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Foreword 

 

Production of energy at nuclear power plants is unavoidably accompanied by the 

generation of spent fuel, which has to be safely managed. There are two main strategies for 

spent fuel management. In some countries, reprocessing of spent nuclear fuel is performed to 

recover fissile materials for fuel fabrication and separate the fission products and small 

amount of actinides in the form of high level waste (HLW). Other countries have chosen a 

once-through fuel cycle strategy and pursue interim storage of “as generated” spent fuel, to 

be followed by its final disposal.   

 

The final step in both strategies is permanent disposal of spent fuel or conditioned  

HLW (solidified in various kinds of glass or ceramic matrices) in deep geological formations. 

Safe disposal of spent fuel and conditioned HLW requires an extensive international research 

program to develop waste forms and waste packages suitable for disposal in various 

geological environment. All components of the waste package (HLW form and the container) 

and engineered barrier systems (host rock and backfills) should be designed and carefully 

investigated to provide for long-term containment and isolation of the disposed waste from 

the repository environment, in particular groundwater, and to retard the transport of 

radionuclides from a failed container to the groundwater. 

 

The IAEA has initiated a sequence of Coordinated Research Projects (CRP) to support 

and co-ordinate international research activities in the above mentioned subjects. In the CRP 

on “Performance of High Level Waste Forms and Packages under Repository Conditions”, 

the problems of behaviour and interactions of the spent fuel and/or various HLW forms in the 

conditions appropriate to specific geological repositories have been addressed. Fourteen 

laboratories, representing thirteen IAEA Member States, participated in the Project. It should 

be mentioned that despite the title of the CRP, little content on container behaviour was done. 

 

The chief scientific investigators from Argentina, Australia, Belgium, Canada, China, 

Czech Republic, Finland, France, Germany, India, Japan, Russia, and the United States of 

America met in four Research Coordination Meetings in Karlsruhe (1991), Bombay (1993), 

Tokai (1995) and in Avignon (1997) to present the scientific reports from participating 

laboratories, discuss results and provide recommendations for future work. This TECDOC 

summarizes principal achievements in participating laboratories and provides a consolidated 

summary of the entire Project, as prepared by the group of consultants at the end of the CRP. 

Final reports of participating laboratories, reviewed by J. Tait of AECL, Canada and R. Burcl 

of the IAEA, are in the attachments. 

 

V. Tsyplenkov of the IAEA Division of Nuclear Fuel Cycle and Waste Technology 

initiated the CRP and guided the Project until February 1997. R. Burcl of the same Division 

continued the Project and was responsible for compilation of this TECDOC while 

J.L.Gonzalez and subsequently Paul J.C. Dinner, also from this Division, took the final 

responsibility for its revision and publication. 

 

Originally foreseen to be published as a “stand-alone” TECDOC, the publication of this 

work was unfortunately delayed. Meanwhile, work continued on a related Technical Co-

operation (TC) project entitled “Chemical Durability and Performance Assessment under 

Simulated Repository Conditions”. It was decided to consolidate publication of the work into 

a single TECDOC, with the earlier work appended as a CD to the more recent investigations. 
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1. INTRODUCTION 

 

1.1. SCIENTIFIC BACKGROUND 

 

The disposal of radioactive waste containing fission products and actinides, 

resulting from the use of nuclear power, will require its conditioning in proper matrix 

and packaging, to assure isolation from the biosphere for periods of up to a million 

years. For the conditioning of HLW, it has been noted by Lutze and Ewing [1] that: 

 

“Given the compositional diversity of nuclear waste and the variations in 

potential repository geologies in different countries, it is imperative that there be a 

‘menu’ of more than one waste form. One must be able to choose the waste form that 

best suits the type of waste and the geology of the repository.” 

 

The waste form and waste container for a particular application should be 

chosen to provide the optimum solution for each country’s program. The waste form 

is the first barrier. As such, the knowledge of how the waste form will perform over 

the geological time-scale will provide assurance for the safe disposal of the high level 

waste.  

 

Disposal of conditioned HLW waste is internationally envisaged to be within a 

geological repository using a number of barriers to isolate the conditioned waste from 

the repository environment. The design of the entire waste disposal system (waste 

form, waste container, engineered barriers and host geology) will determine the 

degree of isolation of the waste from the environment.  Typically, the disposal system 

consists of the waste package (conditioned high-level waste or spent fuel in a suitable 

container), engineered barriers within the repository (e.g. clay, apatite, crushed salt, 

backfill), the natural barrier of the host site (e.g. rock, clay, salt) and the surrounding 

geological media.   

 

A credible scenario for radionuclides to be released from a waste form is 

through dissolution in groundwater that may be present or later enter the repository.  

Performance testing of these waste forms will thus require aqueous leaching tests to 

be conducted on waste form compositions. Short-term leach tests, using standardized 

conditions, e.g. deionized water, MCC-1, PCT, ISO, Soxhlet [2], may be appropriate 

for the inter-comparison of the durability of different waste form compositions. 

However, the data obtained from such experiments are not sufficient for prediction of 

long-term performance under repository conditions. In order to provide for long-term 

extrapolation of waste form performance, and to collect data suitable for performance 

assessment modelling, it is necessary to arrange for leaching studies over a long-

period of time (months to years), under repository relevant conditions (e.g. simulated 

groundwater, redox conditions, appropriate flow-rates, temperature, host rock, 

engineered barriers), and to develop an understanding of the leaching mechanism. 

 

To develop a program to choose the HLW forms and assess their performance, 

the following steps are foreseen: 

 

• Develop an understanding of the existing knowledge of the waste form and    

geology being considered for disposal; 
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• Carry out detailed laboratory testing on inactive and simulated waste materials 

using recognized and standardized procedures to understand the waste 

performance under repository conditions and compare these results with the 

knowledge and expectations gained from the previous step; 

 

• Further extend laboratory testing to fully active samples to confirm results from 

the previous steps; 

 

• Conduct in-situ testing to investigate whether the performance in the geological 

formation matches that obtained in the laboratory; 

 

• Where appropriate natural analogues exist, compare the long-term predictions 

and understanding of the waste form behaviour from laboratory and in-situ 

studies with the known behaviour of these natural systems; and 

 

• Develop scientific models based on experimentally determined mechanisms that 

provide a sound basis for describing the long-term performance of the waste. 

 

1.2. OBJECTIVE 

 

The objective of the CRP on the “Performance of High Level Waste Forms and 

Packages under Repository Conditions” was to contribute to the development and 

implementation of proper and sound technologies for HLW and spent fuel management. 

Special emphasis was given to the identification of various waste form properties and 

the study of their long term durability in simulated repository conditions. Another 

objective was to promote the co-operation and exchange of information between 

Member States on experimental concerning behaviour of the waste form. The CRP was 

composed of research contracts and agreements with Argentina, Australia, Belgium, 

Canada, China, Czech Republic, Finland, France, Germany, India, Japan, Russia, and 

the United States of America. 

 

The main objectives of the Research co-ordination meetings held during the 

CRP were: 

 

• Provide an open forum for discussion on the subject matter of the meeting 

between the CRP chief investigators; 

• Give each participant the opportunity to formally present their program and to 

receive the benefit of a review of their results and proposed work plan by 

experts from other countries; 

• Determine and co-ordinate the future activities within the CRP, including 

program direction. 

 

1.3. SCOPE AND OUTLINE OF THE CRP 

 

The Project covered studies on glasses (borosilicate, boro-aluminosilicate, and 

alumino-phosphate compositions), ceramics (SYNROC, perovskite, and zirconia- and 

alumina-based ceramics) and spent UO2 fuel.  More detailed information about the 
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compositions and types of waste forms studied and studies performed in this CRP is 

given in the attached final reports of the participants. 

 

Terms of reference for the CRP under which contracts and agreements have been 

executed between the Agency and laboratories/institutions of the Member States 

include: 

 

• Studies of the properties and durability of the waste forms; 

• Interactions between the waste package components under repository 

conditions; 

• Near field effects on the waste package and components performance, including 

the influence of radiation, thermal and geochemical environment as a function 

of time; and 

• Comparison of scientific and empirical models describing performance of the 

waste form with experimental results. 

 

It should be noted that even though the CRP was foreseen to address the role of waste 

packages including the container, very little content on container behaviour was done. 
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2. HIGH-LEVEL WASTE MANAGEMENT STRATEGY 

 

 

From the point of view of activity content, spent fuel is the most significant 

waste generated in nuclear reactor operation. Depending upon the selected fuel cycle 

strategy, spent fuel can be considered either as a final waste form and directed for 

disposal, or as a valuable source of fissionable material and reprocessed. In the last 

case, fissionable material is separated in reprocessing. As a by product, a relatively 

small volume of highly active waste, containing fission products and a small quantity 

of transuranic elements, is generated. 

 

HLW, generated in spent fuel reprocessing, is most commonly conditioned by 

vitrification. As an alternative to HLW glass, special types of ceramic matrices can be 

also used for HLW conditioning. Ceramics are also preferred for conditioning of 

actinides. 

 

Disposal in deep geological formations is presently considered to be the only 

realistic final destination of both spent fuel as well as conditioned HLW. A crucial 

problem of any radioactive waste disposal is the potential risk of activity release from 

the disposed waste form to the environment, in particular to groundwater. In the case 

of geological disposal of spent fuel and HLW, the properties and long term behaviour 

of waste form (e.g. leaching properties, alteration of HLW matrices) represents only 

one side of an extremely complex problem. Interactions of waste with the waste 

container, durability of container material, near and far field interactions with 

secondary container, backfilling material, host rock, impact of increased temperature, 

radiation fields and many other factors have to be considered and carefully analysed. 

Another significant problem is reliability of extrapolation of data, obtained in 

relatively short term experiments, for an extended period, e.g. several millions years.    

 

Any step in better understanding the above mentioned problems comes as the 

result of complicated and expensive experiments and modelling, which are often 

beyond the capabilities of individual countries. International co-operation and 

exchange of technical information is, therefore, a consistent part of any spent fuel and 

HLW management strategy, and obtained results are of special value for the whole 

nuclear community. This has also been the main motivation for the IAEA support for 

this CRP, where long time behaviour and durability of HLW glass and ceramic waste 

forms as well as UO2 should eventually be studied in the complex environment of a 

real disposal facility.    
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3. PERFORMANCE OF HIGH-LEVEL WASTE FORMS  

UNDER REPOSITORY CONDITIONS 

 

 

The waste forms studied in this CRP can be grouped broadly into glass, 

ceramics and spent fuel. Studies covered waste form composition and properties, 

thermal and radiation studies, effects of leachant composition and environmental 

conditions on leaching properties, with further work on scaling-up of experiments and 

modelling of waste form performance.  The following studies were undertaken by the 

participants in the CRP to facilitate better understanding of the behaviour of waste 

forms under repository conditions. Table I gives an overview on participating 

countries, the potential repository environments and the high-level waste forms under 

investigation. Most of the works done by the research groups are related to glass or 

ceramic forms. Only three contracts were related to Spent Fuel performance.  

 

Argentina (D.O. Russo, N.B. Messi de Bernasconi) 

 

The CNEA program consisted of (1) calculation of alpha decay in waste glasses 

and (2) experimental work simulating radiation damage in glasses for the 

immobilization of reprocessed CANDU fuel.  The experimental studies involved 

irradiation of sintered alumino-borosilicate glasses containing simulated wastes with 

gamma radiation sources or accelerated electrons to simulate natural beta radiation. 

Changes in physical properties of waste form were measured, including volume, 

microhardness, density, changes in leaching and dissolution properties and changes in 

microstructure.  Comparative studies were conducted on irradiated and non-irradiated 

samples leached in deionized water and synthetic granitic groundwaters. 
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Australia (K.P. Hart) 

 

ANSTO carried out studies of SYNROC, focusing on: long-term leach rates of actinide 

elements in deionized water, silicate, brine and carbonate leachants, the effect of Boom Clay 

and granitic materials on actinide releases and in-situ testing carried out for 3.5 years in the 

underground laboratory at Mol, Belgium. 

 

Studies also included comparison between results from experimental studies and findings 

obtained from naturally occurring zirconolite samples which have been shown to be good 

natural analogues for the zirconolite phase in SYNROC. 

 

Belgium (P. van Iseghem) 

 

The SCK-CEN program on the long-term performance of conditioned high-level waste 

focused on evaluating the compatibility of vitrified reprocessing waste with media anticipated in 

a Boom Clay geological disposal situation. The program involved (1) tests to understand the 

basic reaction mechanism in pure solutions, (2) tests in integrated media (with Boom Clay, 

corrosion products etc.), (3) tests on doped glasses, (4) in-situ interaction tests, (5) modelling 

efforts using geochemical and mathematical codes, and (6) specific investigations (e.g. to 

determine the influence of humic acids).  

 

Canada (J.C. Tait) 

 

The AECL program was focused on dissolution studies on spent CANDU fuel and non-

irradiated UO2 with the objectives of understanding the chemical and physical factors that 

govern the dissolution rate of the fuel and the development of source terms to model the 

release of long-lived radionuclides from the fuel. The program involved dissolution studies on 

spent fuel to determine the release rates of 
137

Cs, 
129

I, 
14

C, 
90

Sr, 
99

Tc and 
36

Cl from the 

fuel/cladding (gap) and UO2 grain-boundary regions in the fuel and the effect of linear fuel 

power and burnup on release rates. Flow-through dissolution studies and electrochemical 

studies on spent fuel and non-irradiated UO2 were conducted to investigate the effects of 

dissolved oxygen and bicarbonate in solution, gamma radiation and temperature on U 

dissolution rates. 

 

China (S. Luo) 

 

Studies were carried out by CIAE on the durability of nuclear waste glasses, in 

particular the effects of temperature, pH, dynamic leaching conditions and the presence of 

natural materials. Also the formation of crystalline phases in the glass alteration layer and the 

alteration layer during leaching were studied. Results from the studies of SYNROC to 

immobilize HLW containing Na were also reported by this organization. 

 

Czech Republic (V. Balek) 

 

The Nuclear Research Institute used the Radiometric Emanation Method to characterize 

nuclear waste forms and their alteration products. The technique was investigated for its 

potential to provide evidence on the durability of the glass, the morphology of the alteration 

products and the annealing of structural defects formed by sample manufacturing, radiation 
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effects or hydrolytic corrosion. Both inactive nuclear waste glasses and ceramics supplied by 

other participants in this CRP were studied 

 

Finland (K. Ollila) 

 

VTT of Finland carried out studies on the solubility behaviour of non-irradiated UO2 

pellets under oxic (air-saturated) and anoxic (N2) conditions in deionized water, in sodium 

bicarbonate solutions with varying bicarbonate content and in “Allard” groundwater 

simulating granitic conditions and in bentonite water. Static batch dissolution experiments 

were conducted for periods of 2 to 6 years. Experimental results were compared with results 

from calculations using different computer codes as well as with data obtained from the 

dissolution of spent fuel under similar conditions. 

 

France (T. Advocat) 

 

The long term objective of the CEA work is the development of a predictive model on 

the kinetics of radionuclide release from glass in clay or granite repository conditions, based 

on experimental data with respect to (1) the basic glass leaching mechanism (the influence of 

glass composition, the presence of fission products and solutions containing various anions 

and cations), and (2) the effect of materials present in the repository (clay, siliceous additives, 

granite).  

 

Germany (A. Loida) 

 

The behaviour of real (active) HLW containing borosilicate glass (R7T7) in contact 

with high temperature, concentrated salt solutions was studied by FZK. The aim of the work 

was to determine the extent to which Np, Pu, Am and Tc are mobilized to the near field in the 

absence or presence of container material (Fe) and to determine if the large leaching database, 

generated by tests with inactive R7T7 glasses, is applicable to the real HLW containing 

glasses.  

 

Additional FZK work was focused on the processes controlling the corrosion of high-

burnup spent UO2
 
fuel in contact with concentrated salt solutions. This study covered the 

effects produced by geometrical constraints (surface area/volume), the presence or absence of 

Fe, impact of temperature and radiolysis on the corrosion of the matrix and the associated 

release/retention of important radionuclides in the course of corrosion. In both studies special 

attention was directed towards determining the distribution of radionuclides in leachates 

between truly dissolved and colloidal (potentially mobile) fractions. 

 

India (K. Raj) 

 

The work performed by BARC focused on the development and improvement of Na-

rich borosilicate glasses (IR-110, IR-111) to incorporate Na-rich HLW, characterization of the 

chemical durability of glass products and evaluation of repository components with respect to 

a final repository in granite formations. Numerous leach tests were performed over 4000 days 

in deionized water under various conditions (Soxhlet, ISO, MCC-1, etc.) with or without 

granite grains and rust being present. Full scale inactive glass blocks were investigated for 

their leaching behaviour. Studies on backfill materials were carried out with a focus on the 

swelling behaviour of bentonite and the Cs and Sr ion exchange capacity of vermiculite and 

8



 

different soil/clays. Present and future work will deal with the interaction between glass, 

backfill and canister materials during leaching in granite groundwater.  

 

Japan (T. Banba) 

 

JAERI undertook work on glass and ceramic waste forms including the study of the 

long-term development of alteration layers on glass samples, effects of redox conditions using 

actinide-doped and undoped glasses and the effect of using simulated groundwater on the 

leaching behaviour of glass. Ceramics were studied to ascertain the effects of α-decay damage 

effects on the density and leaching of perovskite using accelerated experiments based on α-

doping. 

 

Russian Federation (A. Aloy and P.P. Poluektov) 

 

Studies were conducted by the Khlopin Radium Institute on immobilization of 
90

Sr and 
137

Cs concentrates from HLW partitioning into borosilicate glasses. The program involved 

investigating the effects of temperature and crystallization on leaching properties in deionized 

water and synthetic granitic waters and studies on the physical property changes during 

gamma irradiation. Other studies at VNIINM involved leaching of sodium alumino-phosphate 

glasses containing simulated wastes in synthetic porphyritic groundwater, and the 

development of models to describe the growth of leached layers on the glass surface, the 

release behaviour of radionuclides through leached layers, the precipitation of hydrolysis 

products and the effects of solutions saturated with hydrolysis products on glass dissolution. 

 

United States of America (P. Hrma) 

 

The Pacific Northwest National Laboratory developed an empirical model for key glass 

properties: chemical durability, liquidus temperature, glass transition temperature, viscosity 

and electrical conductivity. Models were also developed for the liquid temperature of three 

primary phases; spinel, zirconium-containing phases, and nepheline. 
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4. SUMMARY OF LEACHING STUDIES 

 

 

A detailed description of the basic leaching behaviour of glass, spent fuel and ceramic 

waste forms is described in [1-3]. Principal achievements and information collected in this 

CRP is summarized below:  

 

4.1. GLASS 

 

Several types of glass have been proposed as high level waste forms, including 

borosilicate and alumino-phosphate glasses. These waste forms have a structure that is 

adaptable to large variations in waste composition. However, they have a tendency to 

devitrify (i.e. crystallize) during fabrication or if they reach highly elevated temperatures 

during storage, due to the decay heat from high fission-product content and care must thus be 

taken to avoid potentially detrimental effects on the durability of the waste form. Surface 

alteration of the glass can also occur under repository conditions as the surface in contact with 

groundwater undergoes hydration followed by formation of a surface layer which may itself 

subsequently crystallize.  Composition of the groundwater, environmental conditions, and 

radiation effects may also accelerate glass alteration or dissolution. 

 

In general, studies of the glass waste form reported here, focused on parametric studies 

with the exception of Belgium and Germany, which considered the performance of the glass 

package under conditions appropriate to disposal in Boom Clay or rock salt formations. 

 

4.1.1. Glass leaching behaviour and effects of glass composition 

 

Participants worked with existing, well-known glasses as well as with new formulations 

designed to immobilize particular wastes. The results consequently covered a wide range of 

developments arising from basic characterization testing to more complex studies on glass 

corrosion. 

 

Results from studies on borosilicate glass leaching in deionized water indicate that the 

dissolution behaviour of soluble elements (Na, B, Li) was dominated by diffusion kinetics 

due to ion exchange between H
+
 and Na

+
/Li

+
. The Si behaviour in solution did not appear to 

control the leaching of soluble elements, nor was a final constant rate of dissolution observed. 

 

Comparison of leaching under static and flow conditions has been used to study the 

mechanism of Na-borosilicate glass leaching. The results showed that increasing the flow rate 

above that equivalent to static conditions enhanced the leach rate, but further increases in the 

flow rate had little effect on the leach rate. For the first 100 days of leaching under the 

dynamic leach conditions, congruent leaching behaviour was observed.  

 

Results for the effect of temperature on glass dissolution were also determined for 

leaching under static and dynamic conditions. For a wide range of glasses the values for the 

activation energy fell into the widely quoted range of between 34 and 76 kJ/Mol under both 

static and dynamic conditions.  

 

Studies on sintered boro-alumino-silicate glasses indicated that devitrification of 

samples had no significant effect on elemental dissolution rates and leach rates were 
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comparable to melted glasses of similar composition. Similarly, work with high Cs-containing 

sodium borosilicate glasses showed that devitrification resulted in lower Cs leach rates due to 

pollucite formation; however, boron leach rates increased significantly. 

 

Furthermore, under the same leaching conditions, differences in glass dissolution rates 

implied that glass compositions were of major importance in the long-term behaviour of the 

glasses and that dissolution models must therefore be glass-specific.   

 

4.1.2. Leachant composition 

 

Leaching experiments carried out under oxic and anoxic conditions with glasses doped 

with Pu and Cm showed that there was little effect of redox conditions on the leaching of 

both actinides and matrix elements. Under both conditions, the levels of soluble Al, Ca, Pu 

and Cm were markedly reduced by filtration, indicating that these elements are present in 

colloids and particulates.  

 

Studies on Na-borosilicate glasses have shown that for a range of pH from 2.3 to 12, 

mass leach rates were lowest under neutral conditions but overall the effect on the mass loss 

was only about one order of magnitude over the pH range studied. 

 

4.1.3. Environmental conditions 

 

Humic acids in clay water enhance the release of some glass constituents as well as Am 

and Eu.  The latter are present as colloids and complexed by humic acids. Similarly, enhanced 

glass dissolution was observed in the presence of moist clay, however, addition of ~5% 

siliceous material (silica gel, glass powder, etc.) resulted in a significant reduction of glass 

corrosion.  

 

Studies were carried out to examine the influence of groundwater composition on the 

leaching of glass. The results showed that in the presence of these groundwaters the leaching 

from the glass was greater than in deionized water. This appeared to be due to the higher 

leaching of elements from the glass, such as Fe, in the presence of groundwater leading to the 

formation of thinner alteration layers on the surface of the glass.  Results from these studies 

also were similar to those from an in-situ experiment carried out at 20°C for one year, which 

showed the development of pitting of the glass surface.  The pitting in the in-situ sample was 

often accompanied by formation of clay minerals in the pits. Similar pitting was observed for 

samples leached in the presence of the simulated groundwater, although the clay minerals 

were not preferentially formed in the pits. This type of leaching behaviour was not seen in 

samples leached in deionized water. 

 

Leaching studies in the presence of natural materials have shown that the presence of 

some materials, e.g. clays may enhance leaching but that other materials and corrosion 

products will reduce the release of elements from the samples. Generally this depends on the 

pH under study and whether the materials act as a sink for silica. The conditions giving the 

lowest leach results were those where pH was over 8 and where there were no silicate 

alteration products precipitating.  Pitting on glass surfaces appears to be associated with the 

development of alteration layers and formation of two types of secondary phases, one 

enriched in Si and the other in Si, Fe, Ti, Al and U. 
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Leach rates of alumino-phosphate glasses increased in simulated porphorytic 

groundwater. The formation of a surface alteration layer on these glasses does not preclude 

the continued leaching and release of glass constituents.  

 

Although some glass leaching rates in the presence of Boom Clay are enhanced, the 

radionuclides Tc, Np, Am and Pu are significantly retarded by sorption on the clay, thereby 

reducing their mobile inventory. 

 

4.1.4. Radiation studies 

 

The gravimetric dissolution rates for non-irradiated samples of  inactive sintered glass 

were found to be similar to electrons or gamma-irradiated samples, although some elemental 

leach rates, including that of Na, were found to increase in irradiated samples. In similar 

studies carried out using β-doped, Na-rich borosilicate glass samples, leach rates calculated 

from Na release were found to be one order of magnitude higher than be inactive samples 

after 300 days leaching. The release of beta-activity from this sample was found to be lower 

than that of Na. 

 

4.1.5. Active, in-situ and natural analogue studies 

 

Studies by FZK on the leaching behaviour of real (active) HLW containing borosilicate 

glass (R7T7) in contact with hot and concentrated salt solutions demonstrated that (1) the pH 

values in leachates from active tests were not affected by radiation, (2) the time and 

temperature dependence of active HLW glass dissolution is in very good agreement with that 

of inactive glasses, (3) the release of Np, Pu, Am and Tc is controlled by matrix dissolution 

and there was no indication of incorporation into secondary phases, and (4) the presence of 

container material (Fe) significantly reduces the concentrations of Np and Tc, whereas Pu 

concentrations were found to be increased. 

 

These results are similar to those obtained by CEA showing that leach rates from a 2 kg 

sample of radioactive glass, R7T7, were the same as the release rates from small, inactive 

glass samples. Strong retention of actinides and fission products in the gel layer in this large 

sample were also similar to those observed in small-scale laboratory studies.  

 

Long term (7.5 year), in-situ tests of a number of simulated waste glasses leached with 

Boom Clay at 90
o
C indicate significant differences between glass compositions: a diffusion-

controlled reaction with high-alumina borosilicate glasses, a congruent dissolution of some 

borosilicate glasses and enhanced dissolution kinetics with others due to the formation of 

secondary phases. Comparison of the results from in-situ testing with data collected in 

laboratory simulations shows that the time-dependent alteration-layer thickness measured 

under these two conditions have similar trends although there was a small discontinuity 

between the results after two years of contact with the clay. This discontinuity gave a slightly 

larger layer thickness, by 20 to 40 µm, based on the results of the in-situ tests compared to 

that obtained from laboratory studies. 

 

Glass waste form leaching studies have been complemented by leaching tests using 

natural basaltic glass as natural analogue. Although these natural samples are not direct 

analogues of the waste glasses they can provide information on the long-term stability of the 

alteration layers and release of silica and other elements from glasses that have been exposed 
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to natural processes over geological time. Work on basaltic glass samples has shown that the 

dissolution rate of these glasses decreases with increasing Si concentration in solution. 

Moreover, it was shown that the leach rate is an inverse linear function of the solution 

concentrations of Si and Al, in the same stoichiometric ratios as in the original glass, i.e. the 

leach rate is related to [H4SiO4][Al(OH)4
-
]

0.36
, both in initially pure water and Si-enriched 

starting solutions.  Both of these experimental results for the basaltic glass agree with results 

measured in the laboratory for waste glasses. 

 

Studies on the development of the alteration layer formed on simulated borosilicate 

waste glasses leached in deionized water at 90
o
C showed that for samples leached up to 90 

days there was a steady increase in the thickness of the layer to 60 µm.  Thereafter the layer 

thickness did not appear to increase. Extrapolation of results from studies of palagonite rind 

development shows that the expected rate of development of the alteration layer at this 

temperature should be between 0.8 and 8 µm from 90 to 364 days of leaching which agrees 

with the slow development of the layer seen in the laboratory experiments. 

 

4.1.6. Modelling 

 

Modelling of the releases from the glass samples was carried out using models with 

varying levels of complexity depending on the participants. Simple empirical models were 

developed that related the mass loss to the time of leaching for each of the experimental 

conditions being considered, i.e. Q = At
x
 where A and x are functions of the test conditions 

being used. Under static conditions x was found to be lower than 0.5 and under flow 

conditions, close to 1.  

 

Other empirical correlations between glass composition and results from short-term 

leaching studies, PCT and 28 day MCC-1 tests have been developed for waste compositions 

in a region estimated for the Hanford high level wastes. The results of the calculations show 

that: 

 

• SiO2, A12O3 and ZrO2 improve durability; 

• CaO, MgO and minor elements have an intermediate impact on durability; and 

• B2O3, Na2O, Li2O and Fe2O3 reduce durability. 

 

Geochemical modelling using the PHREEQC code indicated that Boom Clay would 

enhance glass dissolution by suppressing the effects of Si saturation in solution. Mathematical 

modelling of glass dissolution in clay media is in the developmental stage and uses existing 

models for glass dissolution and silica diffusion in clay, including receding of the glass 

surface by dissolution. The results were compared to experimental data and confirm that glass 

adjacent to clay dissolves according to a square root behaviour. A Monte Carlo method has 

also been used to model non-stoichiometric glass dissolution, and has allowed predictions to 

distinguish between selective of congruent leaching depending on the ratio of network 

formers to modifiers in the glass composition. 

 

4.2. SPENT FUEL 

 

In the case of spent fuel, the waste form consists of the ceramic UO2 pellets contained 

within the cladding, which is usually zirconium alloy. Dissolution studies on spent fuel 
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dissolution have focused on release mechanisms of fission products and actinides from the 

fuel/cladding gap, UO2 grain-boundary and matrix regions in the fuel. The experiments have 

thus been conducted using spent fuel fragments or pellets and may or may not include the 

cladding in the experiment. Fundamental studies have also been conducted to investigate the 

basic corrosion mechanism of the UO2 matrix in groundwater environments. The effects of 

container corrosion products, host rock or barrier components on radionuclide release and 

UO2 matrix dissolution has also been examined. 

 

Dissolution studies on spent CANDU fuels have indicated that Cs is released 

predominantly from both the fuel/cladding gap and grain-boundary regions in the fuel.  

Release of Cs correlates well with predicted stable Xe inventories in the gap and grain-

boundary regions.  The release of 
129

I showed a similarly good correlation with Xe 

inventories, but only for low-power fuels (<42 kW/m). For higher-power fuels, 
129

I release 

was much less than predicted from the correlation with Xe release.  Release of 
14

C was found 

to average ~2.7% of the total 
14

C inventory in the fuel. 

 

Chlorine impurities in spent fuel pellets have been found to be activated in reactor to 
36

Cl, which has been identified as a major potential contributor to dose from a repository.  

Elemental Cl impurities in CANDU fuels averaged ~2.3 ppm and releases of the activated 
36

Cl isotope ranged from ~0.3 to 20% of the total 
36

Cl inventory, depending on fuel power.  

Release was found to be predominantly from the gap region in the fuel. 

 

Work at FZK focused on the processes controlling the corrosion of high burnup spent 

UO2 fuel in contact with concentrated salt solutions. The extent of matrix dissolution was 

found to be controlled by the availability of oxidants produced by α-radiolysis. The presence 

of the container material (Fe) results in a reduction of UO2 corrosion rates by a factor of 

between 3 and 4 and of actinide concentrations by many orders of magnitude. Concentrations 

of Pu and Am are controlled by (co)precipitation phenomena. 

 

Uranium dissolution rate from non-irradiated UO2 was found to increase with 

temperature with an activation energy of 47 kJ/mol in aerated carbonate solution.  The 

activation energy in deaerated solution decreased to 18 kJ/mol, consistent with a chemically 

controlled dissolution mechanism limited by O2 transport to the surface.  The U dissolution 

rate also increased with increased gamma dose rate in aerated bicarbonate solution, suggesting 

enhanced oxidation of surface U by radiolytical products in solution. 

 

Flow-through leaching experiments on non-irradiated UO2 in aerated and deaerated 

bicarbonate solution indicated a reaction order dependence on oxygen of ~0.7, consistent with 

values predicted from electrochemical experiments. The dissolution rate of U also increased 

with increasing carbonate concentration in aerated solution and a reaction order of 0.37 was 

measured, consistent with other published results and electrochemical data predictions. The 

dependence on bicarbonate is due to the increased solubility and complexation of U(VI) in the 

presence of bicarbonate. 

 

Corrosion of non-irradiated UO2 pellets in “Allard groundwater” as well as in NaHCO3 

solutions for 2 to 6 years resulted in U concentrations close to the calculated solubility of the 

U3O7/U3O8 redox potential. Using bentonite groundwater, U concentrations were about 3 

orders of magnitude lower than schoepite solubility, suggesting that another, less soluble 

phase is formed. 
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4.3. CERAMICS 

 

Ceramic waste forms were developed to provide a waste form which has very high 

resistance to leaching under repository conditions. These waste forms are particularly 

resistant to alteration by hydrothermal fluids and have shown high resistance in the presence 

of a wide range of groundwater compositions.  Radiation damage to the crystalline lattice 

may accelerate the leaching of radionuclides from this waste form. 

 

The ceramics studied by participants included well developed formulations, like 

SYNROC, and to a lesser extent, other ceramic materials being developed to immobilize high 

levels of α-activity that could arise from advanced reprocessing schemes and from 

partitioning and transmutation circuits. 

 

SEM and TEM investigations of the surfaces of leached SYNROC specimens have 

found that after 365 days of leaching at 150
o
C that only perovskite grains showed any 

evidence of alteration and that the depth of alteration measured for these grains was less than 

200 nm. For Np-doped samples leached for more than 2000 days the surface of the specimen 

was covered in secondary phases. The development of these phases was slow and limited, for 

example polishing scratches had not been completely filled with alteration phases. 

 

A major consideration in assessing ceramics as waste forms is based on the ability of 

the material to form a stable solid solution of a waste element or its analogue. Studies have 

shown that yttria stabilized zirconia, magnetoplumbite and α-alumina produced perovskite 

can incorporate a wide range of concentrations of Nd and Ce in solid solution. 

 

Special formulations of (Na0.5Nd0.5)TiO3-type perovskite and freundenbergite were 

capable of incorporating 13 wt% of HLW (oxides) with 5.7 wt% Na2O and 11.5 wt% HLW 

(oxides) and 5.0 wt% Na2O, respectively. These formulations provide the ability to isolate 

wastes containing higher levels of Na than other ceramics, like SYNROC, but improvements 

in the Cs leach rate need to be pursued. 

 

Based on these results, further studies of these new types of ceramics are being 

undertaken to provide highly durable waste forms that can incorporate high levels of α-

activity into their matrix. 

 

Leaching studies of SYNROC have shown that the total, normalized leach rate of 

actinide elements is not markedly affected by leaching in simulated silicate, carbonate or 

brine solutions. The major impact of the leaching solutions was to affect the distribution of 

the actinide elements between solution, particulates, colloids and the vessel walls. 

 

Where leaching was carried out under oxic and anoxic conditions leach rates of Np 

were similar under both conditions. However, when SYNROC doped with Tc was leached 

under these conditions in pH buffered solutions (pH 6.1) there was an initial difference 

between the leach rates measured under oxic and anoxic conditions but after the first one 

hundred days of leaching this effect disappeared.  

 

Studies of actinide-doped SYNROC in pH buffers between 2 and 10 have shown that 

above pH 2 there is little effect of pH on the solution leach rate of the actinide elements. 
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Leaching of SYNROC has been carried out in the presence of granitic materials.  The 

total, normalized leach rates of all actinides were lower in the presence of these materials and 

importantly the levels of the actinides in solution and hence available to migrate through the 

environment were also lower. 

 

Samples of perovskite, a component phase of SYNROC, containing Cm and Pu were 

prepared for accelerated α-radiation damage studies. These studies showed that at a dose of 9 

x 10
17

 α-decays/g, the density of the doped perovskite decreased by 1.3 % and that the 

decrease in density was linear up to this level of damage. Leaching studies on these samples 

showed that there was less than of factor of 10 increase in the leach rate as the damage 

incurred increased from 1.6 x 10
17

 to 8.3 x 10
17

 α-decays/g.  

 

Samples of SYNROC have been studied by in-situ in the underground laboratory at Mol 

for 3.5 years at 90
o
C. SIMS investigation of the samples showed that the alteration was small, 

<0.4 µm, in agreement with the predictions from the results of laboratory experiments. 

 

Studies of naturally-occurring zirconolites have shown that the analogy between these 

samples and this phase in SYNROC are good. Furthermore, analyses of these natural samples 

have established that they have remained as closed systems with respect to U and Th isotopes 

over geological periods up to 5.5 x 10
8
 years. 
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5. STRATEGY OF TEST PLANNING 

 

 

The development of a waste form and repository evaluation program has been outlined 

earlier in this document. However, in the considerations of appropriate testing methodologies, a 

number of issues arose that should be addressed carefully in developing any characterization and 

evaluation program. This experience can be used to advantage for future projects. Considered 

issues are listed, not necessarily in order of importance, below: 

 

• The design of the evaluation program should begin with a thorough investigation of 

available data for the waste form and the repository geology. This approach allows new 

studies to focus resources on obtaining new or additional data rather than on duplicating 

existing material; 

 

• Care should be taken when choosing conditions for experimental studies to ensure that 

they are appropriate to the range of expected or probable repository conditions; 

 

• The use of environmental materials in experimental studies should be planned carefully 

so that these materials and leaching solutions are pre-equilibrated to ensure that 

experimental conditions are closely aligned to the expected repository conditions; 

 

• Experimental studies should, wherever possible, quantify all releases from the waste 

form, i.e. the quantity of radionuclide in solution, as well as that associated with the 

vessel wall or sorbed onto corrosion products and surfaces of environmental materials. 

This permits the mass balances of radionuclides to be determined so that the total 

potential source term from the waste package can be specified; 

 

• In order to provide long term assurances of waste form performance, it is necessary to 

conduct experiments on a time-scale of years under repository relevant conditions. 

While short-term corrosion or leaching data is important during waste form 

development stages and provides rapid comparison of changes in durability with 

compositional modifications, these data cannot be used for performance testing under 

repository conditions;  

 

• As more data is collected on the behaviour of glass and ceramic waste forms it has 

become apparent that models will need to be developed that are composition specific in 

order to describe long-term performance; 

 

• Results from modelling studies should be compared critically with each other 

(benchmarking) and with experimental results to assess whether the modelling process 

provides a valid prediction of waste behaviour.; 

 

• Often it is difficult to assess the phases controlling releases of actinides from the waste 

form because there is a lack of thermodynamic data applicable to a wide range of 

conditions, e.g. solution compositions, redox conditions and temperature; 
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• When using well defined leaching procedures (e.g. MCC-1, ISO, etc.) the specified 

procedure must be followed carefully to avoid interpretations of results that are 

potentially misleading. Some examples might be using powders instead of specified 

monoliths, or pre-leaching materials before testing. 
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6. CONCLUSIONS 

 

 

The results from this CRP show that there is a number of new types of waste forms still 

being developed. This is a direct response to the wider range of waste compositions that are 

currently being considered for immobilization. For example, future reprocessing scenarios 

may well produce waste that is not suitable for conditioning using current waste forms. Also, 

in some countries they are pursuing partitioning and transmutation strategies that may require 

the development of specific waste forms. Given these considerations, the constant 

improvement and development of new waste forms should be encouraged, as this will ensure 

that successful strategies will be available for the safe conditioning and handling of any kind 

of waste. 

 

The development of new fuel cycles is also being pursued in some countries. The 

dissolution properties of these new fuels will need to be investigated as there may be 

environmental interactions or changes in dissolution mechanisms that could affect potential 

direct disposal strategies and the performance assessment of a repository. 

 

Overall the knowledge of the performance of HLW forms under repository conditions 

has reached a mature stage. However, detailed information encompassing all components of 

the waste package and their interactions under repository conditions is lacking. 

 

While, empirical correlations between waste form composition and durability are a 

useful tool for waste form development, and simple empirical leaching models have been 

developed to describe the initial release of glass constituents from the waste form, these 

models are not based on a mechanistic understanding of glass leaching and the effects of 

environmental parameters. As such, they should not be used for long-term predictions of 

waste package performance. 

 

Geochemical modelling using codes such as PHREEQC or models based on existing 

glass dissolution models and diffusion have also been proposed as they attempt to describe the 

phenomena associated with the interaction of the glass and the geological environment. 

However, the complexity of the system being modelled means that continued development of 

these models to provide useful performance predictions will require further intensive effort. 

This effort is warranted as these techniques are applicable to glass, spent fuel and ceramic 

waste forms and so their development may provide the ability, with some modifications, to 

reliably model the performance of all waste forms over geological time.  

 

The extension of these models to ceramic waste forms is particularly important as 

modelling of releases has not developed to the same extent as for other waste forms. This can 

be attributed to the very low alteration rates which have made it difficult to accurately 

describe alteration mechanisms and because many of the ceramic matrices are multi-phase 

and so cannot be described simply by one leaching mechanism.  

 

While radiation damage studies may continue to be of importance to study for ceramic 

waste forms, it has been reasonably demonstrated that alpha, beta and gamma radiation 

damage to glasses does not significantly affect the durability. More important effects that may 

require further investigation are radiolysis effects which may affect the oxidation of spent fuel 

waste forms or the speciation of actinides released from all waste forms. 
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Common areas of required development between the different waste matrices, like the 

development of realistic models for the long-term prediction of releases from HLW forms 

under repository conditions, underline the importance of international fora whereby open 

exchange of information is possible to help develop a common and successful approach to 

solving problems associated with the disposal of HLW. 
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7. RECOMMENDATIONS 

 

 

The preferred waste form, as the first barrier of a multibarrier system, should be chosen 

to provide the optimum solution for each country’s program 

 

There is a need to extend the studies of the waste form to include the effects of their 

interaction with all components of the waste package. Special attention must be directed to 

the chemical compatibility between waste form, container, backfill and host rock to avoid 

interactions that may be detrimental to the performance of the waste form or engineered 

barriers. These studies need to focus on describing not only the releases to solution from the 

package but to quantify all potentially mobile sources of radionuclides, such as those sorbed 

on barrier or host rock components or present in colloidal form. 

 

The ability to predict releases and mobility of radionuclides from waste packages is 

limited currently by a lack of knowledge of properties such as speciation, including 

complexes, colloidal fractions, ionic species and oxidation state of released radionuclides. It is 

recommended that as well as carrying out studies under realistic repository conditions, the 

speciation of the radionuclides released from the packages should be examined. 

 

The understanding of radionuclide releases from the gap and grain-boundary regions in 

spent fuels needs to be extended to other types of fuels, including LWR and MOX fuels, as 

well as fuels that are currently under development. This will be particularly important for 

highly enriched Pu fuels where inhomogenities may exist in the fuel. 

 

Although a fundamental understanding of the oxidation/dissolution mechanisms exist 

for UO2 fuels, the models used to describe release need to be able to take into account the 

effects of environmental parameters and interactions with the engineered barriers, the role of 

corrosion products and alteration phases, and radiolysis effects on the dissolution 

mechanisms. 

 

Releases of actinides or fission products from spent fuel, glass and ceramic waste forms 

may be enhanced by α-radiolysis reactions at the waste form surface. A complete 

understanding of the conditions under which these reactions occur and the controlling 

mechanisms involved requires further study. 

 

Natural analogue systems can provide information about the performance of many 

components of the waste package but at this stage only limited data have been incorporated 

into the studies of waste package performance. Building of these data into studies on 

speciation under environmental conditions, corrosion of materials, long-term stability of 

alteration products and many other aspects of the performance of waste package components 

is strongly recommended.  

 

Overall, it is recommended that future CRP studies be based on extending the data base 

of knowledge on the performance of all components of the waste package and the provision 

of models that can reliably describe the performance of HLW forms over geological time. 

These inputs to the database available for performance assessment of repositories is critical to 

build confidence in the safe disposal of High-Level Waste.  
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Abstract 

Within the framework of an IAEA-CNEA Research Contract established in 1992, we have studied the 

vitrification of simulated high level wastes (HLW) from reprocessed PHWR fuel on a laboratory scale 

by the alternative method of powder glass sintering. The HLW was added in a proportion of 10 wt% 

to alumino-borosilicate glass powder. The powder mixture was treated using the procedure of cold 

pressing and subsequent sintering at about 1000K. The microstructures of the sintered samples were 

analyzed by optical microscopy and SEM. Water corrosion tests were done in different aqueous 

media. Devitrification studies were conducted by heat-treating the samples at 950, 1000, 1050 and 

1100K for 3, 30, 300 and 3000 h.  Values of the corrosion resistance of the studied glasses, were 

similar to those found in the literature for waste forms produced by melting technology.  We have 

obtained promising results indicating that the glass sintering method could be an interesting 

alternative for immobilization for not only high level wastes but intermediate level wastes. 

1. INTRODUCTION  

The safe disposal of high-level wastes arising from reprocessing of spent fuel comprises, as a first 

step, immobilizing them in waste forms with high corrosion resistance to an aqueous medium. 

Currently, the most developed process on an industrial scale is incorporation of high level wastes into 

a glass matrix by melting at temperatures from 1400 to 1500K. One of the main reasons for selecting 

glass as a waste form material is because of its durability and stability to aqueous corrosion, thermal 

loading and radiation damage. 

In 1984 we started a research and development program for studying sintering, applied to glasses as 

an alternative technology. We focused our research on a cold pressing and sintering method (also 

known as pressureless sintering) and on a hot pressing method, to obtain monolithic glass samples 

containing simulated high-level wastes. The latter method was performed in collaboration with 

researchers of the Karlsruhe Nuclear Research Centre in Germany, who had initially developed it, and 

we had reached a pilot plant scale. The German authors have also developed a new glass composition, 

named SG7, which was specially formulated for sintering and has very good chemical properties, 

although it is not suitable for melting because it would require higher temperatures than those 

commonly used in this technology [1]. 

One of the advantages of the glass sintering process, relative to glass melting, is the lower temperature 

required (~1050K) which implies less demanding conditions for equipment and a reduction in the 

evaporation of volatile radionuclides (i.e., Ru, Cs, Mo and Te). Furthermore, crucible erosion that 

leads to uncontrollable variations in the product composition is avoided and macrosegregation 

phenomena occurring in molten glass are minimized. Another advantage is the possibility of using 

glass compositions with better chemical properties than those used for melting.  Several factors affect 

the durability of a glass waste form, like mechanical strength, thermal conductivity, etc., but water 

corrosion resistance is the key property: it is an “on-off” switch to select a particular material. 



 

In 1992 we began a project in the framework of IAEA Contract No 6745/RB. The objective was to 

evaluate the characteristics of a sintered vitreous material (SG7) containing simulated HLW, under 

repository conditions.  The question was: which phenomena affected the durability of a waste form 

under storage conditions?  One factor to be considered was time. As glass is in a non-equilibrium 

state, we can assume that, with enough time, it will tend to crystallize (devitrification). The main 

problem with the appearance of crystalline phases is the possibility of segregation of the HLW to 

interfacial zones where selective water corrosion could occur. 

There are two other factors related to the radioactive nature of the wastes: the radiation field and the 

decay heat. Disintegration of wastes (fission products, transuranics and activation products) occurs by 

emission of gamma radiation, beta and alpha particles, alpha recoil nuclei, etc. All these processes 

generate heat that accelerates the kinetics of devitrification and phase growth.  On the other hand, the 

interaction of radiation with the present crystalline phases could produce loss of long-range ordering 

(metamictization).  As a result, there will be numerous changes in the macro and microstructure of the 

waste forms that will affect their durability. 

Finally, there is an external factor related to the composition of the underground aqueous medium. 

Groundwater could have salts, carbonates and other chemical compounds dissolved that affect its 

interaction with the waste blocks. Additionally, the radiation field interacts with the groundwater 

producing chemical changes that modify the glass-water reactions. 

In this complex framework, we tried to isolate the different factors mentioned to identify the way each 

of them affected the durability of the waste form.  The present work reviews  5 years of research on 

how aqueous corrosion resistance of one specific sintered glass waste form is modified by the amount 

of devitrification, the type of aqueous environment and by the physicochemical changes in the 

material produced by gamma and beta radiation. 

2. EXPERIMENTAL 

2.1. MATERIALS 

2.1.1. Glass frit 

Table I shows the composition and principal characteristics of the glass frit SG7. The value of the 

theoretical density (TD) was obtained by stereological determination of the closed porosity in sintered 

samples [2] and was also calculated using the additive formula of the specific volumes of the 

constituent oxides [3]. Both procedures gave coincident values.  

TABLE I. CHEMICAL COMPOSITION AND SOME PHYSICAL CHARACTERISTICS OF SG7 

GLASS [1] 

Component Amount of component 

(wt %) 

SiO2 72.0 

Al2O3 8.6  

B2O3 8.3  

Na2O 7.4  

CaO 2.7  

MgO 1.0  

Transition temperature (K) 840 

Theoretical density (kg/m
3
) 2420 

Median particle size (µm) 7.7 



 

2.1.2. Development of the simulated HLW from PHWR fuel type 

In Table II we show the developed composition of simulated high-level liquid wastes (HLLW), that 

would be generated from our “reference spent fuel” (RSF). That is an Argentine CANDU type 

pressurized heavy water reactor (PHWR) fuel (natural UO2), reaching a burnup of 7000 MWd/tHM, 

reprocessed after 20 years of interim storage and producing a volume of 250 l HLLW/tHM. We used 

the code ORIGEN 2.1 [4] and the formulation included the most abundant actinides and fission 

products, which were replaced on a molar basis by the corresponding stable elements. The 

concentrations of corrosion products and decomposition products were calculated according to Long  

[5], Anderson [6] and Banba et al. [7]. 

 

TABLE II. COMPOSITION OF THE SIMULATED HLLW [8] 

Type  Element Concentration 

(g/l HLLW) 

Fission  Se  0.04  

products Rb  0.28  

 Sr  0.56  

 Y  0.37  

 Zr  3.14  

 Mo  2.90  

 Tc  0.74  

 Ru  1.80  

 Rh  0.49  

 Pd  1.13  

 Ag  0.08  

 Cd  0.05  

 Sn  0.04  

 Te  0.49  

 Cs  1.78  

 Ba  1.48  

 La  1.06  

 Ce  2.08  

 Pr  1.00  

 Nd  3.41  

 Sm  0.98  

 Eu  0.09  

 Gd  0.07  

Actinides  U  11.80  

 Np  0.12  

 Am  0.59  

Corrosion Fe  4.24  

products Cr  0.94  

 Ni  0.44  

Decomposition P  0.38  

product   



 

2.1.3. Incorporation of the simulated HLW in the glass frit 

The following method was used for producing mixtures of HLLW with glass [8]:  

a) concentration of the HLLW by heating under vacuum for 1 h at 360K. 

b) mixing the slurry with the glass frit 

c) drying the mixture and milling to destroy the agglomerates,  

d) thermal denitration by calcination at 920K for 2 h. 

Table III shows the composition of the powder mixture ("SW7-10AR"), that contains 10 wt% of 

simulated wastes. The particle size of the mixture was less than 38 µm, its theoretical density was 

determined by the two methods mentioned above, giving a value of 2560 kg/m
3
. 

 

TABLE III. COMPOSITION OF THE SW7-10AR POWDER 

 Oxide Composition (wt%) Element Composition (wt%) 

 

 

Components 

of the glass 

SG7 

SiO2 

Al2O3 

B2O3 

Na2O 

CaO 

MgO 

64.8 

7.7 

7.5 

6.7 

2.4 

0.9 

Si 

Al 

B 

Na 

Ca 

Mg 

30.3 

4.1 

2.3 

5.0 

1.7 

0.5 

 

 

 

 

 

 

 

 

 

Components 

from the HLW 

type PHWR 

 

 

 

 

 

 

 

 

SeO2 

Rb2O 

SrO 

Y2O3 

ZrO2 

MoO3 

Fe2O3 

NiO 

Ag2O 

CdO 

SnO2 

TeO2 

Cs2O 

BaO 

La2O3 

CeO2 

Pr6O11 

Nd2O3 

Sm2O3 

Gd2O3 

U3O8 

Cr2O3 

P2O5 

Ru 

Rh 

PdO 

0.01 

0.06 

0.13 

0.09 

0.82 

1.04 

1.17 

0.11 

0.02 

0.01 

0.01 

0.12 

0.36 

0.32 

0.24 

0.49 

0.23 

0.77 

0.24 

0.02 

2.83 

0.26 

0.17 

0.27 

0.08 

0.15 

Se 

Rb 

Sr 

Y 

Zr 

Mo 

Fe 

Ni 

Ag 

Cd 

Sn 

Te 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Gd 

U 

Cr 

P 

Ru 

Rh 

Pd 

0.01 

0.06 

0.11 

0.07 

0.60 

0.69 

0.82 

0.09 

0.02 

0.01 

0.01 

0.09 

0.34 

0.28 

0.14 

0.40 

0.19 

0.66 

0.21 

0.01 

2.40 

0.18 

0.07 

0.27 

0.08 

0.14 



 

 

2.2. SAMPLE FORMING 

The powder SW7-10AR was compacted at 24 MPa, at room temperature in a cylindrical die of 36 mm 

diameter, the pellets heights were also 36 mm. We used the "floating die" method and in each stroke 

the die wall was lubricated with a solution of "sterotex" in CCl4.  The sintering was done in a 

horizontal electric furnace, in air, at temperatures ranging from 1000 to 1100K for 3 h, the heating rate 

was 200K/h and the cooling rate was 100K/h.  

2.2.1. Physical characterization of the samples 

The apparent density of the samples was calculated according to their dimensions as well as by 

immersion in mercury. The calculation of open porosity was based on the difference between the 

apparent density and the density by immersion in water or acetone (penetrating liquid). These values 

were in excellent agreement with those obtained from stereoscopic measurements made on 

photographic images of axial and radial polished samples. The density was expressed as percentage of 

the theoretical density (%TD), calculated from the composition and from picnometric measurements. 

Microstructural characterization was done on ceramographic sections with optical and scanning 

electron microscope (SEM); the distribution of the simulated wastes' components in the matrix was 

studied with an energy dispersive X-ray analyzer (EDAX) coupled to the SEM.  Microhardness 

calculations were performed using a Reichert Vickers tester making three indentations with a load of 

50 g and three with 60 g. 

2.3. DEVITRIFICATION 

The devitrification was produced by thermal treatment of the samples at 950, 1000, 1050 and 1100K, 

over 3, 30, 300 and 3000 h. The samples for X-ray diffraction analysis were milled and screened to 

pass a sieve of 63 µm and the diffraction pattern of each sample was analyzed, for 2θ between 14 and 

50°, using the method of Hermans and Weidinger [9] to determine the fraction of crystalline phases as 

volume percentage. 

2.4. AQUEOUS CORROSION TEST 

The aqueous corrosion behaviour of the samples was determined using one of the normalized tests 

recommended by the Material Characterization Centre, the MCC-1P [10]. It determines the 

normalized elemental mass loss on monolithic samples in aqueous solutions at temperatures lower 

than 373K, at atmospheric pressure, during specific periods of time.  

The extent of leaching is expressed by the normalized mass loss rate for element i (NRLi), which is 

defined as follows: 

NRL
m

F S ti

i

i o

=
⋅ ⋅

             (1) 

where 

mi  is the mass of the element i in the leachate (g), 

Fi  is the mass fraction of the element i in the original sample (dimensionless), 

So  is the initial geometrical surface area of the sample (cm
2
), 

t  is the test duration (d). 



In the case of the mass loss measurements, gravimetric dissolution rates were calculated according to: 

R
m

S to

=
⋅

∆
              (2) 

where ∆m is the sample mass loss after drying at 383K to constant weight (g). 

To simulate the repository conditions, we made an aqueous solution with a composition similar to that 

found 500 m deep in a granitic dome of Argentina. This synthetic water was called ASL and its 

composition is shown in Table IV.  As different studies with that groundwater indicated the possible 

presence of some basic lead carbonates [11], we made another solution with these components 

(ASL/Pb).  Finally, deionized water (ADI) was used for comparison purposes.  

The samples were placed vertically on a Teflon support. This was introduced into a vessel, also made 

of Teflon, where we added enough amount of aqueous solution to have the relation 

areasample/volumesolution equal to 10 m
-1
. The closed vessel was placed in an electric, air-homogenized 

oven at 363K ± 2K. The samples for analysis were taken out after 3, 7, 14 and 28 days. 

The concentrations of the elements in the liquid were determined by atomic absorption spectrometry 

(flame and graphite oven) and by means of an inductively coupled plasma spectrometer (ICP).  The 

measured elements were Si, Ca (as glass matrix elements), Sr, Mo, Fe and Cs (as HLW elements). The 

pH values measured during the tests were between 7.1 and 7.7.  

2.5. IRRADIATION STUDIES 

We have calculated the β-
/γ activity produced by our RSF wastes, using the code ORIGEN 2.1 [4]. 

After 20 years cooling time there were 72 FP nuclides with non-zero activities. Nuclides with 

activities below 921 Bq/kg U (24.9 µCi/tU) corresponding to 
14

C were considered negligible and 

excluded, so only 34 of the 72 FP nuclides remained for further calculations. The decay scheme of 

these nuclides was studied to consider all type of the emitted electrons: β-decay, internal conversion 

(IC) and Auger [12]. The mean energy at time t, E
m
 < β-, IC, Auger> , was calculated as an activity weighted 

average (activity weight factor was the n
th
-nuclide activity/total FP activity). The time dependence of 

the mean electron energy was obtained by iteration for different values of t. The cumulative number of 

decay events for FP up to the time t, per cubic centimetre of the sintered SG7-10AR, was calculated 

TABLE IV. COMPOSITION OF THE SYNTHETIC GROUNDWATER (ASL) 

Element ASL (mg/l) 

Calcium 8.28 

Magnesium 2.05 

Sodium 80.20 

Potassium 0.80 

Bicarbonate 199.00 

Sulfate 18.80 

Chloride 14.50 

Fluoride 0.39 

pH 8.60 



 

by integrating the activity of each nuclide using the trapezoidal rule and adding all of them [13]. The 

cumulative electron dose, in Gy, up to the time t was calculated as the cumulative number of FP decay 

events times the total electron energy (average β- 
energy plus average IC and Auger energy) for the 

n
th
-nuclide and adding all of them. 

