimal effect by increasing the dose to about 
2 X 1 0 1 2 rads in order to take into account the effective irradiation time in 
the worst case (early vitrification, high of f issionproducts oxides content) to 
cover every realistic situation. 

Glass is a thermodynamically metastable material which keeps its structure 
for long periods of time because the kinetics of rearrangement of the crystal­
line forms Are slow at ambient temperature. When heated for a long time, espe­
cially vhen temperature is above the transformation point, the tendency to reach 
the crystalline state is strongly increased. 

At this point in time, it has not yet been fully established whether devitri­
fication occurring in radioactive glasses could be considered detrimental, i.e. 
leading to alteration of the chemical properties. Further data are required in 
three areas : 

- the speciation of occurring crystalline phases 
- the quantity of crystals 
- the long half-life radionuclide distribution throughout the various 

phases. 
These factors must be determined under realistic conditions very close to 

those of interim storage which depend both on the air cooling facility, designed 
to prevent the temperature of the concrete structure from exceeding 80-100° C 
and on the maximum temperature of the glass generally assigned to be below the 
transformation point that ranges from 450 and 600° C. 

The maximum glass temperature refers to the block centerline since, owing to 
lateral cooling, a thermal gradient is established betwen the centerline and the 
side surface. 

The devitrification of each glassy zone is thus more or less important accor­
ding to its distance from the surface. 

The identification of the crystalline phases, principally carried out on glass 
samples kept under constant temperature in the range of 500 to 700* during various 
periods of time by mean of X-ray diffraction or microprobes, (17) (18) (19) (20) 
(21) showed the occurrence of many types of crystals, mainly silicates, oxides,alu-
mino silicates, molybdates. In the case of LWR type glasses, sodium, rare earth, 
strontium molybdates and spinel are commonly observed, as well as actinide and 
cerium mixed oxides (fig. 3). 

The proportion of crystals occuring at a température below the transformation 
point could be evaluated with regard to the glassy phase, as less than 10 vol 1 
for LWR type glasses, although the accuracy of the various techniques, X-ray dif­
fraction (20) (22),image analysis (22), specific heat (23) or celorimetry (21), 
is not very high. 
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Ce and U mixed oxides 

Spinel-like oxides (Mn • Ni) 

Strontium nolybdate 

FIGURE 3 - Crystallisation occurring in • radioactive glass 
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In any event, below the transformation point, the crystal growth rate is 
always very low. 

Up to now no investigations have beencarried out on theactinides distribu­
tion. Only assumptions based on mineralogical and chemical considerations ha­
ve been made. It is essential to clarify this point to determine the structu­
re the material will have prior to disposal in an ultimate repository. 

4.4. TKopesUie* Related to Long Tetm Vibpotat 

It is generally accepted now that the long term disposal of the radioactive 
glass blocks will be in geological formations such as granite, salt or clay. 

The disposed material will then have to withstand the effects of u self-ir­
radiation and any possible leaching due to an accidental -underground water 
intrusion. 

In order to evaluate the chemical stability of the glasses, bulk and speci­
fic element leach rates are measured and generally expressed in g.cm~2.d~'. 

There are two modes of reaction with aqueous media according to the pH value. 
In acidic conditions there is an electrophile reaction between H* and non 

bridging oxygen linked to a sodium ion. The subsequent Na depletion results in 
sodium diffusion. The kinetics are therefore governed by a ̂  law. 

In basic conditions (0H)~ ion reactions induce the rupture of Si-0 bonds gi­
ving rise to soluble silicated anions. 

Aqueous reactions involve both mechanisms. The process always begins with 
ion exchanges that generate a basic pH, but the kinetics gradually slow down 
because the Na depleted layer becomes thicker and the silica dissolution rate 
increases. 

Radioactive borosilicates present two important features : 

- they induce a buffered pH : the lower the glass silica content, the 
higher the steady 6tate pH value (generally between 8 and 10) 

- some non radioactive or fission product multivalent ions ae veil as 
rare earths and actinide6 play a major role : they are largely res­
ponsible for the formation of the glass surface layer. 

Many tests have been devised making use of flowing or static leaching sys­
tems in order to provide useful data and to determine the effects of some pa­
rameters as : 

- glass composition 
- temperature 
- i n i t i a l pH 
- leachant flow rate 
- pressure 
- geometrical conditions (shape and aise) 
- effects of some anions and bacteria. 

Experiments involving radioactive glasses or non radioactive replica have 
provided the following results : 

-Alteration depends on the glass composition : the higher the s i l i ca content, 
the higher the aqueous corrosion resistance. Alumina and tirconia, even in 
small amounts, play the same role. 
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- Temperature i s l i k e l y to be the moBt important parameter. Leach rateB gene­
ra l ly show an Arrhenius type l av . The activation energy var ies according to 
the elements, the g lass composition, the test duration, the water nature and 
f lov rate , from 40 t o 80 k.J.mole'l . Raising the temperature from room tem­
perature to 100* en ta i l s a leach rate increase factor of 30 t o 70, but some 
elements such as Al, Zr, Fe, rare earths and act inides are not very s e n s i t i ­
ve to temperature var iat ions . It i s assumed that the products generated by 
hydrolysis are instantaneously polymerised in insoluble form. 

- At 25*C, owing to the very low concentration of leachant, leaching with tap 
water makes i t possible t o measure only the radioactive elements. 
The leach rates are the following : 

- for Ce and Ru : 1 t o 5 x 10~8 g.cnr2.d~' 
- for bulk $ emitters : I to 5 x 10" 7 g.cnr2.d-l 
- for Am, Pu f Cm : 1 to 10 x 10~8 g.cm~2 d"' 

- Within certain l i m i t s , the lower the flow rate , the lower the leach rates . 
- Pressure does not seem t o have any effect on the leach rates under hydro-

thermal conditions (temperature below 200*C and pressure below 150 bars) , 
leach Tate increments are not so high as expected according t o the activa­
t ion energy. 

The resu l t s are d i f f i c u l t to interpret because secondary phenomena can occur, for 
exemple crys ta l l i zat ion of the surface layer. 

S - Increasing the - ^ - ra t io (leached surface area to leachant volume) does not 
af fect leach rates and the steady-state pH, but the measurement of thi6 ratio 
i s d i f f i cu l t with regard to water intruding into a geological disposal area 
because the medium i s in f in i t e and hydraulically continuous. 

Another important aspect of the potential alteration of radioactive glasses i s 
their long term behaviour with regard to a se l f - i rrad ia t ion . 

During the long term d i sposa l , actinides (a emitters) play an important role with 
respect to the f iss ion products (6*y emitters) in terms of irradiation (Fig . 4 ) . 

An alpha emission resu l t s in three events : 

- a reco i l nucleus : most o f i t s energy (0.1 Mev) i s consumed by e l a s t i c c o l l i -
sionswith the surrounding atoms. Many atomic displacements,about 1500, due 
to the i n i t i a l r e c o i l are terminated within a short range (30 nanometers*. 

- an a part ic le i s released : most of i t s energy (4 to 6 MeV) i s consumed by 
ionisat ion . A few atomic displacements are a lso induced. 

- a helium atom i s generated : at the end of i t s path, the a par t i c l e captures 
2 e lectrons and y i e l d s a He atom. 

L i t t l e information i s ava i lab le on a ionization e f f e c t s in glass but experimental 
evidence at t h i s time suggests that displacement damage i s dominant. 

In order to invest igate the e f f e c t s of o emission i t i s necessary to make use of 
simulation techniques. Those currently adopted to obtain data on the radiation s tabi ­
l i t y of nuclear waste g lasses are the following ; 

- Neutron irradiations x 
Reutron irradiations take three different approaches, a l l involving in-reactor i r ­

radiat ions , to induce radiat ion damage in nuclear waste forms. One approach i s to i r ­
radiate the t e s t specimens of the proposed waste forms in the fast-neutron flux of a 
research reactor (24) . The f a s t neutrons undergo e l a s t i c c o l l i s i o n s with atoms in the 
waste s o l i d , producing energet ic primary knock-on atoms that undergo further e l a s t i c 
c o l l i s i o n s as they slow down, result ing in numerous displacements. I t i s argued that 
the resultant displacement damage correlates with the damage from alpha decay, part i -
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cularly the displacement damage from the recoil nuclei ; however, auch correlations 
are never easily interpreted. The method is simple and produces only moderately ra­
dioactive camples ; however, it has a disadvantage that must be considered:a6 no o 
particles are produced in this approach, there is no simulation of the effects of 
helium atom deposition in the structure or any synergistic effect of the alpha-par­
ticle damage vith the recoil-nucleus damage. 