To study gamma effects 43%-devitrified SW7-10AR samples were irradiated in a facility at the 

Argentine Atomic Commission (CNEA) using a 
60

Co γ-source. The available dose rate was 4.34 x 10
4
 

Gy/h and the total doses were from 1.4 x 10
6
 Gy to 2.0 x 10

8
 Gy. The latter is equivalent to the total 

theoretical dose at 20 years, but is one third of the total dose at one million years (2.0 x 10
8
 Gy). 

The beta irradiation experiments were carried out on as-sintered SW7-10AR samples, with electrons 

produced by the Linear Accelerator (LINAC) of Centro Atómico Bariloche. The LINAC has the 

following characteristics: beam pulses at repetition rates up to 200 pps and single pulse current 

amplitude 15 µA, for electron energy of 2.65 and 25 MeV [14]. 

We designed and built a cylindrical symmetry device to hold the sample in front of the electron beam 

consisting of an insulating Nylon frame (80 mm external diameter, 50 mm long and 5 mm thick) 

attached to the bridle of the LINAC cannon and a copper body (23 mm in depth and 9 mm thick). A 

slit and an external clamp fasten the sample assuring the electric contact with the copper body. The 

sample surface temperature was measured on-line with a type K thermocouple going a hole in the 

copper body. 

The effective range of 2.65 MeV electrons, in our glass sample, was calculated [15] to all us to cut the 

specimens with a thickness that was large enough so that the beam deposits totally its energy in the 

sample. 

The irradiation was carried out with electrons of the above mentioned energy, at the repetition rate of 

100 pps and with an average current amplitude of 5.5 µA. The dose rate was 3.9 × 10
7
 Gy/h. The 

irradiation time was calculated to get an electron dose of 1.14 × 10
9 
Gy (accumulated up to a million 

years) and lasted 29 hours by irradiating discontinuously during 4 days. With these irradiation 

conditions and cooling with a fan, the temperature was lower than 340K. During the experiments, the 

current and total charge deposited in the sample were measured. 

One sample was irradiated with one-half dose on each sides to reach a more homogeneous radiation 

damage, whereas the other was irradiated with the total dose on one side, to evaluate the effect of the 

more energetic electrons. 

3. EVALUATION AND DISCUSSION OF RESULTS 

3.1. CHARACTERISTICS OF AS-SINTERED SAMPLES 

The best values of the densities ranged from 95 to 97% TD and were obtained for sintering 

temperatures between 1050 and 1075K. The open porosity of the samples was less than 0.5 vol%, 

which is insignificant from the point of view of the enlargement of the surface area exposed to the 

leachant. The closed porosity is equivalent to 2.5 to 4.5 vol% and is not interconnected; there is some 

evidence that this porosity could stop crack propagation, raising the value of the critical stress 

intensity factor, KIC, with respect to the melted glass without porosity [12].  

Due to the nature of the forming process, where temperatures are well below those used in melting 

technology, the waste particles are only partially dissolved in the glass network. For this reason, it was 

possible to distinguish, in the SEM observation, finely dispersed waste particles distributed around the 

bigger glass particles. 



 

3.2. DEVITRIFICATION 

Table IVa shows the phases formed after the heat treatments. Up to 30 h at 950K, the main crystalline 

phases correspond to the waste components, followed by cristobalite produced by the crystallization 

of silica.  

At higher temperatures for times up to 300 h, the most abundant crystalline phase is cristobalite, 

followed by quartz. After 3000 h at any of the temperatures, quartz becomes the most abundant 

crystalline phase, which was produced by the transformation of cristobalite.  

We did not detect any effect of the devitrification extent on the corrosion rate. Only Mo showed a 3 

times increment in the elemental leach rate. 

 

3.3. EFFECTS OF AQUEOUS MEDIUM 

Table V summarizes the dissolution rate (gravimetric and elemental) in ADI and ASL of devitrified 

samples. The decrease in NRL with time can be attributed to a synergistic effect of the growth of a 

passivated layer (poor in alkali and rich in amorphous silica) and the increasing concentration of the 

components in the leachant (saturation effect). The NRL of Fe is not presented because this element 

was undetected. 

The gravimetric dissolution rate in ADI is around 2 times lower than in ASL, but is almost the same as 

that in ASL with lead carbonates. We think that the slightly alkaline pH of ASL is responsible for the 

increase in the dissolution rate. For experiments performed in ASL/Pb, the lower dissolution rate 

TABLE IVa. DEVITRIFICATION CONDITIONS AND CRYSTALLINE PHASES 

Temperature (K) Time 

(h) 

Devitrification 

(%) 

Phases 
a
 

950 3  10  W- C - N.I. 

 30  15  W - C - N.I. 

 300  20  C - W - N.I. 

 3000  52  Q - C - W -N.I. 

1000 3  18  C - W - N.I. 

 30  26  C - N.I. - W 

 300  45  C - Q - W- N.I. 

 3000  53  Q - C- W - N.I. 

1050 3  12 C - N.I. - W 

 30  25  C - N.I. - W 

 300  44  C - Q - W - N.I. 

 3000  43  Q - C - W - N.I. 

1100 3  17  C- N.I. - W  

 30  20  C - N.I. – W - Q 

 300  29  C - Q - W - N.I. 

 3000  33  Q - C - W - N.I. 
a
 Ordered according to their relative abundance (qualitative). "C": cristobalite; "Q": quartz; 

"W": waste component; "N.I.": not identified  



 

could be explained because PbO tends to concentrate on the glass surface, forming a protective layer 

[16, 17]. 

We can also see that the NRL of Si is rather unaffected by the aqueous medium. The high NRL of Ca 

in ASL and ASL/Pb at a short time, is probably due to an initially selective dissolution effect. At 

longer times the saturation of the solution and the onset of congruent dissolution make the NRL 

decrease and approach values similar to those of Si. 

The more soluble elements Mo and Sr have higher NRLs than Si and Ca. This could be caused by a 

different leaching process (diffusion through the glass phase and dissolution into the solution [18]). 

The lower NRL of Sr in ASL/Pb could also be connected with the passivation effect of PbO, but we 

do not have an explanation for that behaviour. The third soluble element analyzed, Cs, has the lowest 

NRL. This effect was also observed by Inagaki [18] and was attributed to a concentration of Cs in the 

alteration layer. 

 

The leaching rates for Mo shown in Table V are approximately one order of magnitude lower than 

those obtained with a melted glass of the type 76-68 tested under similar conditions [19]. These 

results agree quite well, considering the time and temperature dependence, with those published by 

Gahlert et al. [1] and Gahlert [20]. 

3.4. IRRADIATION EFFECTS 

3.4.1. Gamma radiation 

Studying commercial glasses, Shelby [21] found a gamma radiation-induced densification of 

borosilicate glasses and related this effect to the boron content. Also Bibler [22] reported a slight 

TABLE V. DISSOLUTION RATES [in g.m 
-2
 .d 

-1
] AT DIFFERENT TIMES AND IN 

DIFFERENT AQUEOUS MEDIA FOR NON IRRADIATED SAMPLES 

  3 days 7 days 14 days 28 days 

 Gravimetric 0.185 0.119 0.091 0.087 

 Si 0.110 0.110 0.117 0.137 

ADI Ca 1.380 0.865 0.249 0.193 

 Cs 0.120 0.087 0.086 0.085 

 Mo 2.420 0.832 0.515 0.430 

 Sr 6.080 2.610 1.290 1.050 

 Gravimetric 0.339 0.380 0.209 0.218 

 Si 0.880 0.705 0.322 0.139 

ASL Ca 10.300 2.430 0.331 0.053 

 Cs 0.099 0.054 0.042 0.040 

 Mo 2.910 1.860 1.030 1.010 

 Sr 7.610 3.830 1.620 1.370 

 Gravimetric 0.100 0.102 0.147 0.097 

 Si 0.110 0.328 0.164 0.120 

 Ca 12.030 4.560 0.305 0.320 

ASL/Pb Cs 0.098 0.021 0.021 0.016 

 Mo 7.002 1.860 1.710 0.608 

 Sr 1.520 0.338 0.195 0.144 



increase (< 0.05%) in density of a borosilicate glass produced for immobilization of defense high-

level waste. However, we do not detect any change in the density of the samples with dose, as is 

shown in Table VI. This could be a result of the lower boron content of our material, the high degree 

of devitrification of the samples and the remaining closed porosity. 

Scanning electron microscopy observations did not show any difference in the microstructure between 

irradiated and non-irradiated samples, and detailed microscopic observation of thin samples did not 

indicate formation of bubbles in the material, as was reported by Weber [23]. The porosity, calculated 

from stereological measurements of radial and axial polished sections of different samples, did not 

show any significant difference between non-irradiated and irradiated specimens.  

In Figure 1 we can see the X-ray diffraction analysis of devitrified samples irradiated at different 

doses. The degree of crystallinity and the distribution of crystalline phases were unaffected by the 

irradiation. The main diffraction peaks correspond to the silica phases (quartz and cristobalite); the 

smaller peaks belong to waste phases, as previously described (Table IV). 

 

Figure 2 describes the behaviour of the dissolution rate with dose, for 7 days as an example. We 

selected this data because the concentration of the elements in the leached medium was high enough 

for a statistically relevant analysis and because this was a conservative assumption. 

The dissolution rates of the irradiated samples showed the same saturation effect with time as we 

mentioned for the unirradiated case.  As can be seen in Figure 2, the gravimetric dissolution rate at 

any dose is nearly the same for the irradiated and non-irradiated samples. 

The behaviour of the dissolution rate of Si is similar to the gravimetric rate: It increases by a factor of 

two from the non-irradiated samples to those irradiated with the lowest dose; at higher doses it is 

almost constant. The case of Cs is similar; the dissolution rate increases one order of magnitude from 

the non-irradiated to the irradiated state. 

TABLE VI.  BEHAVIOR OF THE DENSITY OF SW7-10AR WITH GAMMA IRRADIATION 

DOSE. 

Dose (Gy) Density 

 (kg/m
3
) (%TD) 

None 2460 ±   7  96.1 ± 0.3 

1.4x10
6
  2463 ±   5  96.2 ± 0.2 

8.0x10
6
  2462 ± 10 96.2 ± 0.4 

4.6x10
7
  2455 ± 10 95.9 ± 0.4 

2.0x10
8
 2457 ± 10 96.0 ± 0.4 



 

Figure 2. Aqueous corrosion behavior of devitrified samples
      irradiated at different gamma doses (363 K, 7 days, ASL)
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Figure 1: Diffraction patterns of samples irradiated with different gamma doses 



The behaviour of Ca, Sr and Mo is different because there is no large increment in the dissolution rate 

between irradiated and non-irradiated samples, but the corrosion resistance does show a tendency to 

increase with applied dose.  These results were qualitatively confirmed by microscopic examination. 

After leaching, the waste zones were more affected.  Further increases in the dose did not result in a 

variation in the elemental dissolution rates. 

3.4.2. Beta irradiation 

3.4.2.1. Calculation of mean energy and dose due to electrons. 

In Figure 3 we observe that the electron mean energy as a function of time after reprocessing on a 

linear scale behaves in the same way as the total FP activities on a log scale. This means that several 

species are responsible of the wastes’ activity, but act during different periods of time. Some will 

disappear and others will be formed.  We can see that up to 240 years, the mean energy is higher than 

300 keV and decreases rapidly until 600 years at values lower than 100 keV. This is mainly due to the 

decay of 
90

Y (E<β- , IC, Auger> = 934 keV).  

It is worth mentioning for Figure 3, that, at every time, only 8 nuclides represent 92% of the electron 

mean energy. Up to 400 years after reprocessing, the main contribution is due to 
90

Y, 
90

Sr and 
137

Cs. 

From 1,000 to 200,000 years, the most important nuclides are 
99

Tc (E<β- , IC, Auger> = 85 keV) and 
126

Sb. 

Finally, between 200,000 and a million years, the major contributors to electron energy are 
93

Zr (E<β- , 

IC, Auger> = 47.1 keV) and 
93

Nb. 

Figure 4 shows the FP decay per cubic centimetre of sintered HLW glass form (left scale) and the 

cumulative electron dose (right scale) as a function of the time after vitrification. It was assumed that 

the vitrification is carried out immediately after reprocessing.  

Figure  3 . Temporal evolution of the  electron m ean energy (beta , IC  and Auger)
and  the to tal FP  activity.
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There is a quasi saturation at a dose of 9.6 × 10
8
 Gy starting at 240 years, concurrent with the decrease 

of the electron mean energy and the FP activity. It is worth mentioning that at a million years the 

cumulative dose is 1.14 × 10
9
 Gy, that is only 20% higher than the quasi saturation value. After 

60,000 years the cumulative dose increases slower than the FP decay owing to the decrease of the 

electron mean energy. 

3.4.2.2. Irradiation with 2.65 MeV electron beam 

The results of measurement of density and microhardness are presented in Table VII, where ESI is the 

non-irradiated sample, E323 is the sample irradiated with half of the dose on both sides and E646 is 

the sample irradiated with the total dose on one side. 

 

There were no detectable changes in density or microhardness. The rather high values of the latter, are 

due to the low charges used for the indentation analysis. 

The optical and electron microscope analyses confirm the above results. Some waste inclusions were 

found corresponding to the calcined particles as well as zones containing finely dispersed wastes 

Figure 4. Temporal evolution of the FP decay and cumulative electron dose 
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TABLE VII. DENSITY, AND MICROHARDNESS FOR NON-IRRADIATED AND FOR 

BETA-IRRADIATED SAMPLES 

 Geometrical density Immersion density Microhardness 

 (kg/m
3
) (%TD) (kg/m

3
) (%TD) (GPa) 

ESI 2450 ± 10 95.7 ± 0.4 2.48 ± 0.01 96.9 ± 0.4 10.20 ± 0.88 

E323 2450 ± 10 95.7 ± 0.4 2.48 ± 0.01 96.9 ± 0.4 10.15 ± 0.89 

E646 2450 ± 10 95.7 ± 0.4 2.48 ± 0.01 96.9 ± 0.4 11.05 ± 0.82 



between the glass particles. We have observed a smooth surface showing some irregularities around 

the inclusion zones, but there was neither microcracking nor migration of waste elements in those 

zones. 

Figure 5 describes the behaviour of the dissolution rate for non-irradiated (ESI) and irradiated samples 

(E323, E646). 

The gravimetric corrosion rate and the elemental leaching rates of Si, Ca, Sr and Mo are little or not 

affected by the irradiation. As in the case of gamma irradiation, the corrosion rate of Cs increases 5 to 

10 times with respect to the value obtained in non-irradiated samples. Up to now, we have no 

explanation for this behaviour. 

4. CONCLUSIONS 

Following the research on sintered glass as a method for the immobilization of HLW of the PHWR 

type, we have centred our work on the aqueous corrosion behaviour of sintered powder mixture SW7-

10AR (SG7 glass frit with 10 wt% of simulated HLLW) in relation to irradiation (gamma and beta) 

and different aqueous media (simulated ground water). 

The studies to date show that sintered SW7-10AR glasses maintain their corrosion resistance in 

different lixiviating media, including groundwater.  The dissolution rates obtained with this sintered 

glass are lower or similar to those obtained with glass formed by melting [20]. 

It appears that the surrounding aqueous medium in the repository would not increase the gravimetric 

corrosion rate more than 2 times, for the case when pure ASL is considered. If there are lead car-

bonates present, we would not expect any change.  The elemental normalized dissolution rate shows 

Figure 5. Aqueous corrosion behavior of non-irradiated and irradiated

 samples with 2.65 MeV electrons (363 K, 28 days)
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that the aqueous medium affects each element differently, but all the effects were small (apart from 

Sr, the differences are lower than a factor of two in the dissolution rate). 

We could not detect any drastic deterioration of the corrosion resistance of the glass forms after the 

irradiation with 2.65 MeV electrons up to 1.14 × 10
9
 Gy. These results agree with published data from 

by Araki [24] with 2 MeV electrons at doses of 10
8
Gy and by Bonniaud [25] with 3 MeV electrons at 

doses of 10
9
Gy.  

In conclusion, we found no adverse influence of the simulated conditions (devitrification, gamma 

irradiation and aqueous media) on the bulk corrosion resistance or on glass microstructure, but the 

analyses of the NRLs before and after irradiation indicate that further studies on the elemental 

dissolution mechanism are needed. 

Finally, we are planning more research on the effect of other types of radiation such as alpha particles. 

There are some preliminary experiments in progress on helium implantation and on neutron activation 

for producing neutron-alpha reactions. We also plan to continue studies on gamma radiation by 

irradiating samples immersed in water to take into account the combined effect of radiation and 

aqueous corrosion. 
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Abstract 

The program at ANSTO on “the performance of Synroc under repository conditions” is aimed at 
determining the ability of this waste form to incorporate high-level waste under varying ground water 
conditions. Important aspects of this study are the verification of the successful inclusion of active 
elements into the Synroc matrix, the collection of leaching data, description of the mechanisms by 
which ground water/Synroc and ground water/Synroc/repository host rock interaction proceeds and 
the use of all of this information as the basis for modelling the performance of Synroc in waste 
repository environments. Studies, described in this report are focused on long-term leach rates of 
actinide elements in deionized water, silicate, brine and carbonate leachants, the effect of Boom Clay 
and granitic materials on actinide releases and in-situ testing carried out for 3.5 years in the 
underground laboratory at Mol, Belgium. Studies also included comparison between results from 
experimental studies and findings obtained from naturally occurring zirconolite samples, which have 
been shown to be good natural analogues for the zirconolite phase in Synroc.    

1. INTRODUCTION 

Synroc is a titanate based ceramic formulated by Ringwood et al.
1
 in the late 1970’s to immobilise 

Purex-type reprocessing wastes from power reactors. Ideally it  consists of ~20 wt% zirconolite 
(CaZrTi2O7), ~30 wt% “hollandite” (Ba1.2(Al,Ti)8O16), ~25 wt% perovskite (CaTiO3) and ~ 
20 wt% titanium oxides(s) (TinO2n-1) together with minor alloy phases. Synroc is made by hot-
pressing a calcine of the precursor titanates plus simulated waste solution, at 21 MPa and 

temperatures between 1150-1200oC to make a dense material with less than 0.5% porosity. 

Recent publications2,3 have summarised developments within the overall Synroc project, however this 
report addresses only the progress made on the description and understanding of the performance of 
Synroc under repository conditions. Within this project area the following studies are currently being 
carried out at ANSTO; 

 • Microscopy of Actinide-doped Synroc — [Leader: K. L. Smith] Scanning electron microscope 
(SEM) and analytical electron microscope (AEM) examination of Synroc containing actinide-
doped simulated waste before and after leaching. 

 • Leaching — [Leader: K. P. Hart] Actinide-doped and fission product-doped Synroc are being 
studied to determine the leach rates and distribution of the released radionuclides as functions of 
pH in buffered solutions. 

 • Mechanisms of Groundwater Attack — [Leader: P. J. McGlinn] Single-phase, powdered 
specimens of the major Synroc phases are being leached under ‘flow-through’ conditions to 
determine the dissolution kinetics for each phase. 

 • Natural Analogue Studies — [Leader: G. R. Lumpkin] Samples of naturally-occurring zirconolite 
and other related phases are being studied to determine the stability of these phases over 
geological time and the effect of radiation damage on the release of actinide elements from the 
matrices. 

The status of work in each of these study areas is described in this report. 



2. RESULTS 

2.1 MICROSCOPY STUDIES OF LEACHED SYNROC 

2.1.1 Inactive Synroc 

A summary of work carried out using analytical electron microscopy (AEM) to identify secondary 
phases on the  surface of Synroc specimens containing simulated PW-4b HLW leached in deionised 
water for time periods up to 532 days at 150oC is presented in Lumpkin et al4. The major findings of 
this study are given below. 

After 532 days of leaching at 150oC the surface of the Synroc specimens was not covered by 
secondary phases. There were only small amounts of perovskite, minor Al-rich oxides and 
intermetallic phases on the Synroc surface. Polymorphs of TiO2 were the major secondary phases 
developed on Synroc after exposure to deionised water at 150oC, crystallising mainly as a result of the 
dissolution of perovskite. Many of the perovskites underwent a rapid initial release of Ca, Sr and REE 
cations followed by crystallisation of a fine-grained, low-porosity layer of anatase. Although this 
layer appears to protect the underlying perovskite from further dissolution, further interaction with the 
fluid phase was indicated by slow grain growth and development of epitaxy at the perovskite-anatase 
interface. Although other perovskite orientations yielded numerous individual crystals of brookite 
which exhibited pronounced grain growth as a function of time but even so, some of the underlying 
perovskite surfaces remain partially exposed to the leachant. The low rate of alteration at 150oC, even 
with surface phases apparently unprotected by surface layers or secondary phases, suggests that the 
roles played by surface hydrolysis, ion exchange and other processes during the alteration of 
perovskite at 150oC are not well established and require further investigation. 

2.1.2 Np-doped Synroc 

AEM and SEM studies have also been carried out on Np-doped specimens of Synroc that had been 
leached in deionised water at 70oC for varying periods of time5. The results of this study have shown 
that after 56 days of cumulative leaching there are secondary phases on the surface of the specimen 
but they are mainly associated with polishing scratches and perovskite. After 400 days of leaching the 
surface was almost covered by secondary phases and as cumulative leaching time was further 
increased up to 2283 days, the surface of the specimens slowly became covered in secondary phases 
but the polishing scratches still were not completely filled. Replica samples of the secondary phases 
have been studied by AEM. The surface phases were found to be crystalline and have been identified 
as anatase, brookite and ilmenite. Importantly, no phases incorporating Np have been identified on the 
surface of the sample. 

The secondary phases seen on the Np-doped Synroc are different from those seen on inactive 
samples6 leached at the same temperature with significant amounts of ilmenite being present in the 
actinide-doped samples. SEM examination of the surface of actinide-doped Synroc has shown that 
there are some areas of Fe-segregation on the surface and the relatively faster leach rates of these 
segregations may have provided enough of this element to enable significant amounts of ilmenite to 
form on the surface. 

2.1.3 Pu-doped Synroc 

Characterisation has been carried out on Pu-doped samples leached for a total of 2472 days at 70oC in 
deionised water7. Initially the leachant was replaced every 7 days and thereafter the leach duration 
was lengthened to 28 days and subsequently to 120 days and longer.  

After leaching for 2472 days in deionised water the surface of the Pu-doped Synroc-C was largely 
covered with secondary material similar to that seen with the Np-doped Synroc. Analysis of the 
unleached sample showed that the ratio of Pu in zirconolite to that in perovskite was 3 to 4. In 
addition, AEM replicas taken from the surface of the leached specimen showed that about 70% of the 
secondary material sampled was crystalline Fe-Nb-Ti-Cr-Al oxide/hydroxide and that the rest was 



anatase. No Pu was detected in any of the secondary phases examined (the detection limit for AEM 
was 0.2 wt%). SEM examination of the surfaces of the disks before and after replica sampling, 
showed that there was no obvious difference between the surfaces, confirming that the replica 
technique only collects small amounts of material from the external surface and that the sampling may 
therefore be biased. 

The results from the microscopy studies of Synroc, both undoped and doped with actinides at 70oC 
and 150oC, emphasise the very slow reaction of this material and hence the difficulties associated 
with developing a definitive description of the leaching mechanism. 

2.2 LEACHING STUDIES 

Leach testing of Synroc doped with radionuclides has been carried out to enable the following to be 
undertaken; 

• Comparison of leach rate data using specimens containing radionuclides with those previously 
obtained using non-radioactive specimens. 

• Measurement of radionuclide leach rates from Synroc under conditions simulating disposal in 
repositories. 

• Development of databases for leach behaviour under different Eh, pH and temperature conditions 
to support performance assessment studies.  

2.2.1 Leaching of Actinide-doped and Fission Product-doped Synroc 

Synroc doped with 134Cs has been leached in deionised water at 70oC for about 3200 days (see 
Figure 1) to study the long-term Cs leach rate. The leach rate is similar to that measured for inactive 
Cs, for shorter leaching times, and the slow decrease in leach rate with time is typical of Synroc 
leaching behaviour. 

Figure 2 compares the normalised solution leach rates of Np, Pu, Am and Cm in deionised water at 
70oC. The leachability of the actinide elements decreased in the order: 

Np > Am > Pu > Cm 

Typically, most of the Np is in solution (>85%) in contrast to the other actinides where most of the 
activity was associated with the vessel walls. Moreover, the leach rates of the actinides decreased 
with time and confirmed that, as a group, these elements are the least leachable of all the waste 
elements.  
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FIG. 1.  Normalised Total Leach Rate of 134Cs from Synroc. Leaching in Deionised Water at 70
o
C 
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FIG. 2.  Comparison of Solution Leach Rates of Neptunium, Plutonium, Americium and Curium 
 in deionised water at 70 °C 



The releases however are not dominated solely by the solubility of each element in the aqueous 
solution, instead there is a relationship between the overall release of the actinide elements into 
solution and the matrix leach rate. Figure 3 shows the concentration of Np in solution and associated 
with the vessel wall as a function of leaching time. What is apparent is that increasing the leaching 
time, for samples leached for more than a total of 100 days, does not increase the concentration of Np 
in solution nor, importantly, on the vessel wall; so longer leach periods appear to be associated with 
decreased matrix dissolution of Synroc. This is also true of results obtained with Pu-, Am-, and Cm-
doped Synroc, emphasising that after the initial decrease in the Synroc leach rate, releases appear to 
be similar and associated with the dissolution of the matrix elements. 
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FIG. 3  Effect of Leach Duration on Neptunium Concentrations in Solution and Associated   
with the Vessel Walls 

The leaching results, which suggest that precipitation of actinides from solution is not an important 
mechanism, are consistent with the microscopy results from the study of the Np-doped Synroc 
specimen (reported above) that showed that none of the secondary and surface phases on the 
specimen contained Np. 

The effect of leach duration on matrix solubility is being studied further by looking at non-
replacement studies of inactive Synroc to allow a wider range of elemental and instrumental analyses 
to be carried out. 

2.2.2 Leaching under Reducing Conditions 

Studies under reducing conditions have been carried out in a glove box with an inert atmosphere 
containing less than 20 ppm O2. All filtration procedures were completed within the glove box and the 
filtrates were acidified before they were removed. 



2.2.2.1 Np-doped Synroc 

Leaching of Np-doped Synroc in deionised water at 70oC has been carried out in the open laboratory 
as well as under an anoxic atmosphere. This study8 was carried out as an initial measure of the effect 
of leaching atmosphere on the release of Np and was further supplemented with work carried out on 
releases under reducing conditions in the presence of geological materials (see Section 2.2.4). The 
studies in deionised water showed that: 

• Solution leach rates under oxidising conditions were similar to those measured under anoxic 
conditions. However, under oxidising conditions most of the Np (83%) was in ionic form but 
under anoxic conditions filtering of the solution through a 0.45 µm filter reduced the activity 
of Np by a factor of 24 suggesting that the Np was predominantly associated with fine 
particulates. 

• From available data, the measured concentrations of Np in solution in this study are lower 
than the predicted solubility limits suggesting that the solubility of Np is not controlling the 
release from Synroc under either oxidising or anoxic conditions. 

2.2.2.2 Tc-doped Synroc 

Tc-doped Synroc was leached in deionised water at 70oC under anoxic and oxidising conditions. 
Figure 4 shows the total leach rate, i.e. unfiltered solution + wall contribution, measured for leaching 
in deionised water under both atmospheres. The leach rates under anoxic conditions initially were a 
factor of about 250 lower than under oxidising conditions. At longer leaching times the difference 
between the leach rates measured under the two conditions was still significant, but smaller. 
Importantly under oxidising conditions typically less than 0.5% of the Tc was associated with the wall 
whereas under anoxic conditions about 50% of the Tc was associated with the walls. So given the 
much smaller Tc release rates and the much lower solubility of Tc under anoxic conditions, there is a 
large effect of atmosphere on Tc release into deionised water. 

However, deionised water is not indicative of behaviour in the environment as it represents a system 
which is poorly buffered chemically, especially given that dissolved carbon dioxide has been removed 
from the water as part of the degassing procedures used with the glove box. Figure 5 shows the total 

release rates of Tc from Synroc when pH 6.1 buffer
9
 was used as the leachate. Although initial leach 

rates under oxidising and anoxic conditions are dissimilar, after about 100 days there is no real 
difference between the leach rates measured for the two different atmospheres. The activity associated 
with the vessel walls in pH 6.1 buffer is low and similar to that in deionised water under oxidising 
conditions but under anoxic conditions it is significant, typically 10 to 20 % of the total release. So at 
longer times, even though the leach rates are similar under the two atmospheres, the Tc available for 
migration is significantly smaller under anoxic conditions. 

The difference between the solubility of Tc in deionised water and buffered solutions under anoxic 
conditions is similar to that obtained previously with Np8 and probably reflects the ability of major 
cations and anions in the buffered solutions to stabilise or complex species of radionuclides in 
solution. In deionised water, as there are effectively no other major ions present in the Synroc 
leachants; very insoluble phases, like oxides of the radionuclides, can form more readily. These 
results reinforce that leach rates and radionuclide solubilities must be measured under the most 
relevant conditions if the results are to be used for performance assessment purposes. 
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2.2.4 Interaction with geological materials 

Leaching of Np-doped Synroc in the presence of Mol clay under a reducing atmosphere has been 
reported8. This work established that; 

• Under reducing conditions the leach rate of Np is small and not enhanced by the presence of 
Boom clay. 

• In deionised water, the soluble Np fraction measured under reducing conditions is a factor of 
10 lower than under oxidising conditions but the total release of Np into solution under 
oxidising and reducing conditions, including that adhering to the vessel walls, is similar. 

• Within experimental error, the presence of Boom clay did not markedly affect the distribution 
of Np in solution. 

Two monoliths of Synroc have been tested in-situ in the HADES facility at Mol for 3.5 years at 90oC 
in contact with the clay. These samples were weighed to determine the mass loss and analysed by 
SIMS by Prof Lodding (Chalmers University of Technology, Sweden). The weight changes were 
small and difficult to interpret; although one sample had lost weight, the other had gained a 
comparable weight. SIMS analysis10 shows that alteration of the matrix occurred to a depth of 0.25 
and 0.35 µm respectively for the two samples. Inspection of the data shows that the Synroc matrix 
elements appear to have been released congruently and that there has been counter-diffusion of 
elements arising from the clay into the matrix through the altered layer, suggesting that this layer is to 
a certain extent porous and hydrated. The very small alteration layers determined for these specimens 
again highlight the difficulty of studying the alteration layer and its affect on the release of elements 
from Synroc. 

 3. LEACHING MECHANISMS 

The slow reaction rate of Synroc can be overcome to a certain extent by studying powdered samples 
(although as it has been pointed out previously there can be problems associated with this approach 
for ceramic materials11). Work reported previously therein, and results obtained by Van Iseghem12, 
have shown that at the high SA/V ratios obtained with powders, the releases from Synroc are 
dominated by initial releases with virtually no further dissolution occurring with time. At SA/V ratios 
greater than 1,000 there is a decrease in release rates of Mo, Ba, Ca, consistent with precipitation of 
these elements, possibly as carbonates. 

All of these data suggest qualitatively that the dissolution of elements is a function of matrix 
solubility and that the very small releases being seen are in fact controlled by the very small solubility 
of the titanate matrix. Some long-term work associated with the leaching of single-phase, powder 
samples has been undertaken at very low SA/V ratios to accelerate leaching, thus enabling alteration 
processes to be better observed. The results from these studies are discussed in more detail below. 

Single-phase, ground specimens of the major Synroc phases are being leached under ‘flow-through’ 
conditions to determine the dissolution kinetics for use with reaction path modelling. Work has been 
carried out on perovskite (CaTiO3), zirconolite (CaZrTi2O7) and doped perovskite 

((Ca0.78Sr0.04Nd0.18)Ti0.82Al0.18O3) under conditions of low-flow (~ 10 mL d-1, ) in pH-buffered 

leachants (pH’s 2.1, 3.5, 6.1, 7.8, 10.4 and 12.8) at 90oC. Very small solid samples (~ 0.1 g) and flow-
through conditions have been used in this study to avoid saturation and other effects that may mask 
the kinetics and mechanisms of leaching. Initial results of this study have been reported9, and 
additional results have been obtained which have extended and elaborated upon the initial results. 

Figure 6 shows the release of Ca from the powders after 43 and 192 days of leaching at different pHs. 
The data for 43 days of leaching (see Figure 6 (a)) show that there is a decrease in release of Ca from 
zirconolite and perovskite with increasing pH. The releases from the perovskite and doped perovskite 



are generally similar except for the pH 2.1 experiments. The release of Ca from zirconolite is a factor 
of three less that that for the perovskite and the doped perovskite samples at acidic pHs but 
approaches similar levels under alkaline conditions. The release of Ca into solution varies by less than 
a factor of 10 over the pH range 2.1 to 12.9, i.e. for hydrogen ion activity varying by 10 orders of 
magnitude. 

After 192 days of leaching (see Figure 6 (b)) the Ca release from the perovskite samples is higher than 
that measured for 43 days, by a factor of between 2 and 5, at pH 2, whereas at the other pHs the 
amount released has changed very little from the 43 day releases. The 43 day data are dominated by 
the initial releases at all pHs, and when the data are collected for a further 149 days, the data, with the 
exception of those for pH 2, show less dependence on pH. Ca release from zirconolite after 192 days 
shows no dependence on pH. 

At all pHs the release of Ca far exceeds that of Ti. Figure 7 shows the ratio of Ca to Ti release as a 
function of pH. At neutral pH the ratio is the greatest, probably because of the formation of highly 
insoluble titanium hydroxides/oxides. Examination of the leached powders, using SEM/EDS and 
XRD, has established the presence of anatase and rutile on the surface of the leached perovskite 
samples. This result is consistent with the work of others13. These authors suggested that in deionised 
water, the chemical attack on perovskite at epithermal temperatures (≤90oC) could be described by the 
following equation; 

CaTiO3+ (6-x)H
+
(aq) ↔  Ti(OH)x(4-x)+ + Ca2+(aq) + (3-x)H2O  (1) 

 
Hydrothermal conditions, i.e. temperatures >90oC, facilitated the decomposition of the titanium 
hydroxides, followed by the nucleation and growth of TiO2 crystals. The presence of anatase and 
rutile in some of the leached perovskite and doped perovskite specimens in this study suggests that 
this mechanism may be operating here, as the experimental temperature was close to hydrothermal. 
 
Equation (1) describes a leaching mechanism which is strongly dependent on pH; however, our 
studies show that there is not a strong effect of pH on Ca or Ti releases and that the kinetics of 
leaching change with time. Generally, the initial release of Ca is rapid at all pHs but after this 
instantaneous release, the rates of release drop off markedly. So although the reaction may proceed in 
the very short term, i.e. < 1 day, as described by the above equation, the longer-term release of Ca is 
evidently controlled by other processes. 
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FIG. 6.  Cumulative Ca Release from Doped Perovskite, Perovskite and Zirconolite at Different pHs 
after (a) 43 days and (b) 192 days of leaching at 90

o
C. 



 

 

 

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

1

10

100

1000

0 2 4 6 8 10 12 14

R
at
io
 C
a:
T
i C

um
ul
at
iv
e 
R
el
ea
se
s

pH

� Doped perovskite

� Zirconolite

� Perovskite

 

FIG.  7. Effect of pH on the Relative Release of Ca to Ti from Single Phase, Powder Samples. 

 

Leaching studies of zirconolite have shown that releases of calcium appeared to be only weakly 
dependent on pH. The slow reaction rate of the zirconolite makes it difficult to quantify the leaching 
mechanisms but as Ca is released into solution in much larger quantities than Ti and Zr, it appears 
that similar processes like those for perovskite also control releases from zirconolite. Lack of any 
SEM evidence for the presence of secondary phases on the zirconolite powders does not allow any 
conclusions to be made about out zirconolite dissolution at this stage. 

The data above for powdered samples are long-term data with the shortest leach period being one day. 
To obtain initial reaction rates much shorter periods of time must be used, so studies for the first day 
of leaching have also been carried out on the perovskite powder sample. Figure 8 shows the releases 
of Ca with time for short leaching periods at pH 2.4. The data show that the Ca release is proportional 
to time for less than 2 hours at pH 2.4. 

The results obtained for the powders are very similar to results obtained for pH controlled 
experiments carried out with actinide-doped Synroc (see Figure 9). With the exception of the value 
measured at pH 2, the leach rates of Np, Am, Pu and Cm are relatively unaffected by changing pH, 
with leach rates varying by less than a factor of 10 over the pH range 5.4 to 10. 



 

FIG.  8.  Ca Releases from Perovskite Measured over Short Periods of Time in pH 2.4 Buffer at 90
o
C 
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FIG. 9.  Effect of pH on the Solution Leach Rate of Np, Pu, Am and Cm from Synroc  
(28 day leach tests at 70
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Overall, the results from the leaching studies have established that for both powdered samples and 
monoliths under static conditions, increasing the leaching time does not increase the release of 
elements from Synroc. Additionally the only phases identified on the surface of the leached 
specimens are Ti-rich and do not appear to incorporate fission products, 134Cs or actinides. 

Additionally, the low releases appear to be associated with a very thin alteration layer, ~0.3 µm over 
3.5 years at 90oC, that is permeable, allowing the transport of matrix elements to the solution and 
elements in solution from the Mol clay into the Synroc specimens. The driving force for this transport 
appears to the concentration gradient between the solid/liquid interface and the bulk solution. 

4. NATURAL ANALOGUE STUDIES 

Zirconolite is the phase in Synroc which incorporates most of the actinide elements and so it is of 
most interest in studying the effects of radiation, particularly α-decay damage, on the retention of 
actinides in the waste forms over the life of the repository. There have been a number of detailed 
studies of natural zirconolites14,15,16 aimed at trying to understand the complex interactions 
experienced by zirconolite in the natural environment and the effect of radiation damage incurred 
over geological time. 

The results from the studies of natural zirconolites have established the following; 

 • There is similarity between the phase chemistry in natural zirconolite samples and that in 
zirconolite in Synroc containing 10 and 20 wt% of simulated HLW and that the actinide element 
substitution occurs in the same site in both sets of samples. 

 • The radiation dose under which natural zirconolite samples undergo a crystalline to aperiodic 
transformation, 1015 to 1016 α mg-1, is similar to that obtained for Pu- and Cm-doped zirconolite 
samples.  

 • Generally, the natural samples have been found to have remained as closed systems with respect 
to the migration of U-Th-Pb isotopes for geological time periods up to 5.5 x 108 a.  

 • There is a lack of leaching data on well characterised, radiation damaged natural zirconolites. 

 • Leaching data obtained for Pu- and Cm-doped samples that have been radiation damaged by 
radiation are high compared to samples that have been doped with only trace levels of actinides. 
This effect may be due to radiolysis affects at the surface of the specimens but additional work 
with samples loaded with intermediate levels of actinides is required to fully explain these 
results. 

 • There is some evidence of geochemical interaction between the natural samples and all aspects 
of the natural environment. At this stage, it appears that this has not led to the release of actinide 
elements but additional work must be carried out to determine the conditions under which 
alteration of zirconolite can occur. The results of this work will define the geochemical 
conditions under which zirconolite will be stable in a repository environment. 

Overall, the good analogy between the natural and actinide-doped samples that has been established 
thus far, suggests that if further well-controlled leaching experiments and isotopic studies are carried 
out, it should be possible to quantify actinide retention and the repository conditions under which 
zirconolite is stable.  



5. FUTURE WORK 

A number of areas of work requiring further research have been identified in this report and may be 
summarised as follows; 

 • Further studies will be made using TEM on cross-sectioned, leached samples to ascertain 
whether there has been alteration of bulk phase compositions as well as the formation of 
secondary phases . 

 • The effect of leach duration on matrix solubility is being studied further by looking at non-
replacement studies of inactive Synroc to allow a wider range of elemental and instrumental 
analyses to be carried out and by carrying out microscopy studies on leached, Pu-doped Synroc 
specimens.  

 • Currently, predictions of solubilities of actinide elements are based on a few pure phases, e.g. 
oxides, and not a lot is known about the effect of the major elements in solution, e.g. by 
promoting co-precipitation and other processes, on the formation of secondary phases. The 
existing databases obviously need to be expanded. 

 • Modelling of releases from waste forms using calculations that do not rely on thermodynamic 
equilibrium is important for better description of leaching mechanisms. 

 • Modelling of coupled reactions for waste forms and geological materials is of critical 
importance. Currently prediction of this interaction is based on relatively short term experiments 
without the ability to extend the results reliably to the long-term. 

 • Further work, using natural samples, should be carried out so that the performance of high level 
waste forms over geological time, temperature and environmental interactions can be more 
effectively studied. 
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Abstract 

 
The R&D programme carried out on high-level waste forms during the last seven years is reviewed. 
We mainly studied the R7T7 SON68 and the PAMELA SM527 and SM513 glasses, and their 
dissolution behaviour in media representing geological disposal in Boom Clay. We show that 
diffusion processes are involved in pure solutions as well as in clay media. Very large reaction 
progress was achieved during the in-situ tests in Boom clay rock. In this situation the effect of the 
glass composition becomes even more important than in less corrosive situations. In-situ tests at 
ambient temperature provided an estimated dissolution rate of 0.3 µm/y, as input into performance 
assessment studies.  
 
An approach of geochemical modelling is presented for the glass dissolution in clay media, and 
shows promising results. As an example we were able to fit the calculated Si concentration in 
solution with the experimental data. We discuss two approaches towards mathematical modelling. 
The Monte Carlo transport simulation in particular is very promising in predicting congruent or 
selective dissolution depending on the glass composition. The radionuclide inventories leached from 
glasses in clay media seem to be lower than the solubility values reported in the literature. The use of 
smectite clay appears to be beneficial to reduce the radionuclide solubility, because of its lower 
humic acids concentration compared with Boom clay.  
 
We also present some data on the interaction between Synroc-C and Boom clay slurries, and 
preliminary data of a study of the UO2 solubility in clay media.  
    
1.  INTRODUCTION 
 
Belgium has been considering to the date, the reprocessing and subsequent vitrification route for 
closing the fuel cycle. The vitrified high-level waste would then be disposed in a (Boom) clay rock 
layer. Presently some 400 m³ of vitrified HLW waste is foreseen for geological disposal. Until 
recently, the option of non-reprocessing and direct disposal of the used fuel had not been considered.  
Research has thus focused on high-level waste glasses of importance to Belgium. These are the 
Cogéma R7T7 glass SON68 for the current operation of the NPP, and the glasses produced by the 
PAMELA pilot vitrification plant in Mol, operated by DWK and Belgoprocess. This plant was used 
to condition 800 m3 of HLW generated by the former Eurochemic plant: glass SM513 for the Low 
Enriched Waste Concentrates, and glasses SM527 and SM539 for the High Enriched Waste 
Concentrates.  
 
The Belgian situation is special in that a reference repository rock and disposal area have been 
identified in the Boom Clay formation, which at the Mol site is situated between 180 and 280 metres 
depth. SCK•CEN with the support of NIRAS/ONDRAF constructed an underground laboratory in 
clay under the SCK•CEN site at 220 metres deep, for engineering (demonstrating its feasibility) and 
research purposes. A concept for geological disposal of the vitrified waste has been proposed earlier 
[1], and performance assessment studies have demonstrated the safety of this option [2]. At present 
the concept of disposal in Boom clay is subject to intensive research, aimed at optimizing the 
container material, and acceptable backfill materials.  
 
Our research on the long-term performance of HLW glass under disposal conditions therefore takes 
into account the “certainties”: the existing glasses and the Boom clay rock. Our goal is to identify the 
barrier function of the glass in the multi-barrier disposal system, and to provide a source term for the 



 

radionuclide release from the glass into the near field. These objectives are achieved in a way as 
shown in Figure 1. The approach aims to understand the interaction between the glasses and their 
(complex) environment, to enable extrapolations to the long-term (i.e., thousands of years). 
Geochemical and mathematical models are expected to contribute to this understanding. In-situ 
corrosion tests in the underground laboratory have been performed to demonstrate the relevance of 
the laboratory programme.         

 
FIG 1.  Relationship between the different approaches in our R&D programme 

 
In addition to this reference programme we investigated the interaction behaviour between SYNROC, 
an alternative waste form with Boom clay media. We also initiated a study on the solubility of UO2 in 
clay water, referring to the behaviour of spent fuel for a direct disposal scenario.  
 
2.  EXPERIMENTAL 

 

The composition of the main constituents of glasses of importance for the Belgian programme is 
listed in Table I. The respective precursor glasses have been studied to some extent as well, 
especially in the case of the in-situ tests where the actual glasses were not available at the time the 
tests started. There are basically two types of glass compositions: the "common" borosilicate glasses 
(SON68, SM513), and the high-Al2O3 borosilicate glasses SM527 and SM539. SM58 is a precursor 
of glass SM513, SAN60 a precursor of glass SM527. The glasses were used either in their inactive 
form, doped with radionuclides of interest (Pu, 241Am, 237Np, 99Tc), or in their fully active form (in 
case of the Pamela SM513 glass).  
 
The interaction tests between the glass samples and the disposal media were carried out under static 
leaching conditions, because of the extremely low water permeability of the Boom clay rock (~6.10-12 
m/s). As a consequence we opted for confined media, to create saturation conditions in solution 
within reasonable times. We then established a large parametric approach from which we expected to 
obtain a basic understanding of the interaction mechanisms. These parameters are summarized in 
Table II. 
 



 

TABLE I. MAIN CONSTITUENTS OF THE GLASSES INVESTIGATED. SON68 IS THE 
COGEMA R7T7 REFERENCE GLASS, THE OTHER GLASSES ARE DWK 
PAMELA REFERENCE GLASSES 

 

(wt%) SON68 SM58 SM513 SAN60 SM527 SM539 

SiO2 45.48 56.87 52.15 43.41 38.75 35.28 
B2O3 14.02 12.28 13.08 17.00 21.70 25.58 
Na2O 9.86 8.30 9.05 10.67 8.64 9.21 
Li2O 1.98 3.74 4.18 5.0 3.1 3.49 
Al2O3 4.91 1.16 3.59 18.09 19.96 19.83 
Ca0 4.04 3.83 4.54 3.5 3.87 5.05 
TiO2 - 4.45 4.54 - 1.55 0.003 
FP oxides 13.38 6.06 4.46 1.21 1.58 0.96 
Balance 6.33 3.31 4.41 1.12 0.85 0.6 
 
 
TABLE II.  OVERVIEW OF EXPERIMENTAL PARAMETERS IN THE CORROSION TESTS 
 

Corrosion medium: pure solutions deionized water (DW), synthetic clay water (SIC)* 

Corrosion medium: solution loaded with solid Boom clay**/clay water slurries (#clay/water ratios; 
Boom clay sometimes substituted by bentonite clay, 
cement; corrosion products) 

Environmental condition anaerobic as reference (Eh < -150mV) 

Glass surface to solution volume (SA/V, m-1) 100 (ref), 10 -> 10000 (using powdered glass) 

Temperature (°C) 90 (ref), 40, 150 

Duration (days) few days till years  

Controlled parameters pH; no control of pCO2  

Type of test containers Teflon (ref); stainless steel 
* SIC mainly contains bicarbonate (1.25 g/l NaHCO3) and is saturated with CaCO3. pH is between 

9-9.5 [9].   
** Boom clay is an assembly of various minerals: (in wt%): illite (20-30), smectite (10-20), chlorite 

(5-20), kaolinite (20-30), quartz (20), and some minor minerals [3].  
 
The corrosion tests on Synroc were carried out under conditions similar to those in Table II. We used 
a Synroc-C sample prepared by ANSTO. The waste loading was 10 wt%. The main constituents in 
Synroc-C are in wt%: TiO2 (68.4), CaO (9.8), ZrO2 (7.3), BaO (5.1) and Al2O3 (4.3). More details can 
be found in [4].    
 
The solubility tests on UO2 were performed in pure clay water solutions, with emphasis on the role of 
humic acids and carbonates. We therefore installed a control system for the partial pressure of CO2.  
 
3. PARTICULAR ASPECTS OF GLASS CORROSION IN DEIONIZED WATER  
 
We report on two types of corrosion tests in deionized water (DW), related with specific objectives.  
Deionized water without any solids was used to eliminate effects from elements present in solution or 
from the solids. First, we investigated the spectacular enhancement in dissolution rate which we had 
observed at high reaction progress for the high Al2O3 glass SAN60 [5]. Second, we evaluated the 
influence of the Al2O3 concentration in balance with SiO2 on the dissolution kinetics using simple 
glass compositions, see Table III. In both studies we used powdered glass as a means to accelerate the 
accumulation of dissolved species in the leachate, and thereby the dissolution processes.    
 



 

TABLE III.  SIX-COMPONENT "M" GLASSES USED TO STUDY THE EFFECT OF Al2O3.  
THE OTHER CONSTITUENTS ARE (in mol%): NaO0.5 (14.9%), LiO0.5 (14.5%),  
BO1.5 (21.2%), CaO (2.7%) 

 

(mol%) M3 M4 M5 M6 M7 

SiO2 28.5 31.3 34 37 40 

AlO1.5 18.2 15.4 12.7 9.7 6.7 
 
The first type of test demonstrated the relation between the enhanced dissolution at very high reaction 
progress − boron concentrations in solution increased rapidly from 1000 to 10000 mg/l − and the 
growth of secondary minerals on top of the glass reaction layer. Figure 2 shows SEM observations of 
these minerals immediately after having reached the “plateau” of 10000 mg/l B in solution.      
 

 
   
  0.1 mm      10 µm 

FIG.  2.  SEM photographs of the surface layer of glass SAN60 corroded for 185 days in DW at 

120°C, SA/V= 7000 m
-1
. Different secondary minerals are observed: analcime (area A), calcium 

silicate (area B), aluminium silicate (area C), and a calcite (area D). 

 

The second type of test provided corrosion data over a very broad range of reaction progress. Figure 
3 plots some of the B and Si concentrations in the leachate for the tests at 90°C (tests at 150°C were 
performed as well [6]). The plots collect the various data at different SA/V between 100 and 10000 
m-1, as a function of the “scaling factor” SA/V*t0.5. The relatively  linear relationship for boron with 
this scaling factor rather than with SA/V*t1 suggests a diffusion controlled dissolution [7], for all 
glasses studied. Effective diffusion constants in the order of 10-19 to 10-20 m2/s were calculated. Ion 
exchange reactions between H3O

+ or H+ and Na+/Li+ were proposed as the rate controlling process. 
The Si leaching data in Figure 3 show that its saturation in solution does not stop the glass 
dissolution for the high-Al2O3 containing glass (see data for M3 and M5), in disagreement with [8].    



 

 
  
 

  
 
FIG. 3.  Boron solution data for glass M7 (see Table III) at 90°C in DW, for various SA/V conditions 

(left), and Silicon solution data for M3, M5, M7 (see Table III) at 90°C, for various SA/V conditions 

(right). 
 
4.  PARAMETRIC STUDY OF GLASS CORROSION IN BOOM CLAY MEDIA 
 
4.1. LABORATORY DISSOLUTION TESTS 
 
We carried out a large experimental programme mainly to have data at high reaction progress in 
various interaction media. We therefore used SA/V as an accelerating parameter w.r.t. glass 
dissolution, as well as temperature. SA/V values were (in m-1) 500, 2500, 10000, and temperatures (in 
°C) 40, 90, 150. Powdered glasses SON68 and SM539 were chosen (size fraction 125- 250 µm). Up 
to five leaching periods were examined in duplicate using two types of interaction medium: 

• pure solutions: deionized water (DW) and synthetic interstitial clay water (SIC); 
• Boom clay slurries, representing potential interacting materials upon geological disposal:  

(1) a 500+25 g/l mixture of Boom clay together with corrosion products (Fe2O3) with SIC 
("CCSICM+CP"),     

(2) the same as in (1), but 250 g Boom clay substituted by smectite clay (candidate backfill) 
("BC+SIC+CP+Smect."), 

(3) the same as in (1), but 25 g Boom clay substituted by cement (candidate backfill) 
("BC+SIC+CP+Cem.").  

 
All tests in the clay media were carried out in anaerobic conditions, yielding Eh < -150 mV. A glass 
coupon was added in the tests in clay slurries, for total mass loss measurement. 
 
We attempted to interrelate the results by plotting the data (element release or mass loss) as a 
function of the "scaling factor" SA/V*t and SA/V*t0.5. This approach enables in an ideal case to 
distinguish the dissolution mechanism: matrix dissolution and a diffusion process control. The 
complete data are given in [9]. We present a selection of data in Figures 4 and 5.  
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FIG. 4.  Solution data upon corrosion of glass SON68 in DW at 90°C (boron concentrations; left 

picture) and 40°C (lithium concentrations; right picture), for various SA/V conditions 
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FIG. 5.  Mass losses upon corrosion of glass SON68 in various Boom clay slurries at 90°C (left) and 

40°C (right), obtained at various SA/V conditions. 

 

 

The data in Figure 4 suggest that diffusion processes dominate in pure water. This is in agreement 
with conclusions in section 3. Solution pH in the tests at 90°C slowly increases from 8.5 (small B 
concentrations) to 9.7 (highest B concentrations). We should emphasize that these diffusion 
controlled kinetics are not occurring in all corrosion tests on SON68 and SM539 in DW or SIC [9]. 
Nor we are able to associate the observed diffusion kinetics with a particular process. Nevertheless it 
seems to be clear that diffusion kinetics have to be taken into consideration, for example, in case of 
the SON68 glass upon corrosion in DW, over the temperature range 40°C-90°C.  
 
We plotted the mass loss data in the different clay slurries in the same plot, (Figure 5) for SON68 at 
two temperatures. We conclude from these and other data [9] that corrosion in the “mixed” Boom 
clay slurries containing smectite clay or cement is not larger than in the “pure” Boom clay mixture. 
This is important when defining the most conservative interaction medium for glass corrosion testing. 
Conclusions on the dissolution mechanism are not as straightforward as in pure solutions. We 
observe both diffusion and matrix dissolution controlled kinetics for SON68 in the pure Boom clay 
slurry [9]. We also conclude that the strong corrosion enhancing effect of clay decreases with 
increasing reaction progress - differences decrease to less than a factor 5 in our laboratory tests [9].  
 



 

The application of high SA/V through powdered glass to investigate the glass dissolution at high 
reaction progress has proved to be meaningful, even in the clay slurries. We achieved very large 
reaction progress situations, yielding e.g. boron concentrations in solution of more than 7000 mg/l in 
the clay slurry. This means that the mass transfer through the liquid phase of the clay slurry (into 
which the powdered glass is well mixed) proceeds fast enough to yield thorough distribution over the 
clay medium. We cannot propose a single dissolution mechanism applicable to all conditions. The 
use of powdered glass is not suitable to investigate the impact of secondary phase formation on the 
dissolution kinetics. We suppose this is because the reaction layer formation proceeds to different 
extents for glass monoliths and powder.  Reaction layers of several 100 µm thick on top of which 
secondary phases form are obviously impossible for powdered glass. 
 
4.2.   GEOCHEMICAL MODELLING OF THE GLASS- CLAY INTERACTION  
 
We used the geochemical code PHREEQC to model the interaction between HLW glass and clay 
media. The objective was to investigate whether or not primary or secondary phases might control the 
glass dissolution in these media. Two sub-models were developed, a clay/water and a glass/water 
model. We used the SON68 glass, and corrosion data obtained in laboratory tests in clay slurries (see 
section 4.1).  
 
In a first attempt we considered Boom clay as an assemblage of pure minerals, each controlling the 
concentration of one component [10]: e.g. kaolinite for Al, and chalcedony (though not present in 
Boom clay) for Si. Ion exchange equilibria are considered to take into account the presence of the 
main clay minerals (e.g., illite, smectite). The results of the calculations showed a good agreement 
between the measured and calculated composition of the interstitial clay water.         
 
The glass/water reaction is treated as a stoichiometric dissolution of the glass matrix followed by the 
precipitation of solid phases with limited solubility. The phases were selected on the basis of 
experimental evidence, and from chemical modelling of leachate compositions with respect to the 
saturation state of various minerals (“inverse modelling”). Predicted alteration phases include calcite 
CaCO3, chalcedony SiO2, analcime and anorthite (two silicates). Calculated Si and Al concentrations 
are in good agreement with measured data.  
 
The glass/water/clay model uses the clay/water model, i.e. the exchangeable cation pool and the 
mineral phases. The components released from the glass are added to the system, according to the 
stoichiometric dissolution of the glass. The secondary phases that were allowed to precipitate were 
chosen from the glass/water model. The results of the calculations show that none of the minerals 
predicted to precipitate in the glass/water system appear in the overall model. The calculated silica 
concentration in solution corresponding to the chalcedony solubility (Ks= 10

-3.7) remains below the 
saturation limit of amorphous silica (as incorporated in the glass: Ks= 10

-2.9). As a consequence Boom 
clay can act as a sink for silica released from the glass, and therefore extend the glass dissolution.         
 
4.3.  MATHEMATICAL MODELLING OF THE GLASS- CLAY INTERACTION   
 
4.3.1. Monte Carlo method [11]   

 
New methods for modelling glass dissolution became available because of the enormous increase in 
computing power during the last years. One of these methods was used to integrate existing 
dissolution models. By Monte Carlo we solve the mathematics of transition state theory. In this way 
our model is consistent with Grambow’s rate law [8], and it allows the addition of dynamics to the 
existing thermodynamic models. The model assumes that the glass consists of two kinds of particles: 
a network modifier (sodium) and a network former (silicon), arranged on a diamond lattice in contact 
with water. Our Monte Carlo model considers three  processes: silica dissolution, ion exchange and 
diffusion of silicon or sodium in water [11].     
 
The model needs two parameters for each chemical reaction (silica dissolution and ion exchange) and 
one for diffusion in water. The sodium density is another parameter referring to the glass 
composition. The model calculations show two types of dissolution behaviour. For small 



 

concentrations of network modifier, (sodium) dissolution is congruent, and the dissolution rate of the 
network former (silicon) dominates the dissolution process. For higher concentrations of the network 
modifier the dissolution is not congruent and large surface layers form. We show an example in 
Figure 6.  
 
The Monte Carlo method is probably suitable to indicate the effect of the glass composition on the 
dissolution mechanism in water. Future studies will introduce a second network former (aluminum), 
because this was found to be a dominant parameter (Section 3). We will also extend the model to 
include non-zero surface to solution volume ratios, to model the effect of silica saturation, as well as 
calibration with leaching data.    
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FIG.  6.  Position of the outermost glass particle (upper line) and position of the farthest diffused 

water particle in the glass (lower line) as a function of the sodium density ρ after 2000 time steps 
(full lines) and after 20000 time steps (dashed lines). Position is expressed in lattice units. 

 
4.3.2.  Analytical and numerical fitting of dissolution data 

 
We have fitted results of dissolution experiments in (1) a slurry with a low clay content, (2) a slurry 
with a high clay content and (3) in pure Boom clay.  We first explain the model.  Next, we present the 
fitting results and discuss them. 
 
In the model, we approximate the glass as existing of silica only.  Silica dissolves from the interface 
between the glass and the neighbouring clay, where it diffuses.  The model is obtained by solving the 
diffusion equation in the clay.  For the boundary condition, we express the flux of dissolving silica at 
the glass-clay interface in two ways.  First, this flux is given by a first-order law, the so-called 
Grambow rate law.  Second, this flux is expressed by Fick's law, in which we add a term which takes 
into account the receding of the glass-clay surface.  As an initial condition, we assume that at zero 
time there is no dissolved silica in the clay.  After solving these equations, it appears that the 
influence of the movement of the glass-clay surface is negligible.  We also calculate an expression for 
the amount of dissolved particles as a function of time.  For small times, the amount of dissolved 
particles is proportional with time.  For large times, this amount is proportional to the square root of 
time.  The original diffusion equation and boundary conditions contain the following parameters: the 
apparent diffusion coefficient of silica in the pore water of the clay, the maximum flux of dissolving 
silica, the concentration at which silica dissolution would stop, the diffusion accessible porosity of 
the clay and the retardation constant in the clay. Depending on the time, fitting the amount of 
dissolved particles as a function of time, allows us to determine one or two parameters, which is a 
combination of the initial parameters. 
 
We have fitted dissolution data in pure clay for three glasses: SAN60, SON68 and SM58 where we 
could fit accurately one fitting parameter, which is a combination of the initial parameters.  The glass 
SAN60 quickly reaches a square root dissolution behavior (see Fig. 7 ), and consequently, it does not 



 

dissolve significantly. On the other hand, glass SM58 takes much longer before the square root 
behavior is reached and thus dissolves faster.  The third glass, SON68, has a behavior between these 
glasses.  We have also fitted the dissolution behavior of four glasses in a clay slurry with (1) a low 
and (2) a high clay content.  For these results, we refer to [12].  Although the quality of our fits is 
good, one should treat the results with care since (1) we could only determine one fitting parameter, 
which is an expression of five original parameters and (2) the number of experimental points is small. 
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FIG. 7: Experimental data points and theoretical fitting of glasses SON68, SM58 and SAN60 in pure 

Boom clay. 

    
            
4.4.  IN-SITU CORROSION TESTS 
 
We completed a ten year in-situ corrosion programme, see [13,14]. Maximum test durations were 7.5 
years. We review the main results, which refer to the corrosion tests in direct contact with the Boom 
clay rock, at 90°C. The results from the other tests (170°C tests, corrosion in clay-derived 
atmosphere) are discussed in [13,14].  
 
We have limited corrosion data on the recent Pamela glasses, because they were not all defined in the 
late 80’s. The interpretation of the corrosion data involves the in-situ tests, and the data from similar 
corrosion tests performed in laboratory conditions. The corroded glass samples were examined using 
surface analysis techniques because chemical analysis of the species leached into the Boom clay rock 
is not feasible. 
 
The importance of the in-situ tests is that we obtained data for very high reaction progress in close-to-
real conditions. The mass loss data are given in Figure 8. Some of the most relevant surface 
analytical results are shown in Figures 9 and 10. SIMS profiling [15] together with the mass loss data 
for glasses SON68 and SAN60 suggests a matrix dissolution controlled corrosion for SON68, and a 
diffusion controlled dissolution for SAN60. This conclusion is based on the time dependence of the 
mass losses: roughly proportional with t1 for SON68, with t0.5 for SAN60. The SIMS profiles show Si 
depletion together with the alkali's and other diffusing elements like B in case of SON68, in contrast 
with the profile for SAN60. The SM513 glass presents a still different dissolution behaviour: the 
mass losses increase roughly proportionally with t2. We suppose that this enhanced corrosion can be 
caused by secondary phase formation. Indeed SEM (see figure 10) coupled with EDS reveals some 
(K, Al, Si) secondary phases have formed. 
 



 

 

 
FIG.  8.  Mass losses for three waste glasses after interaction with Boom clay at 90°C. 

 

 

 

 
FIG.  9.  SIMS profiles of glass SON68 (fig a) and  SAN60 corroded during 3.5 years in Boom clay at 

90°C. 

 

 

  
FIG. 10.  SEM views of the surface layer on top of glass SM513 corroded for 7.5 years in Boom clay 

at 90°C. Left picture shows calcite crystals, right picture K, Al, Si minerals. 



 

 
The results of the long-term in-situ tests leads us to some conclusions on the relevance of the tests, 
and on the effect of the glass composition [16]. We first demonstrated the relevance of performing 
(long-term) in-situ corrosion tests in Boom clay which turned out to be more relevant than the 
laboratory simulation tests because of difficulties with keeping natural Boom clay in a suitable (wet) 
condition. The glass composition appears to have a decisive effect on the glass corrosion - a factor of 
30 difference is observed between SM513 and SAN60 after 7.5 years, see figure 8. We can account 
for the beneficial effect of Al2O3 (see SAN60 data) because of its network forming effect, 
incorporating at the same time network modifiers such as Na2O or Li2O. We cannot explain the high 
dissolution extent of SM513 however. In both cases we expect some more insight from geochemical 
and mathematical modelling.         
  
4.5.  INPUT DATA FOR THE PERFORMANCE ASSESSMENT STUDY 
 
A first attempt was made to propose a "final" glass corrosion rate as input into the performance 
assessment for geological disposal in the Boom clay formation. We considered the normal scenario, 
i.e. when the glass comes into contact with the near field after some 500 years. In this situation the 
temperature of the glass surface has decreased to ambient. Only a few data from in-situ testing at 
ambient rock temperature were found to be of use. Even then a conclusion on a corrosion rate was 
extremely difficult, because almost no analytical data were generated [13]. We refer to upper limits 
for mass loss and thickness reduction, and to the SIMS profiling analysis, for some reference glasses - 
see section 4.4. We thus proposed a best estimate value for the corrosion rate of 0.3 µm/y, with a 
minimum of 0.002 µm/y, and a maximum of 0.4 µm/y. This would mean that a R7T7 glass block 
would dissolve upon contact with Boom clay (the most aggressive situation) within some 600000 
years, if the corrosion rate is assumed to be constant. The glass therefore can be considered as an 
efficient first barrier.  
 
One should also note that the release of long-lived radionuclides is additionally retarded with respect 
to the glass matrix dissolution, see section 4.6.  Release of Am and Pu, and to a lesser extent Np and 
Tc is retarded with respect to the glass dissolution. Cs is not retarded w.r.t. the matrix dissolution. In 
addition the leached inventory of all these radionuclides, including Cs, is only 1% or less leached in a 
mobile form.             
 
4.6.  RADIONUCLIDE RELEASE FROM HLW GLASSES IN BOOM CLAY MEDIA  
 
Glasses SON68 and SM539 were doped with Pu, 237Np, 241Am, 99Tc, 134Cs and 90Sr, and exposed to 
either synthetic interstitial clay water, a clay/ clay water slurry loaded with corrosion products, and a 
clay/ clay water slurry with smectite substituting part of the Boom clay. Smectite clay is a candidate 
backfilling material in Belgium, and so the latter two clay slurries refer to potential interaction media 
during disposal. The leaching durations were 90, 180 and 360 days at 90°C, with an SA/V= 400 m-1. 
We used glass grains with sizes between 1.5 and 2 mm, to enable separation of glass and leached 
radioactivity sorbed on clay after the test. The tests were carried out in anaerobic conditions, with Eh 
less than -150 mV.  
 
Radionuclide leaching was analyzed in two ways.  Firstly  as a concentration with size less than 5 nm, 
obtained after centrifugation and ultrafiltration. This fraction is assumed to be mobile through Boom 
clay [9]. We call this fraction the “mobile concentration released” (MCR). Secondly, we analyzed the 
total radionuclide inventory leached from the glass, to compare with the leaching of the glass matrix 
constituents. The ratio of the total mass loss to the normalized total nuclide loss is called the retention 
factor (RF).        
 
The MCR values for the radionuclides of highest relevance for the long-term (Pu, Am, Np, Tc) are 
rather stable with time. We present these steady state MCR values in Table IV.   
 



 

TABLE IV. MOBILE RADIONUCLIDE CONCENTRATIONS LEACHED FROM HLW GLASSES 
AT 90°C (IN M) 

 

Medium Pu Am Np Tc 

Boom clay slurry 3 10-8 3 10-11 3 10-7 10-6 

BC/smectite slurry 2 10-7 4 10-13 2 10-8 4 10-7 

Best estimate 
Everest study [17] 

10-8 10-7 5 10-6 2 10-6 

  
Our MCR values for Am and Np are considerably smaller than the solubility data used in the Everest 
study. There may be various reasons. The radionuclide concentration in a solution with clay present 
is influenced by interaction (e.g. sorption) with the clay, by interaction with leached glass 
constituents, etc. The MCR for Pu and Tc agree more or less with the literature data [17]. Our data 
base on MCR should be completed with more results, e.g. to elucidate whether the MCR data are 
steady state values. The complexes responsible for the MCR values also should be further 
characterized- see section 4.7 and 7. We also refer to the lower MCR values for Np, Am, Tc in the 
smectite containing slurry compared with the “pure” Boom clay slurry. This may deal with the lower 
content in humic acids, which are abundantly present in Boom Clay, but absent in smectite clay.      
 
Based on the total radionuclide leaching, Np, Am, Pu and Tc are retarded with respect to the glass 
matrix dissolution. The RF data are not stable with time, however. We report values for glass SON68 
after one year leaching: 3 (Np, Tc), 10 (Pu), 40 (Am). These radionuclides should be retarded in or 
precipitated on the surface reaction layer.  
 
4.7.  EFFECT OF HUMIC ACIDS ON THE LEACHING OF EU, AM AND THE GLASS 

CONSTITUENTS 
   
We investigated the effect of the humic acid (HA) concentration in clay water on the glass dissolution 
[18]. Seven HA concentrations between 50 and 3000 mg/l were used, 150 mg/l being the 
concentration in the real Boom clay water. We also carried out an investigation on the colloids 
formed during glass dissolution in clay water using real and synthetic Boom clay water, with and 
without HA (“SIC”, resp “IS”). By applying different filtration/ ultrafiltration steps we separated the 
different fractions (colloids, dissolved inventory) in the leachate.   
 
High Al2O3 glass SM527, see Table I was selected in this study, because it is known to generate a 
secondary phase relatively quickly upon leaching. We used powdered glass, and high SA/V ratios 
(4000 m-1 or more) to promote secondary phase formation. We had special interest for the trivalent 
actinide Am, simulated by Eu, which is known to complex easily with HA.  
 
Am and Eu leaching increases by about 10x in the presence of 150 mg/l HA. Transition metals such 
as Fe and Ti also leach much faster when HA are present. Complexation of transition metals, Eu and 
Am with HA is suggested. We also observed a little enhancing effect for B and Al as well, suggesting 
complexation with HA. The Si leaching is not sensitive to HA in the solution.  
 
90% or more of Eu in the leachate is present in a colloidal form, with particle sizes larger than 1.5 
nm, and lower than 0.45 µm. This is true when we use commercial HA, but the Eu colloidal yield 
decreases when real HA are used! This was attributed to the large amounts in Ca, Fe and Al in natural 
HA, which decrease their complexation capacity. Using literature data for the complexation constants 
for Eu with humic acids, carbonate and hydroxide, we calculated the speciation for Eu in the HA-
containing and HA-free synthetic clay water, see Table V. The synergy between Eu and humate was 
also confirmed by chemical analysis and by spectrophotometry on the various fractions of the 
leachate. We conclude that humate complexes of Eu should be dominant. We do have evidence from 
some screening analyses by laser spectroscopy that mixed humate, carbonate Eu complexes may have 
formed [19].  
 



 

Other glass constituents such as Si, Al and Ca also generate significant amounts of colloids in the 
leachate. Colloidal fractions are of the order of 50% of the total amount leached for these elements. 
We have no evidence, however, that these colloids interfere or influence the Eu colloid formation.  
 
TABLE V. CALCULATED SPECIATION OF Eu (III) IN SIC AND IS (in mole fraction) 
 

Solution pH Eu3+ Eu(HA) Eu(CO3)
+ Eu(CO3)

2- Eu(OH)i
3-i 

SIC 9.3 6 10-11 0.96 6 10-6 0.04 6 10-9 

IS 9.3 2 10-9 / 2 10-4 1.0 2 10-7 
 

 

 
4.8.  CORROSION OF FULLY ACTIVE GLASS IN BOOM CLAY MEDIA 
 
We report on corrosion tests on fully active glass in Boom clay media, mainly to compare with the 
behaviour  of inactive reference glasses. Active samples of both the SON68 and SM513 type had been 
made available, by CEA Valrhô and Belgoprocess, respectively. The active SON68 sample was 
considered as non-representative for the industrial  R7T7 SON68 glass, because the preparation of the 
sample was carried out in different hot cell conditions. The active SM513 samples were produced in 
the industrial PAMELA vitrification plant. The glass was prepared  as beads, and therefore fully 
representative of the HLW glass beads produced in the PAMELA plant. A difference in SiO2 and 
B2O3 concentration in the active beads relative to the nominal concentration has been reported: 58 
versus 52.1, respectively 16 versus 13.1 [20]. Comparison between active and inactive beads, 
responding to the nominal composition therefore is not really justified. We measured the  inventory of 
the main radionuclides, see Table VI 
 

TABLE VI. RADIONUCLIDE INVENTORY OF THE ACTIVE PAMELA GLASS BEADS  
(in Bq/g glass) 

 

Sr-90 Cs-137 Cs-134 Co-60 β-tot α-tot* 

9.1 108 1.1 109 1.8 106 1.2 106 2.7 109 1.5 107 
* The alpha spectrum consists of (in %): Pu-238/Am-241: 76.6; Cm-243/244: 19.1; balance is 

Pu-239/240, Cm-242 
 
Only a limited amount of active glass beads were available to perform corrosion tests in two media: 
synthetic interstitial clay water (SIC) and 500 g/l slurry of Boom clay with SIC. Other test conditions 
were: anaerobic atmosphere, 90°C, SA/V= 10 m-1, tests in duplicate. Only three test durations were 
carried out with one glass bead per test [21].   
 
The results are presented in Figure 11. We observed that the results for the duplicates fit relatively 
well.  The glass matrix dissolution was measured through the total mass loss and the boron release. 
The ML and NLB data in the clay slurry appear to behave quite normal with respect to each other. We 
think that the boron data in SIC are not reliable, when compared with the ML data and the data in the 
clay slurry. We can only compare with tests on inactive SM513 monoliths at higher SA/V [20]. Mass 
losses and B data in the CCSICM slurry are in the same range.   
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FIG.  11. Leach data upon corrosion of fully active SM513 beads in SIC and CCSICM at 90°C, 

SA/V= 10 m
-1
 

 
The radionuclide leaching behaviour is similar to the doped reference glass samples. Cs and Sr leach 
more or less congruently with the glass matrix (B, ML), while αtot (consisting mainly of Pu) leaches 
about 10x times slower than the glass matrix. We refer to the retention factor for Pu as measured for 
the doped glasses (see section 4.6).  
 
5.  INTERACTION BETWEEN SYNROC-C AND BOOM CLAY MEDIA 
 
We attempted to reach high reaction progress with leaching of Synroc in order to have data over long 
time periods. We used powdered Synroc, SA/V ratios of 100, 1000 and 10000 m-1, and maximum test 
durations of 110 days. Interaction media were deionized water, and two Boom clay/ synthetic clay 
water slurries (500 g/l, resp 2000 g/l). Temperatures were 90°C (reference), 40°C and 150°C. 
Complete results at 90°C are presented in [22].   
 
Some typical results are shown in Figure 12. The data obtained at various SA/V are combined into 
the same plot, by using the scaling factor (SA/V)* t. We show the plots of Cs and Ti, because they 
represent “extreme” leaching behaviours. The Cs concentration in the DW leach test increases 
linearly with SA/V, and increases slowly with time (figure 12a). The Ti concentration in the DW 
leach test is very small, and increases only slowly with SA/V. The Ti leaching is limited by its low 
solubility. These data are in agreement with the data in [23]. Ion exchange reactions of Ca, Cs and Ba 
with H3O

+ followed by matrix dissolution are controlling releases in DW.  
 
In the Boom clay slurries, most Synroc constituents (Ti, Zr, Ca, Al, the rare earths Ce, Nd and Gd) 
have higher concentrations in the Boom Clay solution than in DW. Ti, the main constituent of 
Synroc, typically shows an increase in solubility from about 0.2 mg/l (DW) to 5 mg/l (clay slurry). 
We suggest that this increased solubility is due to complexation with the humic acids. SIMS profiling 
indicated that congruent matrix dissolution is dominating in the clay slurry.  
      
The dissolution behaviour of Synroc-C is almost unaffected by temperature, as shown by our data at 
40, 90 and 150°C in either DW or clay media. This agrees with the literature [4].  
 
6.  SOLUBILITY OF UO2 IN BOOM CLAY WATER 
 
UO2 powder was immersed in real and synthetic interstitial clay water (RIC and SCW respectively), 
under anaerobic conditions, and at a SA/V ratio of 1000 m-1 for up to 50 days. We checked the effect 
of humic acids and carbonate in the clay water on the UO2 solubility. Before starting the solubility 
test we washed the UO2 powder to remove the oxidized U layer from the powder, for about 3 months. 
The UO2 solubility was studied as a kinetic process. We removed a small aliquot for analysis from 
the test container which was filled with 180 ml solution, and 4.2 g UO2 powder. The results are 
summarized in Table VII.  Full details on tests and results can be found in [24]. 
 



 

TABLE VII.  RESULTS FROM THE UO2 SOLUBILITY TESTS, AFTER ULTRAFILTRATION 
OF THE SOLUTION 

 
Solution Comment Near-saturation concentration 

range for U (in M) 
Mean U 

concentration (in M) 

RIC real Boom clay water 2.4 10-7 to 5.2 10-7 3.8 10-7 

SCWHA synthetic clay water 4.1 10-7 to 4.8 10-7 4.4 10-7 

SCWHA\C synthetic clay water, 
without carbonate 

5.9 10-7 to 6.3 10-7 6.2 10-7 

SCW synthetic clay water, 
without humic acids 

6.3 10-7 to 7.8 10-7 7.0 10-7 
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Figure 12. Cs solution data in DW (upper) and Ti solution data in DW and a 2000 g/l clay/clay water 

slurry (lower) upon corrosion of Synroc-C at 90°C, for various SA/V conditions. 
 
 
The redox potential Eh was slightly negative during this time period (between -50 and -150 mV), 
yielding U(VI) in solution. The U concentration was still slowly increasing after 50 days, and we 
think that the “real” U saturation concentration might be maximum a factor of 10 larger than the 
values listed in Table VII. Our data on U solubility compare relatively well with literature data 
[25,26]. Interpretation of our data at present is not straightforward. The effect of the redox condition 



 

on the U concentration, the effect of the carbonate on the U solubility, and the effect of an incomplete 
washing (in case of the SCWHA\C solution) are some parameters that need better understanding.  
 
7.  FUTURE PROGRAMMES 
 
Several programmes were started recently, some of the highlights of which we present here.  
 
• We continue to study basic dissolution mechanisms of glass in Boom clay media. This is done 

through (1) tests with inactive glass samples, to determine the dissolution rate and diffusion 
constant observed so far, using a.o. SIMS profiling, (2) flow-through and percolation migration 
tests with 32Si in Boom clay, as an input parameter for modelling, (3) tests on glass doped with 
237Np and 99Tc in bentonite media for source term measurement, (4) continued geochemical and 
mathematical modelling. 

• We started an investigation to characterize the Np-containing complexes which form upon 
interaction between Np doped glass and clay water. This involves the determination of the 
complexation constant for Np(IV) with humic acids and the characterization of the complexes by 
photoacoustic laser spectroscopy [27]. 

• We started a new in-situ corrosion test "CORALUS" (Corrosion of active glass in underground 
storage conditions). A scheme of the test is given in Figure 13. The test will provide an 
integrated interaction system, combining glass dissolution with radionuclide release and 
migration through the near field. A γ-radiation field and heating are provided as well. Monitoring 
of the tests will involve solution and gas analysis [28].  

 
 

 
 

FIG.  13.  Scheme of the CORALUS in-situ test 

 
 
 
 



 

8.  CONCLUSIONS 
 

In the past six years we achieved considerable progress in understanding the dissolution mechanisms 
of candidate HLW glasses in pure solutions and in media loaded with solids (Boom clay, with and 
without other materials). Diffusion processes e.g. ion exchange reactions appear to be important in 
pure solution, rather than the concept of a final rate of corrosion which is often used world-wide. We 
identified several dissolution processes in media loaded with Boom clay: matrix dissolution, 
diffusion processes, and enhanced dissolution (possibly associated with secondary phase formation).  
 
We studied in detail the leaching behaviour of the radionuclides of importance: Pu, Am, Np, Tc, Cs. 
We determined the total RN release as related to the glass matrix dissolution, and the leached RN 
fraction smaller than 5 nm in size i.e. mobile through Boom clay. Most RN are retarded w.r.t. the 
glass matrix dissolution, and the mobile inventory leached for Am and Pu is lower than their 
respective solubility reported in literature. The use of backfill material with a low humic acid 
concentration, e.g. smectite clay results in reduced mobile radionuclide concentrations released from 
the glass, compared with Boom Clay. 
 
The corrosion tests with inactive glasses, doped glasses, fully active samples, in pure solutions and 
solutions loaded with Boom clay and other solids were complemented with geochemical and 
mathematical modelling efforts, and with in-situ corrosion testing. This integrated approach offers a 
better understanding of the systems. A general conclusion is that the vitreous waste form offers a 
significant barrier function for the radionuclide release to the near field, through the low dissolution 
rate, and the retarded RN release to the near field.  
 
We spent limited investigations on the interaction of Synroc and UO2 started with Boom clay media. 
The dissolution behaviour of Synroc is influenced by the clay minerals.  
 
In addition, our results indicate some points of major importance when studying the long-term 

behaviour in repository related conditions: 
• the glass composition influences the long-term behaviour in an important way; 
• real media (e.g. with real humic acids, in reducing condition) and real glass samples have to be 

considered; 
• long-term data or data corresponding with high reaction progress are very much needed. 

 
Some areas of research deserve further attention, e.g., 

• the determination of the effective steady-state of the mobile radionuclide inventory in the near 
field solution, and the identification of the corresponding RN species; 

• the understanding of the effect of the glass composition on the long-term dissolution; 
• the investigation of the glass matrix dissolution and RN release in the integrated condition, in 

association with the migration and sorption on the near field materials, in the presence of 
radiation field, involving the effect of ageing of a.o. clay; 

• the improvement of the long-term predictions from the laboratory and modelling studies.  
• the development of a source term for the glass dissolution, as input to the performance 

assessment.  
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Abstract 

 

Results of the work conducted since 1991 on determining gap and/or grain-boundary inventories for 

several important radionuclides such as 
137
Cs , 

129
I, 

14
C,  

90
Sr , 

99
Tc and 

36
Cl in used CANDU fuel and 

investigation of effect of parameters such as fuel power and burnup on their release rates is summarized 

in the report.  Since the great majority of radionuclides are contained within the grains of the fuel pellets, 

the long-term release rate is governed by the dissolution rate of the uranium oxide matrix.  Although UO2 

is highly insoluble, the solubility of uranium increases by many orders of magnitude under oxidizing 

conditions. The rate of UO2 dissolution, and thus release of fission products from the fuel, is most 

sensitive to vault redox conditions, radiation field, groundwater composition and temperature and these 

factors have been investigated if justifiable assurances are to be given that radionuclide releases from a 

waste vault will be very limited. The redox conditions within a waste vault will evolve with time from 

initially oxidizing to eventually non-oxidizing as oxygen, trapped within the vault on sealing, is 

consumed and radiation fields, which can produce oxidants by the radiolysis of water, decay.  Effective 

containment of the fuel should prevent its contact with groundwater until this redox evolution is 

complete. 

 

1. INTRODUCTION 

AECL is assessing the safety of geological disposal of used CANDU nuclear fuel wastes deep within a 

plutonic rock environment.  The Canadian disposal concept involves the direct disposal of used UO2 fuel 

bundles, sealed in corrosion-resistant Ti or Cu containers, 500 to 1000 m deep in granitic rock, typical of 

that found in the Canadian Shield. (Johnson et al. 1994).  After closure of the disposal vault, the only 

credible scenario for release of radionuclides from the used fuel is through dissolution and transport by 

natural groundwaters. The performance of this disposal system will depend on the collective performance 

of a series of engineered barriers, including the rate of transport of water through the rock and clay 

barrier to the waste container, the corrosion rate of the container, the dissolution rate of radionuclides 

from the used fuel and the rate of transport of radionuclides through the clay and host rock to the 

biosphere.  

 

The objectives of the Canadian Used Fuel Studies program are to understand the chemical and physical 

factors that govern the dissolution rate of the used fuel and to develop source terms to model the release 

of long-lived radionuclides from the fuel.  This understanding requires a knowledge of the effects of the 

fuel irradiation history on the fuel microstructure and on the segregation of fission product to cracks in 

the fuel and to the UO2 /Zircaloy cladding gap region and to UO2 grain-boundaries. 

 

It has been established (Johnson and Shoesmith 1988; IAEA 1991) that radionuclide release from used 

fuel to solution is controlled by three mechanisms: (1) rapid release of fission products such as Cs and I 

from the fuel/cladding gap region (including cracks in the fuel), which occurs over a period of days to 

weeks; (2) slower release of Cs and I from UO2 grain-boundaries, which occurs over a period of years to 

hundreds of years; and (3) very slow release of other fission products and actinides as a result of the 

congruent dissolution of the UO2 matrix, which occurs over a period of tens to hundreds of thousands of 



 

years.  The latter process is controlled by the solubility of U under the redox conditions of the vault and 

would be very low, as reducing conditions are anticipated deep in a granitic rock environment.   

 

Releases from the gap region in CANDU fuel are dominated by 
137
Cs and 

129
I and average ~2% (range 

0.01 to 15%) of their total inventory in the fuel (Johnson and Joling 1984).  Segregation of volatile 

fission products (e.g. Cs, I, Xe) to the gap region depends strongly on the power history of the fuel, with 

higher powers resulting in greater segregation.  Releases of 
137
Cs and 

129
I 
 
from the gap region have been 

found to be correlated with stable Xe fission gas release to the fuel/cladding gap and has been established 

from fuel dissolution data (Stroes-Gascoyne and Sellinger 1986).  Release from this region is thus well 

understood and can be readily predicted from a knowledge of the fuel power history using the ELESIM 

fission gas release code (Notley 1979)   

 

Releases of 
137
Cs and 

129
I from the grain-boundary region have been estimated to be from about 5 to 10% 

of the total nuclide inventory (Johnson and Joling 1984).  The determination of grain boundary 

inventories and release rates is difficult to quantify and has been the subject of recent research.  In the 

absence of sufficient kinetic data to model release from the grain-boundaries, it has been conservatively 

assumed for safety assessment calculations, that the total gap and grain-boundary inventories are released 

"instantly" upon contact of the fuel with groundwater (herein referred to as the “instant release” fraction) 

(Johnson et al. 1994).  This may, however, be an overly conservative assumption for some radionuclides 

and investigations have been conducted to quantify inventories and release kinetics.  This report will 

summarize the work conducted since 1991 on determining gap and/or grain-boundary inventories for 

several important radionuclides such as 
137
Cs , 

129
I, 
14
C,  

90
Sr , 

99
Tc and 

36
Cl in used CANDU fuel and will 

discuss the effect of parameters such as fuel power and burnup on their release rates.  

 

Determination of the long term dissolution rate of the UO2 matrix has also been investigated.  Any 

environmental assessment of used fuel disposal requires a prediction of the release rate of radionuclides 

from the fuel once contact with groundwater is established.  Since the great majority of radionuclides are 

contained within the grains of the fuel pellets, the long-term release rate is governed by the dissolution 

rate of the uranium oxide matrix.  Although UO2 is highly insoluble, the solubility of uranium increases 

by many orders of magnitude under oxidizing conditions.  The rate of UO2 dissolution, and thus release 

of fission products from the fuel, is most sensitive to vault redox conditions, radiation field, groundwater 

composition and temperature and these factors need to be investigated if justifiable assurances are to be 

given that radionuclide releases from a waste vault will be very limited. 

 

The redox conditions within a waste vault will evolve with time from initially oxidizing to eventually 

non-oxidizing as oxygen, trapped within the vault on sealing, is consumed and radiation fields, which can 

produce oxidants by the radiolysis of water, decay.  Effective containment of the fuel should prevent its 

contact with groundwater until this redox evolution is complete. 

 

Since the dissolution of UO2 is a corrosion reaction, a wide variety of electrochemical methods have been 

applied to develop both an understanding of the dissolution process and the framework of a model which 

can be used to predict fuel dissolution rates as a function of evolving redox conditions (Sunder and 

Shoesmith 1991; Shoesmith and Sunder 1991; Shoesmith et al. 1994). This model has been applied to 

predict the behaviour of spent fuel in a prematurely failed copper container when exposure of the fuel to 

oxidizing conditions is unavoidable (Johnson et al. 1996).  This report will briefly review the 

electrochemical model and discuss the effect of some of the important factors affecting the dissolution of 

UO2 and used CANDU fuels under conditions that may be anticipated for a disposal vault in granite.  

 

 



 

2. GAP AND GRAIN-BOUNDARY INVENTORIES IN USED CANDU FUELS 

The release of 
137
Cs and 

129
I from the fuel/cladding gap region in the fuel is well understood (Stroes-

Gascoyne et al. 1987) and is strongly correlated with the release of stable Xe fission gas to this region.  

Under reactor operating conditions, fission gases diffuse from their production sites to UO2 grain 

boundaries in the fuel where they may form gas bubbles or interlink to form grain-edge tunnels.  At high 

enough temperatures (>1800 K) UO2 grain growth occurs that can enhance gas release to the gap region 

by grain boundary sweeping.  Also, fuel pellets will fracture in-reactor as a result of temperature and 

power changes in the fuel, giving rise to release of Xe and volatile fission products to the gap region.  

The release of Xe to the gap can be calculated from the ELESIM fission gas release code (Notley 1979), 

with a knowledge of fuel operating conditions.  A linear relationship has been established between the 

log[Xe] measured in the gap and the log[Xe] predicted by ELESIM over a wide range of CANDU fuels 

with linear power ratings from 29 to 50 kW/m (Stroes-Gascoyne and Sellinger 1986).  Dissolution 

experiments on these fuels have also established a 1:1 correspondence with Cs and I leached from the 

fuel and the experimental (exp.) Xe fission gas gap inventory and can be described by the empirical 

relationship (Garisto et al. 1989a): 

 

 [Xe](gap,exp) = 1.58 [I,Cs]
0.68

(gap, exp) (1) 

 

The ELESIM code also predicts Xe inventories at the grain boundaries.  The calculated grain-boundary 

(GB) inventory is correlated with the measured gap inventory (Garisto et al. 1989a): 

 

 [Xe](GB, calc) = 8.5 [Xe]
0.23

(gap, exp) (2) 

 

It has been assumed that since Cs and I correlate in the gap region, a similar correlation to Equation 1 

may exist for the grain boundaries, and thus Cs and I inventories can be predicted from a knowledge of 

the stable Xe release. 

 

2.1 GRAIN-BOUNDARY INVENTORIES OF 
137
Cs, 

90
Sr, 

99
Tc AND 

129
I  

The release of grain-boundary inventories of 
137
Cs, 

90
Sr and 

99
Tc was studied by several techniques 

(Stroes-Gascoyne et al. 1993, 1995, 1996).  The first technique involved pre-oxidation of the fuel in air at 

175 to 200
o
C prior to leaching (Stroes-Gascoyne et al. 1993).  Air oxidation of UO2 fuels proceeds 

preferentially down the grain boundaries and results in a microstructural expansion that causes separation 

of the fuel grains along grain boundaries.  Leaching of this oxidized fuel in aqueous solution should thus 

provide ready access to radionuclides present at grain-boundaries.  

 

The leaching results for the air oxidized fuels showed that 137Cs release increased with an increase in fuel 

power, consistent with a greater release of fission gas with increased fuel temperature.  However, the 

total gap + grain-boundary Cs inventory released was only ~10% of the measured stable Xe (gap + grain-

boundary inventory) and in most cases, the amount of Cs released is only slightly more than that leached 

from the gap region in previous experiments (Stroes-Gascoyne et al. 1987).  The low releases suggest 

that the oxidation step has affected the Cs release.  The overall release of 
90
Sr varied from 0.01 to 0.7% 

of the total inventory and was consistent with previous observations from leaching data and modelling 

(Garisto et al. 1989b).  Release of 
99
Tc was found to increase with increasing oxidation state of the fuel 

(Stroes-Gascoyne et al. 1993) and likely represents oxidation of metallic Tc to a more soluble higher 

oxidation state.  Releases of Tc were 0.3 to 1.5%, less than the range of values (1 to 25%) used in the 

performance assessment calculations for Tc release and indicate that the Tc source term may be 

overestimated. 

 

In a second set of experiments (Stroes-Gascoyne et al. 1993), used fuel pellets were mechanically 

crushed to grain sized particles (3 - 20 µm) and leached in 0.1 mol/L HCl, thus ensuring congruent 
dissolution of the fuel.  By correcting for the gap inventory and amount of fuel matrix dissolved 



 

(U concentration) the released grain-boundary inventory could be determined.  The results (Figure 1) 

show that virtually all of the grain-boundary inventory in these fuels (calculated using ELESIM (Notley 

1979)) has been released.  The line in Figure 1 represents a hypothetical 1:1 correlation between the 

measured Cs gap + grain-boundary inventory and the calculated Xe gap + grain boundary inventory.  The 

strong correlation suggests that there is some justification for the assumption that grain boundary 

inventories can be predicted from the fission gas release code. 

 

A subsequent investigation (Stroes-Gascoyne et al. 1995, 1996) measured the release of the combined 

gap and grain-boundary inventories of 129I by crushing a series of 14 fuels (ranging in average linear 

powers (LPR) from 33 to 50 kW/m) under a borate buffer solution (pH 8.5) containing a KI carrier to 

ensure complete retention of released 
129
I.  Figure 2 shows the combined gap + grain boundary 

inventories of 
129
I (corrected for 

129
I released from the fuel cladding) plotted against the calculated 

(ELESIM) gap + grain boundary inventories for stable Xe.  The figure also indicates the anticipated 1:1 

correlation.  It is apparent that the 1:1 correlation exists only for fuels with average linear powers less 

than 42 kW/m.  The 
129
I releases ranged from 1 to 11% with an average of 3.6 ± 1% of total 

129
I 

inventory, lower than the 8.1% average release assumed in the Canadian postclosure assessment studies 

(Johnson et al. 1994).  The results thus suggest that the release of 129I has been overestimated in safety 

assessment studies.  As yet there is no explanation for the observed low release of 
129
I from high power 

fuels.  The time-dependent release of 
129
I to solution from several low-power (<42 kW/m) intact fuel 

segments was found to fit half-order reaction kinetic release, suggesting that 
129
I release is a diffusion 

controlled process (Stroes-Gascoyne 1995, 1996).  

 

2.2 GAP AND GRAIN-BOUNDARY INVENTORIES OF 
14
C 

The release of 
14
C from grain boundaries has also been investigated since 

14
C has been found to be a 

major contributor to dose as a result of safety assessment calculations (Goodwin et al. 1994).  For the 

purposes of assessment calculations, the instant release fraction (gap + grain boundary) of 
14
C was based 

on limited data and on conservative assumptions resulting in an instant release fraction ranging from 

1.2% to 25% of the total 
14
C inventory (Goodwin et al. 1994).  The principal activation pathways for 

14
C 

production are 
14
N(n,p)

14
C  and 

17
O(n,α)14C  as a result of N impurities and the natural abundance of 17O 

in UO2.  Measurements of 
14
C gap and grain-boundary release were carried out on CANDU fuels that 

were crushed and simultaneously leached in a borate buffer for 4 h (Stroes-Gascoyne et al. 1994, 1996) 

(similar to the above 129I experiments).   Measurements of total 14C inventories in 6 fuels were also 

determined by dissolving fuel samples in HNO3 and trapping the released 
14
C as 

14
CO2.  The details of 

the analysis for 
14
C have been described by Stroes-Gascoyne et al. (1994).   The results of the 

measurements of total 
14
C inventories in 6 CANDU fuels (Table 1) indicate that total 

14
C concentrations 

in the fuel are a factor of about 11.5 lower than total inventories calculated using the ORIGEN-S code 

(Tait et al. 1995) and assuming a 100 ppm N impurity in the fuel, suggesting that actual N impurity levels 

are only about 10 ppm. 

 

Measurements of 14C released during leaching in borate buffer indicated releases of from 0.06 to 5.04% 

of the total 
14
C inventory (assuming a total 

14
C inventory based on a 10 ppm impurity concentration of N) 

with an average value of 2.7% ± 1.6% (Stroes-Gascoyne et al. 1994).  The range of release values of 1.2 

to 25% assumed for 
14
C in the safety assessment is thus overly conservative.  There does not appear to be 

any correlation between 
14
C release and burnup or linear power of the fuel. 

 

2.3 GAP AND GRAIN-BOUNDARY INVENTORIES OF 
36
Cl 

Both 
14
C and 

129
I were considered as the species most likely to contribute to risk as a result of the “instant 

release” of a fraction of their inventory upon contact with groundwaters (Johnson et al. 1994).  It has 

recently become apparent that 
36
Cl, produced by the in-reactor neutron activation of naturally abundant 

35
Cl impurities in UO2 fuel and Zircaloy, can be a significant source of radiological risk in the disposal of 

nuclear fuel waste (Johnson et al. 1995; Johnson et al. 1996).  These radiological risk assessments 



 

indicated that the contribution from 
36
Cl arising from a reference fuel burnup of 190 MWh/kg U with a 

5 ppm initial Cl impurity, would be about 4% of the total dose coming from 
129
I. 

 

It was originally anticipated that, due to the high fabrication temperatures of both UO2 pellets and 

Zircaloy cladding and the volatility of Cl, that its residual concentration would be negligible.  Recent 

analyses on Zr/2.5Nb pressure tubes (Aitchison and Davies 1993), however, indicated that Cl impurity 

levels were typically 1 to 5 ppm (µg/g Zr).  This lead to a speculation that Cl impurities may also be 
present in the Zircaloy cladding and in the UO2 fuel pellets at similar levels.   

 

To address this concern, the release of 36Cl and total Cl impurity concentration in used fuels and 

unirradiated UO2 pellets have been measured (Tait et al. 1997).  Used CANDU fuel samples were 

analyzed for total 
36
Cl content by dissolving them in nitric acid, precipitating the chloride as AgCl, and 

analyzing the precipitate for 
36
Cl using Accelerator Mass Spectrometry (AMS) (Andrews et al. 1994).  

Total Cl impurities were determined for several unirradiated UO2 samples by pyrohydrolytic extraction 

(thermal decomposition), collection of the evolved gases and analysis by ion chromatography (Cornett et 

al. 1996).  The leaching behaviour of 
36
Cl was studied by leaching used fuel fragments or powders in 

DIW or in a borate buffer solution (Tait et al. 1997), precipitating Cl as AgCl and analyzing for 
36
Cl by 

AMS. 

 

Analysis of four samples of UO2 used in the manufacture of CANDU fuel pellets and a sintered 

unirradiated pellet showed Cl impurity levels ranging from 1.6 to 3 ppm, with an average impurity level 

of 2.3 ± 1.1 ppm (Tait et al. 1997).  The Cl impurity concentration in five irradiated CANDU fuels was 
derived from the total 

36
Cl content and ORIGEN-S code calculations on a fuel with a burnup of 

190 MWh/kg U with an assumed 5 ppm Cl impurity.  Since 
36
Cl activation will be directly proportional 

to burnup, the total Cl impurity in each fuel could be calculated.  The derived Cl impurity levels ranged 

from 0.3 to 3.4 ppm with an average of 1.5 ± 1.1 ppm.  Measurements of the release of 36Cl indicated that 
a significant fraction of the total 

36
Cl is readily accessible to leaching (“instant” release fraction) when 

contacted by aqueous solution. 

 

Release measurements indicated that from 0.5 to 20% of the total 
36
Cl inventory could be released, and 

that release was directly correlated with both the burnup of the fuel and with the stable Xe gas release 

(and linear power rating) (Tait et al. 1997).  Figure 3 shows a clear dependence of the “instant release” 

(% total inventory) of 
36
Cl on fuel burnup.  An exponential curve fit to this data suggests the “instant 

release” (IR) can be described by the empirical relationship: [
36
Cl]IR = 0.045*exp(0.02*[Burnup]).  At the 

reference fuel burnup for CANDU fuels of 190 MWh/kg U, the average 
36
Cl release would be about 2%.  

Since the integrated neutron flux is proportional to burnup, and the release correlates strongly with 

burnup, it suggests that for high burnup fuels, a significant fraction of the 
36
Cl may be present in the gap 

region and readily available for release.  A similar correlation with an empirical relationship of  

[
36
Cl]IR = 0.011*exp(0.2*[LPR]) was found between 

36
Cl release and the linear power; for a typical 

CANDU LPR of about 42 kW/m, the average “instant release” value for 
36
Cl based on LPR would be 

about 5% (Figure 4). 

 

The 
36
Cl release from the three powdered fuels (denoted “P” in the Figures) appears to correlate well 

with the release from clad fuels.  If there were significant contributions coming from the grain-boundary 

regions in the powdered fuels, the 
36
Cl releases would be higher and would fall significantly off the 

trend-line.  The data thus suggest that most of the 36Cl released is from the gap region and that little 

resides at grain-boundaries. 

 

The observed release of 
36
Cl can be compared with the release of 

129
I from the gap and grain boundary 

regions described above (Stroes-Gascoyne et al. 1995).  Iodine-129 is generated at U fission sites in the 

fuel, and because of its incompatibility with the UO2 matrix, will diffuse to grain-boundaries, where it 

can accumulate or migrate to cracks and to the fuel/cladding gap region.  It is unknown how chlorine 

impurities are incorporated in the sintered UO2 matrix, but it is likely that due to the high fabrication 



 

temperatures (>1500
o
C in a H2 atmosphere), there will be some initial segregation of Cl impurities to 

grain boundaries and perhaps to the surface of the fuel pellets.  Also, at the high in-reactor centreline 

temperatures in a CANDU fuel pellet (typically >1200
o
C) significant grain growth may occur that will 

result in the exclusion of species to the gap region. 

 

Because Cl is initially present in the fuel, it is possible that the fraction of the total Cl that is present in 

cracks and at the fuel-cladding gap may be enhanced compared to I and Xe.  Since I and Xe are formed at 

U fission sites in the fuel, the extent of their migration to the gap region will depend on both their time of 

formation and their initial location in the fuel at the time of formation (within a grain or near a grain 

surface).  Those fission products formed near grain-boundaries will migrate more rapidly to the 

gap/grain-boundary region than those formed in the interior of UO2 grains.  In the case of Cl there may be 

some initial segregation to grain boundaries in the pellet or to the surface of the pellet during fabrication.  

Migration of Cl (and activated 
36
Cl) will thus continue throughout the reactor history of the fuel.  As a 

result of high pellet centerline temperatures and fracturing of the pellet during power ramping, Cl could 

be depleted in the central regions of the fuel and be enhanced at cracks and the fuel/cladding gap region.  

The observed release results suggest that even for high burnup and high LPR fuels, the majority of the 
36Cl remains in the fuel matrix and would be released at a rate comparable with UO2 matrix dissolution. 

 

As there is a strong correlation of release with burnup, future postclosure assessment strategies for waste 

disposal, should take into account the distribution of fuel discharge burnups and linear power ratings in 

the fuels.  The “instant release” value for 
36
Cl (5%) is comparable to the value of 8% used for 

129
I in 

postclosure risk assessments (Johnson et al. 1994, 1996). 

 

 

3. DISSOLUTION OF URANIUM FROM UO2 AND USED CANDU FUEL 

3.1 FLOW-THROUGH DISSOLUTION EXPERIMENTS 

Dissolution studies on unirradiated UO2 in aqueous solutions have usually concentrated on measuring the 

kinetics of the interfacial dissolution reaction.  This intrinsic dissolution rate sets an upper limit on the 

aqueous radionuclide release rate before it is modified by the deposition of corrosion products 

(secondary phases) or adsorption/transport in the surrounding medium.  By performing these studies 

under conditions where the dissolution product is rapidly transported away from the dissolution site using 

dynamic leaching (flow-through) tests, the effects of secondary phase formation on dissolution kinetics 

can be minimized.  Using these procedures, the intrinsic dissolution rate of UO2 and used CANDU fuels 

have been measured as have the effects of environmental parameters, such as oxygen concentration, 

carbonate concentration and the presence of radiation fields (Shoesmith et al. 1996; Shoesmith et al. 

1997).  The intrinsic dissolution rate and radionuclide release rates are the essential source terms in any 

kinetic model to predict fuel behaviour in a waste vault. 

 

The UO2 and used fuel samples studied were crushed under an argon cover gas to a particle size of  ~20 

to 100 µm.  A 'standard' leaching solution (0.01 mol�L
-1
 NaHCO3/0.1 mol�L

-1 
NaCl solution equilibrated 

with air at room temperature; pH ~8.5) has been used in the experiments to facilitate comparison with 

flow-through leaching tests being conducted in other laboratories.  The UO2 samples were crushed and 

screened (-140+235 mesh; 44 to 105 µm) to yield a powder with a surface area of 267 cm
2
�g
-1
 as 

measured by the BET method (Shoesmith et al. 1996).  The flow-through apparatus consisted of a vessel 

containing the leachant solution, a peristaltic pump to control the flow of liquid through the flow-cell 

(usually 10 to 35 ml/h) and a stainless steel flow cell (~2 cm I.D. x 7 cm) containing the crushed sample.  

The sample was restrained in the cell by porous 0.5 µm sintered stainless steel disks on either end of the 

cell.  For experiments conducted under deaerated conditions (2 ppb O2), a flow-cell was inserted into the 

line prior to the leaching cell.  This extra cell contained a powdered catalyst (Pd metal supported on a 

polymer base) to remove O2 from solution.  The leachant solution was purged with a Ar/CO2/3%H2 gas 



 

(the H2 removing trace O2 by forming H2O on the catalyst surface).  The O2 concentration in solution was 

measured with an in-line dissolved oxygen meter. 

 

The dissolution experiments on UO2 to determine the effect of dose rate on dissolution rate used a 
192
Ir γ-

source.  The initial dose rate to the solution in the flow-through leaching cell was ~300 Gy/h (30,000 

R/h), as determined by Fricke dosimetry.  The gamma and beta dose rates from 10 a cooled fuel are 

approximately 30 and 300 Gy/h respectively (Johnson et al. 1996).  The initial gamma dose rate from the 
192
Ir source thus approximates the beta dose rate from used fuel in contact with water.  Since the 

mechanism for production of radical and molecular oxidant species is the same for both γ- and β-
radiation, the use of a high γ-dose rate to simulate the β-dose rate is justified. 
 

3.2 ELECTROCHEMICAL EXPERIMENTS 

The dissolution of UO2 under oxidizing conditions is an electrochemical process (Sunder and Shoesmith 

1991).  For sufficiently oxidizing conditions, a potential difference exists across the dissolving solid-

solution interface and dissolution proceeds at the corrosion potential.  This potential is determined by the 

relative kinetics of the fuel oxidation, causing dissolution, and oxidant reduction half-reactions which 

comprise the overall process.  However, the coupling of these two half-reactions to yield the overall 

corrosion process is a short circuit reaction and yields no current in an external measuring circuit.  The 

kinetics of either half-reaction can be determined electrochemically by applying potentials positive (fuel 

dissolution) or negative (oxidant reduction) to the corrosion potential and recording the steady-state 

electrochemical current as a function of this applied potential.  The dissolution rate is then determined by 

extrapolating these steady-state currents to the corrosion potential; i.e., to the open-circuit condition with 

zero applied potential.  The application of this model to predict UO2 dissolution rates in aqueous 

solutions containing dissolved oxygen and in solutions radiolytically decomposed by gamma or alpha 

radiation, has been described  in detail by (Shoesmith and Sunder, 1991; Shoesmith and Sunder 1992, 

Shoesmith et al. 1994; Sunder et al. 1997). 

 

Electrochemical experiments involved the measurement of dissolution currents as a function of applied 

electrochemical potential in non-complexing 0.1 mol�L
-1
 NaClO4 (pH = 9.5) solutions and in this solution 

containing various amounts of Na2CO3 where the accumulation of secondary phases is prevented by the 

complexation of the uranyl ion (UO2
2  +
) by carbonate (Shoesmith et al. 1989; Sunder et al. 1996; Sunder, 

unpublished data).  All measurements were made at rotating-disc electrodes in an attempt to avoid the 

accumulation on the dissolving surface of precipitated dissolution products in non-complexing solutions.   

Measurements in solutions in the presence of a gamma radiation field were made in a cell irradiated with 

a 
192
Ir gamma source (t1/2 = 73.8 days).  The details of these measurements have been described 

elsewhere (Sunder et al. 1992). 

 

 

4. COMPARISON OF URANIUM DISSOLUTION RATES FROM FLOW-THROUGH DATA 

AND DERIVED RATES FROM ELECTROCHEMICAL DATA 

4.1 EFFECT OF OXYGEN ON URANIUM DISSOLUTION RATES FROM UO2 AND USED FUEL 

The measured dissolution rates of uranium from UO2 and used fuel as a function of oxygen concentration 

are shown in Figure 5 (Shoesmith et al. 1997).  The predicted dissolution rate data points from Shoesmith 

and Sunder (1991) are based on electrochemical measurements on UO2 in 0.1 mol�L
-1
 NaClO4 solution.  

The lines are the best fits to the data points.  The oxygen dependence appears to be first order (reaction 

order of 1.0).  The remaining data are measured dissolution rates of UO2 derived from uranium 

concentrations in solution and the reaction orders are about 0.7.  This dependence is consistent with 

previously published values of ~ 0.6 (Hiskey 1980) for experiments in carbonate solutions, when the 

accumulation of precipitated secondary phases would definitely be absent.  This consistency suggests 

problems with secondary phases were minimal in measurements made using a flow-through system.  



 

Whether or not the difference between predicted and measured reaction orders is related to the influence 

of blocked grain boundaries on predicted rates is difficult to decide.  Grambow et al. (1996) have also 

presented data on UO2 dissolution in the presence of various oxidants (H2O2, ClO
-
, O2) and have shown 

that the dissolution rate is about first-order with respect to oxidant concentration.  The dissolution rate of 

used fuel (Figure 5) appears to be less dependent upon oxygen concentration than that of UO2.  The 

lower reaction order (0.39) may be an artefact since radiolytic oxidants will be produced near the surface 

of the fuel which could increase the dissolution rate at low dissolved oxygen concentrations.  If the true 

oxidant concentration at the surface were in fact higher, this would tend to shift the data to a higher 

equivalent oxygen concentration, and the reaction order would more closely approach that observed for 

UO2.   

 

The measured dissolution rates of Tait (unpublished data) and Steward and Weed (1994) were measured 

under comparable conditions on similarly treated UO2 powders.  Both the rate values, and their 

dependence on [O2], are in close agreement.  The rates measured on 1-mm particles by Casas et al. 

(1993) are closer to the rates predicted electrochemically from measurements made on unirradiated 

pellets.  These differences in rate values probably reflect the uncertainties in determining the surface 

areas of UO2 (Gray et al. 1994) as well as the difference in importance of grain boundaries.  Powdered 

samples would have more exposed and unoccluded grain boundaries than fuel fragments and pellets.  

Enhanced grain boundary reactivity and the absence of blockage due to the accumulation of oxidized 

secondary phases would then lead to higher dissolution rates than expected on fragments or pellets. 

 

4.2 EFFECT OF BICARBONATE ON URANIUM DISSOLUTION RATES FROM UO2 

The dissolution rates of uranium from unirradiated UO2 in the presence of bicarbonate/carbonate ion in 

aerated solution are shown in Figure 6 for flow-through dissolution measurements (Tait, unpublished 

data; de Pablo et al. 1997) and for predicted data using the electrochemical dissolution model (Sunder, 

unpublished data; Shoesmith et al. 1989) measured in 0.1 mol�L
-1
 NaClO4 (pH ~ 9.5). The uranium 

dissolution rate increases with increasing bicarbonate concentration, up to concentrations of  0.5 mol�L
-1
, 

as expected from the ability of bicarbonate to complex U(VI) species and remove them from the oxidized 

surface of the UO2.  Except for the early electrochemical data (Shoesmith et al. 1989), the reaction order 

appears to be about 0.4 to 0.6 with respect to bicarbonate concentration.  Considering the differences in 

the nature of the UO2 specimens used and the uncertainties in estimating the surface areas of UO2 

powders (Shoesmith et al. 1996), the agreement between measured and predicted dissolution rates is 

good and confirms that the dissolution reaction is electrochemical in nature and that its rate can be 

predicted electrochemically.  With the exception of the early electrochemical rates (Shoesmith et al. 

1989) both measured and predicted rates have a reaction order with respect to [HCO3
-
 ] of ~0.4 to 0.6.  

These values are consistent with published values of 0.46 for dissolution in carbonate solutions 

containing H2O2 (Hiskey 1980).   

 

4.3 EFFECT OF GAMMA DOSE RATE ON URANIUM DISSOLUTION RATES  FROM  UO2 

Figure 7 compares dissolution rates of unirradiated UO2 as a function of γ-dose rate in 
aerated/oxygenated solutions.  The dissolution rates are those predicted from the electrochemical model 

(Shoesmith and Sunder, 1991) and those measured from uranium concentrations in solution by 

Christensen et al. (1990), Gromov (1981) and Tait (unpublished data).  The dissolution rates calculated 

using the electrochemical model are for experiments in aerated, non-complexing solutions at slightly 

alkaline pH (0.1 mol�L
-1
 NaClO4, pH ~ 9.5).  The rates measured by Gromov are for aerated solutions 

which are either strongly acidic (0.05 mol�L
-1
 H2SO4, i.e., pH ~ 1) or contain strongly complexing anions, 

i.e., alkaline carbonate solutions (0.38 mol�L
-1 
Na2CO3 +  0.36 mol�L

-1
 NaHCO3, pH ~ 10).  The rate 

measured by Christensen et al. (1990) is for an O2-saturated solution containing a borate buffer, pH 8.2.  

Tait measured rates in a solution containing 0.01 mol�L-1 NaCl and 0.01 mol�L-1 NaHCO3, pH ~8.5.   

 



 

The measured dissolution rates in acidic, alkaline carbonate, and near neutral solutions, show a dose rate 

dependence close to that predicted by the electrochemical model, Figure 7.  Not surprisingly, Gromov's 

dissolution rates in acidic solutions are significantly higher than those from the electrochemical 

predictions (Shoesmith and Sunder 1991) since uranium oxides have much higher solubility in acidic 

solutions (Sunder and Shoesmith 1991).  Gromov's rates in carbonate solutions are surprisingly low and 

inconsistent with our predictions and the measurements of other workers.  The dissolution rates from 

Christensen et al. (1990) and Tait (unpublished data) are slightly larger than those predicted by the 

electrochemical model.  The solution used by Tait contained carbonate anion which is known to increase 

the UO2 dissolution rates (Sunder and Shoesmith, 1991).  The dissolution rate from Christensen et al. 

may be higher because it was measured in oxygenated, as opposed to aerated solutions used in the 

electrochemical experiments.  Considering the uncertainty in the surface area of the samples (Shoesmith 

et al. 1996), the agreement between the measured dissolution rates (Tait, unpublished data) and those 

calculated using the electrochemical model is good. 

 

4.4 EFFECT OF TEMPERATURE ON URANIUM DISSOLUTION RATES FROM UO2 

The flow-through dissolution experiment was used to measure the temperature dependence of the 

uranium dissolution rate from unirradiated UO2 in aerated carbonate-containing solutions over the 

temperature range from 25 to 75
o
C (Figure 8) (Tait, unpublished data).  There have been no comparable 

electrochemical measurements to determine the temperature dependence.  An Arrhenius plot of the 

dissolution rate gave an activation energy of 47.4 kJ�mol
-1
 for UO2 under aerated/bicarbonate solution 

conditions which is within the range of values (42 to 63 kJ�mol
-1
) measured in carbonate solutions 

(Sunder and Shoesmith 1991) and consistent with dissolution free of inhibition by precipitated secondary 

phases.  In the absence of carbonate, when such phases are likely to be present on the dissolving surface, 

lower activation energies (29 to 34 kJ�mol
-1
) are obtained (Sunder and Shoesmith 1991).  Under 

deaerated conditions the activation energy is difficult to determine, given the small differences in 

uranium dissolution rates, but decreases to 18 kJ�mol
-1
.  For such low [O2] it is possible that, for a large 

surface area of fuel, the dissolution rate is, at least partially, controlled by transport of O2 to the 

dissolving surface.  