Another neutron irradiation technique (25) involves doping the vaste form with 
235rj (oxide) and irradiationg test specimens in the thermal or fast neutron flux 
of a reactor. Such irradiation causes the 235rj to fission, producing high-energy fis­
sion fragments, which cause displacements. This method provides • less accurate si­
mulation of alpha-decay damage than does fast-neutron irradiation, and correlation 
of the damage with alpha-decay damage i s difficult (26). This technique also results 
in highly active specimens that must be stored for some time to allow sufficient 
radioactive decay before examination. 

The third technique (27) involves utilizing the high l°B(n,a)7Li cross section 
for slow neutrons.Boron-containing or boron-doped waste forms are irradiated in the 
slow-neutron flux of a reactor, producing alpha particles (Emax * 1*78 MeV/. High 
rates of helium formation are possible, and borosilicate glasses require no actual 
boron doping. A major disadvantage is that the damage produced is not completely 
equivalent to alpha-recoil damage. 

- Actinide-doped glasses : 
Fabrication of glasses doped with small amounts of short half-life actinides 

(24lAm, 238p u, 244cm, 242Co) allovs simulation in several years of the irradiation 
corresponding to several thousand years (28)(29). This technique appears to the one 
which best simulates the effect of a emission, provided the doping element i6 even­
ly distributed in the matrix. Bowever, the content of the doping oxides must be li­
mited to 2-3 vt X otherwise the structure of the glass would be changed. 

- Charged particle irradiation : 
Charged-particle irradiation vith electrons,protrons, alpha particles, or heavy 

ions (30)offers a technique for simulating radiation damage in very short times wi­
thout the difficulties associated with handling radioactive materials. The results, 
bowever, are difficult to interpret because the effects are concentrated in a narrow 
surface layer and in a «mall area, «taking postirradiation analysis sore difficult. 

Investigationsmaking use of the above-mentioned techniques have been carried out 
to characterise the following effects : 

- neutron emission 
- density changes 
- actiniae leaching rate 
- changes in bulk and non-actinide element leaching rates 
- energy storage 
- helium buildup and release 
• changes in mechanical properties. 

A neutron emission can be generated by (o-n) reactions in the glass. Experiments 
involving doped glasses (31) shoved that the subsequent neutron emission vas less 
than 2 neutrons per 10* disintegrations which is very low : too low to have any effect 
on the material. 

Density modifications are the consequence of dimensional changes in the glasses. 
Although contraction is the dominant feature of pure vitreous silica, the radioactive 
glasses either expend or contract according to their composition.WEBEF. and ROBERTS 
(32) assume that density changes tend to follow the relation : 

Ap/p - A (I - exp (-BD)) 
«here p ie the density of the glass, B is the dose (a disintegrations/m3 ) and A and 
B are specific to the irradiated material. 
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24 -3 
Several experiments involving doses up to 10 x 10 o disintegrations 

(33)(34)(35) shoved that density changes can range from -1 Z to I X, but at 
the present time the mechanism governing the volume variation and their possi­
ble detrimental effect on the glass structure has not been clearly identified. 

- The results of various studies undertaken to determine actinides lea­
ching rates using glasses doped with 238p U f 244Q m t 241^, m T e consis­
tent, and indicate values ranging from 1 to 10 x I0~8 g.cm~2.d_I. 

- The effect of a irradiation generally does not seem to result in a 
significant increase in the leach rate based on «eight loss or element 
analyses (34)(36)(37)(38)(39) as eight be expected due to unavoidable 
water radiolyeis (pH modification) and air radiolysis (nitric acid for­
mation.) 

• Stored energy in a glass comes from radiation, generally through the 
displacement of atoms. Measurement of stored energy in US glasses as 
a function of the cumulative dose (28) indicated a saturation value in 
the range of 80 to 130 J.g"'. Saturation occured at about I x 102* a.» - 3 

(see fig. 5). This is in agreement with UK work at Harwell.Conversely 
a study carried out in a joint European Community program (19) revealed 
a range of only about 40 to 80 J.g~> at a dose of 3.3 x 102* a.m-3 and 
at Karlsruhe, FRG, stored energy in saturated glasses was measured at 
values ranging from 260 to 400 J.g~l (39)(40). The stored energy is re­
leased when the glass is heated. The release rates as a function of tem­
perature and cumulative dose have been established (24) (see fig. 6). 
Vrom the above data but excluding the Karlsruhe results, and based on 
a specific heat for glass in the range of 1 J.g~'.C~' it appears that 
the maximum temperature rise liable to occur from a sudden release of 
stored energy does not exceed 130"C, which does not entail any major 
problems after several thousand years of disposal, the time required to 
Teach these stored energy values. 