 

5. SUMMARY 

Several techniques have been studied to measure the grain-boundary inventories of radionuclides in 

CANDU fuel.  Pre-oxidation of the fuel prior to leaching was studied as it was assumed that it would 

cause preferential oxidation at grain boundaries that would facilitate access of water to radionuclides at 

grain boundaries.  It was found, however, that the releases of Cs and Sr were similar to previous 

measurements of the gap inventory; however, the release of Tc increased with increasing oxidation state 

of the fuel, suggesting that Tc is being oxidized and thus more easily leached. The Cs release results 

suggest that preoxidation altered the chemical nature of the grain boundaries, did not make Cs more 

accessible to leaching and that releases were representative only of gap inventories. 

 

Subsequent experiments on fuels crushed to UO2 grain-size and leached in HCl, resulted in a 

significantly higher Cs release than preoxidized fuels, suggesting that Cs from the grain boundaries was 

being released.  A good correlation was observed between the measured Cs release and the calculated 

stable Xe fission gas release at the gap + grain-boundary for low power (<42 kW/m) fuels.  This 

correlation suggests that Cs gap and grain-boundary inventories can be reasonably predicted from the 

fuel power and burnup using the ELESIM fission gas release code. 

 

Measurements of 
129
I inventories on crushed fuels that were leached in borate buffer to retain the 

liberated I, also indicated a reasonable 1:1 correlation with calculated stable Xe gap + grain boundary 

inventory for average fuel linear powers <42 kW/m. However, no such correlation was observed for fuels 

with higher linear powers (>44 kW/m), where significantly lower 
129
I releases were observed than would 

be predicted from a 1:1 correlation with the calculated Xe gap and grain boundary inventory.  There is 



 

currently no explanation for this observation.  The average gap + grain boundary 
129
I released for all fuels 

(high and low power) was ~3.6% of the total 
129
I, significantly lower than the value of 8.1% used in 

safety assessment calculations. 

 

Measurements on the total 
14
C inventory in a number of fuels indicated that the concentration was about 

11.5 times less than that predicted from an ORIGEN-S code calculation of  
14
C inventories arising from 

an assumed 100 ppm initial N impurity in the fuel pellet (the predominant precursor to 
14
C in the fuel).  

This suggests that N impurities are initially about 10 ppm in the unirradiated fuel.  Measurements on the 

'instant' release of  14C indicated that average 14C releases are about 2.7%, which is at the low end of the 

range of 1% to 25% assumed in safety assessment calculations. 

 

The isotope 
36
Cl (activated from Cl impurities initially present in the fuel) has been identified as 

potentially being as important as 
129
I and 

14
C in risk assessments of a fuel disposal vault.  A series of 

measurements of Cl impurity concentrations in unirradiated CANDU fuels found an average 

concentration of 2.3 ± 1.1 ppm. in CANDU fuels. Measurements of the “instant” release of 36Cl from 
used fuel on contact with an aqueous solution indicate that there is a significant release of 

36
Cl to the gap 

region of the fuel and that the release is correlated with stable Xe fission gas release and linear power.  

This suggests that the release increases with increasing fuel temperature.  The average 36Cl release was 

~9% and ranged from ~0.3 to ~20%.  The “instant release” of 
36
Cl to solution is about 5% of the total 

inventory, based on average linear power rating and is comparable to the “instant release” value of 8% 

for 
129
I used in  postclosure safety assessment studies.  The higher release compared to 

129
I may be due to 

the fact that Cl is initially present in the fuel and will migrate throughout the power history of the fuel, 

while 
129
I migrates only after formation as a fission product.  The release of 

36
Cl increases significantly 

with burnup and this factor may need to be taken into account in developing release models for risk 

assessments for the disposal concept.  It appears that most of the 
36
Cl released originates from the fuel-

sheath gap region and that little is present in grain boundaries.  The majority of the 
36
Cl in CANDU fuel 

resides in the UO2 fuel matrix and would be released congruently with matrix dissolution. 

 

To justify the application of a model based on electrochemical principles and measurements in waste 

disposal assessment calculations, the predictions of this model have been compared to actual dissolution 

rate measurements. The measurements were made in a flow-through experimental system designed to 

avoid the inhibition of the dissolution process which could be caused by the precipitation of secondary 

phases on the fuel surface. Rates for both unirradiated UO2 and used-fuel specimens were measured.  A 

comparison to model predictions was made for rates as a function of oxygen concentration [O2], 

bicarbonate concentration [HCO3
-
 ] and gamma radiation dose rates.  An activation energy was measured 

in aerated carbonate solutions and a value consistent with previously published values was obtained.  The 

comparison between predicted and measured rates in carbonate solutions showed very good agreement 

and confirmed that an electrochemical approach to predicting rates is valid.  For non-complexing 

solutions the agreement with measured rates was not so good, and this was attributed to uncertainties in 

measured rates due to difficulties in estimating the surface areas of powdered samples used in flow-

through measurements, as well as possible differences in the nature of the fuel specimens used.  Despite 

these differences in actual rates, the dependence on [O2] was the same for rates from three different 

sources but somewhat different for model predictions. The comparison for gamma-radiolytically 

decomposed solutions also yielded quite close agreement considering the differences in experimental 

conditions used in obtaining the rates compared.   

 

It is clear from these comparisons that an electrochemical modelling approach is justified and that, with 

the reservations discussed above, the rates predicted can be justifiably used in fuel performance 

assessment calculations, for the disposal of used fuel. 
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TABLE I.  RELEASE OF 
14
C  FROM GAP AND GRAIN-BOUNDARIES IN USED CANDU FUEL

a
 

 

Fuel Burnup 

MWh/kg U 

Linear Power 

kW/m 
[Xe]

b

 

Gap \ GB (%) 

14
C Released 

(%) Total 

BF21271 OE 327 47 2.32   10.75 2.78 

BF21271 INT 269 39 0.07     5.16 2.03 

BG00815 OE 164 41 0.58     7.62 4.21 

BG00815 INT 134 33    0.03     3.5 1.87 

B12059C OE 269 46  5.44    11.89 2.6 

B12059C INT 222 38 0.09     5.25 1.3 

PA13894 OE 202 44 0.91     9.09 4.95 

PA13894 INT 166 36 0.04     4.07 3.33 

PA07993 OE 300 40 0.59     7.14 2.89 

PA07993 INN 216 29 0.04     3.98 5.04 

PA01756 OE 189 40 N/A 2.32 

BJ49093 OE 308 50 7.82     13.15 2.00 

BJ49093 INN 225 37 0.06       4.85 0.16 

BG13374 OE 300 50 9.22     12.48 4.40 

BG13374 INT 244 42   0.52       7.52 0.06 

 

a Calculated using the ELESIM Fission Gas Release code (Notley et al 1979) 

b Stroes-Gascoyne et al. 1995 



 

 

FIG. 1.  Correlation between calculated fission gas (Xe) and measured 
137

Cs (gap + grain boundary 

inventories) (Stroes-Gascoyne et al. 1993). 

FIG. 2.  Correlation between calculated XE fission gas release (gap + grain boundary) and measured 
129

I gap + grain boundary inventories. (Stroes-Gascoyne et al. 1995) 
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FIG. 3. Total 
36
Cl released to solution from clad CANDU fuel (32 days) and from powdered (P) fuel (4 

days) at 25
o
C as a function of fuel burnup (Tait et al. 1997). 

FIG. 4.  Total 
36
Cl release as in Figure 3 as a function of fuel Linear Power Rating. 
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FIG. 5. Dissolution rate of uranium as a function of oxygen concentration at 25
o
C; (a) predicted data 

points using the electrochemical model for oxygenated 0.1 mol�L
-1
 NaClO4 (pH = 9.5) (Shoesmith and 

Sunder 1991); measured for UO2 (b) and used fuel (c) in 0.01 mol�L-1 NaHCO3/0.1 mol�L-1 NaCl (pH ~ 9) 

(Tait, unpublished results); (d) measured in oxygenated MgCl2 brine (pH = 4.5) (Casas et al. 1993); (e) 

measured in oxygenated 0.02 mol�L
-1
 NaHCO3 (pH ~9) (Steward and Weed 1994).   

Lines are best fits to the data. 

 

FIG. 6.  Dissolution rate of uranium from UO2 as a function of bicarbonate ion concentration in aerated 

solution at 25
o
C; measured in aerated NaHCO3/ ~0.1 mol�L

-1
 NaCl (pH ~ 9) ((a) Tait, unpublished 

results; (b) de Pablo et al. 1997); predicted data using the electrochemical model for aerated 

NaHCO3/0.1 mol�L
-1
 NaClO4 (pH = 9.5) ((c) Sunder, unpublished results; (d) Shoesmith et al. 1989). 

Lines are best fit to data. 
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FIG. 7.  Dissolution rates of uranium from UO2 in irradiated, aerated/oxygenated solutions as a function 

of gamma dose rate: (a) predicted data using the electrochemical model (Shoesmith and Sunder 1991) in 

aerated 0.1 mol�L
-1
 NaClO4 (pH = 9.5) solutions with 0.01 mol�L

-1
  HCOONa (�) or with 0.01 mol�L

-1
 

t-butanol (�);  (b) sulphate solution (pH ~1) (�) and carbonate solution (pH ~10) (�)(Gromov 1981); 

(c) 0.01 mol�L-1 NaCl and 0.01 M NaHCO3 (pH = ~8.5) solution (�) (Tait (unpublished results) (d) 

Christensen et al.(1990) in oxygenated solution (pH = ~8.2) (+).  

(Note: 1 Rad = 10 mGy).  Lines are best fit to data. 

FIG. 8.  Uranium dissolution rates from flow-through experiment as a function of temperature 

 in 0.1 mol�L
-1
 NaCl/0.01 mol�L

-1
 NaHCO3 (Tait, unpublished results).   

Upper curve is under air saturated conditions; 

lower curve is for oxygen depleted conditions (~2 ppb O2 in solution) 
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Abstract 

 

This final report summarizes research results for an International Atomic Energy Agency (IAEA) 

Co-ordinated Research Program (CRP) on “Performance of High-level Waste Forms and Packages Under 

Repository Conditions” covering the period from 1991 to 1996. It consists of studies on two waste forms:  

glass and Synroc. The major results studied are as follows: 

 

 (1)  Temperature effect on the leachability  

 (2)  pH effect on the leachability 

 (3)  Static leach test 

 (4)  Dynamic leach test 

 (5)  Qualification of crystalline phases 

 (6)  Glass surface layer alteration 

 (7)  Synroc immobilization of HLW bearing high content sodium 

 

1.  INTRODUCTION 

 

In response to rapid economic development and high electrical demands, China will construct 8, 6600 

MW(e) nuclear power plants at 4 sites in this century. In addition, pilot or demonstration type reactors, 

including a 10 MW high-temperature gas cooled reactor, a 200 MW heat-supply reactor and a 67 MW 

fast breeder reactor are under construction or in preparation. The development of nuclear reactors, 

expansion of nuclear technology and radioisotope applications, will produce radioactive wastes. 

 

China has paid a great deal of attention to personal safety and environmental protection issues for nuclear 

wastes. China’s principal strategy for radioactive waste disposal is solidification of high-level liquid 

waste (HLW) followed by disposal in a geological formation. Borosilicate glass has been selected as a 

first generation waste form and a cold joule ceramic melter is being installed for waste vitrification.  

Synroc solidification technology is under development as a second generation waste form. 

 

To minimize the release of radionuclides from a HLW waste form, the properties of the waste forms and 

packages under disposal conditions are being investigated to evaluate their long-term behaviour and the 

safety of waste disposal.  This report describes research conducted over the period from 1991 to 1996 

and is a continuation of work described in a previous IAEA CRP[1]. 

 

2.   EXPERIMENTAL 

 

The composition of the simulated borosilicate glass is given in Table Ia and Ib. The waste loading is 20 

wt% (glass I) and 16 wt% (glass II).  The glass samples were melted at 1100ºC for 3h in alumina 

crucibles and annealed 2h at 450 ºC in a graphite mold, then slowly cooled to room temperature.  The 

annealed glass bars were cut into thin plates, polished and cleaned using acetone or alcohol with or 

without ultrasonic cleaning, then dried to constant weight.  The PTFE leach test container (Fig. 1) was 

cleaned following a standard procedure
[2]
.  Static leach tests were carried out using the modified MCC-1 

test with a specimen surface area to leachate volume ratio (SA/V) of 0.1 cm -1. 



 

The composition of leachant additives (zeolite, Na-bentonite, tuff ) with a particle size of 180 mesh is 

listed in Table II.  The composition of the simulated groundwater (U. water) is given in Table III.  The 

components used in different leach tests shown in Table IV. The buffer solutions were selected as shown 

in Table V. 

 

Inductively Coupled Plasma (ICP) methods were used for solution analysis.  X-ray Diffraction (XRD) 

analyses were carried out with Cu, Kα radiation.  X-ray Fluorescence (XRF) analysis used a 3070 E 

instrument. Scanning Electron Microscopy (SEM) with an X-ray Energy Dispersive Spectrometer 

(XEDS) operating at 20kV was used to analyze bulk specimens that had been etched in 1% HF and 

coated with carbon.  

 

3.   RESULTS AND DISCUSSION 

 

3.1.  TEMPERATURE EFFECT ON THE LEACHABILITY OF GLASS FORM 

 

It is necessary to study the effect of temperature on glass leaching, since the decay heat from the HLW 

may affect the release of radionuclides and their migration through the multi-barrier disposal system.  

The glass specimens were leached in deionized water (DIW) with a SA/V=0.1cm
-1
 for 14 days at 40, 60, 

70, 80 and 90°C, respectively. Figure 2 indicates that temperature has a great effect on the glass 

leachability, with the glass dissolution rate, the solubility, the diffusion rate and the formation of surface 

gel film, etc. increasing with temperature. 

 

The reaction of glass in water is a complex process, with the reaction activation energy being directly 

affected by the reaction dynamic process. Many researchers have pointed out that the effect of 

temperature on the leach rate follows the Arrhenius relationship from which the reaction activation 

energy is obtained a follows: 

 

                                   LR = Kexp(-Ea/RT),    lnLR = lnK-Ea/RT 

 

From the slope of Fig.2, the reaction activation energy for glass form (I) is 73.0 kJ/mol which is in the 

range of Chick and Turcottes' results (34-76kJ/mol)
[3]
. 

 

TABLE IA    COMPOSITION OF BOROSILICATE GLASS (I, GC-12/9B ) 

Base glass High level waste 

Component wt% Component wt% Component wt% 

SiO2 46.2 Al2O3 1.70 SrO 0.09 

B2O3 13.4 Cr2O3 0.11 TiO2 0.12 

Na2O 4.0 Fe2O3 5.24 U3O8 4.73 

Al2O3 2.5 K2O 0.02 ZrO2 0.50 

MgO 1.5 MnO2 0.04 mixed RE 0.75 

CaO 2.5 Na2O 5.07   

TiO2 5.0 NiO 0.08   

Li2O 3.4 PuO2
*
 0.01   

ZrO2 1.5 SO3
**
 1.55   

*  Using U3O8 instead of PuO2,,    **  Adding Na2SO4 

 



 

TABLE IB   COMPOSITION OF BOROSILICATE GLASS (II, 90-19/U ) 

Base glass High level waste 

Component wt% Component  wt% Component wt% 

       SiO2         51.7          SO3          0.62        CeO2 0.05 

       B2O3         14.9          P2O5          0.07        La2O3 0.03 

       Na2O           4.5          Al2O3          1.34        Nd2O3 0.12 

       Al2O3           2.1           Fe2O3          3.00        Pr2O3 0.03 

       MgO           1.8          K2O          0.09        BaO 0.02 

       CaO           5.4          Na2O          6.50        SrO 0.03 

       TiO2           1.2          U3O8          2.76        MoO3 0.15 

       Li2O           2.5          Cr2O3          0.28        ZrO2 0.14 

           NiO          0.55        RuO2 0.03 

           TiO2           0.05        Cs2O 0.11 

           MnO2          0.01        Y2O3 0.01 

Pu is replaced by U,  Tc is replaced by Mn,   Ce, La, Pr, Sm and Y are  replaced by Nd,   

Ru, Rh and  Pd are replaced by Ti 

 

TABLE II   COMPOSITION OF TUFF,  ZEOLITE AND BENTONITE  

Composition Tuff(wt%) Zeolite(wt%) Bentonite(wt%) 

               SiO2              61.22               70.45                63.55 

              Al2O3              17.48               12.35                15.60 

              FeO                3.15                    -                  0.16 

              Fe2O3                3.29                 0.59                  2.57 

              TiO2                0.36                 0.19                  0.44 

              Na2O                1.50                 1.09                  2.68 

              K2O                0.25                 1.14                  0.15 

              MnO                0.06                 0.05                     - 

              MgO                1.01                 1.68                  3.08 

              CaO                0.65                 1.66                  1.25 

              H2O                4.88                    -                11.34 

              P2O5                0.08                    - - 

              F                0.3                    - - 

              burn loss -               10.68 - 

 

 



 

TABLE III  COMPOSITION OF SIMULATED GROUNDWATER (U. WATER) 

Composition Na+ Ca2+         Mg2+ HCO-
3 SO4

2- Cl- 

Concentration (mg/1) 630.99 154.88 42.45 201.64 750.98 645.39 

pH   8.00    

Conductivity (mΩ-1
)   3.6    

 

TABLE IV   FORMULATION OF LEACHING SYSTEM
*
 

System Leaching   Media 

 Glass D.I. water Na-Bentonite Tuff Fe2O3 Zeolite U. water 

A + - - - - - + 

C + + - - + - - 

  E
**
 + + + - - + - 

F + + - - - + - 

G + + - - - - - 

H + + + - - - - 

I + + + + - - - 

J + + + + + - - 

K + + + - - + - 

  * D. I. water : bentonite : tuff :  Fe2O3 powder : zeolite = 60g : 4g : 20g : 2g : 20g 

  ** bentonite : zeolite = 5 : 95 

 

 

TABLE V  BUFFER SOLUTION 

Buffer solution Concentration, mol/1 pH 

glycine sulfate(GS) 0.02 2.30 

glycine(G) 0.02 5.86 

tris(hydroxymethyl) aminomethane (THAM) 0.05 10.20 

NaOH 0.01 12.00 

 



 

         
FIG. 1  Leach test container made  of PTFE                   FIG .2  Relation of leach rate with temperature 

                                                                                   (Static leach test for 14 days, SA/V=0.1 cm-1) 

 

 

3.2.   pH EFFECT ON THE LEACHABILITY OF GLASS FORM  

 

Radiation effects on pH and the effects of different multi-barrier components on groundwater pH can 

affect glass leachability.  Different buffer solutions have been used to set the pH of solutions.  The buffer 

solution should meet the following requirements: (1) good reproducibility; (2) good thermal stability; (3) 

no side reaction; (4) no notable amount of  SiO2 , B2O3 or other glass/groundwater components. 

 

The glass specimens were leached in different pH buffer solutions for 14 days. The leachate was 

centrifuged followed by micro-filtration. The glass mass losses are shown in Table VI which indicate that 

glass leach rates increase in acidic or alkaline solutions in agreement with other observations
[4-6]

. In acid 

solution the glass mass loss is higher due to the higher solubility of alkaline metals and alkaline earth 

metals.   In alkaline solution,  silica solubility is increased.  Due to the formation of a surface gel layer in 

the alkaline solution, the glass mass losses are  lower than in acid solution.  The pH’s of various leaching 

solutions are shown in Table VII. 

 

TABLE VI  pH EFFECT ON THE LEACHABILITY   

(STATIC LEACH TEST FOR 14 DAYS, SA/V= 0.1CM
-1
,  90ºC  ) 

Buffer solution 0.02M GS 0.02M G 0.05M THAM 0.01M NaOH 

pH start 2.30 5.86 10.20 12.00 

 end 2.90 6.62 9.68 11.76 

Mass loss, g•cm-2
 9.40E-4 6.52E-5 6.52E-4 8.35E-4 

 

 



 TABLE VII   pH VARIETY OF LEACH TESTS (MCC-1, SA/V=0.1cm
-1
, 90ºC  ) 

 

Leaching system pH value at time period (day) 

  3 7 14 28 56 

T+B+D.I. water     blank 8.71 8.70 8.62 8.58 8.30 

     sample 8.68 8.62 8.54 8.50 8.20 

T+B+F+D.I. water     blank 8.80 8.75 8.62 8.60 8.30 

     sample 8.66 8.60 8.50 8.46 8.35 

U. water     blank 7.90 7.91 8.22 7.75 8.16 

     sample 8.10 8.16 8.12 8.30 8.70 

Z+D.I. water     blank 7.80 7.62 7.78 7.45 7.34 

     sample 8.06 8.00 7.62 7.40 7.30 

Z+B+D.I. water     blank 7.42 7.44 7.48 7.20 7.40 

     sample 7.18 7.30 7.12 7.50 7.20 

B+D.I. water     blank 6.92 7.20 7.10 7.20 7.05 

     sample 7.10 7.08 7.05 7.45 7.50 

F+D.I. water     blank 5.92 4.30 3.82 3.78 3.54 

     sample 7.80 5.78 6.54 7.80 8.20 

D.I. water     blank 7.20 7.61 7.71 7.60 7.72 

      T - tuff,    B - bentonite,   F - Fe203  powder,   Z - zeolite,   D.I. water - deionized water 

 

 

3.3    STATIC LEACH TESTS OF GLASS WASTE FORMS  

 

A series of static leach tests with different media were carried out by a modified MCC-1 test at 90ºC for 

3, 7, 14, 28 and 56 days. After the leach test, the glass specimens cleaned and dried and the mass losses 

were determined. 

 

3.3.1.  Media effect on mass loss  

 

The mass loss of glass specimens in different leaching systems is shown in Fig.3. It indicated:      

 

 (1) The glass leach rate increases in the following order: 

Fe2O3   powder + D.I water  > U. water > D.I. water > bentonite + D.I. water > tuff + bentonite + 

Fe2O3 powder + D.I. water > tuff + bentonite + D.I. water >  zeolite + D.I. water >  zeolite  + 

bentonite + D.I. water. 

 

 (2) The leaching system with zeolite and bentonite has the lowest leach rate. Moreover, the ratio of 

zeolite and bentonite effects the leach rate.  

 

 (3) In most cases, the mass loss rate is higher in the first week, but gradually achieves steady state after 

28 days. The leach system with Fe2O3 powder is an exception. This may be due to the reaction of Fe 

and Si to form soluble ferrosilicate which promotes the dissolution of the glass specimens
[7]
. 

 

 

 



3.3.2.   Media effect on elemental release  

 

The ICP analytical results are shown in Figures 4-8.  The results indicate: 

 

(1) Elements differ in their leach rates and the same element has a different leach rate in different 

leaching systems. 

(2) Elemental releases tend to be similar to mass loss of glass specimen. In the leaching systems with 

deionized water or groundwater or with zeolite media, the elemental release easily achieves an 

equilibrium state. 

(3) The elements of Mn, Cr, Ti and Fe are rarely released. Their concentrations in the leachates are 

below the detection limit of ICP. 

(4) Elemental releases in the leaching system with zeolite are quite low. Aside from Si, Na and B, most 

elemental concentrations are lower than the detection limit. 

 

        
 FIG. 3  Glass specimen mass losses versus              FIG 4. Element mass losses versus leaching time 

                    leaching  time                                             (only deionized water leaching system) 

         

 

 



         
 

FIG. 5  Element mass losses versus leaching time          FIG. 6  Element  mass losses versus leaching  

          (bentonite media leaching system)                         time (tuff + bentonite media leaching system) 

 

 

 

 
 

FIG.7  Element mass losses versus leaching time        FIG. 8  Element mass losses versus leaching time 

  (tuff +bentonite+Fe2O3 powder media system)                (zeolite + bentonite media leaching system) 

 



3.3.3   Media effects on the glass surface  

 

The glass surfaces leached for 56 days at 90
o
C were analyzed by XRF and SEM-XEDS. 

 

3.3.3.1  Composition change in the glass surface layer  

 

The XRF analysis results are given in Fig. 9 and Table VIII with the following results: 

 

(1) Depletion of Na, Si ,Cs, Ca and Mg on the glass surface layer; Na and Si were greatly depleted; 

(2) Surface enrichment of Ti, Zr, Al, Cr and Fe; Ti and Zr showed greater enrichment; 

(3) Surface alteration occurred to a greater extent in groundwater than in deionized water; 

(4) The influence of media increases in the order: Fe2O3 > Na-bentonite > zeolite. Tuff had only a weak 

influence; 

(5) A mixture of Na-bentonite and zeolite could prevent elemental release. This is the optimum  backfill 

material, but its effect on release depends on the ratio of Na-bentonite and zeolite; 

(6) After ultrasonic cleaning, no composition change in the glass sample was observed. It indicated the 

element composition only took place in the thin surface layer.  

 

3.3.3.2  Pitting corrosion on the glass surface  

 

The glass samples were leached with different media for 56 days at 90ºC.  SEM micrographs (Fig. 10) 

revealed that pitting corrosion appeared on the leached glass surfaces which were ultrasonically cleaned. 

The depth of pitting corrosion differs in different leaching systems with the least corrosion occurring 

with zeolite and bentonite. The observations conformed with compositional changes mentioned above 

and indicated again that the mixture of bentonite and zeolite is the optimum backfill material. 

 

3.3.3.3  Precipitate on the glass surface layer 

 

SEM results (Fig. 11) indicated the presence of precipitates on the leached glass surfaces which had not 

been  ultrasonically cleaned (leached for 56 days, 90ºC). The XEDS results for points a, b, and c in 

Fig.11 are given in Table IX.  They indicate that at least two kinds of precipitates were formed on the 

leached glass surfaces. One is enriched with Si, Fe, Ti, Al and U, and the other is enriched with Si.  The 

amount of pitting corrosion and precipitates on the leached glass surface increased along with the 

leaching time as shown in Fig. 12.  The small sticks shown in the SEM pictures in Fig. 13 (a) and (b) are 

probably some crystalline particles deposited on the glass surface as they formed in the media solution 

during leaching. 

 

 
FIG.  9.  XRF analyses of Na(left) and  Ti(right) on the surfaces after different leach times (bentonite 

+ D.I. water system, 90ºC). 

 

 



TABLE VIII.  ELEMENT COMPOSITION VARIANCE IN LEACHED GLASS SURFACE OF 

DIFFERENT LEACHING SYSTEM  (XRF ANALYSIS RESULTS) 

 DIW T+B+ T+B+F B+ Z+B+ Z+B* Z+ UW UW** F+ F+** 

Element  DIW DIW DIW DIW DIW DIW   DIW DIW 

 G I J H K E F A B C D 

Na - - - - - - - - 0 - + - - - 0 - - 0 

Si - - - - - - - - 0 0 - 0 - - 0 - - 0 

Al + - 0 - 0 + + + 0 + 0 

Ca + - - - 0 0 0 -+ 0 -+ 0 

Mg + - - - 0 -+ 0 -+ 0 - 0 

Fe 0 0 0 0 0 0 0 + 0 + 0 

Ti + + + + 0 0 0 + 0 + 0 

Zr 0 0 0 0 0 0 + + 0 + 0 

Mn 0 0 0 0 0 0 0 0 0 + 0 

Cr 0 + + + 0 0 0 + 0 + 0 

Cs 0 - - - 0 0 0 - + 0 - 0 

  (1) T -  tuff, B - bentonite, Z - zeolite, F - Fe2O3  powder, DIW - deionized water, UW- simulated 

groundwater 

  (2) + - enriched, - - depleted,   0 - no change, 

  (3) * - zeolite/bentonite=95:5,   ** - ultrasonically cleaned 

 

 

 

TABLE IX.  ELEMENT AMOUNT (WT%) OF RELATED POINTS BY XEDS ANALYSIS 

Element Na Mg Al Si Zr U Ca Ti Fe 

 a 0.18 0.83 1.22 30.30 0.50 2.22 2.82 14.57 46.90 

G b 0.00 1.05 1.69 46.11 0.12 1.67 1.99 11.49 35.57 

 c 0.13 0.93 1.28 48.84 0.65 2.24 2.27 11.12 31.91 

 a 0.12 0.46 1.54 62.02 1.12 8.08 4.72 15.08 6.87 

H b 0.00 - 44.1 19.36 0.77 3.97 2.52 10.59 18.61 

 c 0.09 0.21 1.92 60.09 1.23 9.62 4.59 15.20 7.06 

I a 0.45 0.44 1.57 82.72 0.29 0.31 1.25 3.90 8.88 

 b 0.26 0.00 1.25 57.36 1.38 0.06 1.71 19.62 18.10 

J a 0.20 - 1.60 65.17 1.10 4.08 3.93 20.29 3.62 

 b 0.24 - 2.08 78.94 0.24 3.31 2.62 9.49 3.06 

K a 0.50 0.66 1.76 81.23 0.53 1.05 1.79 3.46 8.48 

  (1)G - D.I. water;  H - bentonite + D.I. water;  I - bentonite + tuff +  D.I. water; 

J -  bentonite + tuff + Fe2O3  powder + D.I. water;  K -  bentonite + zeolite + D.I. water; 

  (2)- - lower than detection limit 



 

 
Fig. 10.  SEM pictures showing pitting corrosion on the leached glass surface (56 days,90ºC) 

                   a -- D.I. water;  b -- bentonite + D.I. water;  c -- Fe2O3   powder + D.I. water  

                                    d -- tuff + bentonite + D.I. water;  e -- zeolite + bentonite + D.I. water.         

 



 

 
               (c )                                                    (f ) 

FIG. 11  Precipitates on the leached glass surface. 

(a) -- D.I. water(G);     (b) -- bentonite + D.I. water(H); 

(c) -- zeolite +D.I. water(F);   (d) -- tuff + bentonite +D.I. water(I); 

(e) -- zeolite +bentonite+D.I. water(K);    (f) -- tuff+bentonite+Fe2O3 powder +D.I. water(J). 
 



 

 
FIG.12  SEM micrographs of the glass surface for different leach time (groundwater leaching system). 

(a) -- leached for 14 days, uncleaned, (b) -- leached for 28 days, uncleaned, 

(c) -- leached for 28 days, ultrasonically cleaned,   (d) -- leached for 56 days, ultrasonically cleaned 

 

 
FIG. 13  XRD patterns from leached glass surface  (90ºC,56 days) 

(a) -- D.I. water;       (b) -- bentonite +D.I. water; 

(c) -- tuff + bentonite + Fe2O3 powder + D.I. water; 

(d) -- tuff +bentonite + D.I. water;      (e) -- zeolite + bentonite + D.I. water. 



3.3.3.4  Crystallization on the glass surface layer 

 

The XRD analysis results are shown in Fig. 13. There are no notable diffraction peaks in the XRD 

patterns of the five leaching systems, indicating that no crystals in sufficient quantity were found in these 

glasses leached for 56 days at 90ºC. The small peak in Fig. 13 (curve a and b) may be caused by a 

deposited crystalline phase. 

 

3.4   DYNAMIC LEACH TEST OF GLASS FORM 

 

The dynamic leach tests were carried out by using a modified MCC-4 method. The leaching agents were 

deionized water (D.I. water) and simulated groundwater (U. water). The flow rates were 15, 30, 50 ml/d 

at temperatures of 40, 70, 90, 110 and 150ºC. The leachates were analyzed by AAS and ICP. 

 

3.4.1  Flow rate effect on the leach rate 

 

The results of total mass loss at different flow rates (0, 15, 30, 50 ml/d) are shown in Fig. 14. An 

empirical equation is listed in Table 10. It was found from Fig. 14 and Table X: 

 

1) In the first day, the mass loss of the glass was nearly equal for different flow rates. 

2) The mass loss rate of the glass form was almost the same at the same flow rate.  The mass loss for 28 

days is listed in Table XI. 

3) Mass loss increased with flow rate, but the increasing tendency of mass loss becomes slower with 

increasing flow rate. 

 

The results suggest that the mechanism of glass leaching is combined ion exchange with glass network 

dissolution. In dynamic tests the ion concentration surrounding the glass form is continuously refreshed 

and does not reach the saturation state, so the mass loss in the dynamic leach test is greater than in the 

static leach test and it has a tendency towards an equilibrium value. 

 

TABLE X  THE RELATIONSHIP BETWEEN TOTAL MASS LOSS AND LEACHING TIME 

Flow rate (ml/d) Empirical equation 

0 Q0=3.7t
0.33

 

15 Q1=3.5t
0.70

 

30 Q2=3.9t
0.77

 

50 Q3=3.7t
0.88

 

                           Q - total mass loss (g/m
2
),  t - leaching time (day) 

 

 

TABLE XI  THE TOTAL MASS LOSS AT DIFFERENT FLOW RATE 

flow rate mass loss 

(ml/d) (g/m
2
) 

0 12.37 

15 35.54 

30 51.90 

50 66.73 



 

 
                        Leaching time(d) 

 

FIG. 14  Influence of flow rate on total mass loss (MCC-4, D.I. water, 90ºC)  

(A) MCC-1,  (B) 15 ml/d,  (C) 30 ml/d,  (D) 50 ml/d 

 

      
                                   Leaching time(d)                                               Leaching time(d) 

FIG. 15. Temperature effect of dynamic                  FIG. 17  Element mass loss of Si, Al, B, Li and  

             leach test  (A: 70ºC,  B: 90ºC)                              Na as a function of  leaching time at 70Cº 

            (MCC-4,  D.I. water,  FR=30 ml/d)                         (MCC-4,  D.I. water,  FR=30 ml/d) 

               

 

            
                                   Leaching time(d)                                               Leaching time(d) 

FIG. 16  Temperature effect of static leach test               FIG. 18  Element mass loss of Si, Al, B, Li and  

           (MCC-1,  D.I. water,  SA/V=0.1cm
-1
)                          Na as a function of leaching time at 90ºC 

A: 40ºC,  B: 70ºC,  C: 90ºC,  D: 110ºC,  E: 150ºC             (MCC-4,  D.I. water,  FR=30 ml/d) 

 

 

3.4.2   Temperature effect on the leach rate 

 

A comparison of total mass loss at 70ºC and 90ºC is shown in Fig. 15, for a flow rate of 30 ml/d. The 

total mass loss of static leach tests at 40, 70, 90, 110 and 150ºC is shown in Fig. 16. The relation 

between total mass loss and leaching time is listed in Table XII. The elemental mass loss of Al, Li, B, Si 

and Na at 70ºC and 90ºC in dynamic leach test are shown in Fig. 17 and Fig. 18, respectively. These 

figures indicate: 

1) Leach rates increase with temperature. Comparing leach tests conducted at 150ºC and 90ºC, the 

mass loss of 1, 14 and 91 day at 150ºC is 6, 3, 2.5 times higher than at 90ºC, respectively. 

2) The temperature effect in dynamic leach tests is much greater than in static leach tests. 



3) Comparing release rates of Si, Na, Al, B and Li, the temperature effect is greatest for Si followed by 

Na, suggesting greater glass dissolution at higher temperature.   

 

The effect of temperature on the leach rate follows the Arrhenius relationship with an activation energy 

for glass (II|) as follows: 

                              dynamic leach test:  70 - 90ºC,   Ea=51.6 kJ/mol 

                              static leach test:       70 - 90ºC,   Ea=26.7 kJ/mol 

 This is in good agreement with Chick and Turcottes’ results 

 

TABLE XII  RELATION BETWEEN TOTAL MASS LOSS AND LEACHING TIME 

Temp.(°C)  Static leach test(D.I. water) Dynamic leach test(30ml/d) 

40 Q1=0.06t
0.61

  

70 Q2=1.16t
0.49

 Q’2=0.97t
0.93

 

90 Q3=3.70t
0.33

 Q’3=3.90t
0.77

 

110 Q4=7.03t
0.18  

150 Q5=18.8t
0.14

  

 

 

3.4.3   Leach agent effect on the leach rate 

 

Leach tests were carried out at 90ºC using deionized water (D.I. water) and simulated groundwater (U. 

water).  The relation between total mass loss and leaching time for static and dynamic leach tests could 

be expressed by following equation: 

 

                                                          Q = kt
n
  

 

The results of experiment and calculation are listed in Table XIII.  When leach tests were conducted in 

groundwater, with the exception of H3O
+
, other ions take part in the ion exchange process, causing an 

increase in leach rate. 

 

TABLE XIII  COMPARISON OF LEACHABILITY IN D. I. WATER AND U. WATER 

Test type D. I. water U. water 

Static, 90°C Q1 = 3.7t
0.33

 Q2 = 0.60t
0.75

 

Dynamic, 90°C (15 ml/d) Q’1 = 3.5t
0.30

 Q’2 = 0.60t
0.80

 

 

 

3.5   QUALIFICATION OF CRYSTALLINE PHASES OF GLASS FORM 

 

Various crystalline phases may form in the HLW-glass during the glass casting, annealing or interim 

storage and disposal period. The effect of the devitrification behaviour of HLW-glass on the leaching 

resistance and mechanical properties is rather significant. Microstructural characterization of the 

crystalline phases have been reported in the literature
[7-9]

. The crystalline phases have been qualified in 

order to assess the long term performance of HLW waste forms and for the determination of casting and 

storage conditions, design of the canister and even for design of the disposal repository. Based on the 

previous study
[10-11]

, the present work qualified the crystalline phases present using X-ray diffraction 

(XRD), electron diffraction, optical and electron microscopy and X-ray Energy Dispersive Spectroscopy 

(XEDS). 

 



The specimens were heat-treated at 400, 500, 650, 700, 750, 775, 800 and 900ºC for various times 

between 4 and 480 hours. Two kinds of TEM specimens, thin foils and powder on supporting grates were 

prepared and examined on a JEOL JEM 2000 FX TEM/STEM with an XEDS analyzer. The thin foils 

were milled by double argon beam bombardment at 4 kV. 

 

During heat treatment the glass specimens developed a dull grey surface which was more pronounced at 

higher temperature and longer heat treatment.  Optical and  scanning  electron microscopy showed that 

bulk crystallization took place in the range from 500ºC to 775ºC. The maximum rate of the 

crystallization of the HLW-glass appears at about 700ºC. No crystals were found in specimens heated 

below 400ºC or above 800ºC. 

 

When specimens were heat-treated at different temperature between 500ºC and 775ºC, more than three 

types of crystalline phases with different morphology and chemical compositions formed in glass (I).  

 

3.5.1  (U3O8)r type crystal 

 

When glass specimens were heated at 500ºC for less than 18 hr, the powder XRD showed only typical 

amorphous patterns. If the heating period at 500ºC is lengthened to 240 hr, only a few weak and very 

broad diffraction peaks appear in the XRD patterns. It is difficult to measure the peak position accurately. 

Fortunately, the crystallographic analysis could be done by the electron diffraction patterns (EDP) of 

powder TEM specimens. The experimental crystalline inter-planar spacings from electron diffraction 

patterns for a specimen heat-treated at 500ºC for 240 hr and the calculated values based on a hexagonal 

lattice with a = 0.04 nm, c= 0.92 nm are given in Table XIV. It is notable that the above d-spacings are 

quite close to some d-spacing values of the (U3O8)r
[12]

. This type crystal is referred as crystal C. In 

addition, there are also crystal A and crystal B types, which are described below. Crystal C grows faster 

than others at 500ºC. 

 

TABLE XIV  X-RAY  DIFFRACTION RESULTS  (500°C, HEAT TREATMENT FOR 240 HR) 

 

2θ(°) d(nm) I/I° Crystal type 

30.7 0.2920 4 A 

31.4 0.2858 15 B 

31.9 0.2805 30 C 

37.1 0.2410 5 C 

52.5 0.1746 5 B 

53.5 0.1709 14 C 

62.5  weak  

63.8 0.1457 9 C 

 



TABLE XV  X-RAY DIFFRACTION RESULTS OF THE CRYSTALS TYPE A FORMED AT 700°C   
FOR 120 HOURS 

 

2θ(°) I/I0 d-spacing(nm) (h k l) 

  experimental calculated  

30.4 100 0.2927 0.2932 002 

35.4 30 0.2536 0.2539 100 

38.4 20 0.2344 0.2330 101 

46.5 10 0.1953 0.1954 003 

46.9 <10 0.1937 0.1920 102 

50.9 70 0.1793 0.1795 110 

53.4 <10 0.1716 0.1717 111 

59.8 <10 0.1547 0.1549 103 

60.4 65 0.1529 0.1531 112 

63.4 10 0.1467 0.1466 004 

63.7  0.1459   

71.3 <10 0.1323 0.1322 113 

74.7 <10 0.1271 0.1270 200 

75.2  0.1263 0.1241 201 

82.3  0.1172 0.1173 005 

82.8 25 0.1163 0.1165 202 

85.5  0.1134 0.1136 210 

85.8 20 0.1133 0.1135 114 

96.2  0.1035   

96.6 10 0.1033   

            * Calculated based on tetragonal lattice with parameter a = 0.2359 nm, c = 0.5863nm 

 

 

3.5.2.  U, Ti, Ca, Si rich crystals with hexagonal structure 

 

The crystals in glass (I) heat-treated at 650ºC are in a flower or cross shape, referred to as crystal type B. 

Its morphology is given in Fig. 19. The XEDS measurements showed that they are highly enriched in U, 

Ti, Ca, Si and a small amount of iron (as seen in Fig. 20) XEDS spectra in Fig. 20 (a and b) were 

acquired from the central area (mark E) and the point D in a type B crystal (with mark B) shown in Fig. 

19, respectively. Comparison of the spectra indicated that the chemical composition was different. The 

central area of the crystal contains a little more U and Ti than the branch. The glassy matrix contains 

mainly Si as well as traces of Ti, Ca, Fe and U (Fig. 21). 

 

3.5.3.  Ti, U, Ca rich crystals with tetragonal structure 

 

The glass specimens heat-treated at about 750ºC, formed mainly octahedron shaped crystals referred to 

as crystal A. They show rhombuses or triangles on a polished section of the specimen in Fig. 22, with 

brown or dark red colour. The thin foil XEDS analysis by an electron beam of 200 keV energy and 40 nm 

in diameter indicated that these crystals contain mainly Ti, U, Ca and small amounts of Si, Fe, Al and Na. 



One of the XEDS spectra is shown in Fig. 23. Their X-ray diffraction data indicated a tetragonal 

crystalline lattice with parameters of a = 0.254 nm and c = 0.586 nm. The experimental inter-planar 

spacing from X-ray diffraction and the calculated spacings are listed in Table XV. 

 

 

 
FIG. 19   SEM micrograph of type B in a bulk specimen (at 650ºC, for 10 hours) 

 

 

3.6.  LEACHED GLASS SURFACE ALTERATION 

 

The glass forms leached in water undergo a hydration reaction leading to a change in surface structure 

and composition. The leached glass surface can be divided three parts
[13-15]

: 

(1) an outer layer containing some crystalline phases and/or amorphous phases; 

(2) an inner diffusion layer with no damage to the glass network structure but with diffusion of water 

molecular and soluble elements; 

(3) a middle adsorption layer with partial damage to the glass network structure. 

 

 

            
FIG. 20.   XEDS spectra of the specimen reheated at 650ºC for 10 hours (a) the centre of a cross shaped 

crystal (marked E in Fig. 19); (b) 3µm away from the centre (marked D in Fig. 19) 
 



  
 

FIG. 21.  XEDS results of glassy matrix heated        FIG.  23  XEDS spectra of type A  crystal 

                      at 600ºC  for 18 hr 

 

 

 
FIG. 22.   SEM micrograph of type A crystals (at 750ºC, for 4 hr) 

 

 

3.6.1  Surface layer phenomena observed 

 

The glasses were leached at different temperatures (40, 70, 90, 100 and 150ºC) using both the static and 

dynamic method (flow rate 15, 30, 50 ml/d). The surface layer phenomena observed is summarized in 

Table XVI. It indicated: 

 

(1) As temperature increases, surface layer flaking increases; 

(2) Surface layer flaking was higher in dynamic tests than in static tests; 

(4) The surface layer on the sides of the glass block flakes more easily. 

 



TABLE XVI   PHENOMENA OBSERVED ON SURFACE LAYER 

 

Experimental condition `Phenomena of surface layer 

 40°C No layer flaking or breaking after drying 

 70°C >91d, layer weak flaking after drying 

Static leach 90°C >91d, layer flaking after drying 

 110°C >28d, significant layer flaking after drying 

 150°C 1d, significant layer flaking after drying 

   >91d, significant layer flaking during leach 

test 

 15ml/d >28d, significant layer flaking after drying 

Dynamic leach  >91d, layer flaking during leach test 

(90°C) 30ml/d >14d, significant layer flaking after drying 

 50ml/d >14d, significant layer flaking after drying 

 

 

3.6.2  Composition change of surface layer 

 

During the leach test some elements which are easy soluble are significantly depleted and some elements 

are enriched in the surface layer. It leads to alteration of the surface layer composition. The XEDS 

analyses results are listed in Table XVII. 

 

TABLE XVII   COMPOSITION CHANGE OF SURFACE LAYER 

 Static test static test dynamic test 

Element (90°C) (150°C) (90°C,15ml/d) 

 28d 91d 182d 1d 28d 91d 182d 91d 

Na = = = = = = = = 

Si - - - = = = = = 

Al 0 0 0 + + + 0 0 

Ca 0 0 + + + + ++ 0 

Mg + + + + + + + + 

Fe + + + + + + + ++ 

Ti + + + + ++ ++ ++ ++ 

U + + + + + ++ ++ ++ 

 -, =  ---- depleted;   +, ++ ---- enriched;   0  ---- no change 

 

The data given in Table 17 indicated: 

(1) Na is significantly depleted in the surface layer; 

(2) U, Ti, Fe, Ca and Mg are enriched in the surface layer. 

(3) Higher temperatures and dynamic leaching leads to more compositional change in the surface layer. 

 



3.6.3.  Surface layer deposit 

 

The optical microscope, electron microscope and EDS analyses indicated:  

(1) The unleached surface is smooth without a deposit; 

(2) After leaching for 91 days in D.I. water at 90ºC a regular K-Ca-Al-Si crystalline deposit is produced.  

The amount of Al, K and Si increases with leaching time, but the amount of Ca decreases; 

(3) More deposit appeared at high leach temperatures or longer leach times; 

(4) The deposit is made of crystalline and/or amorphous phases; 

(5) CaCO3 crystals appeared in groundwater leachants; 

(6) In dynamic leach tests, the deposit is less than in static test due to the flowing conditions. 

 

3.7.   IMMOBILIZATION OF RADIOACTIVE WASTES IN SYNROC 

 

Synroc was invented by Prof. A.E. Ringwood and developed by ANSTO (Australia Nuclear Science and 

Technology Organization). The incorporation of waste elements in Synroc is based on the isomorphism 

of mineralogy. Most actinides, fission products and activation products in HLW can be incorporated in 

Synroc phases, such as zirconolite, perovskite and hollandite, Some elements are reduced to metal during 

the fabrication and are incorporated into Synroc as an alloy phase
[16]

. Synroc has superior thermodynamic 

and chemical durability to glass form and is regarded as the second generation waste form in China. 

 

3.7.1.  Synroc-C fabrication and characterization 

 

The same formulation of Synroc-C (PW-4b) adopted by ANSTO
[16]

 was used. The cation and anion 

solutions were prepared separately and carefully mixed. The Synroc precursors were made by direct 

hydrolysis of Ti, Zr and Al alkoxides into an aqueous slurry of Ba and Ca hydroxides. Alcohol and water 

were removed by heating at 80ºC. The mixed and dried powders were calcined in a rotary calciner at 

750ºC for 1 hour in an (3.5% H2)/N2 atmosphere. The calcine was milled and mixed with 3 wt% of Ti 

powder and hot-pressed at 1200ºC for 2 hours in a 40 mm in dia. graphite die. 

The fabricated sample was cut and polished for characterization. The density was measured by the water 

displacement method
[23]

. The open porosity was determined using boiling water method
[24]

.  The leach 

tests were carried out in deionized water at 90ºC, SA/V=10m
-1
 according to the MCC-1 method. The 

leachates were analysed by ICP/MS and AAS. The phase characterization was evaluated by XRD using a 

Rigaku CN2078 Instrument (Co, Kα radiation). The physical properties and leach results of Synroc-C are 

listed in Table 18 and 19.  The Synroc characterization procedure is as follows: 

 

 

 

 Synroc sample 

 

 

 

           Leach test               Physical                   Mineral                    Microanalyses 

           ( MCC-1)              properties                   (XRD)                       SEM-EDS 

 

 

 

 

                    Hardness                          Density                      Open porosity 

 

 

 

FIG.  23.  Synroc characterization procedure 

 



TABLE XVIII  PHYSICAL PROPERTIES OF SYNROC-C SAMPLE 

Colour Density Open porosity Vickers hardness 

 (g/cm3) % (kg/mm2) 

dark grey 4.48 0.30 946 

 

 

TABLE XIX  LEACH RESULTS OF SYNROC -C SAMPLE 

Element or Normalized leach rate,   g/m
2
/d 

mass 3 day 7 day 4 day 28 day 

Cs 1.46×10-1
 5.64×10-2

 3.96×10-2
 2.15×10-2

 

Sr 6.61×10-2
 2.83×10-2

 1.57×10-2
 7.08×10-3

 

Ba 7.14×10-2
 2.78×10-2

 1.76×10-2
 9.99×10-3

 

Mo 2.08 1.07 0.544 0.317 

mass 9.11×10-2
 5.16×10-2

 2.74×10-2
 1.51×10-2

 

 

 

To evaluate the relationship between leach rate and leaching time, a plot of lnLR vs. lnt is shown in Fig. 

24. The relationship can be expressed by the following empirical equation. 

 

                                                   lnLR = a + b lnt 

 

The a and b values are listed in Table XX. It indicated that the leaching mechanism of Synroc-C sample 

is neither a simple diffusion mechanism (b = -0.5) nor a simple dissolution mechanism (b = -1.0).  To 

evaluate the effect of temperature on the leach rate,  leaching was conducted at 50, 70, 90 and 110ºC. It 

was found that the leach rate is enhanced with leaching temperature (see Fig. 25). 

 

The reaction rate as a function of temperature behaves according to the Arrhenius equation.  The plot of 

lnLR vs. 1/T appears linear (Fig. 26) with an apparent activation energy of 8.59 kJ/mol which is lower 

than the activation energy of borosilicate glass
[3]
 . It indicated that the corrosion reaction of Synroc-C is 

less affected by a temperature increase than a glass waste form. The XRD analyses indicated that the 

fabricated products contain the appropriate design phases (Fig. 27). 

 

 

TABLE XX  EMPIRICAL EQUATION OF LEACH RATE VS. LEACHING TIME 

Mass or element Empirical equation a b 

mass lnLRmass = -1.46-0.81 lnt -1.46 -0.81 

Cs lnLRCs = -1.07-0.85 lnt -1.07 -0.85 

Sr lnLRSr = -1.63-0.99 lnt -1.63 -0.99 

Ba lnLRBa = -1.77-0.86 lnt -1.77 -0.86 

Mo lnLRMo = 1.68-0.85 lnt 1.68 -0.85 

 

 



 
FIG. 24  ln LR vs. ln t of leach test 

 

 

 
 

  FIG. 25  Temperature effect on the leach rate 

 

 

 
 

FIG. 26   lnLR vs. 1000/T 

 

 

 



 
FIG  27.   X-ray diagram of Synroc-C: H--Hollandite,  P--Perovskite, 

      Z--Zirconolite, R-- Rutile,  M--Metal 

 

3.7.2  (Na0.5Nd0.5)TiO3 perovskite type Synroc 

 

Because sodium tends to form soluble Na-bearing minor phases that would reduce the durability of 

Synroc, it was concluded that the chemical durability of Synroc could not be maintained when the Na2O 

content in Synroc exceeded 2 wt%
[17-19]

.  The Chinese HLW contains appreciable amounts of sodium. 

Therefore, the present study aims to design a favourable formulation for the immobilization of HLW 

containing a high content of sodium. One approach is to add rare earth elements. Vance et al. 

immobilized modest amounts of sodium (Na2O, 3wt%) in Synroc
[20, 21]

. Another approach is to produce 

freudenbergite as an additional phase for immobilizing sodium
[22]

.  The composition of simulated HLW is 

shown in Table 21. Synroc samples containing (Na0.5Nd0.5) TiO3 type perovskite were made using the 

composition shown in Table XXII. 

 

TABLE XXI  COMPOSITION OF SIMULATED HLW 

Component Content, wt% Component Content, wt% 

Na2O            43.846 ZrO2           0.965 

Nd2O3           12.850 K2O           0.890 

Al2O3             9.066 Cs2O           0.747 

SO3             4.154 P2O5           0.446 

NiO             3.700 Ag2O           0.289 

Cr2O3             1.860 SrO           0.232 

MoO3             0.999 Fe2O3         19.956 

                     Nd is a  simulant  for  U, Np and Pu,    Mo is a simulant  for  Tc 

 



TABLE XXII  COMPOSITION OF (NA0.5 ND0.5) TIO3 TYPE SYNROC 

Component P20              P15 P13 

TiO2                50.0              46.4            49.6 

Al2O3                  1.0                1.7              1.6 

ZrO2                  1.0                2.0              1.6 

BaO                  1.0                 1.6              1.6 

CaO                  2.0                3.3              3.2 

Nd2O3                25.0              30.0            29.0 

HLW(Oxides)                20.0              15.0            13.0 

Total              100.0            100.0          100.0 

Na2O                  8.8                6.6              5.7 

 

Samples P20 and P15 were observed to react with the graphite die during the hot-pressing. After 

exposure to air, a white coloured efflorescence developed. It indicated that these samples had low 

chemical durability. Other samples (P13, P11.5 and P10 immobilize 5.7, 5.0 and 4.4 wt% of Na2O, 

respectively) did not react with the graphite die and were very stable on exposure to air. The SEM 

microstructure of samples showed that they had good integral structure and had no visible Na-rich 

regions or waste segregation.  The physical properties of samples P13, P11.5 and P10 are given in Table 

XXIII. 

 

TABLE XXIII   PHYSICAL PROPERTIES OF (NA0.5 ND0.5)TIO3 TYPE SYNROC 

Sample Colour Density (g/cm
3
) Open porosity (%) Vickers hardness 

(kg/mm
2
) 

P13 dark grey 4.68 0.48 927 

P11.5 dark grey 4.68 0.39 965 

P10 dark grey 4.72 0.26 1101 

 

Microstructural studies using XRD showed that the major phase is perovskite (see Fig. 28) which is 

consistent with the formulation design. Besides perovskite, hollandite and zirconolite, there is also some 

freudenbergite Na2(Al, Fe)2Ti6O16.  The SEM micrograph and EDX spectrum of sample P11.5 leached 

for 84 days, are shown in Fig. 29 and  30. 

  

The 28 day leach rates are listed in Table XXIV. The low leach rate of sodium and low pH of the 

leachate indicated that these formulations have good ability to immobilize sodium. 

 



 
Fig. 28  X-ray diffraction pattern of sample p13 

H - Hollandite, P - Perovskite, Z - Zirconolite, F - Freudenbergite 

 

 

TABLE XXIV  LEACH TEST RESULTS OF (NA0.55 ND0.5 ) TIO3 TYPE SYNROC 

Sample Mass loss Normalized element loss,(g/m
2•day) pH 

 (g/m
2•day) Na Cs Sr Ba Nd Ti  

P13 -1.7×10
-2
 3.6×10

-2
 0.26 <1×10

-2
 1.7×10

-3
 <1×10

-5
 <1×10

-5
 6.70 

P11.5 -1.8×10
-3
 <5×10

-3
 1.8×10

-2
 <1×10

-2
 2.5×10

-3
 <1×10

-5
 <1×10

-5
 6.05 

P10 -4.3×10
-3
 <5×10

-3
 3.8×10

-2
 <1×10

-2
 1.3×10

-5
 <1×10

-5
 <1×10

-5
 6.20 

 

All these three formulations have good chemical durability. Sample P13 can be adapted for 

immobilization of Chinese HLW. 

 

3.7.3  Na2Al2Ti6O16 freudenbergite type Synroc. 

 

Four freudenbergite Synroc samples containing different amounts of HLW (oxides) and Na2O were 

fabricated (Table XXV). The physical properties of freudenbergite type Synroc are listed in Table XXVI. 



 

 

 
 

FIG. 29.    SEM micrograph of  leached sample P11.5 

 

 

 
Energy (keV) 

 

FIG. 30.   EDX spectrum of surface layer of leached sample P11.5 

 

 



TABLE XXV   COMPOSITION OF FREUDENBERGITE TYPE SYNROC 

Component Content wt% 

 F17 F15 F13 F11.5 

TiO2            68.2             66.3            68.6            69.6 

Al2O3            10.1             10.9            10.8            11.1 

ZrO2             1.4               2.3               2.2              2.3 

BaO             1.1               1.8              1.8              1.8 

CaO             2.2               3.7              3.6              3.7 

HLW(oxides)           17.0             15.0            13.0            11.5 

Total         100.0           100.0          100.0          100.0 

Na2O             7.5               6.6              5.7              5.0 

 

 

TABLE XXVI   PHYSICAL PROPERTIES OF FREUDENBERGITE TYPE SYNROC 

Sample Colour Density Open porosity Vickers hardness 

  (g/cm
3
) (%) (kg/mm

2
) 

F17 dark grey 3.85 0.42 965 

F15 dark grey 3.84 0.36 978 

F13 dark grey 3.89 0.20 984 

F11.5 dark grey 3.95 0.16 985 

F10 dark grey 3.94 0.17 1023 

 

 

TABLE XXVII   PHYSICAL PROPERTIES OF FREUDENBERGITE TYPE SYNROC 

Sample Mass loss Normalized element loss (g/m
2
 •day) pH 

 (g/m
2•day) Na Cs Sr Ba Nd Ti  

F17 0.115       10.3 

F15 9.27×10-2
       10.2 

F13 1.83×10-2
 0.52 1.03 <1×10-2

 4.44×10-4
 <2×10-4

 <8×10-6
 8.90 

F11.5 9.08×10-2
 2.21×10-2

 3.31×10-2
 <1×10-2

 3.66×10-3
 <2×10-4

 <8×10-6
 6.78 

F10 3.09×10-2
 <6×10-3

 2.28×10-2
 <1×10-2

 6.92×10-3
 <3×10-4

 <8×10-6
 6.62 

 

The 28 day leach results listed in Table XXVII indicated that the formulations of F17, F15 and F13 had 

higher sodium leach rates and higher pH values in the leachates. These three formulations are not 

satisfactory for immobilization but, the formulation of F11.5 and F10 would be satisfactory.  The 

microstructural study of F11.5 by XRD analysis indicated that it consists predominantly of a 

freudenbergite phase as well as the perovskite, hollandite and zirconolite phases (see Fig. 31.) 

 



 
FIG. 31.  X-ray diffraction pattern of sample F11.5 

H – Hollandite,  P – perovskite,  Z – Zirconolite,  F – Freudenbergite 

 

 

4.  CONCLUSIONS 

 

1. Increasing temperature has a significant effect on the leachability of glass forms due to enhancement 

of the leach rate, solubility, diffusion rate and surface gel film formation, etc. The temperature 

effect in the dynamic leach tests is much greater than in the static leach tests. The apparent 

activation energy of the simulated HLW-glasses are: 

           GC - 12/9B glass(I),   40 - 90ºC,  static test 73.0 kJ/mol 

           90 - 19/U    glass(II),  70 - 90ºC,  static test 26.7 kJ/mol 

                                                                dynamic test 51.6 kJ/mol  

 

2. The leach rate of glass forms is lower in the neutral solutions and significantly increases in acidic 

and alkaline solutions. 

 

3. The mass loss and elemental release from glass waste forms gradually slow down with leaching 

time up to a steady-state at about 28 days. 

 

4. The release rates and amounts released are different for each element. The alkaline metals and 

alkaline earth metals are easily released while the elements Mn, Ti, Zr, Cr and Fe slowly released as 

demonstrated by ICP leachate analysis and XRF examination of leached glass surfaces. 

 

5. The leachability of multi-component leaching systems is in the order as follows:  

 Fe2O3 powder + D.I. water > groundwater > D.I. water > bentonite + D.I. water > tuff + bentonite + 

Fe2O3 powder + D.I. water > tuff + bentonite + D.I. water > zeolite + D.I. water > zeolite + 

bentonite + D.I. water 

 The leachability of zeolite + bentonite leaching system the lowest. A mixture of zeolite and Na- 

bentonite is recommended as optimum buffer and backfill materials for HLW repository. 

 

6. From dynamic leach tests, it was found that the greater the  flow rate the greater the  mass loss and 

elemental release, but the increasing tendency of mass loss and elemental release becomes less as 

the flow rate increases. 

 

7. XRD analysis shows there are no crystals on the glass surfaces after leaching for 56 days at 90ºC, 

but there is pitting corrosion and precipitates on the surfaces, as identified by SEM-XEDS analysis. 

 

8. The extent of pitting corrosion in the zeolite + bentonite leaching system is quite weak. It agrees well 

with the fact that the mass loss and elemental releases are much lower in this leaching system. 



 

9. The precipitate on the leached glass surface could be divided into two types: one enriched in Si, Fe, 

Ti, Al and U; the other mainly enriched in Si. The relationship between the precipitate and the 

surface gel film should be further studied. 

 

10. From examination of crystalline phases in simulated HLW glass, the following results were  

obtained: 

 (1) No crystals were found in the GC-12/9B HLW-glass specimens heat-treated below 400ºC or 

above 800ºC. 

  (2) Bulk crystallization took place during heating between 500ºC and 775ºC. The maximum rate of 

the crystallization in the HLW-glass appeared at 700ºC. More than three types of crystalline 

phases with different morphology and chemical composition formed during the heat treatment at 

500 - 775ºC. 

 (3) (U3O8)r type crystals with a hexagonal lattice (a = 0.40 nm,  c = 0.92 nm) formed at about 

500ºC. 

 (4) U, Ti, Ca, Si rich crystals with hexagonal structure formed at 600ºC. 

 (5) The crystals  (a = 0.254 nm, c = 0.586 nm) appeared at about 700ºC. These crystals are 

composed mainly of Ti, U, Ca. 

 (6) The glass matrix contains mainly Si. Metallic elements such as U, Ti, Ca are concentrated in the 

crystals and depleted in the glass matrix. 

 

11. From studies on the leached glass surface alteration products, the following results were obtained: 

 (1) The waste glass reacts with water leading to the formation of a new surface layer, it has a weak 

connection to the glass matrix and easily flakes off and breaks. 

 (2) The leaching temperature and leach time has great effect on the surface layer alteration; with the 

temperature affect being stronger. 

 (3) Soluble elements, such as Na, are significantly depleted in the surface layer. Some elements, like 

U, Ti, Fe, Ca and Mg are enriched in the surface layer. 

 (4) The leached glass surface may have deposits which consist of crystalline and/or amorphous 

phases depending on the leaching temperature, leach duration and leaching agent, etc. 

 

12. The Synroc preliminary study gave the following results: 

 (1) Synroc is a superior waste form compared to glass waste forms,  as it has a lower leach rate 

(0.1% to 1%) and higher density (by a factor of 1.5 to 2). 

 (2) Synroc is multi-phased and the constituent  phases are not of equal durability.  The leach rate of 

elements has the following order:  Mo > Cs > Ba > Sr. 

 (3) The leach rate of Synroc also increases with temperature. Synroc has a lower apparent activation 

energy for leaching than waste glass and its corrosion behaviour is less effected by temperature 

than that of waste glass. 

 (4) The developed formulation (P13) containing (Na0.5Nd0.5)TiO3 type perovskite made by adding 

Nd2O3 and increasing the Ti powder content in the precursor can incorporate 13.0 wt% HLW 

(oxides) with 5.7 wt% Na2O. 

 (5) The another developed formulation (F11.5) can be made containing more freudenbergite by 

increasing the Al2O3 content in the precursor; it can incorporate 11.5 wt% HLW (oxides) with 

5.0 wt% Na2O. 

 (6) Normally, Synroc can incorporate only 2-3 wt% Na2O, this study improved the sodium 

immobilization ability of Synroc. However, some modifications of the formulation are still 

needed to reduce the Cs-leach rate. 
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Future Research Programme 

 

 

  The project planned is Synroc immobilization of actinides which are separated from HLW.  The 

research programme is planned as follows: 

 

(1)   Actinides and lanthanide chemistry , Synroc phases lattice sites and solid solubility 

 

(2) Design Synroc for immobilization actinides 

 

(3) Leaching behaviour (PCT test) of different simulated actinides loading  under  various   conditions, 

such as temperature, pH,  flow rate and fluid composition etc. 

 

(4) Apparent activation energy of different formulation under various conditions 

 

(5) Relationship between durability and phase composition  

 

(6) Microanalysis by XRD, SEM and AEM, before and after exposure to aqueous solutions with or 

without other media 

 

(7) Formation of agglomeration in the drying/calcination process and minimization of agglomeration 

 

(8) Comparison of hot-pressing process with cold crucible process for Synroc fabrication 

 

(9) α-radiation damage tested by reactor fast neutron or analogue study by natural pyrochlore and/or 

natural zirconolite. 
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Abstract 

 

This report describes the use of the Radiometric Emanation Method (REM) for the characterisation of 

nuclear waste forms and their alteration products.   Samples of nuclear waste glasses and ceramics 

supplied by participants of the IAEA CRP were examined.   It was demonstrated that the REM is a 

suitable tool for characterisation of surface reactivity of nuclear waste glasses.   The REM 

experimental curves obtained on heating of altered glass samples can serve as “fingerprints” reflecting 

the durability of the glass, the morphology of the altered surface layers and annealing of structure 

defects formed by sample manufacture, radiation effects or hydrolytic corrosion. 

 

1.    INTRODUCTION 

 

Problems concerning nuclear waste vitrification have received important attention in the Nuclear 

Research Institute, Rez for more than 30 years.   Early research activities were oriented towards 

phosphate based glass forms, especially the selection of optimum glass formula for the high level 

waste [1,2]. For example, the system Na2O·B2O3·Al2O3·P2O5 was suggested as a matrix for 

encapsulation of the HLW from the NPP reactor operating in former Czechoslovakia. The vitrification 

technology and equipment developed at the NRI Rez are described in numerous research reports and 

journals [3-10].   Standard methods, modified or newly developed methods were used at the NRI Rez 

for the characterisation of the glass properties [11-13]. 

 

In the recent decade borosilicate glasses have been studied for HLW and ILW vitrification.   and a 

borosilicate glass with high zinc content was verified as a suitable system for HLW vitrification [14].   

The optimum composition of borosilicate glass suited for HLW solidification of  NPP “A1” wastes at 

Jaslovske Bohunice (to be decommissioned) was designed at the NRI. During the vitrification process 

the hexavalent chromium present in high amounts in this nuclear waste is reduced to a lower valency 

stage [15]. The detailed study of the possible vitrification of chromium containing waste was recently 

carried out in the framework of the contract for Battelle PNNL in Hanford (USA) [16].    

 

Liquid HLWfrom the WWER-type reactors contain high concentrations of boron and alkali elements, 

making vitrification a suitable process [17]. A borosilicate glass system was proposed for the fixation 

of intermediate level waste from NPP’s [18]. For example, the vitrification of spent mordenite was 

reported [19]. Recently, REM  [20], has been used at the NRI Rez in the characterisation of both 

thermal and corrosion behaviours of borosilicate nuclear waste glasses.   Recent publications [21-24] 

have summarised results on the use of REM as one of the non-traditional methods for the 

characterisation of various nuclear waste forms and products of their reactions under simulated 

repository conditions.   Most of the results presented in the publications [21-24] were obtained out in 

the framework of this IAEA CRP. 

 

The main goal of the work was to use REM (based on the measurement of radon release from the 

solid samples, previously labelled by radon) to characterize various nuclear waste forms and alteration 

products under simulated repository conditions. 

 

Nuclear waste glasses of different compositions and history were supplied by different participants of 

the IAEA CRP.   The glass samples were supplied by JAERI - Tokai Research Establishment (Japan), 

FZK-INE Karlsruhe (Germany), Khlopin Radium Institute St.  Petersburg (Russian Federation), SCK-



 

CEN Mol (Belgium) and PNNL Hanford (USA).   The natural analogues - obsidian glass and zircon 

mineral - were supplied by the University of New Mexico (USA).   The SYNROC and its components 

- zirconolite, hollandite and perovskite - were supplied by ANSTO (Australia). Two nuclear waste 

glass forms designed at the NRI Rez were studied, namely the Cr-containing simulated glass designed 

for vitrification of the HLW from the NPP “A1” and the model NWG B14 designed for the 

vitrification of ILW from NPP’s. 

 

REM results were compared with the results of traditional methods.   For the characterisation of HLW 

forms and their behaviour, methods recommended in international documents and handbooks were 

used [25-27]. Recommendations for the use of REM for the characterization of HLW forms are made.   

Results of the most recent studies will be jointly published in the international journals. 

 

In this final report results of the studies carried out in the framework of the IAEA CRP, under 

Contract No.  6746 from 1991 to 1996 are described. 

 

2.    EXPERIMENTAL 

 

2.1.   PRINCIPLES OF THE RADIOMETRIC EMANATION METHOD 

 

The Radiometric Emanation Method (REM) [20] consists of the measurement of radon release rate 

from the samples previously labelled with 
228
Th.   Atoms of radon 

220
Rn are formed by the 

spontaneous alpha decay of 
228
Th and 

224
Ra according to the scheme 

 α α α         
 
228
Th → 

224
Ra → 

220
Rn → 

 

The 228Th used for labelling , has a suitably long half-life (1.9 years) to provide a quasi-permanent 

source of radon 
220
Rn (half-life 55 s). The half-life of 

220
Rn ensures that the steady state between 

224
Ra 

and 
220
Rn is established within several minutes, which makes it possible to investigate even rapid 

changes in the solids and on their surface. 

 

The test specimens have to be labelled at least three weeks prior to testing when using the adsorption 

of 
228
Th and 

224
Ra on the surface. The layer .  is labelled to a maximum depth of 120 nm due to recoil 

of 
224
Ra and 

220
Rn atoms, whereas the remaining atoms of 

228
Th are adsorbed on the sample surface as 

a source of 
224
Ra and 

220
Rn. This labelling method is well suited for investigation of the interaction of 

solid surfaces with liquids, gases or other solids and for the examination of  reaction products. 

 

The 
220
Rn formed  in the solid matrix can be directly released by recoil or can be trapped at the lattice 

defects, such as vacancy clusters, grain boundaries and pores. The defects in the solids can serve both 

as traps and diffusion paths for radon. As it follows from theories of diffusion and recoil processes 

[20], the radon release rate depends on the surface area of the solid-gas and solid-liquid interfaces, 

and on the radon diffusion parameters in the solid matrix.    

 

The rate of radon release from the sample (also called  the emanation release rate E) can be expressed 

in a simplified way as follows 

 

 E = Erecoil + Ediffusion = S [K1 + (D/λ )
1/2 K2]                              (1) 

 

where Erecoil is the part of the radon release due to recoil, Ediffusion is the diffusion part of the released 

radon, S is the surface area, K1 is the temperature independent constant, proportional to the 

penetration depth of Rn recoiled atoms, D is the coefficient of radon diffusion in the sample, λ is the 
decay constant of Rn, K2 is constant depending on temperature. 

 



 

Consequently, such processes can be investigated by REM these processes are accompanied by 

changes of surface area and/or inert gas diffusion properties, e.g.  the defect stage of solids.   

Theoretical considerations underlying the application of the radiometric emanation method are 

reviewed in the monograph [20]. 

 

An increase in the radon release rate (E) indicates an opening of the structure and/or the increase of 

the surface area of the interfaces, whereas a decrease in E reflects a densification of the structure, 

closing of pores and/or the decrease in the surface area of the interfaces. 

 

It has been experimentally shown that during the formation of alteration products on the glass surface, 

the atoms of 
228
Th and 

224
Ra are incorporated into their structure.   Consequently, the release of radon 

220
Rn as the decay product of 

224
Ra reflects changes taking place in the alteration products, resulting in 

the precipitation of secondary pseudocrystalline or crystalline phases. 

 

2.2.   LABELLING OF SAMPLES BEFORE REM MEASUREMENTS 

 

Samples of the glasses to be examined were prepared as plates of 2 - 3 mm thickness or crushed 

powder (size fraction 0.065 - 0.35 mm). The labelling was performed using the impregnation 

technique [20]. The radionuclides 
228
Th and 

224
Ra were adsorbed from acetone solution on the sample 

surface.   The specific activity of a sample was 10
5 Bq/g.   For one measurement approx.   0.1 gram of 

the sample was used. 

 

2.3.   EQUIPMENT USED IN THE RADIOMETRIC EMANATION METHOD  

 

The apparatus used for the characterisation of thermal behaviour of pristine and altered solid samples 

consists of a sample holder situated in a thermostat (furnace), a detector for alpha-radioactivity, a 

counter and the carrier gas system [20].  A constant flow of carrier gas (e.g.  air, nitrogen) is flowed 

over the sample, which takes the radon released from the sample into the Rn measuring chamber   .  

The apparatus makes it possible to simulate the conditions of the nuclear waste geological 

repositories. 

 

An apparatus was designed for the characterisation of the interaction between glass surfaces and 

flowing water. This apparatus enabled us to the measure the radon release rate during solid-water 

interactions in the open flow-system as well as the sampling of the leachate for the determination of 
224
Ra, 

228
Th and other elements (Si, Na, Pb, etc.). In leaching experiments, the carrier gas is introduced 

into the leaching solution.  The flow rate of the liquid was 4.3 ml/hour. A flow rate of 40 ml/min was 

used for nitrogen, to strip radon from the leachate and carry it into the detection chamber. 

 

Before each REM test the total gamma activity of the labelled sample was measured by means of 

gamma scintillation detector coupled with a counter and stored for a minimum of 30 days in a sealed 

vessel .  The values obtained are proportional to the rate of the radon formation in the sample. The 

aim of this measurement was to determine the concentrations of 
228
Th and 

224
Ra in the leachate.  In the 

flow system testing the outflowing liquid was sampled; after 3 days storage in a sealed vessel the 

concentration of 
224
Ra was determined by gamma spectrometry using  

208
Tl gamma emission.  The 

concentrations of Na and Si were determined by AAS.  After each REM test the gamma activities of 

both solid and separated liquid leachate that had been stored for 30 days were measured. 

 

 3.   MATERIALS 

 

The following nuclear waste glasses were investigated: 

 

A borosilicate glass designed by NRI for the vitrification of Cr containing HLW.  The chemical 

composition of the glass was [in mass %] [30]: Na2O - 8.1 %, B2O3 - 10.52 %, SiO2 - 40.47 %, Al2O3 - 



 

9,81 %, K2O - 9.17 %, CaO - 2.43 %, MgO 2.37 %, Cr2O3 - 7.4 %, TiO2 - 15.4 %, Li2O - 3.24 %, 

Cs2O - 0.1 %. 

 

A model NRI borosilicate glass Type B-14 designed by NRI for the vitrification of ILW.  Chemical 

composition was [in mass %]: SiO2 - 45.05, B2O3 - 15.67, Na2O - 25.38, Al2O3 - 7.79,  

K2O - 2.20, TiO2 - 0.15, Fe2O3 - 0.85, CaO - 2.25, MgO - 0.51. 

 

A HLW simulated glass supplied by JAERI.  Chemical composition is given in [28]. 

 

A HLW borosilicate glass prepared and irradiated at Khlopin Radium Institute St.  Petersburg [33].  

The chemical composition of the glass was [in mass %]: SiO2 - 49.3, B2O3 - 13.0, Na2O - 13.4, Al2O3 - 

2.0, Cs2O - 4.7.  K2O - 8.3, BaO - 2.4, SrO - 2.3, PbO - 0.6, ZnO - 4.6.  The samples were irradiated by 

gamma rays doses of 10.8 kGy and 3.82 MGy. 

 

A HLW borosilicate glass Type SM 527 supplied by SKN-CEN Mol (Belgium) [34]. 

A HLW glass Type R7T7 [35] supplied by FZK-INE, Karlsruhe (Germany). 

A HLW borosilicate Type SSHTM-1 Glycolic supplied by Battelle PNNL (USA) [36]. 

 

SYNROC supplied by ANSTO: a titanate based ceramic consisting of zirconolite (CaZrTi2O7), 

hollandite (Ba1.2(Al,Ti)8O16), perovskite (CaTiO3) and titanium oxides [37].  SYNROC was made by 

hot pressing a calcine of the precursor titanates plus simulated waste solution, at 21 MPa and at 

temperatures between 1 150 - 1 200°C to make a dense materials. 

 

Samples of SYNROC composite minerals - zirconolite, hollandite and perovskite - prepared by hot 

pressing at ANSTO (Australia).  The samples were irradiated with 2.7 MeV He
+
 ions to the doses of 

10
14
 and 10

16
 ions/g. 

 

Natural analogues: obsidian natural glass and zircon ZrSiO4 natural single crystal from Sri Lanka, 

naturally absorbed the dose of 6.8 x 10
15
 alpha events/mg.  The natural analogues samples were 

supplied by Prof.  R.W.  Ewing, the University of New Mexico University of New Mexico (USA). 

 

The original materials as well as their products of alteration were characterised by differential thermal 

analysis, electron microscopy, and Emanation Thermal Analysis.  The leaching characteristics of the 

waste forms were tested by the laboratories who supplied samples 

 

4.   RESULTS 

 

4.1.   CHARACTERISATION OF NUCLEAR WASTE GLASSES AND THEIR ALTERATION 

PRODUCTS 

 

Questions of the growth rate of alteration layers during leaching of Nuclear Waste Glass (NWG), 

kinetics and mechanism of the formation of secondary phases in the NWG corrosion products have 

been pointed out by many investigators [e.g.  25-27].  Supplementary information about these 

processes should improve understanding the mineralogy and geochemistry of the altered products and 

serve to the validation of the predictive models of long time corrosion of nuclear waste forms. 

 

The glass dissolution process is controlled by  silicic acid activity at the interface between the gel 

layer formed on the glass surface and the thin film.  The alteration film acts as a silicon diffusion 

barrier.  The alteration gel layer developed at the waste glass surface contains silica and is rich in 

transition elements and heavy elements simulating the actinides [35]. 

 

 REM has been used to characterize  nuclear waste glass surfaces during their interaction with liquid 

and gaseous media under simulated repository conditions[20].  This method enables us to examine 



 

morphology changes taking place in alteration layers  and to obtain information about the mobility of 

radon as tracer in both virgin and altered nuclear waste forms. 

 

 .  The REM resultsgave answers to following question: What are the temperature intervals where 

morphology changes of the pristine glass take place.  The following processes were revealed: 

• annealing of surface defects, cracks in the glass, and mechanical stresses, sintering of crushed 

grains, 

• changes in the viscosity of glass, glass transition temperature Tg, softening point Ts, etc. 

 

The REM curve measured during heating of the altered glass characterised the following processes: 

• dehydration and thermal decomposition of the glass corrosion products, 

• morphology changes of the glass dehydrated corrosion products. 

 

The comparison of REM “fingerprints” of pristine glass samples and products of their alterations is 

demonstrated in Figs. 1 and 2. 

 

It was shown that the release rate of radon from glass and altered glass samples sensitively reflected 

the morphology of the sample surface.  The higher the surface area, the higher the value of E found.  

Changes taking place in the sample on heating under controlled conditions were monitored as an 

increase or decrease in the radon release rate.  In this way, we have determined the temperature 

intervals of the water release from the sample surfaces and the temperature of the annealing of various 

defects produced by sample manufacture and/or by its subsequent treatment.  The annealing of 

porosity in the samples and the sample densification was indicated by the decrease in radon release 

over the respective temperature intervals.  Changes in the viscosity of glass samples, in the proximity 

of the glass transition temperature Tg was indicated by a slight increase in the radon release rate E, 

whereas a decrease of E was usually observed when the softening temperature Ts of the glass sample 

was reached. 

 

The altered glass products mostly covered on the surface by gel layers, have been characterised by the 

temperature dependence of radon release rate.  During sample heating, the morphology changes of the 

altered products were indicated by the E change.  Dehydration and thermal decomposition of 

hydrolytic corrosion products was accompanied by changes in the surface area and porosity.  The 

effects were observed even in cases when a thin corrosion layer on the glass surface was formed. 

 

The REM heating curves reflected morphology changes in the altered glasses, which are dependent on 

the glass composition, the duration of the alteration treatment and the conditions used for the 

treatment.  The secondary products of the nuclear waste glass corrosion can be characterised by this 

method, indicating early stages of the formation of the new phases.  The REM curves can be used as 

“fingerprints of the alteration products morphology”. 

 

For the REM investigations, the altered nuclear waste glass samples were prepared in different 

conditions (e.g.  static leaching at a constant elevated temperature in a sealed vessel; static leaching at 

normal temperature and atmospheric pressure).  The presence of FeOOH as a corrosion product and 

as a colloid was also considered.  Leaching at a constant water flow was also characterised. 

 

It was found that the quality of the glass corrosion layers depends on the temperature of leaching, 

glass composition, the flow of the liquid, the pH of the liquid and the solution concentration.  It seems 

that the static test is a poor test for comparing glass compositions and predicting their durability.  In 

such a test the pH can increase and then decrease.  The static test is not a model for the repository 

conditions. 

 



 

 

FIG.  1.  Temperature dependences of radon release rate E measured during heating NRI 

designed Cr-containing nuclear waste glass.   

Curve 1 - pristine glass sample, curve 2 - water treated sample at 143 °C for 1 month. 

 

 

FIG.  2.  Temperature dependences of radon release rate E measured during heating obsidian 

natural glass.  

 Curve 1 - pristine glass sample, curve 2 - water treated sample at 143 °C for 1 month. 

 

 

 



 

  

 

  

 

In the series of the tests performed in the framework of the project it was shown that REM results 

agree with the results of other methods used.  In the characterisation of the nuclear glasses, the 

following tendency in the decreasing chemical durability was observed: obsidian < HLW borosilicate 

glasses < ILW alkali metal containing glasses. 

 

In silicate glasses of low durability, ion exchange results in a hydrated surface layer.  In more durable 

glasses the surface remains the same as in the dry glass, with consequent low mobilities of ions and 

molecular water in the hydrated layers [39]. 

 

The NWG Type SM 527 supplied by SKN-CEN Mol (Belgium) was corroded at 90°C for different 

time intervals (28, 80, 180 and 365 days).  The corroded glass samples were characterised by means 

of REM and scanning electron microscope.  A more structured morphology was found with glass 

samples corroded for longer time intervals.  The REM heating curves confirmed a good hydrolytic 

durability of the glass samples. 

 

The HLW glass Type SSHTM-1 Glycolic supplied by Battelle PNNL, USA was corroded at 90°C for 

1, 10, 100 and 1 000 hours.  The REM characteristics of the corroded surfaces demonstrated a high 

chemical durability of this glass. 

 

The R7T7 glass supplied by FZK-INE (Germany) and the JAERI simulated HLW glass were altered 

in the environmentally relevant conditions when the glass sample was surrounded by flowing water.  

The REM measurements during heating of the pristine and altered glass samples were compared, their 

differences reflected the effect of early stage hydrolytic corrosion of the glass surface. 

 

4.2.   INTERACTIONS BETWEEN GLASS SURFACE AND WATER 

 

REM was used to investigate the formation of the gel layer and its altertion and ageing of the layer at 

each temperature.  At the very beginning, an intense increase of radon release rate was measured, 

corresponding to the desorption of radium from the glass surface.  The results of the measurements of 

radium concentration in the out-flowing solution showed that after 10 hours no more radium was 

released from the surface. 

 

Consequently, the increase in the radon release rate, over the next time interval, reflects the increase 

of the radon permeability of the surface gel-like layer formed at the glass surface.  The REM made it 

possible to determine the kinetics of the morphology and nanoporosity changes and the 

sorption/desorption characteristics of the radionuclides of radium and thorium on the altered glass 

surface.  The experimental measurements between the glass surface and surrounding water were 

carried out “in-situ”. These type of investigations are of growing importance when evaluating the 

behaviour of nuclear waste forms under repository conditions [40].      

 

4.3.   THERMAL BEHAVIOUR OF SYNROC: COMPARISON OF THE VIRGIN AND ALTERED 

SAMPLES CHARACTERISED BY REM 

 

The thermal behaviour of both virgin and altered SYNROC samples were characterised during 

heating and cooling in argon + 7 % hydrogen.  Above 700 °C an enhanced radon release rate was 

observed as the result of the thermal diffusion of radon in the SYNROC phases.  The radon diffusion 

has been characterised by the apparent activation energy Q of radon diffusion determined from the 



 

experimental REM data measured during cooling of the samples, previously heated in argon + 7 % 

hydrogen. 

 

The Q values for altered and virgin SYNROC were determined to be 222 kJ/mol and 263 kJ/mol, 

respectively.  The lower Q values for SYNROC containing the altered phases were ascribed to a 

higher degree of structure disordered phases in comparison with that of the virgin SYNROC sample.  

It was supposed that the grain boundaries and other linear and three-dimensional defects are 

responsible for the increased diffusion mobility in the material.   

 

4.4.   THERMAL BEHAVIOUR OF IRRADIATED NUCLEAR WASTE GLASSES, NUCLEAR 

CERAMICS AND NATURAL ZIRCON MINERAL 

 

It was observed by Aloy et al [33] that gamma irradiated glass at doses of 10.8 kGy and 3.82 MGy is 

more durable towards hydrolytic corrosion (leaching of Si, Na).  This was explained by the fact that 

the radiation induced defects in glasses may act as traps for elements to be leached.  It was of interest 

to investigate by means of REM the thermal behaviour of the gamma irradiated glass samples even 

after the glass was leached for 7 days at 90 °C.  We have observed annealing of the radiation defects 

as indicated by the decrease of E in the temperature interval 520 - 550 °C in the glass samples after 

their leaching.   

 

In the investigation of perovskite, hollandite and zirconolite SYNROC components, the thermal 

behaviour of the samples was characterised by REM curves.  The samples were irradiated by He
+
 ions 

to doses of 10
14
 and 10

15
 ions/g at ANSTO and subsequently labelled by the impregnation methods at 

NRI Rez.  The increasing trend of the radon release rate in the temperature interval 50 - 200 °C was 

enhanced in the irradiated samples, the increase directly depending on the dose.  The annealing of 

residual porosity of the sample takes place above 300 °C which was reflected by the decrease of the 

radon release rate.  At temperatures above 700 °C the increase of radon release rate observed with the 

irradiated samples indicated the enhanced mobility of the defect clusters (He bubbles). 

 

For natural zircon mineral, which received a dose of 6.8 x 10
15
 alpha events/mg, the REM curve was 

used to determine the temperature intervals of the annealing of the radiation induced defects.  At 

temperatures above 430 °C, the annealing of individual radiation defects was reflected by the decrease 

of radon release. Above 750 °C the recrystallization of the metamict highly damaged sample starts, as 

indicated by the decrease of E.  This process continued till 980 °C.  The DSC measurement which 

gives information about the recovery of the crystalline structure in the bulk sample, indicated the 

exothermal effect at 900 - 980 °C.  The value of the activation energy of the recrystallization process 

was determined by DSC to be 66.4 J/g.  This value is in a good agreement with the data of other 

authors [41]. 

 

5.  CONCLUSIONS AND RECOMMENDATIONS 

 

REM can be recommended as a method for the assessment of the effect of chemical composition of 

NWG and the presence of various chemical elements in leaching agent under repository simulated 

conditions. 

 

The “in-situ” examination of the morphology changes taking place in the nuclear waste glass altered 

layers under simulated repository conditions has been carried out by means of the REM.  The method 

revealed in a sensitive way the early stages of the formation of pseudocrystalline secondary phases, 

even when X-ray diffraction patterns and electron microscopy were not sensitive enough to detect 

them. 

 



 

REM was also used for the examination of the interaction of SYNROC ceramic nuclear waste forms 

with water and for characterising thermal behaviour of the SYNROC minerals irradiated to high doses 

by He
+
 ions. 

 

The REM data have been used for quantitative characterisation of radon mobility in the ceramic waste 

forms, especially for comparing differences between the virgin (unaltered) and altered SYNROC 

samples.  This information can be used for predicting mobilities of inert fission gases in the ceramic 

matrices. 

 

REM has been proposed as a method which gives an information on differences in the morphology, 

porosity, crystallinity as well as on sorption properties of the glass alteration products.  These 

properties depend on the composition of the initial glass form, on the duration and temperature at 

which the alteration process takes place, as well as on the S/V ratios, on the presence of various ions 

and colloids in the leaching liquid, etc. 

 

REM makes it possible to examine the kinetics of the interaction of nuclear waste glass surfaces in 

real time and indicates the effects of radiation on the chemical reactivity of the glasses.  Moreover, 

this method makes it possible to reveal effects of the formation of secondary minerals (already in the 

nucleation stage) on the reactivity of the glass, on the migration of the radionuclides (thorium, radium, 

radon) used for the sample labelling. 

 

The REM results can be useful for the determination of effects of various repository concepts and 

relevant environmental conditions.  It can even serve in the assessment of the release kinetics of 

selected radionuclides from the nuclear waste forms. 
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Abstract 

 
The solubility behavior of unirradiated UO2 pellets was studied under oxic (air-saturated) and anoxic 

(N2) conditions in deionized water, in sodium bicarbonate solutions with varying bicarbonate content 

(60 - 600 ppm), in Allard groundwater, simulating granitic fresh groundwater conditions, and in ben-

tonite water, simulating the effects of bentonite on granitic fresh groundwater (25°C). The release of 
uranium was measured during static batch dissolution experiments of long duration (2 - 6 years). Un-

der anoxic conditions, the oxidation state of uranium in solution was determined experimentally us-

ing a method based on the separation of the tetravalent and hexavalent states by ion-exchange chro-

matography in HCl medium, followed by analysis of each of the fractions by ICP-MS. A comparison 

was made with the theoretical solubility data calculated with the geochemical code, EQ3/6, in order 

to evaluate solubility (steady state) limiting factors. Under oxic conditions, various hypotheses for 

redox control (redox potential of the bulk solution or redox potential at the surface) were tested in the 

modelling calculations. 

 

Under oxic conditions, the measured concentrations for uranium at steady-state in deionized water 

were equal to the solubility of schoepite (pO2 = 0.2 atm). In NaHCO3 solutions with lower carbonate 

concentrations (0.98 - 1.96 mmol/l) and in Allard groundwater they were close to the calculated solu-

bilities of U at the U3O7/U3O8 redox potential. In bentonite groundwater, the results suggest the for-

mation of a secondary phase with a lower solubility. Only uranium oxide with a crystal structure of 

uraninite (UO2 - U3O7) was identified in all waters, when analysing particulate material in the solu-

tions after contact with UO2 pellets. 

 

Under anoxic conditions, the measured concentrations at steady state were at the level of a mixed 

valence oxide, U4O9 (UO2.25) solubilities. The water composition had a minor effect on the solution 

concentration of uranium. According to the analyses of oxidation state at the end of the dissolution 

experiments, the uranium was mainly in the hexavalent state in the aqueous phase. 

 
1.   INTRODUCTION 

 

The spent fuel from Finnish nuclear power plants is planned to be disposed of in a repository to be 

constructed at a depth of about 500 meters in crystalline granitic bedrock. In the concept of the multi-

ple barriers, the barriers for radionuclide release into the environment are the granitic bedrock, the 

backfill, the copper-steel canister and the fuel itself. The innermost barrier is the limited solubility or 

dissolution rate of the UO2-matrix, the main component of the fuel, and of the radionuclides embed-

ded in the UO2 matrix. Under reducing conditions normally prevailing in deep granitic groundwater, 

UO2 (or U4O9) is the stable uranium solid. The release of radionuclides from spent fuel is controlled 

by the solubility of UO2 (s). However, due to α-radiation on the surface of spent fuel, oxidizing con-
ditions cannot be excluded. Under these conditions, UO2 (s) is not thermodynamically stable. The 

oxidative dissolution process is complex including the oxidation of the UO2 surface to a higher ura-

nium oxide and the possible formation of secondary U(VI) solid phases, depending on the availability 

of oxygen and other oxidizing agents, and the composition of the groundwater. In this case, the re-
lease of radionuclides may be controlled by the overall reaction rate of this process. The release of 

sparingly soluble radionuclides will depend on their solubilities. 



 

 
This report summarizes the results obtained from dissolution studies of unirradiated UO2 pellets as a 

function of water composition under oxic (air-saturated) and anoxic (nitrogen atmosphere) conditions at 

25°C. Three water-types, deionized water, NaHCO3 solutions with varying carbonate content and syn-

thetic groundwaters were used in the experiments. The synthetic groundwaters included Allard ground-

water which simulates fresh groundwater conditions at great depths in granitic bedrock, and bentonite 

water which simulates the effects of bentonite on fresh granitic groundwater. The experimental method 

was static batch dissolution procedure. The detailed results of the experiments have been published 

elsewhere [1 - 5]. 

 

A comparison of the experimental data is made with the solubilities calculated using the geochemical 

code EQ3/6 in order to evaluate solubility (steady state) limiting factors. The EQ3/6 code is a theoretical 

model based on the premise of chemical equilibrium conditions [6]. The solubilities are based on the 

databases of SKB [7], of the NEA Thermochemical Database Project (TDB) by the OECD Nuclear En-

ergy Agency [8], and of the Lawrence Livermore National Laboratory (composite, COM) [6]. Various 

hypotheses for redox control under oxic conditions are tested. The controlling factor is assumed to be 

the redox potential of the bulk solution (oxygen partial pressure) or the redox potential at the UO2 sur-

face (the transitions between various UO2+x phases). 

 
2.   METHODS OF EXPERIMENTS 

 

2.1.   UNIRRADIATED UO2 PELLETS 

 

All the dissolution experiments described in this paper have used unirradiated sintered polycrystalline 

UO2 fuel in pellet form. The pellets had an average mass of 9.8 grams and a geometrical surface of 

4.5 ⋅ 10-4 m2
. The surfaces of the pellets were not pre-treated by polishing prior to the start of the ex-

periments. A predissolution (ten days) was carried out for the pellets in an anaerobic glove box. The 

purpose was to remove more soluble material, any higher oxides of uranium from the UO2 surface. 

 

2.2.   WATER COMPOSITIONS 

 

The waters included deionized water and sodium bicarbonate solutions with varying bicarbonate con-

tents (0.98-9.83 mmol/l, 60-600 mg/l) as reference waters, and two types of synthetic groundwater, 

see Table I. Synthetic granitic groundwater [9], so-called Allard groundwater represents natural fresh 
groundwater conditions at great depths in granitic bedrock. Synthetic bentonite groundwater by 

Snellman [10] simulates the effects of bentonite on fresh granitic groundwater. The experimental 
studies by Snellman [10] on the interaction between sodium bentonite and Allard groundwater 
showed that the most significant effects of bentonite were the increase in the pH and the HCO3

-
 , 

CO3
2-
 and Na

+
  -contents of the water. 

 
TABLE I   COMPOSITION OF THE SYNTHETIC GROUNDWATERS, mmol/L 

 

 pH Na
+
 K

+
 Ca

2+
 Mg

2+
 Si

4+
 HCO3

-
 Cl

-
 SO4

2-
 F

-
 HPO4

2-
 

Allard  

groundwater 

8.2* 

8.7*

* 

2.3 0.1 0.45 0.2 0.13 2.0 2.0 0.1 - - 

Bentonite  

groundwater 

8.4* 

8.8*

* 

11.8 0.1 0.45 0.2 0.27 9.8 2.3 0.6 0.4 0.004 

pH measured for fresh solutions 

* oxic (air-saturated) conditions 

** anoxic conditions (N2) 

 



2.3.   REDOX CONDITIONS 

 

The dissolution experiments were carried out in the different waters listed above, under both oxic and 

anoxic conditions. The oxic experiments were carried out in Schott Duran flasks under air-saturated 

conditions at 25 °C. The flasks were loosely closed during dissolution periods in order to allow the 
access of air into the solution. The anoxic conditions of deep groundwater were simulated in an an-

aerobic glove box. Each pellet was immersed in deaerated water (nitrogen) in polypropylene bottles 

inside the anaerobic box.  

 

The glove box has a gas-purification system for producing and maintaining a pure atmosphere free of 

moisture and oxygen within the glove box. The nitrogen gas is continuously recirculated in a closed 

circuit and purified by the filters (adsorbers: molecular sieve, Cu catalyst). After a pure atmosphere 

has been attained in the glove box, the inert system adsorbs the impurities in the glove box that have 

either diffused through the gloves or have entered with materials. The saturated filters can be auto-

matically regenerated. The oxygen content in the atmosphere within the glove box normally was be-

low 1 ppm (≈ 0.1 ppm), but occasionally rose above this threshold when working with gloves. The 
carbon dioxide content was not measured. The experimental vessels were kept tightly closed during 

the experiments in order to eliminate the effects of the traces of the oxygen and carbon dioxide con-

tents in the atmosphere. All experiments in the glove box were performed at 27 - 30 °C, the ambient 
temperature of the glove box. 

 

2.4.   DISSOLUTION PROCEDURE 

 

The oxic experiments were performed as “batch-without-replenishment” experiments. In these ex-

periments, four UO2 pellets were immersed in 1 litre of water in Schott Duran flasks of 1 litre total 

volume. Additionally, a ten-fold ratio of pellet surface area to water volume was applied in one series 

of tests in Allard groundwater (ten pellets/250 ml of water). Small aliquots (5-10 ml) were taken pe-

riodically for further analysis. These aliquots were replaced with fresh water that had a similar com-

position. The amounts of uranium in microfiltered (sample 1, membranes of 0.45 µm pore size) and 

ultrafiltered (sample 2, membranes of 3 to 4 nm pore size, nominal cut-off value of 50 000 M) ali-

quots were measured. 

 

For the experiments under anoxic conditions, the waters were prepared as follows: All components 

but NaHCO3 were dissolved in deionized water under atmospheric conditions. The solution was 

deaerated with N2, and transferred into the anaerobic box. Sodium bicarbonate was added to the solu-

tion in the glove box. The waters were allowed to equilibrate in the glove box for at least one week 

prior to the start of the dissolution experiments. As under oxic conditions, the experiments were per-

formed in batch-without-replenishment fashion. Each UO2 pellet was immersed in 1 litre of equili-

brated water in polypropylene bottles of 1 litre total volume. Small aliquots (2 ml), which were re-

placed with fresh water, were taken periodically from the solutions for further analysis. The amounts 

of uranium in unfiltered and microfiltered aliquots (membranes of 0.45 µm pore size) were analysed. 

Ultrafiltration (membranes of 3 to 4 nm pore size, nominal cut-off value of 50 000 M) was used in-

stead of microfiltration after the experimental time of 150 days. 

 

2.5.   ANALYTICAL METHODS 

 

The uranium contents in the oxic experiments were analysed by epithermal neutron activation analy-

sis (INAA). Inductively coupled plasma mass spectrometry (ICP-MS) was used in analysing the solu-

tions of the last four samplings. The uranium contents in the anoxic experiments were analysed by 

ICP-MS in order to reach lower detection limits. Microfiltration of the solutions was carried out using 

Millipore Millex-HV 0.45 µm filter units and ultrafiltration was carried out using the Model 3 micro-

volume and the Model 8010 Amicon Ultrafiltration Cells (Amicon Diaflo membranes, XM 50). The 

anions and cations of the solutions were analysed by ion chromatography (IC) at the end of the ex-

periment. The carbonate equilibrium of the solutions was analysed using the SFS 3005 Standard 

method for the determination of alkalinity and acidity in water (Metrohm titrator). 



 

 

The presence of possible secondary phases of uranium on the surface of the pellets or in the solutions 

was examined with X-ray diffractometry (XRD), Debye-Scherrer camera and X-ray photoelectron 

spectroscopy (XPS). The XPS analyses were performed in the Universitat Politècnica de Catalunya 

(UPC) in Spain. 

 

2.5.1. A method for determining the oxidation state of uranium in solution 

 

The oxidation state of uranium was determined using a method, in which the hexavalent and tetrava-

lent states were separated by anion exchange in HCl medium. The separations were made under inert 

atmosphere (N2) in the glove box. All the solutions, including acids, washing solutions and the ani-

onic resin in deionized water, were deaerated before the transfer into the glove box. The uranium 

contents of each fraction were analysed by ICP-MS. The development and testing of this method has 

been presented in detail elsewhere [5]. A similar separation method has been earlier applied by Hus-

sonnois et al [11] and Hakanen [12]. Hussonnois et al used the time resolved laser induced fluores-

cence of U(VI) for the uranium analyses of the fractions. 

 

In our method, chromatographic columns were filled with anionic resin (Dowex 1x8, Cl
-
 - form, 200 - 

400 mesh, 5x30 mm) in the glove box. The sample solution in 4.5 M HCl was added to the column, 

and was allowed to flow through the column at a rate of 0.2 ml/min. Under these conditions, U(VI) is 

fixed at 95 - 100 %, while U(IV) flows through the column [5, 11]. Then U(VI) was recovered by 

elution with 0.1 M HCl. The results showed that separation occurred almost quantitatively (yield 90 - 

100 %) and reproducibly. The fractions of U(IV) and U(VI) were analysed with ICP-MS. The method 

provides for U(VI) concentrations down to 0.1 ng/sample [5]. 

 

 

3.   METHODS OF CALCULATIONS 

 

The EQ3/6 package (EQ3NR: versions 3245 R111 and 7.1 R125, EQ6: versions 3245 R104, 7.1 

R121) developed by the Lawrence Livermore Laboratory [6] was used to calculate uranium solubili-

ties under experimental conditions. 

 

The EQ3/6 code is a theoretical model based on the premise of chemical equilibrium conditions. The 

EQ3NR code is based both on the charge-balance equation, and on the mass-balance equations for all 

elements except hydrogen and oxygen. The EQ6 code is based on the mass-balance equations for all 

elements including oxygen and hydrogen. The activity coefficients were calculated with the B-dot 

equation [13]. The activity coefficients in this option are treated as functions of the ionic strength but 

not of the specific aqueous solution composition. This is realistic in dilute solutions where the ionic 

strength is less than or equal to 1.0 molal. 

 

The redox constraint used was either oxygen fixed gas fugacity, Eh, or redox potential was assumed 

to be determined by the transitions between different UO2+x phases on the surface of UO2. The UO2+x 

phase was considered as a redox buffer, which may have a larger buffering capacity than the solution 

phase (partial pressure of O2) . In the EQ3NR simulations, the redox potential was calculated from 

the mineral equilibrium (e.g. U3O7/U3O8), which fixes the oxygen fugacity. This also determines the 

concentration of uranium in solution. 

 

The thermodynamic databases were the SKBU database (Data 0.3245S02) by Puigdomenech and 

Bruno [7], the NEA database (NEAU, Data0.NEA.R16) which is based on Grenthe et al [8], and the 

COM (composite) database (COMU, Data0.com.R16) by Lawrence Livermore National Laboratory 

[6]. The SKBU database has been validated for use in the EQ3/6 code package [7]. 

 



4.   RESULTS AND DISCUSSION  

 

4.1.  DISSOLUTION OF UO2 UNDER OXIC CONDITIONS  

 

4.1.1. Solubility limits of the dissolving matrix 

 

A general result from the dissolution experiments of unirradiated UO2 and spent fuel in synthetic 

groundwater performed in the presence of atmospheric oxygen is that the solution concentration of 

uranium reaches a constant value after some time period [14,15]. The steady-state solution concentra-
tion of uranium appears to be controlled with respect to some kind of oxidized phase. Initial attempts 

to identify the solubility-controlling phase seemed to indicate that the solution concentration was in 

close agreement with the solubility of schoepite, UO2(OH)2 ⋅ H2O (s) [16]. However, when the re-
fined thermodynamic data for schoepite and for U(VI) hydroxo complexes [17] were used, it was ob-
served that uranium concentrations were about a factor of 10-30 lower than given by the solubility of 

schoepite [14,17]. If the constant uranium concentration is not due to the saturation effects of dissolv-
ing solid, other reasons could be the achievement of steady-state controlled by the rates of dissolution 

and of precipitation, or steady-state controlled by the solubility of a secondary alteration product.  

 

Under oxic conditions in groundwater, UO2 is not thermodynamically stable, but oxidizes to form a 

higher uranium oxide (e.g. U3O7, U3O8, UO3 ⋅ 2H2O) or forms a secondary solid phase of uranium as 

an alteration product, depending on the availability of oxygen or other oxidizing agents and the com-

position of the water. The dissolving solid under oxidizing conditions is essentially U3O7, which 

forms by solid-state oxygen diffusion through the UO2 surface. The U3O7 surface will remain unsta-

ble with respect to schoepite or other U(VI) phases if the concentration of oxidants in solution is suf-

ficiently high [15]. The UO2/U3O7 matrix is unlikely to achieve a solubility limit, although the altera-

tion products do. The solubility of uranium increases until saturation with respect to the alteration 

product is reached. The mechanism of dissolution is highly dependent on the extent of oxidation. For 

very small extents of oxidation a solubility-limited dissolution model may still be applicable. 

 

Grambow [15] made a comparison of calculated uranium solubilities (EQ3) with Swedish spent fuel 
dissolution experiments in Allard groundwater under oxic conditions. He used electrochemical argu-

ments to predict solubility at saturation. It was suggested that the controlling factor is the redox po-

tential (corrosion potential) at the UO2 surface rather than the redox potential of the bulk solution 

(Eh). The redox potential at the surface may differ substantially from the overall Eh in solution. Two 

alternative phase boundaries were calculated: U3O7/U3O8 and U3O7/schoepite. The best agreement of 

calculated uranium solubilities and measured uranium concentrations in spent fuel dissolution ex-

periments in Allard groundwater was obtained when the uranium solubilities were calculated at the 

U3O7/U3O8 redox potential. 

 

In the following, the measured solubilities of U in the dissolution experiments of unirradiated UO2 

pellets in deionized water, NaHCO3 solutions and synthetic groundwaters under air-saturated condi-

tions are compared with the theoretical solubilities given by the EQ3/6 modelling. In the EQ3/6 simu-

lations various hypotheses for Eh control were tested. The redox potential was assumed to be con-

trolled by the oxygen partial pressure or equilibria between different uranium oxides: 

 

1) the oxygen partial pressure (pO2 = 0.2 atm), 

2) U3O7/U3O8 boundary or 

3) U3O7/schoepite boundary. 

 

In the latter two EQ3/6 simulations the mineral equilibrium between different uranium oxides fixes 

the oxygen partial pressure. This also determines the concentration of dissolved uranium. The redox 

potential for the latter cases is clearly lower than the redox potential calculated from the partial pres-

sure of O2. 

 



 

4.1.2.  Comparison between experimental and calculated uranium data 

 

The measured concentrations of uranium in deionized water as a function of contact time are given in 

Figure 1. The cumulative contact time was 2200 days (6 years). The amount of uranium in solution 

increased slowly and attained a steady state at the concentration of 3-5 ⋅ 10-6 mol/l, being one order of 
magnitude higher than the concentrations measured in the dissolution experiments of spent fuel in 

deionized water by Forsyth and Werme [14]. 
 

The oxidative dissolution mechanism of UO2 in deionized water involves phase alteration, in which 

UO2 alters to the particulate form of UO3 hydrate, if sufficient oxygen is available. The UO3 hydrates 

absorb on the surface of UO2 or precipitate elsewhere [18]. The concentration of uranium in solution 
is not controlled by the solubility of dissolving UO2 (U3O7), but by U(VI) containing solid alteration 

product. Schoepite or a closely related compound (dehydrated schoepite, UO3 ⋅ 2H2O) has been iden-

tified in long-term leaching experiments of spent fuel in deionized water [19,20]. Schoepite was also 
identified, probably as a secondary phase, in the agitated UO2 powder dissolution experiments under 

oxic (air-saturated) conditions in deionized water [1]. In those experiments, the surface of the UO2 

powder was allowed to oxidize in air prior to the start of the dissolution experiments. 
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FIG. 1. Measured concentrations of uranium in deionized water as a function of contact time, 

 pH= 5.8 (sample 1 and 2: U in micro- and ultrafiltered solutions, respectively).  

The dashed lines represent the solubilities of schoepite (pO2 = 0.2 atm) and the uranium solubility at 

the U3O7/U3O8 redox potential. Equilibrium with air was assumed. 

 

  
The best agreement between the measured data at steady state and the calculations was obtained 

when the solubility of schoepite was calculated at pO2 = 0.2 atm using the COMU database. The rea-

son for the lower solubility given by the NEAU database is the aqueous species UO2(OH)2(aq) in the 

COMU database, which has not been included in the NEAU database. The solubility value given by 



the SKBU database is considerably higher. There is a different value of the solubility product of 

schoepite in the SKBU and NEAU (COMU) databases (log K = 5.6 and 4.8, respectively). The calcu-

lated solubility at the U3O7/U3O8 redox potential is one order of magnitude lower than the measured 

concentrations at steady state. The solubility at the U3O7/schoepite boundary is equal to the solubility 

of schoepite at pO2 = 0.2 atm. The detailed results of the EQ3/6 modelling are given elsewhere [2]. 
 
The presence of particulate crystalline material in solution at the end of the experiment was shown by 

the XRD and Debye-Scherrer camera analyses of the membrane filter after the filtration of the water 

phase. It seemed to be uranium oxide with a crystal structure of uraninite (UO2 - U3O7). Schoepite 

was not observed. The small amount of material retained on the filter made analysis difficult. A new 

attempt to identify the material on the filter was made with XPS. It was not possible to identify any 

secondary phase. The XPS determination of the UO2 pellet surface showed 100 % U(IV). 

 

Figure 2 shows the measured concentrations of uranium in NaHCO3 solution, 1.96 mmol HCO3
−
/l 

(120 ppm) as a function of contact time. Uranium attains a steady state at the solubility at the 

U3O7/U3O8 redox potential. The solubility of schoepite at pO2 = 0.2 atm is one order of magnitude 

higher [2]. Only uranium oxide with a crystal structure of uraninite (UO2 - U3O7) was identified in the 

material retained on the membrane filter after filtration at the end of the experiment. The XPS deter-

mination of the UO2 pellet surface showed  100 % U(IV). There is a difference between the two data-

bases. The solubilities calculated using the NEAU and COMU databases are increased by the pres-

ence of the mixed (UO2)2(CO3)(OH)3
−
 complex. This complex was not included in the SKBU data-

base.  
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FIG. 2  Measured concentrations of uranium in NaHCO3 solution (1.96 mmol HCO3
−
 ) 

 as a function of contact time, pH= 8.2  

(sample 1 and 2: U in micro- and ultrafiltered solutions, respectively).  

The dashed lines represent the uranium solubilities at the U3O7/U3O8 redox potential.  

Equilibrium with air was assumed. 

 
In another series of dissolution experiments as a function of bicarbonate content (0.98 - 9.83 mmol/l) 

[2], the uranium concentrations measured after the last dissolution period of 900 days agreed with the 



 

uranium solubilities at the U3O7/U3O8 redox potential at lower carbonate concentrations (0.98 - 1.96 

mmol/l), while at higher carbonate concentrations the measured concentrations were lower. These 

experiments used the “batch-with-replenishment” method, in which successive dissolution periods 

were carried out, including changing water between dissolution periods [1,2]. 
 
Finally, the measured concentrations of uranium in the synthetic groundwaters are given in Figures 3 

and 4, together with the results of the solubility calculations. The amount of uranium in Allard 

groundwater (Figure 3) attains a steady state concentration of 1-2 ⋅ 10-5 mol/l, in good agreement with 
the results of the spent fuel dissolution experiments by Forsyth and Werme [14]. In the series with a 
ten-fold ratio of pellet surface area to water volume [2], uranium levelled off at the same concentra-
tion. The steady-state concentration is close to the solubility of uranium at the U3O7/U3O8 redox po-

tential given by the SKBU database. The solubility given by the COMU database is somewhat higher 

due to the mixed complex, (UO2)2(CO3)(OH)3
−
. The solubility of schoepite is one order of magnitude 

higher. The COMU data file was used for groundwaters instead of the NEAU data file because of a 

wider range of minerals, including e.g. calcite. Both Allard groundwater and bentonite water are 

oversaturated with calcite under air-saturated conditions. 
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FIG. 3.  Measured concentrations of uranium in Allard groundwater as a function of contact time, 

pH= 8.4 (sample 1 and 2: U in micro- and ultrafiltered solutions, respectively). 

The dashed lines represent the uranium solubilities at the U3O7/U3O8 redox potential.  

Equilibrium with air was assumed. 

 

In bentonite groundwater, a steady state was attained at a concentration of one order of magnitude 

lower than in Allard groundwater, 1 ⋅ 10-6 mol/l, regardless of the high carbonate content of the water 
(9.83 mmol/l). It is three orders of magnitude below the solubility of schoepite and the solubilities of 

uranium at the U3O7/U3O8 or U3O7/U3O8 redox potentials. This suggests a different steady-state con-

trol, e.g. the formation of a secondary phase with a lower solubility. The uranyl silicates are known to 

be the most stable long-term phases in oxidizing siliceous groundwater [21]. The calculated solubility 
of one such phase, haiweeite, Ca(UO2)2(Si2O5)3 ⋅ 5 H2O has been presented for comparison in Figure 

4. 

 



The attempts to identify possible secondary phases in the solutions at the end the experiment were 

only partly successful because of the small amount of material retained on membrane filters. As in 

deionized water and the NaHCO3 solution (1.96 mmol HCO3
−
/l), uranium oxide with a crystal struc-

ture of uraninite (UO2 - U3O7) was identified in both synthetic groundwaters (XRD, Debye-Scherrer 

camera). Calcite was identified in bentonite groundwater. The composition of the UO2 pellet surface 

was, according to the XPS determinations, 92 % U(IV) and 8 % U(VI) after the contact with Allard 

groundwater, and 100 % U(IV) after the contact with bentonite groundwater. Analysing of the com-

position of the solutions after the dissolution experiments did not show any remarkable change in 

Allard groundwater compared to the situation at the beginning [2]. In bentonite groundwater, the sil-
ica (SiO2) and calcium (magnesium) contents of the solution were lower at the end of the experiment. 

This refers to the formation of silica-containing secondary uranium phase. 
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FIG. 4.  Measured concentrations of uranium in bentonite groundwater as a function of contact time, 

pH= 9.0 (sample 1 and 2: U in micro- and ultrafiltered solutions, respectively).  

The dashed line represents the solubility of haiweeite (Po2 = 0.2 atm). 

 

 
4.2.   DISSOLUTION OF UO2 UNDER ANOXIC CONDITIONS 

 

4.2.1. Solubility-limiting solid phase 

 

Under reducing conditions, i.e. in the redox regime where U(IV) is the predominant oxidation state, 

UO2 or U4O9 is the stable uranium solid. The dissolution reaction: 

 

   UO2 + 4H
+
 --> U

4+
 + 2H2O 

 

will attain equilibrium in the absence of oxidants and U
4+
 will be hydrolysed or complexed in solu-

tion. The uranium concentrations in equilibrium are extremely low. The complex formation of ura-

nium with carbonate affects the relative stability of the oxidation states of uranium. This makes 

U(VI) stable in more reducing conditions than in the absence of carbonate and increases solubility. 



 

The relative amounts of the U(VI)- carbonate complexes and the U(IV)- hydroxide complex depend 

on carbonate concentration, pH and Eh [22].  