- Helium formation and buildup have been investigated in a-doped glasses 
(19)(29)(35)(39)(41) and neutron-irradiated samples using the hieh 10B (n.aV 
7Li cross section (27). In each case the diffused Helium was measured with sa 
pies stored in a Be-tight vessel for various durations. It is difficult 
to compare the results obtained because the experimental conditions were 
different in terms of temperature and of a content which governs the de-
tectability range. In some cases the short-term diffusion of helium at 
low fractional release values was established according to Arrhenius be­
haviour, while foT longer times and higher fractional releases values, 
the apparent diffusion coefficient decreased. In other cases almost the 
total amount of generated Helium was found to be released. 
Helium bubbles were detected only in samples submitted to neutron irra­
diation. Many laboratories are presently directing their efforts towards 
the clarification of this problem which is important considering the 
possible effects leading to a decrease in mechanical strength and there­
fore an increase in the surface area as well as over-pressure inside the 
airtight metallic canister containing the industrial rsdioactive glass. 

- With regard to a possible devitrification state subsequent to a irradia­
tion, up to now no structural change has been observed. Moreover,experi­
ments involving partially devitrified glasses showed evidence for amor-
phitation of the crystal phases (42). 

It is worthwhile to determine the alteration of mechanical résistance of 
the glass, considering a possible collapse of the ultimate disposal cone, gene­
rating fractures and therefore increasing the surface area exposed to the possi­
ble action o' natural «gents. 



FIG 5 STORED EhERGV M •*>Cm-DOPED 
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The modification i s evaluated by treasuring some characterist ics ° f a-doped 
g l a s s e s ju6t after fabrication and at various intervals corresponding to given 
simulated storage durations. 

Dp t o now only a few experiments have been carried out with radioactive g lasses . 
These g l a s s e s , simulating aging of several hundred years, were submitted to micro-
hardness measurement (29) . The ef fect of the irradiation was found to be in s ign i ­
f i c a n t . Nevertheless as the method was not suf f ic ient ly accurate, other parameters 
have been investigated on non radioactivereplicas.especial ly Young's modulus, 
(dynamic resonance or transit t ine methods), fracture toughness (double torsion or 
short rod methods) and biaxia l flexure strength. The values given by a l l these tech­
niques seem to be in agreement (43)(44) and should be applied soon to actual radio­
act ive g l a s s e s . 

5 . I n d u s t r i a l Manufac ture o f R a d i o a c t i v e s G l a s s e s 

Although the fabrication of highly radioactive glasses from f i ss ion products so­
lu t ion i s somewhat- beyond the scope of th is a r t i c l e , i t i s interest ing to mention 
that many techniques are available forconverting radioactive l iquid into glass (45) . 
An industr ia l f a c i l i t y has even been operational in France since June 1978. As of 
May 1983, 646 m3 of high leve l radioactive wastes (110 x 10& curies) from the Marcoule 
reprocessing plant have been transformed into 296 metric tons of g la s s . During this perit 
the f a c i l i t y has proved sa t i s fac tor i l y 

6 . C o n c l u s i o n 

In sp i t e of the fact that radioactive glasses have been investigated for a long 
time, several areas remain to be c lar i f i ed . In particular no study has been carried 
out on the e f fec ts of transmutation which modifies the glass composition through ra­
d ioact ive decay. Moreover, the behaviour of actinidee inside the glass and at i t s 
surface layer i s at the very f i r s t stage of scrutiny. I t i s not impossible that risk 
assessment applied to the overal l disposal s i t e might give r i s e to additional requi­
rements which would make i t necessary to revise the glass compositions. In th i s case 
required improvements would most l i k e l y be obtained by increasing the s i l i c a content. 

The industrial consequence would be f i r s t a proportional increase in the volume 
of g l a s s to be stored and disposed o f . . This would not impede the repository system 
to a great extent , since on the other hand the residual spec i f i c heat would be lower. 
Secondly, the melting point would be higher but some fabrication techniques are alrea­
dy able to deal with th i s problem. 

In any event, the decision t o proceed with industrial fabrication before the glass 
requirements are fully speci f ied should not be considered premature, since the waste 
immobilization of fen. a major improvement in terms of safety compared with l iquid 
s torage , and since i t would be p o s s i b l e , i f the need arose, t o adapt the manufactu­
ring processes to yield new g lasses complying with more drast ic requirements. 
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