 
The solubility of UO2 depends on the crystallinity and particle size of the solid. Three U(IV) oxides 

have been included in the SKBU database: UO2(c) (uraninite), UO2(fuel) and UO2(am) in order of 

increasing solubility. UO2(fuel) has not been included in the NEAU database. Uraninite corresponds 

to a well-crystallised solid. The data for UO2(am) reflects the properties of a hydrous and X-ray 

amorphous solid that is obtained by precipitation in alkaline aqueous solutions. UO2(fuel) is an in-

termediate solid (particle size 1-5 µm), which corresponds to the average particle size of UO2 in spent 

fuel [7]. In the following paragraph, the solubilities of uranium measured under anoxic conditions 

(nitrogen atmosphere) in the dissolution experiments of UO2 pellets are compared with the theoretical 

(EQ3/6) solubilities of the U(IV) oxides. Additionally, the solubilities of the mixed valence oxide, 

U4O9 (UO2.25), were calculated. This phase is formed by diffusion of oxygen into the UO2 matrix 

[23]. U4O9 has been found as an oxidation product in grain boundaries in spent fuel at 140 to 225 °C 
[24]. The redox constraint used in the calculations of the anoxic conditions was Eh. 

 

4.2.2  Comparison between experimental and calculated uranium data 

 

Prior to the start of the dissolution experiments under anoxic conditions, a predissolution was carried 

out, in an attempt to remove a more soluble oxidized surface layer on the UO2 pellets that might have 

been present due to the earlier manipulation of the pellets in air. Each pellet was immersed in 100 ml 

of equilibrated water in polypropylene bottles of 125 ml, the water compositions being similar to 

those used later in the dissolution experiments. The duration of this predissolution period with daily 

changing of water was ten days. The amount of uranium released into the water phase per day was 

measured. 

 

The dissolution rate of uranium decreased during this period by 1-2 orders of magnitude [4], showing 

the presence of the oxidized surface layer. Figure 5 shows the dissolution rates of U from UO2 pellets 

in synthetic groundwaters, calculated per the geometric surface area of the pellet. 
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FIG. 5.  Dissolution rates of uranium from UO2 pellets during the predissolution period (mol m

-2
 d

-1
). 

 
A steady state in the concentrations of uranium was typically attained in the solutions after a contact 

time of 100 - 200 days, see Figure 6, which shows the measured concentrations of uranium in Na-



HCO3 solution (120 ppm HCO3
-
). Several parallel samplings were made in order to test the accuracy 

of ICP-MS in analysing low contents of uranium. The uranium contents found in unfiltered and fil-

tered samples showed some difference. This difference would seem to decrease towards the end of 

the experimental time, when steady state has been reached. In deionized water, the difference stayed 

until the end of the dissolution experiment. Possibly, the formation of colloids or precipitates oc-

curred. 
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FIG. 6. Measured concentrations of uranium in NaHCO3 solution, 120 ppm HCO3

−
 (upper figure) 

and in deionized water (lower figure) versus contact time.  

Filled symbols give the contents in the unfiltered samples, open symbols give the contents in the 

filtered samples (microfiltration up to 150 days, ultrafiltration after 150 days. 



 

 

The uranium concentrations in deionized water levelled out at 6 - 9 ⋅ 10-9 mol/l, being clearly higher 
than the solubility (EQ3/6) of well-crystallized solid, uraninite, UO2(c), see Figure 7. These concen-

trations represent the uranium contents found in the filtered solution. The measured concentration at 

steady state is equal to the solubility of a mixed valence oxide, U4O9 (c) (UO2.25). The solubility of 

UO2(fuel), which corresponds to the average particle size of UO2 in spent fuel (SKBU database [7]), 

has been presented for comparison. 

 

There is a difficulty in the modelling of specifying the input redox parameters. The redox constraint 

in the calculations was selected to be Eh. The Eh value was assumed to be -0.3 V, i.e. in the redox 

regime where UO2 or U4O9 is the stable solid phase of uranium. The redox measurements (glassy car-

bon electrode) gave positive Eh values (+150 - +180 mV). The solutions did not contain iron. The pH 

value was equal to the experimentally measured value in the glove box (N2).  
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FIG. 7 Measured concentrations of uranium in deionized water as a function of contact time. The 

dashed lines give the calculated (EQ3/6) solubilities of uranium oxides (pH= 7.0, Eh= -0.3 V). 

 

The measured concentrations for uranium at steady state in NaHCO3 solutions were equal (2 ⋅ 10-8 
mol/l) at the carbonate contents of 60 - 275 ppm (0.98 - 4.51 mmol/l), and slightly higher (4 ⋅ 10-8 
mol/l) at a carbonate content of 600 ppm (9.83 mmol/l), Figure 8. Under strongly reducing conditions 

the carbonate content should not have any effect on the solubility of uranium, the neutral hydroxide 

complex of U(IV), U(OH)4, being the predominant species. The effect of the carbonate complexation 

of U(VI) increases solubility under mildly reducing conditions, especially at high carbonate concen-

trations. There is only a minor increase in the concentration of uranium at the highest carbonate con-

centration under these experimental conditions. The measured concentrations are at the level of U4O9 

(c) (UO2.25) solubility given by the NEAU database. The solubilities were calculated at the pH value 

measured at the end of the experiments, which was identical for all NaHCO3 solutions.  

 



Time [days]

0 100 200 300 400 500 600 700

U
 [
m

o
l/
l]

10-11

10-10

10-9

10-8

10-7

UO2(c)  (SKBU)

UO2.25  (NEAU)

U4O9(c)  (SKBU)

UO2 (fuel) (SKBU)

UO2(c)  (NEAU)

NaHCO3 - 60

NaHCO3-120

NaHCO3-275

NaHCO3-600

 
FIG. 8  Measured concentrations of  uranium in NaHCO3 solutions and as a function of contact time. 

The dashed lines give the calculated (EQ3/6) solubilities of uranium oxides (pH= 9.1, Eh= -0.3 V). 
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FIG.  9 Measured concentrations of  uranium in synthetic groundwaters as a function of contact 

time. The dashed lines give the calculated (EQ3/6) solubilities of uranium oxides 

 (Allard groundwater: pH= 9.0, bentonite groundwater: pH= 8.9, Eh= -0.3 V). 

 
A small decrease in the carbonate contents of the solutions was observed to have occurred during the 

long experimental time. This was shown by the results of the analyses of the HCO3
-
 and CO3

2-
 con-

tents of the solutions, see Table 3. The titrations were carried out for the solutions (without pellets) 



 

after two months' equilibration time, and for the solutions (with pellets) after one year's experimental 

time. All the titrations were made under N2 atmosphere in the glove box. The CO2 content in the at-

mosphere of the box is not exactly known. It is low, below the detection limit of the analyser (0.5 - 1 

ppm, Fuji infrared gas analyser). 

 

Finally, the measured concentrations of uranium in synthetic groundwaters versus contact time are 

given in Figure 9. Again, the measured data (2 - 2.5 x 10
-8
 mol/l) are equal to the solubility of U4O9(c) 

(UO2.25) given by the NEAU database. The high carbonate content of bentonite groundwater (Table 

1) did not have any effect on the release of uranium. 

 
An attempt to investigate the speciation of uranium in aqueous phase was made by determining the 

oxidation state of uranium in the solutions at the end of the experiment. The results of the analyses 

show that uranium was mainly at the U(VI) state (91 - 99 %) . The detailed analyses and development 

of the method for the glove box conditions are reported elsewhere [5]. 

 
TABLE II. OXIDATION STATE OF URANIUM IN SOLUTIONS AFTER CONTACT WITH 

UO2 PELLETS IN N2 ATMOSPHERE (N2). THE RESULTS ARE THE AVERAGES 

OF TWO PARALLEL SAMPLINGS 

 

Solution pH Fraction U(VI)  

% 

Fraction U(IV)  

% 

Yield 

% 

Deionized water 7.0 99.0 1.0 80 

NaHCO3                 

(60 ppm HCO3
-
 ) 

9.1 96.9  3.1  86 

NaHCO3             

(120 ppm HCO3
-
 ) 

9.1 96.8 3.2 72 

NaHCO3        

(275 ppm HCO3
-
 ) 

9.1 96.8  3.2 97 

NaHCO3        

(600 ppm HCO3
-
 ) 

9.1 98.2 1.8 88 

Allard         

groundwater 

9.0 91.5  8.5  94 

Bentonit     

groundwater 

8.9 96.9 3.1 91 

 

 
5.   CONCLUSIONS 

 
The dissolution behaviour of unirradiated UO2 pellets was studied as a function of water composition 

under oxic (air-saturated) and anoxic (N2) conditions at 25 °C. The waters included deionized water 
as reference water, sodium bicarbonate solutions with varying bicarbonate content, Allard groundwa-

ter representing granitic fresh groundwater conditions, and bentonite water simulating the effects of 

bentonite on fresh granitic groundwater. The experimental method was a static batch dissolution pro-

cedure. Comparison was made with the theoretical solubility data (EQ3/6, the SKBU, NEAU and 

COMU databases) in order to evaluate solubility (steady state) limiting factors. 

 
In the EQ3/6 calculations, various hypotheses for redox control were tested under oxic conditions. 

The controlling factor was assumed to be given by the redox potential of the bulk solution (oxygen 

partial pressure, pO2= 0.2 atm), or the redox potential was assumed to be determined by the transitions 

between different UO2+x phases on the surface of UO2 (U3O7/U3O8 or U3O7/schoepite). In the latter 



case, the redox constraint also determines the concentration of uranium in solution. The measured 

data at steady state in deionized water were equal to the solubility of schoepite at pO2= 0.2 atm given 

by the calculations (the COMU database). In sodium bicarbonate solutions, the solution concentration 

of uranium was close to the calculated uranium solubilities at the U3O7/U3O8 redox potential at lower 

carbonate concentrations (0.98 - 1.96 mmol/l). This was also the case also in Allard groundwater. In 

bentonite groundwater, the results suggest a different solubility control, e.g. the formation of a secon-

dary phase with a lower solubility. The measured concentrations of uranium at steady state in ben-

tonite groundwater were three orders of magnitude below the solubility of schoepite or the solubility 

at the U3O7/U3O8 redox potential. The identification of the possible solubility-limiting secondary 

phases of uranium was made difficult by the small amount of particulate material collected from the 

solutions. Only uranium oxide with a crystal structure of uraninite (UO2 - U3O7) was identified in all 

the waters. 

 
Under anoxic conditions, the measured concentrations at steady state were at the level of U4O9 

(UO2.25) solubilities, being clearly higher than the solubilities of well-crystallised uraninite and below 

the solubilities of UO2(fuel). The water composition had a minor effect on the solution concentration 

of uranium. 
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Abstract 

 

The development of a predictive model on the kinetics of radionuclide release from glass in a clay or 

granite repository conditions, based on experimental data with respect to (1) the basic glass leaching 

mechanism (the influence of glass composition, the presence of fission products and solutions 

containing various anions and cations), and (2) the effect of materials present in the repository (clay, 

siliceous additives, granite) is described in this report.  

1. INTRODUCTION: R & D OBJECTIVES 

The long term durability of radioactive waste glass will be assessed by modeling. A strict 

methodology is necessary to develop a predictive model valid over long time periods. It may be 

summarized as follows : 

• Begin with a satisfactory material specification and characterization. 

• Identify and study the mechanisms of glass alteration by water. This requires comprehensive 

knowledge of the mechanisms involved in the long-term alteration of glass containment properties 

and their kinetics. 

• Determine the effects of various repository concepts and allow for all relevant environmental 

conditions (pH, Eh, flow rate, effect of container materials, host rock, groundwater composition, 

etc.). 

• Develop a glass alteration model applicable to a geological repository environment, with the 

objective of modeling the alteration kinetics of the glass package in order to assess the 

performance of the waste form itself as the primary containment barrier. 

• Assess the release mechanisms of individual radionuclides and determine kinetic control versus 

solubility, sorption or co-precipitation. 

• Validate the models by dedicated experiments with highly radioactive samples, full-scale tests, 

in situ tests, comparison with natural analogues, etc. 

• Obtain a “glass source term” for incorporation in the general codes that takes into account 

migration and transport to the biosphere for safety purposes. 

Our objective is therefore to develop a predictive model of the release kinetics of the major radio-

nuclides contained in the glass over a time period of a few tens of thousands of years. This is not an 

absolute reference period, but indicates the limits of our objectives. Thirty thousand years are 

necessary for the potential toxicity of vitrified waste to diminish to the level of the ore used to 

produce the corresponding quantity of electric power. It is thus legitimate to question whether glass 

alteration kinetic studies beyond this period is either useful or realistic. 

The broad outlines of the research effort, now considered necessary to develop a suitable predictive 

model of glass package alteration, are defined by a general leaching program. The main experimental 

results obtained in the framework of this leaching program will be presented in this paper. 

2.  BASIC GLASS CORROSION MECHANISMS 

The mechanisms of aqueous corrosion include � interdiffusion, which forms a dealkalinized, 

hydrated zone often referred to as the “corrosion front”; � hydrolysis of the bonds between network-



forming elements; and � condensation and/or precipitation of the hydrolyzed species to form a 

largely amorphous alteration film. The role of each of these steps in controlling the long-term 

alteration kinetics varies with the environmental parameters, glass composition and time. 

2.1.  INTERDIFFUSION 

When in contact with the glass, water first diffuses into the pristine glass (hydration), then exchanges 

with the most mobile network modifier ions (interdiffusion). This reaction causes the pH to rise in a 

closed medium. The magnitude of the pH rise increases with the glass-surface-area-to-solution-

volume (S/V) ratio. The hydrated silicate network subsequently dissolves, hydrolyzing all the glass 

component elements (congruent dissolution). 

The competition between interdiffusion and dissolution has been investigated
[1]
. These studies have 

shown that after a characteristic time τ the concentration profiles in the hydrated glass tend toward 
steady-state conditions. This results in the formation of a “corrosion front” or “reaction zone” with a 

thickness λ advancing at a rate r in the pristine glass. 

Interdiffusion predominates during the initial period of leaching (i.e. t << τ) and the corrosion front is 
formed. Over the longer term (i.e. t >> τ) surface dissolution becomes predominant, and the reaction 

zone takes on a thickness λ determined by the interdiffusion coefficient D 
~
 and the surface dissolution 

rate r: 

λ = 
D 
~

r
  (1) 

The characteristic time after which the corrosion front is formed is given by the following relation: 

τ = 
D 
~

r
 2  (2) 

In basic media, where interdiffusion is slow and the silicate network dissolves at a high rate, τ and λ 
are small (typically, τ ranges from a few hours to a few days, and λ from 10 to 100 nm at 90°C). 

Interdiffusion quickly becomes negligible in laboratory experiments, except for its role in 

determining the pH at the beginning of the leaching process. 

Nevertheless, even in basic media, when the system nears saturation with respect to the glass and the 

dissolution rate tends toward zero, λ tends toward infinity and interdiffusion could again become the 

phenomenon controlling material transport into solution. Considering the ion diffusion coefficient in 

the solid at low temperatures (D 
~
 ~ 10

-20
 m

2
·s

-1
) and the evolution of the phenomenon as a function of 

 t , however, this transfer would quickly become negligible. 

2.2 HYDROLYSIS OF THE GLASS NETWORK 

The dissolution rate 
[2]
 may be expressed in the following form: 
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+ ∏ 1  (3) 

where r : rate of glass dissolution 

 k
+
 : kinetic constant of dissolution 

 Πi
ai : product of the activities in solution of species i participating in the activated complex 

 vi : stoichiometric coefficient of the ith species 

 S : glass specimen surface area 

 V : water volume 

 Q : ionic activity product of the chemical species in the glass dissolution reaction 

 K : equilibrium constant of the dissolution reaction. 

This relation may also be expressed as follows: 



 

r r
Q

K
= −






0 1  (4) 

where r0 is the initial glass dissolution rate in pure water, which depends on the temperature and pH, 

and correlates relatively well with the glass composition on the basis of simple criteria; the affinity 

term (1 – Q/K) characterizes the diminishing driving force of the alteration as the leachate becomes 

increasingly concentrated in glass alteration products. 

If it is further assumed that the only kinetically limiting reaction is hydrolysis of the silica in the 

glass, Eqn (4) may then be reduced to the classic “first-order law” proposed by Grambow
[3]
: 

r r
C

C

Si

Si

= −








0 1

int

*
 (5) 

where CSi
int
 is the silicon concentration at the reaction interface between the glass and the alteration 

film, and CSi
*
 is the silica concentration at saturation. 

2.3. EFFECT OF THE GLASS COMPOSITION 

The influence of the glass composition on its long-term durability was investigated over a wide range 

of compositions bracketing that of the R7T7 reference glass. The range was bounded by the following 

composition limits for six major oxides and oxide groups: 

SiO2 concentration: 30–70 wt% 

Al2O3 concentration: 2–20 wt% 

B2O3 concentration: 7–20 wt% 

Na2O + Li2O concentration: 9–24 wt% 

Fe2O3 + NiO + Cr2O3 concentration: 2.5–10 wt% 

Fission product oxide + actinide oxide + ZrO2 concentration: 5–25 wt% 

An experimental methodology was used to specify twenty compositions from this range and to 

determine the influence of each of the oxides or oxide groups on the major parameters characterizing 

long-term durability: the initial glass dissolution rate r0, the apparent silicon solubility C*, the 

alteration rate under saturation conditions after 6 months rf and the equilibrium pH 
[4]
. 

The results (Figure 1) show that if the initial dissolution rate may to some extent be related to the 

glass composition on the basis of simple criteria (e.g. the ratio between the number of moles of 

network-forming and network-modifying oxides). Empirical models (Figure 2) based on 

mathematical and statistical analysis of the data from the experimental plan can orient the choice of 

the glass composition to materials with very low initial dissolution rates. Each curve indicates how 

the initial dissolution rate predicted by the model varied with the relevant component oxide 

percentage varied over its composition range. Three observations may be made concerning the plot: 

• The glass durability is increased by the additive oxides (Fe, Ni, Cr, P) and by silica and alumina, 

in that order. 

• The fission product oxides do not appear to have a significant effect on the glass durability. 

• Boron and especially the alkali metals considerably diminish the leaching resistance of borosili-

cate glass. 

The effects of the oxide components on long term stability of glasses are also plotted in figure 3. The 

long term glass durability is still increased by the additive oxides, and by alumina and then silica, in 

that order. The fission product oxides appear to have a slight beneficial effect on the long term 

durability. Boron does not appear to have a significant effect on the long term stability, conversely to 

what is observed for the initial dissolution rate r0. This may be the consequence of pH-control by 

B(OH)3 hydrolysis with OH
-
 species to form B(OH)4°. 



 

2.4.  ROLE OF AQUEOUS ANIONS AND CATIONS ON GLASS HYDROLYSIS 

Under geological disposal conditions, not only the glass itself but also the canister, the engineered 

barrier and the host rock constitute sources of elements liable to be released into solution. A 

parameter study was therefore undertaken to determine the influence of the aqueous species most 

likely to be found near the glass in a geological repository on the glass dissolution mechanisms and 

kinetics. The species investigated included those present in natural groundwater (chlorides, sulfates, 

nitrates, fluorides and phosphates, Mg and K), the major glass cations (Si, B, Na, Ca, Fe, Al, Zn, Zr 

and Nd) and species arising from corrosion of the metal canister (Ni and Cr). These species may 

interact with the glass in a variety of ways: physical sorption or chemisorption catalyzing or inhibit-

ing the glass dissolution reaction, formation of complexes with a kinetically limiting element or 

formation of alteration products liable to maintain the glass dissolution reaction affinity at a positive 

value by consuming dissolved elements. 

In order to address these questions, two types of tests were conducted:  

• static tests to determine the initial dissolution rate at 0.1 cm
-1
,  

• dynamic tests under silica saturation conditions at constant flow rate,  

2.4.1. Effect of Aqueous Anions and Cations on the initial Dissolution Rate of R7T7 Glass  

at 90°C 

The tests 
[5]
 were conducted at a SA/V ratio of 0.1 cm

-1
 obtained by placing six 25 × 25 × 2 mm R7T7 

glass coupons each in one litre of stirred solution, prepared from Normapure grade Prolabo reactants. 

The initial pH was adjusted at 9 by adding 1 M HCl or NaOH solution, and maintained throughout 

the test within 0.1 pH unit of the setpoint value. Each test lasted approximately 1 day. The dissolution 

rates calculated from the Si and B release rates for the tests media are indicated in  Table I. It may be 

assumed that a species does not modify the glass dissolution kinetics at pH 9, provided the disso-

lution rate is between 2.3 and 2.9 g·m
-2
d
-1
 and the B/Si ratio is maintained. Thus Na

+
, K

+
, Cl

–
, Ca

2+
, F

–
 

and SO4
2–
 had no effect under the experimental conditions, while only minor changes were 

attributable to the presence of boron and NO3
–
 ions. The phosphates reveal the importance of 

speciation: hydrogen phosphate ions (HPO4
2–
) had no effect at this pH, while the pyrophosphates 

(HP2O7
3–
 and P2O7

4–
) had a significant catalyzing effect. 

The cations Fe, Al, Zn, Ni, Cr, Zr and Nd are highly insoluble in basic media. The presence of these 

elements, mainly in hydroxide form after dissolution of the salts, resulted in generally incongruent 

dissolution, with boron released at a higher rate than silica. This phenomenon may be related to an 

affinity between silica and the metallic elements
[4, 6]

. Several cases have been observed in which 

precipitated material (e.g. Nd(NO3)3) several micrometers thick on the glass did not affect the boron 

release; glass surface deposits apparently do not constitute a diffusion barrier. Conversely, aluminum 

hydroxide does inhibit glass corrosion. Cation extraction from the glass is linear, and the 

incongruence between boron and silica is significant. Since the hypothetical protective effect of the 

hydroxide deposit is refuted by the above-mentioned test results, this experimental behaviour may be 

explained by assuming the formation of bonds between the hydroxide film and the glass surface that 

limit hydrolysis of the glass network bonds. Chemisorption of aluminum was investigated on silicate 

glass by Horn et al.
[7]
, who suggest that aluminum is adsorbed on silanol groups at the glass surface 

(hydrogen bonds). The inhibition of silicate glass matrix dissolution in the presence of aluminum has 

been reported in the literature
[6, 7]

. Formal determination of the type of interaction by a 

spectrochemical method would provide incontestable proof. 

In conclusion, the experiments showed that, except for the well known roles of the pH and dissolved 

silica concentrations, the other major species present in groundwater had no decisive effect on the 

initial dissolution kinetics. The observed effects never exceed a factor of 3, and had little influence on 

the long-term behaviour. 

2.4.2.  Effect of Aqueous Species on the Dissolution Rate of R7T7 Glass at 90°C under 

Conditions Near Silica Saturation. 

The hypothesis that elements other than silica in the glass have a kinetically limiting effect was 

advanced by Gin
[5]
 to account for the continued high corrosion rates even after silica saturation 



 

conditions are reached in certain clay media. Assuming a kinetically limiting effect of elements other 

than silica, the first-order rate becomes: 

r r
a a

K

Si i
Si i

= 0 1−














∏ α α
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where ai
αi
 corresponds to the activity of species other than H4SiO4 with a kinetically limiting role, and 

K is the product of the ion activity at saturation (equilibrium constant): 

( )K a aSi i
Si i= α α∏ *  (7) 

The tests were designed to verify whether silica alone controls the overall dissolution kinetics of 

R7T7 glass in basic media. The aSi
αi
 ⁄ (aSi

αi
)* ratio was therefore maintained constant at a value near 1 

throughout the tests, during which the glass dissolution rates were measured for different ai
αi
 values. 

Six tests were conducted with flow rates of 0.1, 1.3, 2.3, 4 and 10 ml·min
-1
. The main results are 

summarized in Table II. Except for the experiment at 0.1 ml·min
-1
 (test A), the steady-state Si 

concentration was comparable for all the tests (34 ± 1 mg·l
-1
). The solution in test A was saturated 

with respect to aluminum, iron, zinc and zirconium hydroxides. At higher flow rates under steady-

state conditions, the solutions were subsaturated with respect to Al and Zr, and probably Zn. The 

solubility limit of amorphous Fe(OH)3 at this pH and flow rate cannot account for under-saturation of 

the solution with respect to this hydroxide. 

The glass dissolution rate increases with the flow rate, particularly at lower flow rates. Considering 

the precautions taken to maintain a constant degree of silica saturation with respect to the glass, it 

appears possible to establish a causal relation between the increased glass dissolution rate and the 

lower dissolved Al, Zn and Zr concentrations. These experiments show that elements other than silica 

can control the dissolution kinetics of R7T7 glass. 

Aluminum is the most soluble metallic element in the glass at pH 8.8. An experiment (test F, to be 

compared with tests A and D) was therefore conducted to demonstrate the possible kinetically 

limiting behaviour of this element. The test flow rate was 4 ml·min
-1
 and the initial solution was near 

saturation with respect to aluminum. The results show that the glass dissolution rate in this solution 

was much lower than when the initial solution contained no aluminum (test D), but higher than when 

a fraction of the aluminum released from the glass was confined in the alteration film (test A). The 

results demonstrate the kinetically limiting character of aluminum, but do not indicate if aluminum is 

the only element other than silica that exhibits this property, since the steady-state Si concentration 

was too different from that of test A. 

3. EFFECT OF DISPOSAL CONDITIONS 

The proposed disposal site media are clay or granite in France. The French research effort has 

therefore focused on the influence of granite and clay environmental materials from the host site 

and/or the engineered barriers, and on metal corrosion products. Experiments were conducted to 

answer the following questions: 

• Are similar results obtained in the presence of environmental materials? 

• Are the equilibrium limits modified? 

• What is the equilibrium pH? 

• Is the glass solubility modified? 

• Is the final rate affected? 



 

3.1.  ALTERATION IN MOIST CLAY 

Static-mode leaching experiments (without water renewal) were performed in 50 cm
3
 stainless steel 

vessels with peripheral heaters. The vessel was packed with about 50 g of dry clay with a glass 

coupon at the center. The vessel, supplied with Volvic mineral water pressurized to 100 bars by a 

hydropneumatic pump, was maintained at a temperature of 90°C throughout the test duration (7 days, 

1, 2, 3 and 6 months). The glass-surface-area-to-solution-volume (SA/V) ratio was 0.45 cm
-1
 and the 

clay-mass-to-glass-surface-area (C/SA) ratio was about 3.5 g·cm
-2
. 

On completion of the tests, the clay gangue was removed from the glass coupon, which was then 

rinsed in pure water and dried for 24 hours at room temperature before weighing to determine the 

mass loss. The glass surfaces were submitted for SEM examination. In some cases the clay was 

centrifuged or rinsed to recover a fraction of the leachate for analysis. 

Both test clay samples (2 samples from different depths in a single borehole in the Aisne 

département) resulted in significantly increased glass alteration: after 6 months the mean alteration 

rate was 0.8 g·m
-2
d
-1
, compared with only 0.01 g·m

-2
d
-1
 in pure water under otherwise identical 

conditions. The results were similar to those obtained with another clay designated smectite 4a. 

3.2.  ALTERATION IN MOIST CLAY WITH A SILICEOUS ADDITIVE 

Tests were carried out in an attempt to offset the unfavourable effect observed with certain clays by 

adding 5 wt% of a siliceous additive. The experiments were conducted with smectite 4a under the 

same conditions as above (§ 3.1). Five siliceous additives were tested: silica gel, pozzolana, window 

glass powder, R7T7 glass frit powder and R7T7 glass powder. The clay and additive mixture was 

allowed to reach equilibrium for 28 days under the test conditions before the glass coupon was added; 

the test duration was 28 days. 

Glass alteration was considerably diminished by the use of a siliceous additive with smectite 4a, to an 

extent that varied with the nature of the additive. R7T7 glass alteration was very limited (on the order 

of 0.01 g·m
-2
d
-1
, i.e. below the rate observed in pure water alone) with 2.5 g of silica gel, R7T7 glass 

powder, R7T7 glass frit powder or window glass powder. The effect was less evident with pozzolana: 

after 28 days the corrosion rate was 0.27 g·m
-2
d
-1
. 

This experimental approach opens encouraging perspectives for preventing the strong glass alteration 

observed in the presence of certain clay materials. If clay were used for an engineered barrier, adding 

a small percentage of a suitable siliceous material could mitigate its tendency to alter the glass. 

3.3.  EQUILIBRIUM LIMITS WITH VARIOUS HOST MATERIALS 

It has been shown that most clays
[8]
 and metal corrosion products considerably augmented glass 

alteration compared with a “pure water” medium. These materials consume dissolved species 

released by glass alteration, and thus prevent or retard the onset of “saturation” conditions, under 

which the alteration rate drops by several orders of magnitude below the initial dissolution rate. 

This raises the question of whether this detrimental phenomenon is a long-term effect (as could be the 

case if it involves a dissolution/precipitation mechanism that ceases only with the exhaustion of one 

of the system components) or a transient effect (related, for example, to saturation of the sorption 

sites, which is significant at laboratory scale but might quickly become negligible over the time frame 

of a geological repository). 

Experiments were conducted over a two-year period at 90°C to answer this question, using glass 

powder (S/V=170 cm
-1
) and similar quantities of various environmental materials. The resulting 

normalized boron mass losses are indicated in Table III. Initially, alteration was indeed higher in 

clay than in the other media; after one year, however, the difference in the total alteration was 

minimal, and the “final” alteration rate was very low in every case. The following rates were 

calculated between 242 and 872 days: 8 × 10
-4
 g·m

-2
d
-1
 for clay from level -448, 4 × 10

-4
 g·m

-2
d
-1
 for 

clay from level -802, 17 × 10
-4
 g·m

-2
d
-1
 for granite, 18 × 10

-4
 g·m

-2
d
-1
 for schist. These values 

(typically V0/1000) are fully comparable to those obtained in pure water with the same S/V ×  t  

product (i.e. 4 to 8 × 10
-4
 g·m

-2
d
-1
).  



 

3.4. ALTERATION IN THE PRESENCE OF GRANITE 

R7T7 glass corrosion tests were therefore carried out with granite crushed and milled to three grain 

size ranges: “gravel” (1.6–2.5 mm), “sand” (0.3–0.63 mm) and “silt” (< 0.16 mm). The tests were 

conducted in 60 cm
3
 Savillex Teflon

®
 leaching cells. The environmental material, consisting of 50 g 

of crushed granite, was first leached for 7 days at 90°C in double-distilled water to ensure 

equilibrium with the leachant. The glass coupon was then placed in the leaching cell for the specified 

duration, the cells were closed and placed in groups of three inside a hermetically sealed container to 

which water was added in order to maintain a saturation vapour pressure and thus minimize 

evaporation from the cell. The outer container was placed in a regulated oven. 

Each test involved a single 25 × 25 × 2 mm glass coupon leached under static conditions at 

atmospheric pressure in double-distilled water at an initial pH of approximately 5.8, with a (SA/V) 

ratio of 0.5 cm
-1
 (i.e. 14.5 cm

2
/30 cm

3
). The temperature was maintained at 90°C ± 2°C throughout 

the test duration: 7, 56, 91 or 530 days. 

The tests for each leaching interval were carried out in duplicate (quadruplicate for the 530-day test) 

in a medium preconditioned for 7 days. In addition, 1 unduplicated control test (environmental 

material without the glass coupon) was performed for the duration of the preconditioning period + the 

specified leaching interval (the 530-day control test was duplicated). 

The tests showed that the long-term corrosion increased as the granite grain size diminished; 

nevertheless, although clear differences were observed between the three size ranges, the magnitude 

of the differences was limited and the results were all on the same order of magnitude. 

Granite powder imposes an H4SiO4 activity such that glass corrosion is maintained at relatively high 

rates (on the order of 0.2 g·m
-2
d
-1
) for up to 530 days (under similar conditions in pure water alone, 

the corrosion rates observed after 364 days are on the order of 0.015 g·m
-2
d
-1
). 

Before concluding on the basis of these results, it should be noted that the granite surface area in 

these tests was very high compared with the glass surface area (40, 160 and 950 times higher, 

depending on the grain size). Such values would only be encountered if crushed granite were used as 

a nearfield engineered barrier material. The actual ratios would be much lower in a granite host rock 

without a granite engineered barrier, corresponding to the integral glass alteration (“TAV”) tests in 

granite media: i.e. a very minor effect on the degree of glass alteration. 

It may thus be affirmed that there is a granite/glass surface area ratio above which the test granite 

imposes conditions (pH, element concentrations, H4SiO4 activity) under which the glass may be 

corroded to a significantly higher degree than in pure water. From the standpoint of waste contain-

ment glass corrosion, a crushed granite nearfield engineered barrier might therefore not be the 

preferred solution for a repository configuration. 

4. RADIOACTIVE GLASS ALTERATION 

 

4.1. AQUEOUS CORROSION RESISTANCE AT 90°C OF A FULLY ACTIVE GLASS BLOCK 

A fully active cylindrical glass sample (about 2 kg) was fabricated in the Vulcain cell. The glass 

composition is reported in Table IV for inactive elements. It is similar to the reference inactive R7T7 

glass composition. The radiochemical composition is reported in Table V. The aqueous corrosion 

resistance of A119 glass was subsequently measured at 90°C in initially pure water with  S/V ratio of 

0.4 cm
-1
. Partially renewed conditions were imposed (renewal rate : 0.13/year). The main results are 

reported on the figures 4 and 5. The activities in the leachate are the consequence of cesium release 

(>10
5 
Bq/ml), strontium (≈ 104 Bq/ml), and alpha emitters (<10

2
 Bq/ml), in that order. Steady-state 

concentrations were achieved for βγ emitters after 1 year. For α-activity, a slight diminushion is 

observed after 1 year. 

The normalized Cs, B and Na mass loss varied in a linear manner for about 1 month, but the curve 

then became parabolic (Figure 5). The same trend was observed for inactive glass samples. The 

corrosion rate therefore diminished after 28 days, and was on the order of 0.02±0.01 g.m-2
.d

-1
 after 

567 days. It finally reached 0.008 ±0.005  g.m-2
.d

-1
 after 1971 days (5.4 years). This value is 



 

equivalent to the dissolution rate measured on inactive glass samples
[9]
. The apparent silica solubility 

limit is also similar and equal to 10
-2.97

 mole/L (32 mg/L). This test thus validates the main 

controlling parameters determined on inactive glass samples. Consequently, kinetic data for non-

radioactive and radioactive laboratory glass are thus directly applicable to full size radioactive glass 

canisters. 

The retention factors in the gel layers for the actinide elements were calculated as a function of glass 

composition and actinides concentrations in the leachates. They are larger than 2000 for plutonium 

and curium, and larger than 1000 for americium. The Pu, Am and Cm leach rates are thus lower than 

4 × 10
-6
 g.m

-2
.d

-1
 (2000 time lower than boron or cesium). 

4.2. BEHAVIOUR OF ACTINIDES DURING AQUEOUS LEACHING OF α-DOPED GLASS 

Leaching experiments in aqueous media at 90°C were carried out on non-radioactive and radioactive 

nuclear waste SON68-type glasses to investigate the release behaviour of four actinides (thorium, 

uranium, neptunium and plutonium) and three lanthanides (lanthanum, cerium and neodymium) from 

the solid into solution
[10, 11]

. The experiments were conducted under flowing conditions (0.075 

ml/min) with synthetic aqueous solutions (5 × 10-3 M carbonate medium, 5 × 10-3 M phosphate 

medium and 5 × 10-3 M sulfate medium, respectively). The lanthanide and actinide concentrations 

were measured in the leachates before and after filtration to 0.45 µm and 1.8 nm. The glass 

compositions are indicated in Table VI. 

The mobility of lanthanide and actinide elements during glass alteration could be determined by two 

major parameters: 

1. their valence, which depends on the Eh and pH of the leaching solution, and 

2. the formation of secondary products, and notably the siliceous gel. 

The following observations are summarized in figure 6. The tri- or tetravalent lanthanides and 

thorium tend to be incorporated in the gel structure. Over 98% of the total quantity of these elements 

released from the glass is confined in the alteration film; as glass dissolution is stoichiometric at basic 

pH values, the retention percentage is calculated with respect to the quantity of solubilized boron, a 

glass dissolution tracer. The retention may be due to co-precipitation, with the incorporation of a 

significant fraction in the gel. Their molecular environment in the gel must be determined in order to 

confirm this hypothesis. For the small fraction found in solution, the mobility of La, Ce, Nd and Th 

depended indirectly on the chemistry of the leaching solutions: the phosphate ions were incorporated 

in the gel, and increasing their concentration in solution enhanced the containment of the lanthanides 

and thorium in the alteration film. It is not known, however, if the phosphorus is part of the matrix or 

if it forms solid phases in microdomains with the lanthanides and thorium. 

Based on laboratory speciation studies
[12]

 and thermodynamic data, neptunium and uranium are found 

in oxidizing media mainly at valence V and VI, respectively, but the aqueous forms are NpO2
+
 and 

UO2
2+
. They therefore exhibit higher mobility, as they are less sensitive to adsorption or co-

precipitation with the gel. The fraction of these elements contained in the alteration film never 

exceeds 95% of the total leached quantity, and the retention mechanism may involve ion exchange or 

precipitation. In the presence of carbonate ions at high concentrations, however, the confined fraction 

is only 40%, and the solution chemistry is an important factor in enhancing the Np and U mobility. 

Carbonate ions are strong actinide ligands; by maintaining them in solution, they inhibit or retard the 

retention process in the alteration film. 

In oxidizing media Pu may be found mainly as Pu(IV), in the particulate fraction, based on previous 

work
[12]

. Significant and irregular formation of colloids disguises the actual flow of plutonium into 

the aqueous medium, as it is transported by the particles resulting from limited disaggregation of the 

alteration products. This assumes that plutonium is strongly retained in the alteration film, a 

hypothesis confirmed by the plutonium in the dissolved fraction, where 99.5% of the element is fixed 

by co-precipitation or chemisorption. Its behaviour then resembles that of the lanthanides – 

particularly Ce(IV) – and thorium. The colloidal phase was disregarded to clarify our interpretation 

of the results, but it is important to note that leaching experiments have shown that the occurrence of 

this phase is significantly greater with plutonium than Np or U 
[13]

. 



 

Experimental investigations are still under progress to determined the actinide elements mobility in 

anoxic conditions. 

5. NATURAL ANALOGUES STUDIES 

The basaltic glass is considered as a natural analogue for the nuclear waste glasses. Incorporation of 

the rate laws of basaltic glass alteration in a computer code is thus an essential step towards 

validation of computer codes also used  to simulate the long term stability of nuclear waste glass. An 

experimental approach was undertaken to determine the effect of dissolved silicon and other glass 

components on the dissolution rate of basaltic glass
[14]

. Twenty-one dissolution tests were performed 

at 90°C using a stirred flow-through system, and basaltic glass powders (100-125µm). A first set of 

experiments were conducted with initially silicon-free leachates (A to N). A second set of 

experiments were conducted with initially silicon-enriched leachates (O to U) 

In the first set of experiments (A to N), the basaltic glass dissolution rate decreases with increasing Si 

concentration (Figure 7). A linear relationship is evident, as has also been demonstrated with nuclear 

waste glass. With the initially silicon-enriched leachates (O to U), the glass dissolution rates also 

decrease with increasing dissolved silicon (Figure 7) but the trend is different. There is not a unique 

relation between dissolved silicon and instantaneous dissolution rate, as it is postulated with the first 

order equation (5). As depicted in figure 8, a better fit may be obtained if the dissolution rates are 

related to silicon and alumina. The glass dissolution rate is found to be an inverse function of the 

product Si × Al0.36. This should simply suggest that Al, combined with Si in the same stoichiometric 

ratio as in the sound glass, has also a major role in the rate law. Such preliminary remarks have 

already been postulated for R7T7 nuclear waste glass (See section 2.4). 

6. GENERAL CONCLUSIONS AND FURTHER DEVELOPMENTS 

Our knowledge of glass alteration mechanisms at the present time is sufficient to provide a rough 

estimate of the lifetime of a nuclear glass package in a number of simple situations
[15, 16]

. For lack of 

knowledge concerning complex media, every attempt must be made to reduce them to these simple 

situations (e.g. saturation of the engineered barrier with siliceous additives). An extended research 

program – representing about ten years of work – remains necessary in the following areas: 

• development of a general law of alteration kinetics applicable to complex media and all glass 

compositions actually produced in the vitrification facilities from La Hague (SON68 glasses-

R7T7) and Marcoule (SAN glasses). Strictly speaking, such a law should calculate the ion activity 

product by taking into consideration not only silica, but all the species i that participate in the 

surface reaction.  

• investigation of the durability of the gel layer and of the long-term evolution of its containment 

capability (this point is essential to progress from alteration models to “source-term” models); 

• research and experimentation to validate the predictive models; validation should allow a 

demonstration of the representativity of laboratory studies (industrial glass samples, full-scale 

experiments, in situ tests, etc.) and will also be based on an investigation of natural analogues 
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TABLE I. INITIAL DISSOLUTION RATE OF R7T7 GLASS (g·m
-2
d
-1
) AT 90°C, pH 9 AND 

0.1 cm
-1
 CALCULATED FROM THE Si AND B CONCENTRATIONS IN THE 

PRESENCE OF VARIOUS SPECIES. 

Solution 
Concentration  

(mol·l
-1
) 

r0(Si) 

(g·m
-2
d
-1
) 

r0(B) 

(g·m
-2
d
-1
) 

NaOH 3.0 × 10 4 2.7 2.6 

KOH 3.0 × 10
 4
 2.6 2.5 

NaCl 2.5 × 10
 3
 2.9 2.9 

KCl 2.5 × 10
 3
 2.8 2.7 

CaCl2 2.5 × 10
 3
 2.4 2.5 

B(OH)3 2.5 × 10
 3
 2.2 2.4 

(1)
 

B(OH)3 2.5 × 10
 2
 2.1 2.3 

(1)
 

NaHCO3 2.5 × 10
 3
 2.5 2.6 

NaF 2.5 × 10
 3
 2.6 3.0 

Na2SO4 2.5 × 10
 3
 2.6 2.8 

NaNO3 2.5 × 10
 3
 3.0 3.4 

KH2PO4 2.5 × 10
 3
 2.5 2.7 

KH2PO4 2.5 × 10
 2
 2.9 3.0 

Na4P2O7 2.5 × 10
 3
 6.1 5.8 

Na4P2O7 2.5 × 10
 2
 8.6 8.7 

SiO2 1.25 × 10
 3
 1.3 1.3 

Fe(NO3)3 
(2)
 0.8 g 2.7 3.9 

Fe2O3 
(2)
 0.2 g 2.9 3.5 

Al(OH)3 
(2)
 0.5 g 0.5 1.5 

Zn(NO3)2 
(2)
 0.7 g 2.4 3.0 

NiCl2 
(2)
 1.4 g 1.0 3.1 

Cr(NO3)2 
(2)
 1.6 g 0.8 3.1 

ZrCl4 
(2)
 0.3 g 2.0 4.3 

ZrN2O7 
(2)
 0.2 g 1.7 3.5 

Nd(NO3)3 
(2)
 1.0 g 1.8 4.1 

(1)
 Rate calculated from lithium release. 

(2)
 Solid particles in suspension in solution. 



 

TABLE II. MEAN MEASURED STEADY-STATE CONCENTRATION (mg·L
-1
) AND 

RELEASE RATES (g·m
-2
d
-1
) FOR THE MAIN GLASS COMPONENT 

ELEMENTS VERSUS THE IMPOSED FLOW RATE (mL·min
-1
).  

UNCERTAINTY ON THE SILICA RELEASE RATE WAS CALCULATED BY 

ASSUMING A 5% ERROR MARGIN ON THE ICP-AES DETERMINATIONS. 

Test Flow rate 
C0 C0 

Steady-state concentrations (mg·l
-1
) Dissolution rates  

(g·m
-2
d
-1
) 

 (ml·min
-1
) Si Al Si Al Zn Zr Si B Zn Al 

A 0.1 26.4 0 34.2 0.88 – – 
0.038 

± 0.012 
0.081 – 0.035 

B 1.3 30.4 0 34.4 0.27 0.027 0.013 
0.192 

± 0.078 
0.195 0.013 0.105 

C 2.3 32.5 0 34.8 0.19 0.028 0.012 
0.332 

± 0.138 
0.246 0.028 0.135 

D 4 30.8 0 33.5 0.10 0.036 0.007 
0.410 

± 0.248 
0.268 0.057 0.133 

E 10 32.3 0 33.6 0.05 0.017 0.005 
0.510 

± 0.608 
0.279 0.069 0.178 

F 4 29.5 0.97 30.6 1.1 - - 
0.015 

0.141 - 0.146 

 

 

TABLE III. NORMALIZED BORON MASS LOSSES (g·m
-2
) FOR GLASS POWDER IN 

CONTACT WITH FIVE MATERIALS. 

 

Time (days) Clay (–448m) Clay (–802m) Granite Schist Salt 

1 0.13 0.2 0.04 0.03 0.02 

3 0.28 0.31 0.08 0.04 0.02 

7 0.32 0.51 0.1 0.05 0.02 

28 0.36 0.66 0.27 0.19 0.12 

56 0.34 0.73 0.2 0.1 0.14 

56 0.37 0.56 0.21 0.1 0.17 

84 0.36 0.71 0.28 0.13 0.13 

84 0.36 0.74 0.26  0.13 

133 0.4 0.74 0.24 0.12 0.08 

133 0.43 0.78 0.26 0.12  

186 0.51 0.7 0.29 0.14 0.23 

186 0.53 0.92 0.27 0.15 0.21 

242 0.49 0.9 0.29 0.17 0.08 

242 0.44 0.81 0.31 0.18 0.08 

302 0.8 0.98 0.32 0.17 0.1 

364 0.57 0.85 0.68 0.45 0.25 

364 0.54 0.87 0.55 0.43 0.27 

872 1.02 1.29 1.35 1.3 0.18 

 



 

 

 TABLE V. RADIOCHEMICAL A119 GLASS COMPOSITION, IN 10
6
 Bq/gGLASS 

 

Date 

 

Co60 

Ru106      +    

Rh106 

 

Sb125 

 

Cs134 

 

Cs137 

 

Ce144 

Sr90   +   

Y90 

 

Pu241 

Total 

beta 

 

Am241 

 

Pu 
239+240 

Pu238 + 

Am241 

 

Cm244 

 

Pu238 

Total 

alpha 

16/04/ 

1985 

0.171 5.39 8.79 19.6 575 36.7 829 306 1781 21.0 4.17 318 0.834 297 323 

15/02/ 

1989 

0.107 0.470 3.57 5.88 530 15.2 759 258 1560 22.6 4.17 311 0.727 288 316 

11/07/ 

1994 

0.052 0.012 0.919 0.960 468 0.012 665 200 1330 24.5 4.17 301 0.591 276 305 

 

TABLE IV. A119 GLASS COMPOSITION IN OXIDE WT%. 

SiO2 45.46 PdO 0.33 

B2O3 14.09 Ag2O 0.03 

Na2O  9.84 CdO 0.03 

Al2O3  4.90 SnO2 0.02 

Li2O  1.98 Sb2O3 0 

CaO  4.05 TeO2 0.23 

ZnO  2.50 Cs2O 1.42 

Fe2O3  2.90 BaO 0.60 

NiO  0.41 La2O3 0.90 

Cr2O3  0.50 Ce2O3 0.92 

P2O5 0.31 Pr2O3 0.44 

ZrO2 2.64  Nd2O3 1.58 

SrO  0.33 UO2 0.52 

Y2O3 0.20  ThO2 0.12 

MoO3 1.69 PuO2 0.20 

MnO2 0.72 AmO2 0.01 

Rh2O3 0.12 Total 100.0 

 

 TABLE VI. COMPOSITION OF SON68 (R7T7) REFERENCE GLASS USED FOR NON 

RADIOACTIVE AND RADIOACTIVE (α-DOPED) LEACH TESTING UNDER 
OXIC CONDITIONS AND FLOWING AQUEOUS SOLUTIONS. 

Oxide wt% Oxide wt% Oxide wt% 

SiO2 45.48 P2O5 0.28 CdO 0.03 

B2O3 14.02 SrO 0.33 SnO2 0.02 

Na2O 9.86 ZrO2 2.65 Sb2O3 0.01 

Al2O3 4.91 MoO3 1.70 TeO2 0.23 

CaO 4.04 MnO2 0.72 La2O3 0.90 

Li2O 1.98 CoO 0.12 Ce2O3 0.93 

Fe2O3 2.91 Cs2O 1.42 Nd2O3 1.59 

NiO 0.74 BaO 0.60 Pr2O3 0.44 

Cr2O3 0.51 Y2O3 0.20   

ZnO 2.50 Ag2O 0.03   

99.15 wt% 

UO2 0.52    ThO2 0.33    NpO2 0.85      PuO2 0.85  

100 wt% 100 wt% 100 wt% 

Nonradioactive  R7T7 glass 237Np-doped   R7T7 glass 239Pu-doped R7T7 glass 
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FIG. 1. (Na2O + Li2O + B2O3) / (SiO2 + Al2O3) molar ratio in the glass versus the initial corrosion 

rate (r0) at 90°C and the normalized boron mass loss (NL(B)) at 90°C after 182 days at 20 000 m
-1
 

(corrosion rates are expressed in mol·m
-2
d

-1
 and normalized mass losses in mol·m

-2
). 
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FIG. 2. Effects of various oxides on the initial corrosion rate r0 (g·m

-2
d

-1
) at 90°C. 
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FIG.  4.Activities in the leachates during fully active A119 glass corrosion test at 90°C ,  

S/V=0.4 cm
-1
 and partially renewal conditions (5.4 years period). 
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 FIG 3. Effects of various oxides on the Boron normalized mass losses (g·m
-2
) at 90°C, 200 cm

-1   
 

and 186 days. 
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FIG.  6. Principal mechanisms involved in controlling the mobility of the lanthanides and actinides 

during leaching of R7T7 nuclear glass under simulated geological disposal conditions. 
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FIG.  5. Normalised mass losses for Cs, B, Na and Si during fully active A119 glass alteration          

at 90°C, S/V=0.4cm
-1
 and partially renewing conditions. 
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FIG. 8. Basaltic Glass dissolution rates at 90°C as a function of dissolved silicon and aluminium. 
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FIG. 7.  Steady-state dissolution rates for Basaltic Glass at 90°C and pH 8 as a function of dissolved 

silicon concentrations. 
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Abstract 

 
The objective of the first part of this work is to describe the extent to which Np, Pu, Am and Tc are 
mobilized from vitrified high-level radioactive waste into the near field of an HLW repository in a salt 
formation, when a hot and concentrated salt solution comes into contact with the glass. Waste form 
corrosion studies are conducted with a salt solution representing the composition of a fluid phase 
encountered in drill holes in the Gorleben salt dome. Test temperatures are determined by the 
designed maximum surface temperature of 200°C for the vitrified waste in the Gorleben salt. The 
following results were obtained: 1. pH changes of the radio-active leachate are the same as in inactive 
leachates. 2. The time and temperature dependence of the reaction for the radioactive glass are in 
excellent agreement with that of the inactive glass. 3. Np, Pu, Am, and Tc have not been re-
immobilized in secondary minerals. Hence, mobilization of these radionuclides is governed by the 
kinetics of glass dissolution. Pu oxidation states were analyzed and related to Pu concentrations. 
 
The second part is focused on the corrosion behaviour of spent fuel in contact with salt solution. For 
characterizing the potential chemical reactions of spent UO2 fuel during direct disposal in salt 
formations, corrosion tests were performed at various particle sizes with both high burnup spent fuel 
and unirradiated UO2. Studied effects include temperature, pH, radiolysis, oxidant concentration, 
surface to volume ratio (S/V) and the presence of container material. Results are applicable not only 
to salt media but also to others: (1) 90Sr data are indicative of matrix dissolution. (2) Except at high 
S/V ratios, spent fuel dissolution rates are proportional to surface area and are similar in both saline 
media and deionized water. (3) Dissolution rates of unirradiated UO2 are much lower and are 
proportional to oxidant concentration but almost independent of the nature of the oxidant. (4) It is 
likely that spent fuel alteration rates are controlled by oxidants produced by α-radiolysis. At high S/V 
ratios, alteration rates are lower, probably resulting from limitation of radiolytic oxidant generation. 
(5) In the presence of iron, reaction rates decrease by a factor of 3-4 and actinide concentrations by 
many orders of magnitude. (6) Pu and Am concentrations are controlled by (co-)precipitation 
phenomena. 
 



 

1. INTRODUCTION 

1.1. LONG-TERM SAFETY OF RADIOACTIVE WASTE DISPOSAL 
 

According to the German federal waste management concept, high-level radioactive wastes such as 
HLW-glass and /or spent fuel shall be disposed in deep geological formations. The release of 
hazardous quantities of radionuclides into the biosphere shall be excluded for all future times. To 
achieve this, several, in part independent, barriers ("multi-barrier concept") shall limit the transport of 
ground water to and from the waste and shall also reduce the mobility of radionuclides by retention 
within stable waste matrices, by remineralization and sorption processes. The innermost barrier is an 
engineered system consisting of the waste form "high-level waste glass" or "spent nuclear fuel", the 
packaging material (e.g., steel container) and the backfilling material (e.g., salt chips, clay, apatite). In 
addition, geo-engineered barriers (e.g., filling material, dams) and the geological barrier (host rock, 
overburden) contribute to safety by delaying the transport of the radionuclides (e.g., by sorption). 
Without comprehensive knowledge of the performance of each of the various barriers under disposal 
conditions long-term safety of the repository cannot be guaranteed. 

1.2. PERFORMANCE OF THE ENGINEERED BARRIER SYSTEM 

Experimental programmes are currently under way at the research centre Karlsruhe (FZK/INE) aimed 
at the performance assessment of glass and spent fuel as barriers for radionuclide immobilization. The 
dissolution or corrosion behaviour of the waste forms and the containers are studied in order to 
evaluate the potential mobilization of radionuclides, the subsequent re-immobilization within newly 
formed mineral phases (secondary reaction products) or by sorption on surfaces of host rocks or 
engineered materials. The waste form corrosion behaviour is studied in conjunction with basic studies 
on the chemistry (solubility, complexation, co-precipitation, etc.) of important radionuclides (in 
particular actinides) in repository relevant aqueous solutions (deep groundwaters, brines). For 
assessing of the performance of the engineered barrier system, dissolution, remineralization and 
migration phenomena must be analysed in the context of an integrated geochemical model.  
 
The corrosion behaviour of real high radioactive waste products and container materials is studied 
under repository relevant conditions. Waste products currently under investigation are: 
 
• high-level waste borosilicate glass R7T7,  similar in  composition to the COGEMA produced 

HAW-glass for the German base load customers 
• high burnup UO2 fuel (burnup > 50 MWd/kg U) from the Biblis and Gösgen (Switzerland) 

nuclear power plants. 
 
Principal container materials include 
 
• thick fine grained carbon steels (corrosion allowance concept) 
• thin Ti/Pd-alloys (corrosion resistant concept) 
 
The behaviour of the waste forms in contact with solutions is evaluated on the basis of the type and 
amount of radionuclides released to solution and gas phase and the structural change of the solid 
phases (e.g., decomposition of the microstructures, formation of secondary phases). Corrosion 
mechanisms, rate laws and processes governing release of individual radionuclides (sorption, 
solubility, etc.) are to be determined. Container corrosion is evaluated on the basis of corrosion rates, 
mechanism and corrosion products. The effect of simultaneously corroding container materials and of 
waste forms is investigated by inserting container materials in the glass and spent fuel corrosion 
experiments.  



 

 
Our work serves the purpose of developing models that can be used to assess the contribution of the 
engineered barrier system to repository long-term safety. The significance of individual experimental 
observations can only be evaluated in the general context. The relevance of laboratory findings for the 
natural system must be assessed as well as the validity of the models developed. 

2. BEHAVIOUR OF  Pu, Am, Np AND Tc DURING THE CORROSION OF COGEMA 

R7T7- TYPE GLASS IN A SALT BRINE  

2.1. INTRODUCTION 

For performance assessment of high-level radioactive waste disposal in salt formations, corrosion tests were 
performed at FZK, using high active R7T7-type glass contacting saline solutions. The objective of this 
investigation was to describe the extent to which Np, Pu, Am and Tc are mobilized from vitrified high-level 
waste into the near field, when a repository-relevant (Gorleben) concentrated salt solution intrudes the 
emplacement locations. The maximum test temperature is determined by the designed maximum surface 
temperature of 200°C for vitrified waste in the salt. Furthermore, it should be assessed, if the large data base 
generated on the reaction behaviour of inactive R7T7-type glass under saline conditions is applicable to the 
high active glass.  

2.2  EXPERIMENTAL 

Glass samples containing reprocessing waste were produced by CEA's 'Centre de la Vallée du Rhône', 
France. Measured (FZK) and nominal (CEA) radionuclide concentrations are given in Table I. Activity 
concentrations, except for Pu, are lower in this glass than in the COGEMA glass R7T7, because a different 
waste was used. The glass was powdered to an average grain size of 86 µm and corroded in a halite 
saturated concentrated Mg(Ca)Cl2- salt solution for periods of time up to 720 days at 110°, 150°, and 190°C 
(surface area to solution volume ratio S/V = 9370 m-1). Tantalum-lined autoclaves with graphite seals were 
used. Leachates were analyzed for radionuclides after filtration through 450 nm and 1.8 nm filters. 
Activities of residues on the 1.8 nm filters and on tantalum surfaces were measured. Activities on the 450 
nm filters were relatively small. Altered glass surfaces were removed from the pristine glass by means of 
ultrasonic devices and after dissolution in acid, it was analyzed radiochemically. 
 
TABLE I: SPECIFIC ACTIVITIES OF RADIONUCLIDES IN THE CEA GLASS R7T7 
 MEASURED AT FZK AND CEA MARCOULE (ACTIVITIES AS OF JULY 30, 1992) 
 

Actinides 
 

FZK 
Bq/g 

CEA 
Bq/g 

Fission 
products 

FZK 
Bq/g 

CEA 
Bq/g 

Pu-238 
Pu-239/40 
Pu-241 
Np-237 
Np-239 

2.4 E+8 
4.4 E+6 
no data 
1.7 E+2 
1.4 E+4 

2.6 E+8 
3.8 E+6 
2.0 E+8 
no data 
no data 

Co-60 
Sr/Y-90 
Tc-99 
Ru/Rh-106 
Sb-125 

1.5 E+5 
6.8 E+8 
2.0 E+4 
no data 
1.5 E+6 

6.9 E+4 
6.6 E+8 
no data 
4,1 E+4 
1.3 E+6 

Am-241 2.1 E+7 2.1 E+7 Cs-134 2.2 E+6 1.7 E+6 
Am-243 
Cm-244 

1.4 E+4 
7.0 E+5 

no data 
5.1 E+5 

Cs-137 
Ce/Pr-144 

4.7 E+8 
no data 

4.6 E+8 
6.8 E+4 

Eu-155 1.0 E+7 no data Eu-154 4.1 E+6 no data 
 
 



 

Pu oxidation states were determined at all temperatures after cooling. Pu(IV) was extracted with theonyl-
triflouracetone (TTA) in xylol. Pu(III) was accounted for by oxidation to Pu(IV) with NaNO2 and extraction 
of all Pu(IV) with TTA. Total Pu was determined by reduction of all species to Pu(III) using Fe(II)-
sulfamat, subsequent oxidation to Pu(IV) with NaNO2 and extraction with TTA.  

2.3. RESULTS AND DISCUSSION 

2.3.1 Comparison of reaction behaviour of active and inactive R7T7-type glass. 

A large data base has been generated on the reaction behaviour of inactive simulated R7T7-type glass in 
various repository relevant saline solutions at a variety of S/V ratios and temperatures [1,2,3]. This 
comprises evolution of the geochemical environment in the near field (pH, water composition), retention 
behaviour of rare earth elements (chemically homologue to the trivalent actinides) and of uranium, 
formation of alteration products (saponite, molybdates, cereanite, analcime...) and reaction mechanism (rate 
laws). In order to assess, whether this information is applicable to highly active glasses, the results of the 
present work and of previous inactive experiments were compared. The results of the corrosion experiments 
are shown in Figures 1 to 4 as a function of reaction progress ξ. The reaction progress measures the 
corroded mass of the glass per solution volume as calculated from solution concentrations of soluble 
elements, e.g., boron, divided by their concentrations in the glass ("normalized concentration"). Reaction 
progress was in some cases alternatively determined by analyzing the total quantity of a sparingly soluble 
element in the solid reaction products. Figure 1 shows the evolution of pH in the leachate at 190°C. Most 
data are from previous work with inactive glass [1,2,3]. The figure shows that the pH values of leachates 
from corrosion experiments with the radioactive glass are in excellent agreement with those from 
experiments with the inactive glass. Acidification of the leachate during glass dissolution results from the 
formation of solid alteration products, in particular of the clay mineral saponite [3]. 
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FIG 1: Evolution of pH during corrosion of active and inactive CEA-R7T7 glass in halite saturated 

Mg(Ca)Cl2 solution at 190°C. 

 
It has been shown previously [4] that the corrosion reaction of R7T7-type glasses follows a square root of 
time rate law, indicating diffusion control. Under silica saturated conditions, the extent of glass corrosion 
has been found to be directly proportional to surface area and to be independent of solution volume. In 
figure 2, the reaction progress is plotted vs. the product S/V•t1/2 (log-log scale) for all temperatures. 
Experimental data from previous experiments executed at different S/V ratios and for different periods of 
time [2,4,5] are shown together with the data for the radioactive glass. Data obtained at various S/V-ratios 
fell on one line. As with the pH values (Figure 1), the agreement between the results from inactive and 



 

active glass is excellent. This is true for both the time and temperature dependence of the corrosion 
reaction, suggesting that the corrosion mechanism remains the same. Hence, the abundant information on 
the time dependence of the reaction of the inactive R7T7 glass and the empirical rate law derived from 
these data [1,2,3,4] can be used to describe the behaviour of the active glass. 
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FIG 2: Time and temperature dependence of CEA-R7T7 glass corrosion in halite saturated Mg(Ca)Cl2-

solution. Reaction progress values are calculated [6] and plotted versus the product of the square root of 

time and the S/V-ratio. 
 
Figures 3 and 4 show normalized concentrations of various radionuclides in the leachates as a function of 
reaction progress (log-log scales) at 110°C and 190°C, respectively. The upper curve in each figure with a 
slope of one, represents the extent of glass dissolution. Easily soluble elements such as boron or the alkali 
earth elements (neutral to acid conditions!) fall on this curve. Data lower than this curve indicate retention 
by sorption or by formation of secondary alteration products: 90% retention on a curve one logarithmic unit 
lower 99% retention, when 2 log units lower etc. 
 
The data for Pu and Am indicate that fractions of these glass constituents are retained to various degrees 
during glass corrosion whereas Np and Tc are released congruently with the soluble elements from the glass. 
Initial retention of Tc at 190°C is of a transitory nature. There is a specific effect of temperature on the 
degree of retention of Pu and Am. Data at 110°C (Figure 3) show that Pu concentrations approach the curve 
of congruent glass dissolution with time and increasing ξ values. In contrast Am data indicate a high but 
decreasing retention with increasing ξ. At 190°C (Figure 4) Pu is strongly retained but Am is not. Retention 
of Am at 110°C may be explained by the formation of Ca,REE,Am-molybdate (powellite solid solutions). 
This phase is known to limit concentrations of rare earth elements in solution [5,7] and a powellite-type 
phase was detected in the autoclave at 110°C but not at 190°C. The decreasing rather than increasing 
concentrations of Pu with time and increasing ξ (decreasing pH) at 190°C are surprising and may be 
associated with the complex redox chemistry of Pu. Higher Pu oxidation states, Pu(V,VI), were most 
abundant in leachates from experiments at 110°C. Here Pu and U(VI) behaviour is also similar. Leachates 
from experiments at 190°C contained Pu(III) and Pu(IV) and no Pu(V,VI). Behaviour of Pu and U(VI) is 
quite different. Pu mobility is highest with the highest oxidation states of Pu, observed at the lowest 
temperature. At 190°C (Figure 4), Pu concentrations are relatively low, as expected from the presence of 
Pu(IV) that forms insoluble Pu(hydr)oxide, part of which has been found in the solution in colloidal form. 



 

The decrease in Pu oxidation states at 190°C may be a pH effect at constant oxygen partial pressures, caused 
by reactions such as PuO2

+ + 2H+ → H2O + Pu3+ + 1/2O2(g) or PuO2
++ + H+ → 1/2H2O + Pu3+ + 3/4O2(g).  

Due to decreasing pH with increasing reaction progress (Figure 1) Pu becomes reduced. This has not yet 
been observed at 110°C because the pH values remained always much higher than at 190°C.  
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FIG  3: Release of radionuclides from high active CEA-R7T7 glass in halite saturated Mg(Ca)Cl2- 

solution at 110°C . 

 

The effect of container material on the retention of Np, Am, Pu and Tc has been studied by means of glass 
corrosion experiments performed at 190°C with iron powder added. Concentrations of Np and Tc were 
found to be about 100 times lower whereas Pu concentrations were higher than in the parallel experiment 
without iron. The presence of iron probably results in the reduction of Np(V) and Tc(VII) to sparingly 
soluble Np(IV) and Tc(IV). Pu was released to the same extent as Am, Eu and Cm, indicating presence of 
Pu in the trivalent state. The increase in the solution concentrations of Pu in presence of Fe may be 
explained by the reaction Pu3+ + 7/2H2O + 1/4O2(g) -> Pu(OH)4(s) + 3H

+.  In the presence of metallic Fe the 
partial pressure of oxygen is extremely small, and, consequently, the reaction is pushed to the left side, thus 
augmenting Pu solubility. 
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FIG 4: Release of radionuclides from high active CEA-R7T7 glass in halite saturated Mg(Ca)Cl2- 

solution at 190°C 

2.3.2. Conclusions on glass performance in a repository in salt 

Certain findings of our work are directly applicable to repository relevant conditions. Concentrations of 
actinides and Tc in the leachates are determined by their oxidation states which depend on the composition 
of the system and in particular, on the presence of reducing components such as container materials (Fe, ..). 
Due to limited retention of Tc, Np, Pu and Am in the experiments in the absence of container materials, we 
can take no credit from secondary phase formation (solubility, co-precipitation) and the rate law for glass 
matrix dissolution must be used to estimate the long-term release of these elements, provided that the effect 
of the canister is neglected. 
 
Since active and inactive glass have the same time and temperature dependence of corrosion, radiation 
damage or radiolysis are not expected to change the reaction kinetics. It has been shown in the literature [8] 
that inactive glass produced under laboratory conditions behaves almost identical to industrial scale full size 
glass canisters if exposed to the same experimental conditions. Hence, kinetic data of the inactive and active 
laboratory glass are directly applicable to full size radioactive glass canisters. 
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3.  DIRECT DISPOSAL OF SPENT FUEL - CHEMISTRY OF REACTIONS 

3.1.  INTRODUCTION 

Direct disposal of spent nuclear fuel as a waste form is currently under consideration in many 
countries of the European Union. Our work aims at characterizing and qualifying the chemical 
durability of unprocessed high burnup UO2 fuel for disposal sites in salt formations. Extensive 
experimental investigations (mainly corrosion tests) [1,2,3] have shown that spent nuclear fuel is a 
very stable material, though its structure shows segregated metallic or oxide phases, grain boundary 
accumulations and uneven radial fission product and actinide distribution. The alteration mode of 
spent fuel and its ability to retain radionuclides is not an inherent materials property but depends, not 
only on fuel structure, but also on the waste package and hydro-geochemical constraints (surface area, 
redox potential, pH, pCO2, radiolysis etc.). Important reversible and irreversible reactions controlling 
radionuclide release are the chemically or electrochemically governed dissolution of the fuel matrix 
and of segregated phases, grain boundary dissolution, sorption, formation of solution complexes, 
colloids and of new phases by (co)precipitation. Strong effects stem from the corrosion products of 
canisters, backfill materials and repository rock. The relative significance of these processes and 
constraints depends on the nuclide and on environmental conditions. The complicated 
interrelationship of the various reactions often hampers unambiguous interpretation of individual 
experimental results, because measured radionuclide release data are attributable to various sources 
and sinks. 
 
In order to enhance the understanding of features and parameters controlling radionuclide release in a 
repository in salt formations, a large project has been conducted in the framework of the 1990-1994 
shared-cost research program on management and storage of radioactive waste operated by the 
European Commission. Corrosion tests with spent fuel and unirradiated UO2 were combined with 
modelling techniques. A rather high burnup/high linear power spent UO2 fuel rod of 50 MWd/kgU 
was selected in our study. Static dissolution tests were performed under anoxic and reducing 
conditions with spent fuel samples of very different dimensions and consequently different surface 
area to solution volume ratios (S/V). The behaviour of a large quantity of radionuclides is analyzed to 
identify general corrosion properties of the fuel matrix and element specific secondary processes. 
Static dissolution tests with unirradiated UO2 allow determination of reaction rates and saturation 
effects in the absence of radiolysis effects. A detailed description of experimental procedures and 
results is given in the final report [4]. 

3.2. EXPERIMENTAL 

The spent UO2 fuel rod used (SBS 1108 from SIEMENS/KWU) had an initial enrichment of 3.8% 
and was discharged May 1989 after a total irradiation time of 1226 days in the PWR 
Gösgen/Switzerland with an average linear power of 260 W/cm (max. 315 W/cm) and a burnup of 
50.4 MWd/kgU. The initial fuel/sheath gap was 170 µm and the specific activity 7.4*1010 Bq/g (Feb. 
1992). 

3.2.1 Sample preparation 

We prepared three types of spent fuel samples with the aim of covering large differences in the 
effective surface area: compact pellet sized fuel segments (ca.7 g each), cut from the fuel rod with 
attached cladding, individual fuel fragments (ca. 10 mg each), selected after coarse sieving and 
powdered fuel (grain size ca. 3 µm, 2,9 g). Powders were prepared from fuel pellets using a ball mill. 
The appropriate size fraction was obtained by dry sieving with the help of 10 agate balls (1 cm ∅). 



 

Powders were cleaned from adhering fines by ultrasonic treatment in NaCl - solutions, twice for 10 
min.. The wash solutions were analyzed for radionuclide contents. Sample preparation, transportation 
and storage were performed under N2 atmosphere. Unirradiated UO2 was crushed and sieved to obtain 
samples with particle sizes in the range of <10 µm, 100-300 µm or 900-1000 µm. 

3.2.2 Estimation of sample surface area 

Surface areas, specific surface areas and their uncertainties are estimated by geometrical 
considerations discussed in detail in [4]. These data are summarized in Table II along with the 
corresponding S/V-ratios. For pellet sized fuel segments (not declad) lower limits for surface area 
(and upper limits for surface area normalized reaction rates) are given by the cut surface of the fuel 
segment whereas upper limits of surface area are given by considering contribution from all interior 
fracture surfaces and a surface roughness factor of 2.5.  
 
For individual mm sized fragments, the lower surface area limit is given by the geometric surface area 
while the upper limit is considered to by using the same roughness factor. Powdered fuel consists 
mainly of fractured fuel grains, but some clustered grains remained. Fission gas release data (see 
further below) clearly demonstrate accessibility of most grain boundary surfaces. Uncertainty in 
effective surface area is accounted for by 100% deviation from the geometric estimate. Surface areas 
of unirradiated UO2 was determined by BET. Measurement of surface area of fuel pellets and 
fragments by the BET-method are reported to be much larger that the geometrical values [3,6] due to 
Krypton penetration into grain boundaries (ca. 6 layers of grains [6]). These data were not used, 
because it is rather questionable whether grain boundaries are water accessible [3] and even if water 
penetrates the grain boundary, the water film is very thin and oxidative dissolution is severely limited 
due to limitation of α-radiolysis events. 
 
 

TABLE II:  ESTIMATED VALUES OF ACTUAL SURFACE AREAS, SPECIFIC SURFACE 
AREAS AND S/V-RATIOS OF SPENT FUEL AND UNIRRADIATED UO2 SAMPLES 
USED IN THE EXPERIMENTS 

 
actual surface area  

(m2) 
specific surface area  

 (m2/g) 
S/V-ratio  

(m-1) 
 

Sample 
geometric effective* geometric effective* geometr. effective* 

Fuel pellet (cutting planes) 1.4*10-4 3.5*10-4 2*10-5 5*10-5 0.7 1.8 
Pellet (entire fractured pellet) 1.4*10-3 3.5*10-3 2*10-4 5*10-5 7.0 18 
Fuel fragment 7*10-6 1.8*10-5 7*10-4 1.8*10-3 0.03 0.08 
Powdered fuel 0.9 ±100% 0.3 ±100% 4500 ±100% 
UO2 (pellet)    1.9*10-4  8 
UO2 (10-50 µm)    0.27  1350 
UO2 (100-300 µm)    0.011   
UO2 (900-1100 µm)    1.6*10-3  8 
*Effective surface areas of spent fuel are calculated from the geometric surface, assuming a surface 
roughness factor of 2.5. Unirradiated UO2 data are obtained by BET. 

3.2.3 Radionuclide inventories in the fuel 

Radionuclide inventories of the fuel samples were both measured and calculated (KORIGEN [5]). In 
order to evaluate the correctness of KORIGEN calculations and to obtain data on the spatial inventory 
variations and fuel rim enrichments, the radial radionuclide distribution was analyzed radiochemically 
after dissolving small mm-sized central and edge fragments and fuel grains adhering to the cladding in 



 

aqua regia. Specific radionuclide activities as calculated by KORIGEN and analyzed radiochemically 
are summarized in Table III along with rim enrichment factors of the considered nuclides. 
 
TABLE III:  RADIAL RADIONUCLIDE DISTRIBUTION IN A FUEL PELLET:  

COMPARISON OF ANALYZED AND CALCULATED SPECIFIC ACTIVITIES  
(Bq/g HM) OF HIGH BURNUP SPENT FUEL FROM   PWR-GÖSGEN  
(DATA ARE RELATED TO FEB.1ST,1994). 

 
   KORIGEN Rim enrich- Radionuclide 

Center Edge Rim Calculation ment factor 
Cs137 5.6E9 4.1E9 1.2E10 4.6E9 2.5 
Cs134 2.5E9 1.7E9 6.1E9 2.1E9 2.9 
Sb125 1.0E8 8.9E7 1.8E9 1.3E8 19.1 
Ce144 8.3E8 7.1E8 1.2E9 8.0E8 1.5 
Eu154 3.2E8 2.7E8 5.0E8 5.0E8 1.7 
Eu155 1.5E8 1.3E8 2.6E8 1.4E8 1.9 
Ru106 1.3E9 9.3E8 2.4E9 1.2E9 2.2 
Ag110m 9.3E5 4.4E5 7.6E6 2.0E6 11.1 
Sr90 4.3E9 3.6E9 4.9E9 3.0E9 1.2 
Tc99 7.0E5 8.4E5 2.0E6 6.3E5 2.5 
Pu238 3.1E8 2.7E8 3.6E8 2.0E8 1.2 
Pu239 4.8E7 4.1E7 7.9E7 3.2E7 1.8 
Pu241 7.6E9 6.5E9 1.3E10  1.8 
Am241 5.4E7 4.8E7 1.3E8 4.3E7 2.5 
Cm242 3.4E6 2.8E6 6.1E6 2.3E6 2.0 
Cm244 3.4E8 2.9E8 8.1E8 2.4E8 2.6 
Np237 1.6E4 1.5E4 1.5E4 1.7E4 0.9 
 
Agreement of average center and edge sample analyses was within 10-20% to the specific activities 
calculated by the KORIGEN code and indicate rather homogeneous radionuclide distribution in the 
main part of the fuel radius. The results of rim grain analyses show high enrichment of  125Sb and 
110mAg (factor 19.1 and 11.1). Higher actinides (244Cm, 241Am), 134/137Cs and 99Tc show also rather high 
enrichments (ca. factor 2.5), indicating a rim burnup of about 2*50 = 100 MWd/kgU. Almost no rim 
effect is observed for the lower actinides 238Pu and 237Np.  High enrichment values for 244Cm and low 
values for 237Np are also reported by ref. [6] 

3.2.4 Test description 

At room temperature, Ti/Pd0.2 lined autoclaves (500 ml) were used as reaction vessels, in order to 
minimize reaction between aggressive salt solutions and container walls. The lid was equipped with 
two ball valves (Ti). Experiments were performed under static conditions in 200 ml 95% halite 
(NaCl) saturated, anaerobic (Ar), carbonate free solutions at 25°C. Tests at 150°C were performed in 
Ta lined autoclaves under similar conditions. Cladding was present in tests with pellets and with fuel 
powders. Prior to static testing, the samples were washed twice in NaCl-solution under Ar-
atmosphere, for periods of one month duration to remove the gap inventory of Cs and possibly 
oxidized surface layers. Thereafter the experiments were continued under static conditions. In two 
tests 7 g iron powder (Merck 3819, average grain size 10 µm) were inserted after starting the static 
test. The leachates were sampled periodically by means of a syringe passing through one of the two 
ball valves in the lid of the autoclave. During sampling, water saturated Ar is flushed through the 
other valve, thus avoiding air contamination. 



 

3.2.5. Analytical procedures 

At the end of the spent fuel tests, the Ti/Pd-liners were investigated with respect to sorption 
effects by acid stripping (HNO3/HF) the containers after ultrasonic cleaning in deionized 
water and radiochemical analyses of both solutions. A 100 mg sample of the corroded iron 
powder was dissolved in boiling HCl, followed by analysis in order to control the extent of 
sorption. UO2 leachates were filtered by 220 nm filters and spent fuel leachates both by 450 
nm filters and by ultrafiltration (1.8 nm) prior to analyses to identify upper limits for colloid 
formation. In order to avoid air contamination (oxidation, CO2 uptake), Eh and pH values of 
UO2 leachates were measured during the tests and of spent fuel leachates only few minutes 
after solution sampling. Measurements in the latter case were performed under N2-atmosphere 
inside the hot cell. Measured pH data were corrected for liquid junction potential. Liquid 
junction potentials were obtained by measuring the pH value of the leachants with known 
activity aH+ (see [7]). Reported pH values are consistent with Pitzer's pH convention (ionic 
splitting convention).Using an evacuated (10-6 mbar) gas collection cylinder (V = 50 cm3) the 
atmosphere inside the reaction vessels was sampled. Gas composition was analyzed 
quantitatively by a quadrupole mass spectrometer (GAM 445, Balzers, Liechtenstein). 
Calibration was performed, using a gas mixture of known amounts (±2%) of H2, N2, O2, Kr 
and Xe in Ne. Radiochemical and gas analyses procedures are described in [7]. The 
U(VI)/U(IV) ratio of the corroded surface of unirradiated UO2 samples was analyzed by using 
X-Ray Photoelectron Spectroscopy with a PHI-Perkin Elmer ESCA System Multianalyzer 
5500 (U4f7/2 peak of the XPS spectrum).  

3.3.  RESULTS AND DISCUSSION 

3.3.1 Sr-90 as an indicator for fuel matrix alteration 

Sr data are sometimes considered in the literature as measure for the degradation of the fuel matrix 
[8], due to homogeneous distribution in the fuel [9], but there are indications, at least for high power 
fuel, that Sr may become segregated in part (<5%) in perovskite phases[10]. A discussion of Sr 
behaviour during fuel dissolution is given in [11]. Recent measurements for LWR fuel samples by 
Gray et al. [12] indicated that not more than 0.1% of the total inventory of 90Sr was associated to grain 
boundaries (for high power CANDU fuel13 as high as 0.5 %). Our tests with fuel powders (grain 
boundaries accessible to water) show rather similar initial Sr and U releases indicating that Sr is 
released from the matrix. We estimate an upper limit for the sum of gap and grain boundary 
inventories of Sr to be lower than 0.03 % of the total Sr inventory With time the difference between 
the Sr and the U release data increases, probably resulting from a dissolution (Sr, U) / precipitation 
(U) mechanism. Hence, Sr-data are indicative of fuel matrix dissolution, whereas initially mobilized 
uranium is bound to alteration phases (see below). The use of 90Sr as indicator for matrix dissolution 
is further confirmed by the observation that the release of  99Tc, 237Np, 125Sb and at low reaction 
progress 106Ru occurred in many cases with a similar rate than that of 90Sr. Hence, releases of these 
elements are also controlled by the degradation of the fuel matrix, even though that 99Tc and 106Ru are 
found in the metallic ε-phase. We conclude that the ε-phase reacts readily with the solution.  

3.3.2. Fuel dissolution rates and effect of surface area and radiolysis 

Some processes controlling spent fuel dissolution and associated radionuclide release will depend 
either on the effective surface area (rate terms), on specific surface area (α-radiolysis) or on the ratio 
(S/V) of the surface area of the fuel to the solution volume (solubility effects). Surface area 



 

normalized reaction rates may be estimated from the fractional 90Sr release rates using the surface 
area considerations discussed above. Uncertainty in effective surface area may constitute one of the 
main uncertainties for the performance assessment of spent fuel in a repository [3]. 
 
A comparison of surface area normalized reaction rates of fuel powders, pellets and individual   
fragments is given in Fig. 5. Within the relative large uncertainty, data indicate that fuel pellets and 
individual fragments dissolve with about the same rate of about 2-3 mg/(m2d) or 10-10 molUO2/(m

2sec). 
This indicates that the extent of fuel alteration is proportional to surface area. Our rate values are 
rather similar to the value of about 2 mg/(m2d) measured for spent fuel (ATM105, ATM106) in 
deionized water [14, 15] using the same surface roughness factor. 
 

 
 

FIG.5.  Comparison of surface area normalized reaction rates of fuel powders,  

pellets and individual fragments 

 
The proportionality between reaction rates and surface area may not be generalized: Figure 5 shows a 
pronounced decrease in reaction rate when using fuel powders (rate also included in Figure 6). This 
decrease may result from accumulation of dissolved reaction products in solution (saturation, 
solubility)[16], from enhanced solution depletion of oxidative reactants (dissolved oxygen, radiolytic 
products, i.e. H2O2, radicals, ClO

-, etc.) [17], or from underestimating grain boundary contributions to 
the effective surface areas of fuel pellets and fragments. However, if the latter is the case, the 
effective surface of fragments area should be about 100 times higher than geometrically estimated 
and, rather unlikely, fuel grinding to powders should enhance the effective surface area only slightly. 
Saturation effects with respect to U(VI) appear to be less important as an explanation as reaction rates 
of fuel fragments and pellets are similar despite uranium saturation is only observed with fuel pellets 
(see below). Total radiolytic oxidant production rates may become rate limiting if their generation 
rates are too slow to permit oxidizing dissolution with rate of 2 mg/(m2d). Such limitations are indeed 
indicated by the observed radiolysis gas production [4] of corroding fuel powders. Due to the α-
particle escape depth of 5 µm from the fuel, the contribution of α-radiolysis to overall radiolysis is 
much higher with powders than with pellets, but per unit surface area, the oxidizing effect of α-
radiolysis will be much lower, as back diffusion of oxidants from an average distance of about 20 µm 
to the surface of a fuel particle (average diameter of 3µm) occurs with a probability governed by a 
solid angle of less than 4π/100. 



 

3.3.3 Comparison of spent fuel alteration rates with dissolution rates of unirradiated UO2. 

Understanding of the  rate controlling mechanism may be gained by comparing spent fuel data to 
dissolution rates of unirradiated UO2 measured under similar experimental conditions (see Table IV).  
In the course of some UO2 dissolution tests an initial rate R and a long-term rate R(2) were measured. 
 
 
TABLE IV:  COMPARISON OF DISSOLUTION RATES R (INITIAL) AND R (2) (LONG-TERM) 

OF UO2 AND SPENT FUEL (S.F.) (S = STATIC EXPERIMENTS, F = FLOW TESTS. 
LOGARITHM OF THE PARTIAL PRESSURES OF OXYGEN (PO2) AND OF CO2 
(CARB), RESULTING MOLALITY OF DISSOLVED URANIUM IN SOLUTION ( 
LOG [U]). P = PELLET, G1 = <10 µm GRAINS, G2 = 100-300 µm GRAINS, G3 = 
900-1100 µm GRAINS) 

 
 

Exp. 

 

 

 

Particle 

size 

 

pH 

 

pO2 

 

pCO2 

 

Ionic  

Medium 

 

R  

(mg/m2d) 

 

R (2) 

 

log [U] 

molal 

          
1 S P, G2,G3  8 0.05  0.01 NaClO4 0.5 0.005 -6.0-6.8 
2 S P, G2 8.5 0.21 0.01 0.1 NaCl 1.8-2.4 1.0-1.3 -3.3-5.7 
3 F G2 8.5 0.21 0.01 0.1 NaCl 3.1   
4 F G2 8 0.21  0.1 NaCl 0.18   
5 S G3 6.3 0.05  MgCl2-brine 0.25 0.03 -5.9 
6 S G3 6.3 0.21  MgCl2-brine 0.81 0.04 -5.5 
7 S G3 6.3 1  MgCl2-brine 1.7 0.09 -5.3 
8 S G3 3.8 0.21  MgCl2-brine 1.05  -4.6 
9 S G3 7.6 0.21  NaCl-brine 0.59  -6.3 
10 S G3 7.6 0.21 0.001 NaCl-brine 1.24  -5.7 
11 S G3 7.6 N2  NaCl-brine 0.7  -6.2 
12 S G1 7.5 N2  NaCl 5m 0.1  -6.7 
13 S G3 6.3 N2  NaCl 5m 1.16  -7.5 
14 S P 7.3 N2  NaCl 5m 0.47  -8 

 
 
UO2-dissolution rates are derived from the increases of uranium concentrations in solution. As actual 
reaction rates may have been higher, if part of the dissolved uranium is re-precipitated into secondary 
phases only initial reaction rates or flow test results are used for a comparison. 
 
Dissolution rates of unirradiated UO2, measured under the same experimental conditions (anoxic, 
carbonate free NaCl solution) were about a factor of 10 lower (tests 4 or 14) than 90Sr based long-term 
rates of dissolution of spent fuel pellets. It is reported in the literature [18] that UO2 dissolution rates 

may become as high as spent fuel dissolution rates if exposed to a γ-dose rate of a quite realistic 
magnitude of ca. 10000 rad/h. Hence the difference in spent fuel and UO2 dissolution rates may be 
explained by radiolysis. The potential radiolysis product H2O2 (>0.001 m) has a strong influence on 
UO2 dissolution rates. UO2 dissolution rates in 5 m NaCl solution in the presence of H2O2 are similar 
to reported [18] UO2-dissolution rates in deionized water at the same H2O2 concentration. Hence, the 
presence of NaCl has a negligible effect on the accelerating effect of H2O2 on UO2 dissolution rates. 
Figure 6 shows the effect of simulated oxidative radiolysis products (ClO- and H2O2) on the 
dissolution rates of unirradiated UO2 in NaCl solutions. Included are vertical lines for the anoxic 
dissolution of spent fuel pellets or powders. With an oxidant concentration of 10-2 m rates became 
equal to spent fuel dissolution rates. 
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FIG 6: Dependency of dissolution rates of unirradiated UO2 on the concentration of simulated 

radiolytic oxidants in 95% saturated NaCl solution (N2 atm): � = H2O2, � =  ClO-. 

Comparison with reaction rates of spent fuel pellets and powders 

 
Total oxidant production was estimated from radiolysis gas production during spent fuel pellet 
corrosion and was of the order of 10-7 mol/(g⋅d)[4], probably resulting mainly from γ-radiolysis. This 
oxidant production rate is too low to explain the reaction rates in our experiments with fragment 
samples: it would take more than 1000 years to produce 10-2 molal of oxidants. However, higher 
localized oxidant concentrations arise from α-radiation, as radiolysis effects are confined to within 
50 µm of the dissolving fuel surface. Maximum concentrations at the fuel surface could well be in the 
range of 10-2 molal, with a steep steady state concentration gradient towards the bulk solution. Similar 
dissolution rates of pellets and fragments thus would result from similar oxidant profiles in the 
aqueous solution adjacent to the dissolving samples. Consequently, even for anoxic conditions 
oxidative spent fuel dissolution is rate limiting probably mainly governed by α-radiolysis. 
 
On the other hand, it is reported for carbonate media, that flow test with UO2 and with spent fuel [19] 
give similar results, hence, under these conditions radiolysis does not appear to be very effective for 
accelerating fuel dissolution rates. This different significance of radiolysis may be explained on the 
basis of the different dissolution rates in presence or absence of carbonate. The high rates in the 
presence of carbonate (Table 3, tests 2,3,7) may mask radiolysis effects. . 
 
The initial UO2 dissolution rates are generally similar under static and dynamic conditions, however 
long-term rates are in most cases, lower under static conditions. Hence, the apparent decrease in the 
UO2-reaction rates in static tests may be associated to secondary phase formation. The initial UO2 
dissolution rates increase with partial pressure of oxygen and of CO2 but are only slightly dependent 
on pH and independent on salinity. Initial dissolution rates of UO2 under oxidizing conditions are 
governed by two processes: (1) the dissolution of an oxidized surface film initially present and (2) 
oxidative dissolution of UO2.0. By using flow tests we can distinguish between processes (1) and (2). 
In the presence of carbonate, short and long-term dissolution rates of UO2 are rather similar. This is 
probably an effect of the absence of secondary phase formation caused by the carbonate complex 
increased solubility of U(VI) solid phases. Consequently UO2 long-term dissolution rates in carbonate 
media are similar under static and flow conditions (tests 2,3). 
 



 

Extremely low apparent long-term dissolution rates (<0.01 mg/(m2d)) are only observed with UO2, not 
with spent fuel samples. This indicates that the real long-term reaction rate of unirradiated UO2 may 
remain much higher but, due to the precipitation of U(VI) containing secondary phases, this 
continuing reaction cannot anymore be monitored by measuring the uranium concentration in 
solution. The apparent UO2 long-term dissolution rates are strongly correlated with the degree of 
surface oxidation of the dissolving solid. They are highest when oxidation is lowest. Saturation 
effects or extremely low long-term rates (R(2), Table 3) are observed when the surface is oxidized to 
UO2.33. This surface composition of UO2.33 is the average composition measured by ESCA for the 
outer few nm of the surface region and it may either represent oxidized UO2 (U3O7 etc.) or, for 
example a thin “schoepite” (UO3*2H2O) layer” on UO2. 

3.3.4. Effect of temperature 

The temperature dependency of dissolution of fuel pellets is shown in Fig.7, by comparing the 
fractions of inventories released into the aqueous phase (FIAP-values) of 137Cs, 90Sr and 239/240Pu at 
150°C with those at 25°C as a function of time. The releases of Cs and Sr were rather similar. Pu 
release fractions decreased with time at both temperatures, at 150°C, however this decrease was 
observed earlier. For the conditions studied, this temperature independent reaction behaviour shows 
that the rate limiting dissolution step is not a thermally activated process, in contrast for example to 
the corrosion behaviour of nuclear waste glasses and natural minerals. The absence of an activation 
energy may be explained by the above discussed rate control by radiolysis as dose rates are 
independent of temperature. 
 

 

 
FIG 7: Effect of temperature: Release of Cs, Sr and Pu after corrosion in 95% NaCl-solution 

 at 25 and 150°C 

3.3.5. Behaviour of fission gases 

A certain percentage of fission gas Xe and Kr is released during reactor operation into open voids in 
the fuel rod and was released instantaneously upon cutting the rod. This fraction has not been 
measured for the present fuel. For some samples we measured the slow continued release of these 
fission gases from grain boundaries and from the fuel matrix. In all cases measured and calculated 
release ratios of Xe to Kr agree within 20% to the respective ratios calculated by KORIGEN. 



 

 
Comparing the fission gas release rates with those of Cs137 (Figure 8) from fuel pellets in the absence 
of iron, the data show close agreement. Release rates were significantly higher than those of Sr 
(Figure 9), indicating that gas release as well as the release of Cs is governed mainly by grain 
boundary attack. In the presence of iron, fission gas release rates are significantly enhanced as 
discussed further below. For fuel powders the data in Figures 8 and 9 show that gas release is much 
lower than Cs release and match the release rates of 90Sr. This shows that there is no more gas release 
from grain boundaries, and fission gas release rates are controlled by fuel matrix dissolution. This 
clearly shows that the grinding process effectively opened essentially all grain boundary surfaces.  
 

 
FIG  8: Comparison of measured rates of fission product release with rates of Cs release 

 from various fuel samples 

 

 
FIG  9: Comparison of measured rates of fission product  release with rates of Sr release  

from various fuel  samples 

3.3.6. Effect of iron 

The effect of container corrosion on spent fuel dissolution is simulated by adding metallic Fe powder 
to the reaction vessel. In the presence of iron, only traces of oxygen were observed in the gas phase, 
indicating that oxygen uptake by iron corrosion effectively removes oxygen formed by radiolysis. 
 
The presence and absence of iron and/or iron corrosion products affects the mobility of radionuclides 
as is illustrated by a comparison of the data given in Figure 10. In the presence of iron the solution 



 

concentration of all radionuclides, except of Cs, decreased. The strongest effect is observed for the 
actinide elements. Pu concentrations decreased by more than a factor 100, probably resulting from 
reduction to Pu(IV). Am was present in solution only in colloidal form. Ionic Am species and 237Np 
were no longer detectable in solution.  Np was probably reduced to sparingly soluble Np(IV). 
Uranium concentrations are discussed further below. In contrast to the actinides, releases of Cs and of 
fission gases are enhanced in the presence of Fe. 
 
A similar decrease in the release rates of radionuclides has been observed by Stroes-Gascoyne [20] 
and was explained by increased stability of the fuel matrix under reducing conditions. However, low 
release of fission products and of actinides may also result from sorption on iron corrosion products. 
A dissolution/sorption mechanism would explain also the high gas release observed. 
 

 
FIG.10: Effect of Fe-addition on the corrosion behaviour of spent fuel pellets in 95% NaCl-solution 

at 25°C for 2 years. 

 
Strong sorption of various radionuclides on the surfaces of all solid phases (fuel sample, container 
wall, iron powder) was observed when analyzing the distribution of radionuclides between solid 
phases and solution. The degree of fuel alteration is calculated from the sum of fractional Sr releases 
to iron, vessel surface and solution assuming that Sr is not sorbed on the fuel sample. Fuel alteration 
rates were found to be a factor of 3-4 smaller than in the absence of iron. The fractions of 
radionuclides remaining on the fuel sample were inferred from the difference between the altered fuel 
fraction and the sum of the fractional nuclide releases to aqueous phase, iron and container wall.  
 
Figure 11 shows the relative distribution of radionuclides between the aqueous phase and the surfaces 
of the solid phases. The data on the distribution of the mobilized 90Sr show that about 85% stays in 
solution that about 9% of the Sr are re-immobilized on the Fe and that ca 6% is sorbed on the 
container wall. As expected, the distribution ratios between Sr adsorbed to Sr in solution is much 
smaller than the respective value for the trivalent actinides and rare earth elements. The quantities of 
U and Pu sorbed on Fe are about 80 to 100 times (Am ca. 1550 times) higher than their amount in 
solution, though most Pu (ca. 80%) and U (ca. 60%) remain directly on the fuel sample (Am only ca. 
15%). More than 99 % of Cs is released to solution. These data show that the presence of iron 
contributes significantly to the immobilization of most part of released radionuclides. 



 

 

FIG  11: Relative distribution of U, Pu, Am, Eu, Sr and Cs between aqueous phase and solid 

surfaces after two years of spent fuel corrosion in 95% saturated NaCl-solution in the 

presence of Fe-powder 

3.3.7 Behaviour of actinide elements 

Release behaviour of long-lived fission products and actinides from spent fuel under repository 
relevant conditions can only be assessed, if the release and retention controlling processes are 
understood. In the following, controls for the behaviour of trivalent actinides, for plutonium and for 
uranium during spent fuel dissolution are described.  
 
Americium: For identification of solution controls for the release of Am during spent fuel 
dissolution, the fraction of inventory of Am in the aqueous phase (FIAPAm) was compared with the 
altered fuel mass (FIAPmatrix) calculated from the solution data of Sr. Results show that the ratios 
FIAPAm/FIAPmatrix remain close to unity if pH<6, indicating that Am release is congruent with 
alteration of the fuel matrix.  
 
At higher pH the ratio approaches 0.01 to 0.001 due to retention of Am during spent fuel dissolution. 
Measured solution concentrations in static tests (pH>6) are shown in Fig.12. One of the processes 
which may retain Am is precipitation of secondary phases. The solubility of precipitated Am in 
carbonate free anaerobic 5 M (5.6 molal) NaCl solutions is controlled by Am(OH)3(s) and solubility 
data measured by Runde [21] are included in Figure 12. Measured concentrations of Am in tests with 
spent fuel were about 5 orders of magnitude lower. One of the reasons for this discrepancy is the 
possible formation of solid solutions by co-precipitation because the content of other chemically 
homologue trivalent cations in spent fuel (Nd, La, Pr, Sm) is about 25 times higher than that of Am 
and pure phase formation is unlikely. Using a simple solid solution model [22],the partial solubility 
product Kp,SS of an end member in a solid solution is  Kp,SS =  xi Ki where xi and Ki are the mol 

fraction of the end member and its individual solubility product in the absence of solid solution 
formation. If Am and REE co-precipitate in mol fractions governed by their inventory ratio, the 
solubility and value for Kp,SS,Am(OH)3 would be about 25 times smaller than KAm(OH)3. This is not  
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FIG 12: Am concentrations in spent fuel dissolution tests in 95% saturated NaCl solutions and in 

deionized water for contact periods of spent fuel and leachants larger than 400 days. Comparison 

with  the solubility of pure Am(OH)3. 
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FIG 13: Concentrations observed in spent fuel dissolution tests in NaCl solutions and in deionized 

water „DIW“, as a function of pH. 0.45 µm micro and 18A ultrafiltered solutions „UF“ are included. 

Comparison to theoretical solubility of PuO2(OH)2 [27]  to the solubility of Pu(IV) polymer in 

chloride media[28]. 



 

sufficient to explain the difference of 5 orders of magnitude between solubility of precipitated pure 
Am(OH)3 and Am "solubility" in spent fuel tests. Alternatively, Am may co-precipitate with 
secondary U(VI) phases such as schoepite or polyuranates. In this case, inventory controlled 
equilibrium solution concentrations would be about 1500 times lower than pure phase solubility. Co-
precipitation tests of Am with U(VI) secondary phases give indeed strong indications for such co-
precipitation controlled Am release form spent fuel [23]. 

Plutonium: For pH values below 4 it has been shown that Pu is released congruently with the 
dissolving fuel matrix[24]. At higher pH values significant fractions of Pu are retained in secondary 
solid phases. Pu concentrations encountered in static spent fuel dissolution tests in NaCl solutions at 
higher pH values are shown in Fig.13 together with curves calculated for solubility control of Pu. A 
detailed discussion is given in ref. [4]. 
 
Solubility calculations are complicated by the various possible oxidation states of Pu which may 
coexist simultaneously and by steady state or transient redox disequilibria caused by radiolysis and 
electrochemical potential gradients. The valence state of dissolved Pu has not yet been measured. 
Data of Capdevilla et al. [25,4] suggest that for the Eh/pH conditions of our tests tetravalent Pu(OH)4

o 
may be dominant. Pu-concentrations may be controlled either Pu(VI) or Pu(IV) solid phases. Pu(VI) 
solids may form if stabilized by radiolysis [26]. PuO2(OH)2 solubility in carbonate free 5M NaCl 
solutions has been reported [27,26] at radiolytically induced Eh values >1000 mV and Pu(VI) 
hypochlorite complex formation caused by α-radiolysis. For the pH range 6-10 the reported Pu 
concentrations were much higher than the solution concentrations of Pu encountered in our 
experiments. This difference was attributed to the lower α-radiation doses and associated lower Eh 
values and hypochlorite concentrations in our tests (Eh values were <0 mV) [4]. A theoretical 
PuO2(OH)2 solubility  curve calculated in ref. [26] for the absence of hypochlorite complexes is 
included in Figure 13 indicating that our measured Pu concentrations remain lower than Pu(VI) 
solubility. At the low redox potentials of our tests the solubility controlling phase may alternatively be 
a Pu(IV) (hydr)oxide. Included in Figure 13 are reported solubility data of Pu(IV) polymer in air 
saturated chloride media (solubility between PuO2(cr) and Pu(OH)4(am)) reported[28] with PuO2

+ as 
the dominant solution specie. However, due to the uncertainty in understanding of Pu-chemistry the 
tendency for agreement with the spent fuel data must be taken with caution. . 
 
Under reducing conditions, i.e. when radiolytically generated oxidizing reactants were consumed by 
the corroding iron powder, solution concentrations of Pu appear to be much lower, than in the absence 
of Fe (Figure 13). Under these conditions the dominant solution species is either Pu(OH)4(aq) or a 
trivalent Pu species [4]. The lack of a pronounced pH dependency may suggest that Pu solubility is 
controlled by the Pu(IV) polymorph in equilibrium with Pu(OH)4(aq). More work is necessary, before 
solution controls of Pu can be identified unambiguously. 
 
Uranium: Uranium is the principal element constituting the fuel matrix. Understanding of the rates of 
uranium release and of the formation of uranium containing secondary alteration products, therefore, is 
of high interest for understanding the fuel dissolution process. In all spent fuel dissolution experiments, 
except with mm sized fuel fragments, U(VI) solution concentrations very quickly reach constant values. 
Figure 14 gives the apparent equilibrium values as a function of pH. In experiments with spent fuel 
powder the U(VI) concentrations were at least a factor of 10 higher than in experiments with fuel pellets 
at the same pH value. This appears to be a common phenomenon. The solution concentrations of U(VI) 
in equilibrium with dissolving UO2 [29] or spent fuel [30] may vary quite substantially during a long 
lasting experiment often by as much as a factor of 100 in a similar chemical environment. 
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FIG 14: Uranium concentrations in spent fuel dissolution tests in 95% NaCl solutions (25°C, Ar atm., 

absence of Fe). Comparison with apparent equilibrium U-concentrations in UO2 dissolution tests in 

5 m NaCl solutions, in 21 % O2 atmosphere and comparison with results from precipitation of Na-

polyuranates from supersaturation test (Data from [31]) 

The experimental data from fuel dissolution tests in the absence of iron are compared with apparent 
equilibrium concentrations from unirradiated UO2 dissolution tests (pellets) in 5 m NaCl solutions in   
21% O2 atmosphere. Good agreement is obtained, indicating that even under initially anoxic 
conditions (spent fuel dissolution experiments under argon atmosphere) radiolysis produces sufficient 
oxygen (see discussion above) to establish an oxic environment. The agreement between the solution 
concentration of uranium encountered in spent fuel dissolution test with data from UO2 dissolution 
tests indicates that the same solid phase controls solution concentrations. Included in Figure 14 are U-
concentrations obtained from oversaturated conditions when titrating 5 m NaCl solutions with pure 
uranyl chloride solutions at various fixed pH values. The oversaturation experiments were performed  
for a period of three months [31]. The solution concentrations obtained from oversaturated conditions 
are rather similar to respective values obtained from spent fuel dissolution tests using fuel powder, 
possibly indicating that similar solid phases (Na-polyuranates) were formed. 
 
The uranium encountered in spent fuel dissolution tests in the presence of iron are given in Figure 15. 
Comparison is made with respective data from UO2 dissolution tests (two different particle sizes) in 5 
m NaCl solution under an H2 atmosphere in presence of Pd as a catalyst, indicating good agreement. 
This good agreement suggests that reducing conditions are indeed achieved in the spent fuel 
experiments, hence, radiogenic oxidizing reactants are effectively removed from solution by reaction 
with the iron powder. 
 
This is also confirmed by the absence of radiolytic oxygen in spent fuel tests with iron present (see 
above). The absence of clear pH dependency in the U(tot) concentrations (pH 6-10) could indicate 
that uranium concentrations are controlled by UO2 or U(OH)4(s) as solid phases in equilibrium with 
U(OH)4(aq) as dominant solution complex. 
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FIG 15: Uranium concentrations in presence of Fe-powder, obtained in spent fuel dissolution tests in 

95% saturated NaCl solutions at 25°C under argon atmosphere Reducing conditions obtained by 

conumption of oxidizing reactants by reaction with Fe. 

 
 

3.4  CONCLUSIONS 

The corrosion mechanism and corrosion rates appear to be similar in both saline media and diluted 
groundwater, hence, similar long-term stability is expected. Under the conditions studied, spent fuel 
dissolution is not an activated process and α-radiolysis appears to play a key role: Radiolytic oxidants 
establish oxic dissolution modes even under initially anoxic conditions. Dissolution rates of 
unirradiated UO2 are lower due to the absence of this source of oxidants. Reaction rates of spent fuel 
decrease at high S/V ratios resulting form limitations in production of sufficient oxidants. In the 
presence of iron, reaction rates decrease by a factor of 3-4 and actinide concentrations by many orders 
of magnitude. Actinide release is in most cases not controlled by fuel matrix dissolution as 
concentrations are controlled by (co-) precipitation phenomena. 
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Abstract 

 

A three step strategy has been developed in India for management of HLW comprised of 

immobilisation of waste in a borosilicate glass (SiO2-B2O3-Na2O-MnO-TiO2), natural convection air-

cooled interim storage and final emplacement in a granite repository.  Elaborate hot cell facilities 

have been installed for long-term evaluation of the waste form.  These include hot cells and 

laboratories for core-sampling from full scale canisters, sample preparation for chemical durability 

tests and micro-structure examination for characterisation studies.  This report presents the details of 

various experiments performed on simulated waste forms to study the effect of temperature, the 

presence of granite, bentonite and rust powder on chemical durability; back-fill material 

characterisation, and the effect of groundwater composition etc. 

 

The waste form is observed to be homogeneous with a minor presence of Pd-Te (2-3 micron size) 

droplets and RUO2 crystals.  Only extended heat treatment at higher temperature (700°C for 24 

hours) generates crystals of pyrophanite (MnTiO3) and rhodonite (MnSiO3) which do not incorporate 

radionuclides and the chemical durability data does not show enhancement compared to the non-heat 

treated waste form.  Chemical durability tests are conducted using ISO and modified MCC-1 tests.  

Some of the leach tests have been in progress for 7-8 years.  These tests show that in general, the 

presence of granite lowers the leach rate whereas rust powder enhances it.  The combined effect of 

these materials and back-fill materials (i.e. vermiculite, bentonite, soil clay) is being studied further.  

The studies on full scale simulated waste canisters include chemical durability tests. 

 

1.   INTRODUCTION 

 

With reference to the use of nuclear power as an energy source, the safe management and disposal of 

high level liquid waste (HLW) generated during reprocessing of spent nuclear fuel is of particular 

importance. A three step strategy has been adopted in India for the safe management of high level 

liquid radioactive waste (HLW). These three steps are: immobilisation of the waste in vitreous 

matrices, interim storage and final disposal in a deep geological repository. Towards this objective, 

research and development work was started in India in the late sixties encompassing various areas of 

HLW conditioning including formulation of matrices for immobilisation of HLW and their 

characterisation [1]. This was followed by research on the development of processes, equipment and 

assemblies to condition HLW into an inert and stable waste form of acceptable quality for disposal.  

These efforts have finally culminated in the design and construction of the first Indian vitrification 

facility at Waste Immobilisation Plant (WIP) Tarapur [2] and an interim storage facility at Solid 

Storage Surveillance Facility (SSSF), Tarapur. 

 

Indian scientists participated in two earlier IAEA initiated Co-ordinated Research Programmes 

(CRP) titled "The Evaluation of Solidified High Level Waste Products" and "The Performance of 

High Level Waste Forms and Engineered Barriers under Repository Conditions" during the periods 

1977-83 and 1984-89 respectively. The first programme concentrated on the development and 



characterisation of various HLW forms [3]. In the second programme, the focus was on the study of 

effect of engineered barriers of the repository on the properties of the waste form [4, 5]. This CRP 

with the title "Performance of  the High Level Waste Forms and Packages under Repository 

Conditions" emphasizes studies that can be broadly categorised into the following areas : 

 

 i) Thermal stability of the waste form involving evaluation of the state of crystallisation under 

various temperature conditions.  The results of study will be useful in further refinement of glass 

matrix compositions. 

 

 ii) The realistic assessment on both laboratory and engineering scales, of chemical durability of the 

waste product in the presence of components of engineered barriers, e.g.  corrosion products of the 

canister and overpack, back fill materials and granite, using groundwater as the leaching media.  

Studies of the leached layer, involving identification of phases formed, is an important part of this 

work. 

 

iii) Evaluation of the interaction of canister and overpack materials (stainless and carbon steel 

respectively) with the waste form, back fill and granite under simulated repository conditions of 

temperature, pH, Eh and groundwater. 

 

In this report, details of experiments with respect to matrix refinement, topographic study, thermal 

stability and chemical durability, characterisation of back fill and groundwater are presented. 

 

The results based on the analysis of data so obtained are also discussed.  In view of the necessity of 

long-term evaluation of thermal stability and chemical durability, some of the experiments are 

continuing. This report presents details of these as well as the other planned experiments.  

 

2.   SCOPE OF WORK 

 

This work is devoted to the evaluation of the vitrified waste matrix material under simulated 

repository conditions.  For carrying out this study, the following scope of work of the experiments 

has been defined and finalised : 

 

(a) Matrix development and modification 

 

This involves development of the sodium borosilicate matrix (code named IR-110) adopted after 

extensive scoping and evaluation studies to suit to the existing high level waste. Besides chemical 

durability, thermal stability evaluations of the modified matrix (IR111) and refinement of 

compositions to further reduce even small percentages of crystallisation due to Mn is also covered. 

 

(b) Long-term characterisation of the glass matrix 

 

This involves chemical durability evaluation in the presence of repository components , thermal 

stability study for extended periods under high temperature conditions, topographic studies of the 

waste form and the leached layer and characterisation of the matrix with respect to other properties. 

 

(c) Evaluation of repository components 

 

In order to use realistic groundwater compositions  for leach tests and to analyse the effect of 

repository components on the leach rates; evaluation of groundwater, back fill material and granite 

are also included in the scope of this work. 

 



3.   EXPERIMENTAL FACILITIES 

 

At Tarapur, specific laboratories have been installed to carry out studies on characterisation of 

vitrified waste products and their long term evaluation under simulated repository conditions. These 

facilities consist of: 

 

(i) production of vitrified waste product (VWP), 

(ii) interim storage of VWP canister with separate locations for simulation of repository conditions 

and 

(iii) characterisation of VWP. 

  

These facilities are described briefly in the following section. 

 

3.1  VITRIFIED WASTE PRODUCT (VWP) PRODUCTION 

 

Vitrified waste product (VWP) is produced using glass-forming chemicals and HLW. The glass-

forming chemicals are added to a high nickel-chromium alloy metallic process pot heated by 

induction along with HLW. The VWP is cast in a stainless steel canister and a lid is remotely welded 

remotely [2].  Each canister (70 cm length and 30 cm dia) accommodates about 125 kg of glass.  Two 

such canisters are enclosed in a carbon steel overpack which becomes the ultimate solidified waste 

disposal unit. 

 

3.2  INTERIM STORAGE  

 

The design of the interim storage facility consists of a thermal vault housing vitrified waste product 

packages cooled by natural convection of air. This vault is separated from the main civil structure to 

allow movement due to thermal expansion or contraction.  As shown in Figs. 1-3, a hydraulic vault 

exists around this thermal vault, which provides the biological shielding as well as isolates the 

thermal vault from the hydrostatic head of the water table during the rainy season. 

 

Besides storing VWP canisters, this facility has locations for various experimental purposes [4]. The 

locations meant for experimental studies are larger in size than the normal storage locations to 

accommodate experimental units consisting of VWP canisters along with other components for 

simulation of repository conditions.  This is provided with facilities for safe handling of waste 

storage and experimental units as well as for monitoring of parameters like temperature, air flow and 

pressure drop.  

 

3.3  CHARACTERISATION OF VWP DURING INTERIM STORAGE 

 

This facility has been built for the characterisation and evaluation of VWP and consists of hot cells, 

shielded boxes, laboratories, etc. as follows : 

 

(i) Sampling of VWP from a storage unit and sample preparation for characterisation studies. 

(ii) Evaluation of the VWP sample for various characteristics. 

 

3.3.1  Facilities for VWP sample preparation 

 

The details of facilities for the sampling of VWP are shown in Fig. 4.  Sampling of VWP from the 

canister is done in the hot cell No. 1 and the shielded boxes, housed in product characterisation 

laboratories (PCL) as shown in Fig. 5. In the hot cell, the solidified waste storage unit is brought 

from the interim storage facility in a shielded cask for taking core samples.  In the product 

characterisation laboratories, core samples are cut, sliced, cleaned, polished and mounted as per the 

experimental requirements. A set of core drilled samples and prepared samples for leaching tests and 

microstructure analysis are shown in Fig. 6.  



 

3.3.2  Facilities for characterisation of VWP Samples 

 

The prepared samples are subjected to various experimental studies. To meet this objective, various 

facilities are installed which include (a) a sample transfer system to link shielded boxes, where 

samples are prepared, with various laboratories; (b) laboratories with box lines to accommodate 

various VWP sample leaching stations and (c) laboratories housing SEM, EDX, XRD, ICP-AES and 

various other instruments in specially designed enclosures to facilitate micro-structure analysis and 

identification/quantification of chemical species present in the leachants.  Some of these facilities are 

shown in Fig. 7.  

 

4.   MATRIX 

 

The waste form development efforts are presently directed towards adjustment in standard 

composition (IR 110) to suit the specific HLW.  The modified compositions thus obtained are then 

tested to ascertain that these meet the criteria of chemical and thermal stability. Details are discussed 

in the following section.  

 

 

4.1  MATRIX DEVELOPMENT 

 

A sodium borosilicate glass matrix has been finalised for the immobilisation of HLW. Among the 

finalised compositions [6], the IR110 glass composition has been selected for immobilisation of 

HLW at WIP, Tarapur.   

 

The selected IR110 glass composition is suitable for the incorporation of the reference HLW, namely 

TPI waste [7]. Presently, the HLW available for immobilisation has a different composition with 

respect to fission products, uranium and sodium compared to the reference TPI waste. Hence, the 

selected glass composition IR110 has been further modified to adjust to these variations in the waste 

composition and is modified as IR111 [8]. The details of the composition of modified glass are given 

in Table I. 

 

In view of the higher NaNO3 content in the present waste, the waste compositions with varying Na2O 

content were developed without affecting the other components of the waste. The remaining Na2O 

content was adjusted in the glass additive slurry composition. The details of these reference 

hypothetical compositions are given in Table II. The composition of IR110 based on TPI waste is 

shown in Table III. Considering these waste compositions, the modified IR110 glass compositions 

and the volume reduction data for these modified glasses are given in Tables IV and V respectively, 

whereas the net chemical composition of the developed glass is given in Table VI. 

 

Accordingly, the composition IR111 has been selected as a the final glass matrix. This offers the 

advantage of high volume reduction of the order of 50-60 times and almost all the Na2O component 

of the matrix slurry has been adjusted from the waste. The fusion and pouring temperatures of these 

developed waste forms are given in Table VII. 

 

4.2  CHARACTERISATION OF DEVELOPED MATRIX 

 

The characterisation of the developed glass compositions has been carried out involving evaluation 

of physical properties, chemical durability, thermal stability and homogeneity.  

 

4.2.1 Chemical durability studies 

 

The leaching of IR111 VWP composition was carried out using conventional leaching methods at 

100 °C under reflux using distilled water as leachant.  The leach rate observed is  comparable to that 



of the basic IR110 composition and is of the order 2 x 10
-4
 g.cm

-2
.day

-1
 on a ‘sodium loss basis’ at 

100°C in distilled water. 

 

4.2.2 Thermal properties 

 

The thermal conductivity of glass IR111 was determined using the cut-bar method at 100 and 200°C 

and was found to be 0.89 and 1.035 W.m
-1
.°K-1

 respectively. The glass transition temperature of this 

composition was determined using the DTA part of thermal analyser and was found to be 565°C.  

DTA of these compositions was also carried out and the results are given in Fig. 8.  As seen in the 

figure, the glass transformation temperature of IR111 composition is 565°C .  The DTA re-run has 

not given any additional peak confirming its glassy structure. 

 

4.2.3 Mechanical strength 

 

The impact strength determination was carried out using the shattering technique. In this method, a 

standard weight (1.5 kg) is dropped from a height of 1 m on the glass pellet of standard dimensions.  

The Relative Increase in the surface Area per unit Joule of imparted energy (i.e. RIAJ) is determined. 

The RIAJ value of IR111 composition is 1.4 compared to the value of 1.2 for IR110 indicating that 

IR110 has a better mechanical strength than IR111. 

 

4.2.4 Thermal stability 

 

In order to study product thermal stability the samples were heated at different temperatures ranging 

from 500 to 900°C for different time intervals. One such experiment, in which the glasses were 

heated at 700 and 800°C, showed the formation of a small quantity of crystals like pyrophanite 

(MnTiO3) and rhodonite (MnSiO3). XRD patterns of these crystalline samples are shown as Figs.  9 

and 10 XRD pattern of glass samples before heat treatment is shown in Fig. 11 for comparison, 

which shows the absence of crystal phases and, hence, good quality of the product.  

 

The crystals formed on heat treatment of glass samples were also studied using the SEM-EDX-

Quantimet System. The SEM micrographs of these heat-treated samples are shown in Figs. 12 and 

13.  In these micrographs, the crystals formed during extended heat treatment for 24 hours at elevated 

temperature of 800°C can be seen. Detailed heat treatment has been given to VWP samples for 

various length of time at different temperatures.  The heat treated samples were analysed for 

manganese silicate crystals using quantitative XRD. The time-temperature-transformation (TTT) 

diagram for these glasses was plotted for 5% crystallisation of manganese silicate phase and is shown 

in Fig. 14.  The noses of TTT diagrams are at 800 and 850°C for compositions IR111 and IR110 

respectively and corresponding times taken are 1.5 and 3.1 hours.  

 

Heat treated samples of VWP IR111 were subjected to chemical durability tests using the ISO 

method at 70°C in distilled water.  The leachate samples were removed and analysed for various 

constituents using ICP-AES system. The results of leaching of the heat-treated glasses containing 

1.33% of induced crystals, on a boron and sodium loss basis, are given in Figs. 15 and 16 

respectively and the leaching results of VWP containing 2.2% induced crystals are given in Fig 17 

and 18 respectively.  These heat treated VWPs contain same quantities of crystals i.e. 1.33 % in one 

case and 2.2% in another case.  

 

It has been observed that the leach rate  is less in both cases on a sodium and boron loss basis for the 

VWP with crystals induced at higher temperature (near the pouring temperature) than the heat treated 

VWP at lower temperature. 

 

 



This could be explained as follows.  

 

a) At a lower temperature around 600 °C, which corresponds to crystallisation zone, crystal growth is 

expected to give coarser size crystals.  

  

b) At higher temperatures, i.e. near the pouring temperature, the crystals are expected to be of small 

size and well dispersed. 

 

c) In the case of coarser crystals, the silica depletion in the region near the crystal is expected to be 

greater and thus more leaching will result from that area.  Since the heat treated glass samples at 

lower temperature are expected to have coarser crystals, their leach rate will be higher than the 

glass itself. 

 

d) In the case of heat treatment at higher temperature, the small size and well dispersed crystals have 

improved the durability compared to the glass itself. 

 

4.2.5 Homogeneity 

 

The glass composition IR111 was found to be quite homogeneous. Ina few scattered places, droplets 

of Pd-Te (2-3 micron size) and crystals of RUO2 were noticed. The SEM micrographs showing the 

droplets of Pd-Te and crystals of RUO2 are shown in Figs. 19 and 20 respectively. 

 

4.3  URANIUM COMPATIBILITY STUDIES 

 

In view of the content of uranium in present HLW and high volume reduction factor of the order of 

50-60, ultimate UO2 content in IR110 glass is of the order of 18 -28 wt%. Topographic studies 

indicate that this composition has good homogeneity and there was no separation of UO2 from the 

glass as a crystalline phase. However, experiments were performed in order to establish the limiting 

concentration of uranium compatible with this composition. The results obtained so far are discussed 

here. 

 

4.3.1 Experimental details 

 

Six glass compositions (namely U0, U1, U2, U2.1, U2.2 and U3) have been prepared. The details of 

mol% composition of these glasses are given in Table VIII. Out of these U0 is the base glass 

corresponding to IR110 composition, whereas others contain varying amount of uranium as per the 

composition given in Tables VIII and IX. Waste components were not added in these glasses. The 

formation characteristics are given in Table X. The composition U3 (aimed at 15 mol% UO2) was did 

not form a glass even at 1000°C. It has been observed that formation temperature increases with 

increasing UO2 content.  The weight percent of UO2 in composition U3 is of the order of 42.69.  The 

weight percent of UO2 in U2.2 (corresponding to 12 mol%) is of the order of 36.53 as compared to 

18-28 mole percent of existing UO2 content in IR111. 

 

4.3.2 Characterisation of uranium glasses 

 

Leaching of these glasses has been carried out using conventional leaching techniques at 100°C using 

distilled water as the leachant. The results are presented in Fig. 21. It can be seen that the glasses 

containing uranium, e.g. U1 & U2, are less leachable than the base glass U0.  This infers that an 

increase in uranium content, keeping other parameters the same, improves the chemical durability. 

The formation temperature shows an increasing trend with an increase in concentration of U in waste 

form.  A topographic study was carried out for ascertaining the homogeneity using XRD and thermal 

analysis.  The glasses U1 and U2 are also free from crystalline phases as seen in Fig. 22. This 

indicates that up to 10 mol% uranium(32 wt. %) can be safely accommodated in base glass 

composition U0. DTA heating runs and reheating runs are shown in Figs. 23 and 24 respectively.  In 



both these figures, there is only one endothermic peak of glass transition and no other thermal events. 

This confirms the existence of a glassy phase without any major crystalline phase. The glass 

transition temperatures are 540, 545 and 550°C for glasses U0, U1 and U2 respectively.  

 

These glass compositions were subjected to heat treatment at 700°C for a period of 24 hours.  The 

heat-treated samples were analysed by XRD and scans of glasses U0 and U1 are given in Fig. 25 and 

U2 is given in Fig. 26. The heat treated compositions U0 and U1 do not show any presence of 

induced crystals.  However, the heat treated composition U2 shows the presence of crystals of 

sodium diuranate (Na2U2O7).  This indicates that concentrationf of UO2 up to 18 wt% can be safely 

incorporated.  

 

4.4  REPLACEMENT OF MN IN VWP 

 

It has been explained while discussing the thermal stability (section 4.2.4) that the heat treatment of 

glass IR111 at 700-800°C for an extended period of time showed formation of a small amount of the 

crystalline phases pyrophanite (MnTiO3) and rhodonite (MnSiO3). These crystals do not incorporate 

any fission products and, hence, are not likely to significantly affect the leaching of the fission 

products from glass. To ascertain this, leaching experiments on heat treated glass samples have been 

conducted.  Since both crystalline phases contain Mn, efforts were made to replace Mn by other 

suitable elements. 

 

4.4.1 Experimental details 

 

In order to study effect of replacement of Mn in VWP by other elements, three glass compositions 

(MnR1, MnR2 and MnR3) have been prepared. Their detailed composition is given in Table XI. All 

these glasses were freely pourable at 980°C. 

 

4.4.2 Results and discussion 

 

Mn-replaced glass compositions were subjected to leaching tests and were also studied by XRD 

(Fig. 27) and DTA (Fig. 28). XRD indicated all these three compositions are amorphous in nature. 

DTA  showed only one peak corresponding to the glass transition temperature.  Glass transition 

temperatures of these glasses were observed to be 525, 530 and 515°C respectively.  The thermal 

stability of these glasses was evaluated by heat treatment at 700°C for 24 hours.  The heat treated 

glasses were analysed by XRD and DTA techniques. The XRD scans are given in Figs. 29-31 for 

glass codes MnR1, MnR2 and MnR3 respectively, where the formation of similar crystalline phase 

for these three compositions during heat treatment is noted. DTA scans of these three heat treated 

glasses are presented in Fig. 32 which shows two endotherms at 640 and 840°C apart from glass 

transition temperature. These endotherms disappear during reheating run as seen in Fig. 33 indicating 

that they correspond to melting of crystalline phases induced during the heat treatment.  These phases 

are identified as sodium diuranate (Na2U2O7) as the major phase and sodium uranate (Na2UO5) as the 

minor one. 

 

Leaching tests on these glass compositions were carried out at 100°C in distilled water using 

conventional leaching units. The results are given in Fig. 34. These studies indicate that the 

formation characteristics of these glasses are comparable with Mn containing glasses. The chemical 

durability of these glasses is also comparable (Fig. 30) to that of base glass U0 and IR110, both of 

which contain Mn.  



5 CHEMICAL DURABILITY STUDIES  

 

In order to understand the behaviour of glass leaching in the presence of repository components and 

corrosion products, leaching tests containing these and the simulated vitrified waste product have 

been carried out and are continuing for long-term evaluation. 

 

Some of the experiments have been in progress for more than seven years. These leaching tests have 

been performed as detailed in Appendix A.  

 

5.1  CHEMICAL DURABILITY TEST USING ISO METHOD 

 

5.1.1 Experimental details 

 

Glass grains of -16 +25 mesh size in 1 g quantities and pellets of 8 mm dia are used. The corrosion 

product, carbon steel, is washed thoroughly with water, dried and powdered.  The granite rock is 

crushed into grains of -16+25 mesh size, washed with water, and dried. 

 

Each set of experiments is comprised of the following : 

(a) Glass ( grains/pellets) 

(b) Glass ( grains/pellets) + granite grains 

(c) Glass ( grains/pellets) + granite grains + rust  

 

Leaching experiments on granite grains and blank leach tests have been performed to determine the 

correction to be incorporated to account for the components leached from the granite and leaching 

cell respectively.  Each experiment was performed in duplicate. The samples were placed in a 

leaching cell made of Corning glass to which 40 ml of distilled water was added, then placed in 

electrically heated ovens maintained at constant temperatures of 50, 70 and 85°C.  

 

The leachate samples were removed periodically and were analysed for various elements using ICP-

AES system. Fresh distilled water was added to the cell and the leaching was resumed as per the ISO 

method. The frequency of leachant sample changing was higher during the  initial period and was 

reduced subsequently (e.g. once in a day during first two weeks, twice a week during next two weeks, 

once in a week for next one month, once in a month for the year). There-after, it has been reduced to 

half yearly and yearly sampling. 

 

5.1.2 Results and discussion 

 

The VWP samples have been leached for seven to eight years. The boron and sodium leaching results 

are presented in Figs. 35 and 36.. Two sets of data, i.e.  cumulative fraction leached (CFL) and leach 

rate (LR) with respect to cumulative leaching time are given in each figure. The following 

observations are made on these results. 

 

(a) The leach rate is lower in presence of granite on a sodium and boron-loss basis. Since the long 

term leaching is essentially governed by the concentration of silica in solution, the effect of silica 

concentration is well pronounced.  In the leaching cell where granite is present, silica dissolution is 

from both granite as well as glass and, therefore, the overall silica concentration in the leachant is 

higher and the  leach rate decreases.   

 

(b) The leach rate of glass on a sodium and boron-loss basis, is higher with the addition of rust to the 

leaching cell.  The iron ions released from the rust combine with soluble silica and, thus, remove part 

of silica from the system.  This increases the dissolution rate of the glass. 

 

(c) The leach rate stabilised after about three years, then progressed with a constant rate for an 

additional period of 4 years and, thereafter, shows a decreasing trend in both cases.   



 

5.2  CHEMICAL DURABILITY TESTS USING MODIFIED MCC-1 METHOD 

 

5.2.1 Experimental details 

 

Glass grains of -16+25 mesh size in 0.5 g quantities are placed in a leaching cell made of PTFE. As 

mentioned earlier in section 5.1.1, granite grains and rust powder are added to this cell along with 10 

ml of distilled water. The cell is closed and kept at a constant temperature of 70°C.  Corresponding to 

each experimental point, a separate sampling assembly is used which contains the components 

mentioned above.  After the appropriate time interval, each sample cell is removed, the leachate is 

filtered, acidified and preserved for elemental analysis.  The VWP samples are then used for 

topographic studies. 

 

5.2.2 Results and discussion 

 

The leach rate data on boron and sodium-loss basis are presented in Figs. 37 and 38 respectively. The 

results are in conformity with those obtained by ISO method. It is observed that leaching of VWP in 

presence of granite component is less as compared to the leaching of glass as such. The reasons are 

same as explained in section 5.1.2. 

 

 

5.3  CHEMICAL DURABILITY TESTS WITH DISTURBANCE 

 

5.3.1 Experimental details 

 

In order to simulate the movement of water during leaching, the leaching cells are kept on rotating 

trays in this experiment. These trays are housed in an electrically heated, air circulation oven at 50-

250°C.. Each oven houses two trays stacked one above the other on a single rotating shaft adjustable 

from 0.5 to 10 rpm.  The ovens are made from SS  to facilitate decontamination. The console unit 

housing temperature controls/indications and speed of the rotation are located separately and only the 

oven is installed in the shielded boxes. 

 

The leaching test procedure adopted for this study is a modified MCC-1 method in distilled water. 

Initially, the rotation of the tray is maintained at 5 rpm. Repository components like granite powder 

and rust powder were added as explained in section 5.2.1. Leaching tests are being carried out at 

70°C using PTFE leaching cells of 25 ml capacity. A Separate set of leaching cells is used for each 

data point.  After the appropriate time, the leachate samples are filtered, the volume adjusted and 

analysed. 

 

5.3.2 Results and discussion 

 

This leaching experiment continued for about 1400 days and the boron and sodium-loss basis results 

are presented in Figs. 39 and 40 respectively. It is observed that in this case also, the leach rate 

decreases with time and is least in the presence of granite. The reasons are explained in section 5.1.2 

earlier. 

 

This leaching study was carried out on IR111 glass samples.  Further leaching tests are in progress to 

establish the effect, if any, of this type of disturbance on formation of alteration layers, dissolution of 

silica and the overall mechanism of leaching.  

 



5.4  CHEMICAL DURABILITY TEST ON ACTIVE VWP 

  

5.4.1 Experimental details 

 

In this study, IR111 glasses were prepared by spiking the VWP with gross beta activity of the order 

of 26.8 µCi/g using diluted HLW.   

 

Grains with a mesh size of -16+25, with a sample size of 0.5 g, were packed in SS wire mesh and 

used for the leach tests in PTFE containers with a leak tight cap at 70°C using the ISO method with 

20 ml distilled water.. Leachate samples were collected periodically and fresh leachant was 

replenished. The leachat samples were analysed for gross beta activity and sodium by GM counter 

and flame photometer respectively. 

 

5.4.2 Results and discussion: 

 

The leach rates of the VWP IR111 were evaluated on the sodium loss basis as well as gross beta 

activity loss basis. The results are presented Fig. 41.   

  

After a period of about 9 months, the leach rates of IR111 on an activity loss basis decreased to the 

order of 1.8 x 10
-5
 g/cm

2
/day where as those on a sodium loss basis decreased to 8.2 x 10

-5
 g/cm

2
/day.  

The leach rate on the basis of activity loss is approximately a factor of 4 lower than that based on 

sodium loss. 

 

5.5 TOPOGRAPHIC STUDY OF LEACHED SURFACE  

 

The examination of the surface of leached samples was carried out by SEM and EDX. For example, 

the formation of a depleted layer on glass of IR111 composition leached for four months is shown in 

micrographs 2 and 3  (Fig. 42). This is quite different from the unleached glass surface as shown in 

micrograph 1 (Fig. 42). It is observed that granite constituents from the leachant are deposited on the 

surface of the glass and these obscure the view of the depleted layer to some extent. The deposition is 

confirmed by EDX analysis of surface layer of the glass as seen in Fig.  43. This also explains the 

decrease in the leach rate in the presence of granite. 

 

The presence of rust substantially alters the surface topography of the sample. This is due to 

enhancement of the leach rate in the presence of rust by the formation of iron silicate and is also 

responsible for typical features of the surface as seen in micrographs 4 and 5 (Fig. 42).  

 

The XRD of the leached pellet surface (Fig. 44) does not show any peaks, indicating the amorphous 

nature of the altered layer.  It is possible that, the secondary crystalline products formed, if any, are 

below the detection limit of XRD.  

 

The micrographs of the pellet of IR111 which was subjected to leaching in distilled water at 70°C for 

5 years by the modified MCC method, are shown in Figs. 45-47.  In order to evaluate the thickness of 

the leached layer, the pellet was cut at the centre and mounted vertically.  The growth of the leached 

layer after 5 years leaching was found to be 33 µm as seen in Fig. 45.  The micrographs of leached 

and unleached glass are shown in Fig. 46.  When the leached surface of the pellet was examined and 

compared with unleached glass (micrograph No. 1), few microcracks were noticed (micrograph 

No. 2).  The enlarged view of the microcrack (micrograph No. 3) indicates a width of the order of 

2 µm.  At a few places on the leached layer, a few crystalline deposits have been observed as seen in 

Fig. 47, which shows clusters of crystals at different locations.  These crystals could be deposits of 

siliceous material leached from glass. 

 



6 LEACHING OF FULL SCALE GLASS BLOCKS 

 

Leaching of simulated VWP in a canister through cracks in the glass has been continued [5].  The 

leachate samples have been withdrawn continuously. The total volume of the leachate collected in a 

day is measured and ispart of the sample is preserved for analysis.  The flow rate of leachant initially 

was higher, of the order of 50 litres per day (lpd) which was finally controlled to about 1 lpd. The 

analysis of the leachate samples was carried out using the ICP-AES system.  The result are presented 

in Figs. 48 and 49. It can be seen that the elemental concentrations of Mo, Cr and Na in Fig. 48 were 

higher during the initial period, and decreased with time. Since these elements are constituents of the 

‘yellow soluble phase’, their initial concentrations are understandably higher.  

 

The quantity of sodium leached per day v/s cumulative leaching time is given in Fig. 50. Initially the 

quantity of sodium leached is quite high, of the order of 500 mg/dwhich drops to about 20 mg/d after 

40 days leaching. Later on, the quantity leached stabilises at around 10 mg/d. The initial high 

quantity of sodium leached may be due to the release of sodium from the separated ‘soluble yellow 

phase’ as indicated above. 

 

7 GROUNDWATER 

 

The characteristics of groundwater have a very important bearing on the leaching mechanism of the 

VWP in the repository. Monitoring of properties of groundwater near the repository to generate a 

data-base for groundwater quality is useful for the realistic assessment of VWP leaching. Therefore, 

frequent sampling and analysis of sampled groundwater prior to actual emplacement of the waste 

packages is desirable to generate the reference data. 

 

Accordingly, groundwater samples were taken from different wells near by the area of an 

experimental facility. where the thermo-mechanical impact on host rock has been studied [9].  In this 

study, a total of five wells were monitored.  Samples have been taken periodically and analysed. 

 

The range of variation in concentration of various species in the water of one of the wells is given in 

Fig. 51. It can be seen that the variation in concentration is not large for most of the species.  This 

concentration range is used to synthesise the groundwater for the present leaching study. Data from 

prospective repository sites is being collated. 

 

8 BACKFILL MATERIALS 

 

In order to assess the change in chemistry of water by passage through the back-fill, it is essential to 

characterise the back-fill materials.  Therefore, a study has been carried out to evaluate various 

prospective backfill materials for their different properties. The backfill materials studied are 

bentonite, vermiculite, granite, soil clays etc. The properties evaluated are swelling, change in 

chemistry of water after equilibration and adsorption. Apart from these, various other properties like 

density, particle distribution and thermal stability have also been evaluated.  

 

8.1  BENTONITE 

 

8.1.1 Experimental Details 

 

Various experiments were conducted to study particle size distribution, swelling behaviour of as 

received  and heat-treated specimens and thermal stability of bentonite samples. 

 

(a) Particle Size Distribution 

 

Sieve analysis of bentonite was carried out and the fractions collected from different sieves were 

weighed.  



 

(b) Swelling Behaviour 

 

In order to study swelling behaviour, bentonite samples were taken in a glass volumetric cylinder and 

distilled or service water was added. The cylinder was stoppered, shaken well and the bentonite layer 

was allowed to settle. The settled volume was measured as the initial volume of bentonite.  The water 

level was maintained over the bentonite to allow swelling. The level of bentonite layer was 

monitored periodically.  Similarly, heat treated bentonite specimens were also subjected to swelling 

studies. 

 

(c) Water equilibration study 

 

In a water equilibration study of the bentonite, 1 g of bentonite was placed in a 100 ml PVC bottle 

and 50 ml of distilled water was added. These bottles were shaken for various times with a lateral 

shaking arrangement. After removal from the shaker, the bottles were kept for 30 minutes to allow 

settling of bentonite.  The equilibrated water was decanted, filtered and analysed for various 

constituents. 

 

 (d) Thermal stability of bentonite 

 

In order to study the change in behaviour of bentonite after heating, the bentonite samples were 

heated at 300, 350, 400 and 500 °C for four hours. The heated samples were analysed on a thermal 

analyser and by XRD. 

 

8.1.2 Results and discussion 

 

(a) The results of particle size distribution experiments are presented in Fig. 52.  It is observed that 

the majority of particles are in the range of 100-500 µm. 

 

(b) The swelling of non-heat-treated bentonite specimens, is complete after 8 to 10 hours and, 

thereafter, no further swelling takes place.  The results are given in Table XII which indicate that the 

swelling is of the order of 200-280%. The swelling is greater in distilled water than in service water. 

This is believed to be due to removal of calcium ions from bentonite into the distilled water and, 

thus, replacement of  calcium ions by water.  This phenomena is restricted in service water, which 

contains about 30 ppm of calcium.  The swelling is greater in the case of calcium bentonite than for 

sodium bentonite.  This is due to replacement of larger calcium ions by water resulting in a higher 

swelling as compared to the smaller sodium ion in the case of sodium bentonite. The exchange of 

Ca
++
 and Na

+
 from the bentonite into water enhances the swelling due to exchange of water. 

 

The heat treated samples were also subjected to swelling studies. The swelling after heat treatment is 

observed to be comparable with the non-heat-treated bentonite samples, indicating that heating to 300 

to 500°C, (which is close to the maximum possible surface temperature of the VWP canisters), does 

not alter the swelling behaviour of the bentonite.  Appreciable structural changes when the bentonite 

is heated to still higher temperatures may affect the swelling behaviour, but the probability of 

exposure of the back-fill to temperatures in the range of 700-800°C is very unlikely and hence this 

study has not been extended. 

 

(c) The results obtained in water equilibration experiments are given in Table XIII. It is observed that 

water saturates very quickly, as indicated by the concentration of various constituents which did not 

change significantly with time. 

 

(d) The thermal analysis data of heated samples is given in Fig 53.  A comparison was made with 

corresponding data of original samples to study any physiochemical changes. It has been observed 

that there is no marked change in the structure due to above mentioned heat treatment. 



 

In the DTA run for bentonite, two major endopeaks at about 100 and 450°C are seen. These peaks 

correspond to free and bound water loss respectively. Hence, the heat treated sample does not shows 

any thermal peak. 

 

8.2  VERMICULITE 

 

In India, abundant sources of quality vermiculite clay are available in the states of Rajasthan, West 

Bengal and Gujarat. The collected samples were subjected to various experiments to study particle 

size distribution, total ion exchange capacity, Cs retention capacity, thermal stability and water 

equilibration. A water equilibration study of vermiculite was carried out to understand the effect of 

vermiculite on water chemistry. In a repository, any ingress of groundwater will first interact with the  

backfill material and will become equilibrated depending on the residence time. The groundwater is 

likely to take various ions from the back-fill material.  

 

8.2.1 Experimental details  

 

Vermiculite samples from different batches were analysed for ion exchange capacity and particle size 

distribution. The experiment was conducted to study any change of structure of vermiculite after Cs 

loading. With this objective, the vermiculite sample was treated with a high concentration of Cs to 

facilitate maximum loading. About 2 g of vermiculite sample was added to 20 wt% CsNO3 solution 

and was kept for 2 days. The supernatant was decanted and the vermiculite was filtered. The 

vermiculite sample was washed several times with distilled water and dried at 80°C for 2 hours 

before subjecting it to XRD analysis. To study the thermal stability of vermiculite, the sample was 

heat treated at 700 °C for 4 hours. The heat treated sample was analysed by DTA and XRD.  In the 

equilibration study, 1 g of vermiculite sample was placed in a 100 ml PVC bottle with  50 ml of 

distilled water. These bottles were shaken for various lengths of time using a magnetic stirrer. The 

bottles were allowed to settle for 30 min.. The equilibrated water was then decanted, filtered and 

anlaysed. 

 

8.2.2 Results and discussion 

 

The results indicated: 

 

 (a) The total ion exchange capacity of vermiculite varies between 25-30 meq/100 g. The data 

obtained for particle size distribution is given in Fig. 54 which shows that more than 90% of the 

material has a particle size in the range of -16+80 ASTM mesh. 

 

(b) The XRD scans of Cs-loaded and as received vermiculite samples are presented in Fig. 55. The 

XRD peaks of Cs loaded vermiculite are entirely different from that of as received samples, 

indicating achange in the structure of vermiculite on Cs loading. Further studies on the same are 

continuing. 

 

(c) DTA results for  vermiculite samples are given in Fig. 56. There is no DTA peak in either the heat 

treated or as received samples indicating that vermiculite is thermally stable in this temperature 

range.  The XRD scans (Fig. 57) of these two samples also match, confirming that there is no change 

in the structure of vermiculite due to heating up to 700 °C. 

 

(d) The results of equilibration experiments are presented in Table XIV, and indicate that water 

becomes saturated within a period of 24 hours with respect to various ions under experimental 

conditions.  The major elements leached from vermiculite to water are sodium chloride and calcium.. 

 



8.3  SOIL CLAY 

 

Soil clay minerals and powdered rocks, may also be used as backfill materials along with other 

engineered barriers.  Hence, a study of a few soil clay minerals and rock samples has been conducted 

for evaluating various parameters. The soil samples were collected either by auguring or by digging 

pits.  These samples were sun-dried and used for various studies. The rock samples were collected 

from different locations using the core drilling technique.   

 

8.3.1 Experimental details 

 

In order to evaluate the cation exchange capacity (CEC), 5 g of soil or rock sample was placed in 50 

ml. of 1M sodium acetate solution (pH 5). The sample was digested in a boiling water bath for about 

30 minutes with intermittent stirring. The supernatant was removed by decanting and centrifugation. 

An additional two washings were given with 1M sodium acetate solution to remove any soluble salts. 

The solid sample was then equilibrated two to three times with 1M calcium chloride solution to 

exchange all the exchangeable ions with calcium.  The excess of calcium was removed by washing 

with 80% acetone until the washings were free from chloride. The Ca loaded sample was then 

equilibrated with 1M sodium acetate solution.  The Ca-ions thus liberated were analysed by 

volumetric method and CEC was calculated. 

 

8.3.2 Results and discussions 

 

The distribution coefficient (Kd) of the soil or rock is a measure of its ion exchange capacity. The Kd 

value depends on the various experimental conditions such as pH, temperature and the concentration 

of species in the solution. Secondly, the Kd value also depends on particle size distribution and 

equilibration time. 

  

The CEC and Kd values of soil samples collected from three different locations are given in Table 

XV. It can be seen that the CEC and Kd values are different for the different locations and also 

depend on the soil type. The CEC values of G-series soil samples are much better than other two 

locations. This is due to higher content of clay particles and presence of clay minerals in this soil. 

The trend in the Kd values are very similar to that of CEC for soil samples of G- and K-series. The 

Kd values of R- series soil samples are much higher for Cs as compared to Sr.  

 

9  CONCLUSION AND PLANNED STUDIES 

 

At this stage of work related to long term evaluation of vitrified waste form and packages, it can be 

summarised that the leach rates of the waste form under the influence of components of the 

repository are less than the values obtained in the absence of repository components. Further studies 

are planned to generate and evaluate this data for few more years. The leached samples so obtained, 

will continue to be studied to determine the rate of propagation of the leached layer with respect to 

time as well as to study the characteristics of secondary phase formation on the surface of the waste 

form.  

 

During the casting of waste forms in the vitrification plant, the cooling rate is controlled to minimise 

the thermal stresses and the resultant cracks in the VWP block [2]. This has been achieved by 

optimising the insulation provided on the receptacle for the storage canister.  Initial experiments to 

ascertain stored energy by DSC technique have given encouraging results. Further studies are 

planned to evaluate the extent of cracks generated due to residual internal stresses using non-

destructive testing method like acoustic emission technique. 

 

Chemical durability tests conducted to far on full scale simulated blocks have established the 

feasibility and usefulness of such experiments.  Further tests have been started using temperature and 

hydrostatic head as variable parameters.  Similarly, experiments involving direct interaction between 



(a) the waste form and the backfill and (b) the backfill and the canister material have been designed 

and fabricated on engineering scale. These experiments are planned to be carried out using wet 

backfill material. Design of these experiments also incorporates placement of waste packages in a hot 

air chamber to simulate the temperature likely to be encountered in the repository and to study its 

effect on the interactions among various components of the storage system. 
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TABLE I.  GLASS COMPOSITIONS SELECTED AS REFERENCE AND FOR PLANT SCALE 

VITRIFICATION 

 

 Weight Percentage 

Components Reference IR110 Plant Scale IR111 

Waste oxide 29.3 43.8 

SiO2 34.4 34.1 

B2O3 6.4 6.4 

Na2O 14.3 0.2 

TiO2 6.3 6.2 

MnO 9.3 9.3 

 

 

TABLE II. HYPOTHETICAL CHEMICAL COMPOSITIONS  CONSIDERED  

     FOR PRESENT HLW 

 

Note: All other components remain the same e.g. oxides of corrosion products, Actinides and Fission 

products in all these compositions. 

 

 

TABLE III. COMPOSITION OF SELECTED GLASS COMPOSITION IR110  BASED  

       ON TPI WASTE 

 

Components Hole % Wt. % 

Waste oxide 16.00 29.30 

SiO2 43.50 34.40 

B2O3 7.00 6.40 

Na2O 17.50 14.30 

TiO2 6.00 6.30 

MnO 10.00 9.30 

 

 

Present HLW 

Code 

Total Waste Oxide 

(g/l) 

Na2O considered 

part of Waste(g/l) 

Excess Na2O to be 

adjusted in 

slurry(g/l) 

HLW-N 8.9 20.74 8.895 - 

HLW-N 7 18.84 7.000 1.895 

HLW-N 5 16.84 5.000 3.895 

HLW-N 4 15.84 4.000 4.895 

HLW-N 3 14.84 3.000 5.895 

HLW-N 2.5 14.34 2.500 6.395 



TABLE IV. GLASS COMPOSITIONS FOR VARIOUS WASTES 

Waste Code  

No. 

Glass code 

No. 

W.0. 

(wt %) 

Glass forming chemicals 

(wt %) 

   SiO2 B2O3 Na2O MnO TiO2 

HLW-N 8.9 IR110N8.9 23.53 37.43 6.98 15.03 10.16 6.86 

HLW-N 7 IR110N7 24.70 36.82 6.86 14.79 9.99 6.75 

HLW-N 5 IR110N5 26.63 35.92 6.69 14.43 9.75 6.59 

HLW-N 4 IR110N4 27.86 35.32 6.58 14.19 9.58 6.48 

HLW-N 3 IR110N3 29.40 34.56 6.44 13.88 9.38 6.34 

HLW-N 2.5 IR110N2.5 30.32 34.11 6.36 13.70 9.26 6.25 

NOTE 1) Glass forming chemicals were added separately in the form of slurry. 

 2) Waste oxide comprises Na2O (present in the waste and to be adjusted in slurry), 

  corrosion product oxides, actinide oxides and fission product oxides. 

 

 

TABLE V.  VOLUME REDUCTION DATA FOR VARIOUS GLASS COMPOSITIONS 

Glass Code 

No. 

W.0. Wt% Volume of 

Waste for 

100 g of Glass 

(ml) 

Volume of 

Glass of 

100 g (ml) 

Volume 

Reduction 

Factor 

IR110N 8.9 23.53 1134.70 35 31.75 

IR110N 7 24.70 1315.50 35 36.80 

IR110N 5 26.63 1581.30 35 44.30 

IR110N 4 27.86 1758.70 35 49.00 

IR110N 3 29.40 1167.80 35 55.47 

IR110N 2.5 30.32 2114.20 35 59.12 

Note: Since density of glass was nearly the same for all these glasses, the volume of 100 g of each 

glass remains the same. 

 

 

TABLE VI. NET CHEMICAL COMPOSITIONS OF VARIOUS GLASSES 

Waste Code 

 No. 

 Glass Code 

 No. 

W.0. 

wt % 

Glass forming Chemicals 

Wt % 

   SiO2 B2O3 Na2O MnO TiO2 

HLW-N 8.9 IR110N 8.9 23.53 37.43 6.98 15.03 10.16 6.86 

HLW-N 7 IR110N 7 24.70 36.82 6.66 14.79 9.99 6.75 

HLW-N 5 IR110N 5 26.63 35.92 6.69 14.43 9.75 6.59 

HLW-N 4 IR110N 4 27.86 35.32 6.58 14.19 9.58 6.48 

HLW-N 3 IR110N 3 29.40 34.56 6.44 13.88 9.38 6.34 

HLW-N 2.5 IR110N 2.5 30.32 34.11 6.36 13.70 9.26 6.25 

 

 



TABLE VII. FUSION AND POURING CHARACTERISTICS OF THE DEVELOPED GLASSES 

Glass Code 

No. 

Fusion 

Temp. 
o
C 

Pouring 

Temp. 
o
C 

Physical observation during pouring 

IR110-N 8.9 850 900 Homogeneous, dark brown coloured 

   glass, freely pourable 

IR110-N 7 850 900 - 

IR110-N 5 850 900 - 

IR110-N 4 900 950 Dark brown coloured glass, lot of 

   air bubbles, freely pourable, 

   becomes homogenous after reheating 

   for 4 hr at 950 
o
C  

IR110-N 3 900 950 - 

IR110-N 2.5 900 950 - 

 

 

TABLE VIII.  DETAILS OF GLASS COMPOSITIONS STUDIED FOR URANIUM 

COMPATIBILITY 

 

  

 

 

 

 

 

 

 

 

 

TABLE IX. DETAILS OF GLASS COMPOSITIONS STUDIED FOR URANIUM 

COMPATIBILITY 

Glass Code 

No. 

Composition (wt%) 

 SiO2 B2O3 Na2O TiO2 MnO U02 

U0 48.59 9.08 20.20 8.93 13.19 - 

Ul 39.96 7.43 16.53 7.31 10.79 18.17 

U2 33.08 6.18 13.75 6.08 8.98 31.92 

U2.1 31.94 5.97 13.28 5.86 8.67 34.28e 

U2,2 30.84 5.76 12.82 5.67 8.38 36.53 

U3 27.86 5.18 11.58 5.12 7.56 42.69 

 

 

Glass Code  

No.     

Composition ( mol%) 

 

 SiO2 B2O3 Na2O TiO2 MnO UO2 

U0 51.75 8.35 20.85 7.15 11.90 0 

Ul 49.16 7.93 19.807 6.19 11.305 5 

U2 46.57 7.52 18.765 6.435 10.71 10 

U2.1 46.10 7.42 18.54 6.35 10.58 11 

U2.2 46.58 7.33 18.33 6.28 10.48 12 

U3 43.99 7.1 17.72 6.08 10.12 15 



TABLE X. FORMATION CHARACTERISTICS OF GLASSES CONTAINING URANIUM 

Glass Code Fusion Temp.
 o
C Pouring Temp.

 o
C Pouring Characteristics 

U0 850 950 Freely pourable 

Ul 900 975 Freely pourable 

U2 900 1050 Freely pourable 

U2.1 950 1050 Freely pourable 

U2.2 950 1050 Freely pourable 

U3 Not fused up to 1100 
o
C  - - 

 

 

TABLE XI. COMPOSITION OF Mn REPLACED GLASSES 

Glass Code Composition  (mol %) 

 SiO2 B2O3 Na2O MnO CaO MgO A1203  TiO2 

Mn Rl 43.5 7.0 17.5 6.0 3.0 1.0  6.0 16.0 

Mn R2 43.5 7.0 17.5 5.0 4.5 0.5  6.0 16.0 

Mn R3 43.5 7.0 17.5 4.0 5.5 0.5  6.0 16.0 

 

 

TABLE XII.  SWELLING BEHAVIOUR OF BENTONITE 

Bentonite Type Equilibrating Media Initial Volume  

(ml) 

Final Volume  

(ml) 

 Swelling  

(%) 

Sodium Tap Water 10 30 200 

Sodium Dist. Water 10 35 250 

Calcium Tap Water 10 30 200 

Calcium Dist. Water 10 38 280 

Notes : 

1) Initial volume is the volume of bentonite immediately after equilibration and settling. 

2) Final volume is the maximum volume of bentonite which is obtained after swelling. 

 

 

TABLE XIII. EQUILIBRATION STUDY OF BENTONITE WITH DISTILLED WATER 

Shaking Time 

(Hr.) 

pH  Conductivity 

(micro S/cm)  

Hardness as 

CaCO3 ppm 

Sodium 

 (ppm) 

Chloride 

 (ppm) 

Silica 

 (ppm) 

4.50 7.55 4562 837 NA 310 NA 

10.00 7.47 5750 962 NA 350 NA 

15.50 7.48 6325 1075 NA 250 NA 

22.00 7.70 6525 1185 NA 225 NA 

27.00 7.78 7050 1500 NA 385 NA 

37.50 7.66 6100 1400 700 300 25 

49.50 7.46 6400 1380 720 300 35 

61.50 7.16 6300 1390 790 305 35 

73.50 7.70 7000 1620 730 300 37 

85.50 7.80 6500 1350 720 350 35 

97.50 7.85 6400 1370 750 300 35 

*NA - Not Analysed. 

 

 



TABLE XIV. RESULTS OF EQUILIBRATION OF VERMICULITE  WITH DISTILLED WATER 

 

Time  

(hr.) 

pH Conductivity  

(micro S/cm) 

Hardness  

(ppm) 

Chloride  

(ppm) 

Sodium  

(ppm) 

 8 9.6 7.0 5.0 12.0 14.20 

16 9.73 9.0 5.0 10.0 18.20 

24 8.75 120 8.0 18.0 23.75 

32 9.90 140 8.0 20.0 23.50 

40 9.25 120 8.0 20.0 27.50 

48 9.85 130 8.0 20.0 28.75 

56 8.45 130 8.0 20.0 22.50 

64 8.75 150 10.0 20.0 27.50 

72 9.61 160 10.0 20.0 36.25 

80 8.30 150 10.0 22.0 36.00 

 

 

 

TABLE XV.  DETAILS OF COMPOSITION, CEC AND DISTRIBUTION COEFFICIENT (Kd) 

VALUES FOR VARIOUS SOIL SAMPLES. 

 

Soil Composition (%)   
Kd  

(ml/g) 
Sample 

Name 

Depth 

(m)  
Sand Silt Clay 

 

Soil Type 
CEC 

(mg/100g) 
Cs Sr 

K-1 0.00 45.35 35.82 18.80 Silty Loam 12.49 17.88 71.41 

K-2 0.50 61.92 32.38 5.70 Silty Loam 10.98 64.08 103.81 

K-3 1.00 59.32 35.70 4.98 Silty Loam 4.92 45.22 106.76 

K-4 1.50 56.46 36.36 7.18 Silty Loam 10.22 37.03 89.71 

G-1 0.00 40.05 40.44 19.51 Silty Loam 30.00 1367.00 1633.00 

G-2 0.60 29.04 44.91 30.05 S.C. Loam 48.40 2520.00 1805.00 

G-3 0.90 45.29 32.06 22.65 Silty Loam 45.02 5360.00 2728.00 

G-4 1.50 17.04 62.96 20.00 Silt 45.59 1116.00 2064.00 

R-1 0.20 66.70 25.75 7.55 Silty Loam 7.53 l503.00 58.00 

R-2 0.18 75.22 19.65 5.13 Loamy 

Sand 

8.69 2189.00 136.00 

R-3 0.21 69.08 24.42 6.50 Silty Loam 11.03 2290.00 231.00 

R-4 0.40 76.04 18.93 5.03 Loamy 

Sand 

7.36 1589.00 67.00 

R-5 0.23 73.15 17.10 9.75 Loamy 

Sand 

10.70 3498.00 235.00 

 



  

APPENDIX A : VARIOUS LEACHING TECHNIQUES EMPLOYED FOR       

CHEMICAL DURABILITY EVALUATION 

 

 

1. Leaching test using conventional technique 

 

Leaching test using conventional boiling water leaching set-up gives the solubility of waste form at 

100 °C in distilled water.  This is essentially an accelerated leaching method and is being used for 

evaluation of developed glasses. 

 

2. Leaching tests using Soxhlet set up  

 

The standard Soxhlet leaching set up has been modified suitably [10] for evaluation of leach rates of 

developed waste from compositions under Soxhlet condition.  Temperature of leaching can be 

controlled at desired value in this modified unit.  These leaching set ups are being used for evaluation 

of large number of VWP samples. 

 

3. Leaching tests using ISO method 

 

In this method, leachants are changed periodically.  However, the same VWP sample is used till the 

test is terminated.  This method has been extensively used for long -term evaluation. 

 

4. Leaching tests using MCC-1 method 

 

In this method, separate sample is taken for each data point. At the pre-decided period, leaching 

experiment is terminated.  The selected leached sample is used for surface evaluation and estimation 

of extent of leaching.  Standard MCC-1 method has been modified by taking grains and pellets of 

VWP in different experiments.  Grains of size -16+25 ASTM mesh haven been taken to provide more 

surface area for leaching making analysis of leachate feasible for elemental analysis. 

 

5. Leaching by MCC-1 method with disturbance 

 

This method is similar to MCC-1, but leaching samples are disturbed by rotational movement during 

entire course of leaching.  

 

6. Leaching of full scale glass block  

 

In this method the full scale simulated glass block manufactured in the plant scale is used for 

leaching experiments [4 & 5]. 

 

7. Leaching of glass in presence of repository components 

 

These experiments have been performed using both ISO and modified MCC-1 methods.  Besides the 

glass in the form of grain or pellet, constituents of repository are added to the leaching cell, Granite 

(0.5 g to 1.0 g) and rust powder (0.5 g) were used.  Experiments are conducted by ISO method at 50, 

70 and 85°C, where as modified MCC-1 leach tests were performed at 70°C. 
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Abstract 
 
The JAERI studies on the properties of the glass and ceramic waste forms, which have been done in the 

last several years, are described briefly.  For the long-term evaluation of glass waste form performance 
under repository condition, leachability has been studied from the standpoints of understanding alteration 
layers, the effects of groundwater and the effects of redox conditions using radioactive or non-radioactive 
glass samples.  The studies revealed that (1) the reactions in the alteration layers, such as crystal growth, 

continue after the apparent release of elements from the glass almost ceases, (2) under somewhat 
reducing conditions, Fe dissolves easily into leachates, and the hydrated silicate surface layer tends to 
dissolve more easily with Fe present than in deionized water, (3) precipitation of PuO2·xH2O(am) 

controls the leaching of soluble species of Pu under both redox conditions, and the dominant soluble 

species is Pu(OH)4
0 under reducing condition.  Ceramics are considered as the most promising materials 

for immobilizing the actinide-rich wastes arising from partitioning and transmutation processes because 

of their outstanding long-term durability.  In the present study, α-decay damage effects on the density and 
leaching behavior of perovskite (one of three main minerals forming Synroc) were investigated by an 
accelerated experiment using the actinide doping technique.  A decrease in density of Cm-doped 

perovskite reaches 1.3 % at a dose of 9 x 1017 α-decays·g-1.  The leach rate of perovskite increases with 

an increase in accumulated α-decay dose. Zirconia- and alumina-based ceramics for incorporating 
actinides were also investigated by inactive laboratory tests with an emphasis on crystallographic phase 
stability and chemical durability.  The yttria-stabilized zirconia is stable crystallographically over wide 

ranges of Ce and/or Nd content and has excellent chemical durability. 
 

1.  INTRODUCTION  

 

The Japan Atomic Energy Research Institute (JAERI) has contributed to the establishment of the national 
system for high-level radioactive waste management by developing safety assessment methods and 
accumulating useful data.   In addition, JAERI is responsible for research on new technology that will be 
acceptable to Japanese environmental circumstances. 
 

In the present report, JAERI studies on the properties of glass waste forms and ceramic waste forms, 
which have been done in the last several years, are described briefly.  
 
 

2. GLASS WASTE FORMS 
 
2.1 GROWTH RATE OF ALTERATION LAYER AND ELEMENTAL MASS LOSSES DURING 

LEACHING OF NUCLEAR WASTE GLASS
[1]

 

 
In order to validate the predictive models of the long-term corrosion of nuclear waste forms, the concept 
of natural analogues has been proposed [2].   The problem is, however, how to utilize natural analogue 



 

information for modelling.   One of the ways is to justify confidence in the theoretical model by correctly 
predicting the phases formed in the alteration layers of naturally and experimentally altered glasses, 
which requires a detailed understanding of the mineralogy and geochemistry of the layers [3].   In the 

present work, we will discuss the growth rates of the alteration layers of a borosilicate nuclear waste 
glass and their relevance to elemental mass losses. 
 

2.1.1. Experimental 
 

MCC-1 leaching tests [4] were carried out on a borosilicate waste glass (Table 1) in deionized water for 
up to 364 days at 90°C.   Four sample coupons (0.2 x 0.5 x 0.5 cm) were put into a Teflon container for 

each leaching period.   The surface area to solution volume ratio was 0.1 cm-1.   One of the four samples 

was immersed in ethanol for 2 hr immediately after removing it from the leachate to prevent shrinkage of 
the alteration layer during drying.   The other samples were air-dried.   Low viscosity epoxy resin was 
poured onto the sample that had been immersed in ethanol.   The air-dried samples were vacuum 
impregnated with the resin.   After the resin polymerised, the samples were cut perpendicularly to the 

original glass surface and polished.   The sections were subjected to optical microscopy (OM) to measure 
the layer thicknesses.   When the layers were too thin for OM, the samples were cut by ultramicrotomy, 
creating sections 50 to 80 nm thick, and then subjected to analytical electron microscopy (AEM).   The 
sections were also observed by scanning electron microscopy (SEM) for texture examination.   The 
concentrations of the major elements in the alteration layers were measured by electron microprobe 

analysis (EMPA).   Fine structures and mass fractions of the alteration layers were examined by AEM.   
The solution pH was measured after leaching and the elemental concentrations of the leachates were 
measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES) or atomic absorption 
spectrometry (AAS).      

 

2.1.2  Results and discussion 
 
There is a sharp change in the layer growth in leaching experiments before and after 91 days (Fig. 1).   

The thickness of the layer increases linearly at a rate of 0.63 µm/day for up to 91 days.   However, in the 
91 to 364-day period, the thickness remains constant (about 60 µm).   This suggests that significant 
corrosion of the glass almost ceases after the 91-day leaching.   Grambow et al. [5] pointed out that on 
the basis of the time dependence of palagonite rind development, the range of values for the forward rate 
is 3-20 µm/1000 a and the value for the final rate is 0.1 µm/1000 a at about 3°C.   The layer growth 

before 91-days corresponds to the forward corrosion reaction and the layer growth after 91-days 
leaching, to the final corrosion reaction [6].   This is in good agreement with Si release data discussed 
below.   We applied the relationship of the rates obtained by Grambow et al. [5] to our thickness 
measurements to calculate a rate for the final corrosion reaction of the waste glass.   We assumed that the 

activation energy of the final reaction is the same as that of the forward reaction calculated from 3-20 
µm/a (3°C) and 0.63 µm/day (90°C), i.e. 89-107 kJ/mole.   A range of values of 0.003-0.03 µm/day was 
obtained for the final rate.   The layer thickness may increase by 0.9-9 µm for 300 days in the final 
reaction, which explains the small change in the thickness after 91-days leaching (Fig. 1).    
 

Figure 2 shows the normalized elemental mass losses of some typical elements.   The apparent releases of 
B, Na and Si cease in the 91 to 364-day leaching period.   The normalized elemental mass loss (NL)’s for 
Na and Si are lower than B because Na and Si still remain in the layers (Table 3).   Because the increase 
in layer thickness ceases after 91-days, B, Na, and Si are not supplied from the glass.   It is reasonable to 

suggest that there is no significant interactions, involving  the three elements after 91 days.  
 
The time dependence curves of B, Na and Si were similar to that of the layer thickness (Figs. 1 and 2), 
suggesting that the releases of these elements are related to the growth rate of the layer thickness.   

Because B can be completely depleted from the layer [7], the amounts of B in the leachates were used to 
calculate the layer thickness.   The calculated values of layer thickness, represented by the triangles in 
Fig. 1, agreed well with the observed values from the OM or AEM measurements.   It is thus confirmed 
that the alteration layer thickness can be estimated by the amounts of B released.   The agreement also 
implies that shrinkage of the alteration layers during air-drying is not significant. 

 



 

The small shrinkage was also confirmed by comparing the thicknesses of the ethanol-immersed layers 
with those of the air-dried layers.   The comparison has revealed that the air-dried layers had almost the 
same thicknesses as those of the ethanol-immersed layers in the leaching period from 1 to 91-days, but 

were thinner by around 5 percent in the 91 to 364-day period (Fig. 1); the air-dried layers had larger 
variabilities in the thicknesses. 
 
The small shrinkage suggests that the progressive change in the Fe mass fractions from 5.2 % in the 
glass/layer interface to 20.1 % in the layer/solution interface [3] does not result from shrinkage but from 

a real relative increase in the Fe fraction owing to the depletion of some elements such as Na, B and Si.   
This means that the layers are progressively more porous towards the layer/solution interface.   The 
selected EMPA analyses (Table 3) also suggest a porous structure of the layer.   For instance, in the 
outermost layer where crystalline fibers are scattered in the amorphous matrix [3], 70 % of the original 

glass network formers are depleted (see the concentrations of B and Si in Tables 1 and 3).   Thus, the 
alteration layer retains its structure despite the depletion of a large part of the glass network formers and 
recrystallization.   Naturally altered basaltic glasses are usually dried when they are obtained.   It is not 
yet known whether the natural basaltic glass layers retain the layer structure after air-drying.   The 
structural change of both naturally and experimentally altered layers during air-drying should be 

investigated. 
 
The AEM studies revealed that new crystals have been formed in the 91-day sample.   The new crystals 
are texturally and chemically different from the fibers which are formed on the top of the layer [3].   The 

new crystals are distributed on the top of the fibers, and form a zonal structure like that of the fibers (Fig. 
3).   Both zones of the new crystals  and fibers are parallel to the pristine glass surface.   The thicknesses 
of the fiber zone (denoted as 2 in Fig. 3a) are 120, 130, 120, and 220 nm in the 14, 28, 91, and 364-day 
experiment, respectively.   Thus, the thicknesses of the fiber zone remain almost constant during the 91-

day leaching of the glass.   The fact that the fiber zone grows in the 91 to 364-day leaching period 
indicates that "the reaction at the final rate" [6] still continues.   The thicknesses of the new crystal layers 
(denoted as 3 in Fig. 3a) are 440 and 480 nm in the 91 and 364-day experiments, respectively.   The mass 
fractions of the fibers and mottled phase in the 364-day experiment (Table 2) have similar characteristics 
to those observed in the 14-day experiment [3]; the fibres are rich in Fe, Mn, Co, and Ni, and none of the 

rare earth elements or Zr,  while the mottled phase is rich in Fe, Zr and the rare earth elements, and low 
in Co and Ni.   There appeared to be little change in the texture of the fibers and mottled phase near the 
layer/solution interface (Fig. 3a)   The new crystals are characterized by a larger size (about 400 nm 
long), a consistent crystallographic orientation to the layer/solution interface (Fig. 3b), a d-spacing of 1.4 

nm, and little Fe and enhanced Si (Table 2).   These characteristics suggest that the new crystals are 
possibly smectite and therefore, mineralogically similar to the fibers.   The mineralogical relationship 
between the new crystals and fibers is still under investigation.   However, the thicknesses of the zones of 
the new crystals and fibers imply that the fibers grow while the new crystals do not and vice versa (e.g., 
130 to 120 nm for the fiber zone and 0 to 440 nm for the new crystal zone in the 28 to 91-day leaching 

period). 
 
The amount of Fe released in the solution is so small (Fig. 2) that it may be affected by the formation of 
minerals in the layer when Fe is not supplied from the glass, i.e., the layer thickness is almost constant.   

The growth of the fibers, which contain 10-18 % of Fe (Table 2, and Table II of ref. [3]), and the new 
crystals, which contain little Fe (Table 2), may account for the release of Fe in the solution: a slight 
decrease in the Fe release corresponds to the growth of the fibers and the non-growth of the new crystals 
in the 91 to 364-day leaching period. 
 

Pit formation below the alteration layers was observed by OM and SEM on the samples leached for 91 to 
364 days.   Although the layer thickness ceased to increase, the degree of pitting increased with time.   
The cone-shaped pits (a few microns wide) are located inward from the glass-layer interface (Fig. 4).   
The loss of Na in the pit (number 2 in Table 3) indicates that the pits have been formed by the corrosion.   

The composition of the pit is similar to that of the layer near the glass/layer interface (number 3 in Table 
3).   Harker and Flintoff have also observed similar pit formation and attributed the pitting phenomena to 
the physical structure in the glass such as stress lines, surface roughening and microcracks [8].   It is 
almost certain that the point of origin of every pit may be at a centre of physical weakness such as 



 

microcracks.   However, because the pits were not observed during the first 56 days of leaching, the 
pitting phenomena may be strongly dependent on the local chemistry of the leach solution, e.g. pH.   
Analogous phenomena were observed for naturally altered basaltic glasses by Melson and Thompson [9].   

Pits, which they called microtubules, are a few microns wide and filled by clay minerals like smectite.  
Clay minerals formed following a 364-day leaching experiment have not yet been found in pits. 
 
 
2.2.  LEACHING BEHAVIOR OF HIGH-LEVEL WASTE GLASS IN SYNTHETIC 

GROUNDWATER 
[10,11]

  
 
The characteristics of groundwater can affect the leaching behavior of high-level waste glass; for 
example, pH and Eh values may determine the precipitation processes of some elements in water. 

Simulated high-level waste glass was subjected to static leach tests at 70° ± 1° and 20° ± 5°C in a 
reduced synthetic groundwater containing carbonate and sulfate ions.  The glass-surface-area to leachant-

volume ratio (SA/V ratio) was 0.24 cm-1 at 70°C and 0.12 cm-1 at 20°C.  The static leach test was 

carried out for up to 49 days at 70°C in order to observe the process quickly.  The static leach test at 
20°C for 1 year was carried out for comparison with a former in-situ leach tests in one type of Japanese 
natural groundwater at 14°C.  The four kinds of synthetic groundwaters listed in Table 4 were used as 
leachants instead of the natural groundwater.  Deionized water with a pH value of 5.6 and a specific 
resistance of 107 ohm·cm was used as a reference. 

 
Among normalized elemental mass losses (NL) for the six elements, i.e., B, Si, Al, Fe, Nd and Ba, the 
value of NLB was highest without exception, and the value of NLBa was lowest in some cases.   The 

variation of NLFe is of particular interest, since it tended to be low in the case of deionized water and as 

high as NLB in the case of synthetic groundwater Nos. 1 to 3 at 20°C.  The ratio of NLFe/NLB is 

introduced as an index expressing the extent of congruence.  Table 5 summarizes the ratios of 

NLFe/NLB under the present experimental conditions.  The results in Table 5 can be interpreted in two 

ways.  Firstly, the ratio in synthetic groundwater tends to be higher than that in deionized water for each 

temperature and time condition, which means that in synthetic groundwater iron tends to dissolve more 
congruently and does not precipitate on the glass surface during leaching.  Secondly, when the kind of 
water is fixed, the ratios of NLFe/NLB are ordered as follows: 

(20°C, 1 year) > (70°C, 28 days) > (70°C, 49 days) 
with the exception of synthetic groundwater No. 4 where a slight variation occurs.  
 

Grooves were observed on the surface of the specimens leached in synthetic groundwater Nos. 1 to 4.  
However, they were not clearly observed on the specimens leached in deionized water.  It is thought that 
the grooves are clear when congruent leaching occurs (synthetic groundwater) and not clear when 
incongruent leaching occurs (deionized water).  Grooves were also observed on the surface of the 

specimens leached in natural groundwater. 
 
In synthetic groundwaters 1 to 4, which are made reducing by tris-(hydroxymethyl)-aminomethane 
(THAM), the amount of Fe in the leachates increases as the Si increases, probably as a result of the 
formation of FeSiO3 colloidal particles or a FeSi3O3(OH)8 complex.  Iron does not quickly reach its 

saturation limit in synthetic groundwaters 1 to 4, since the formation of the colloids or complex will 
increase the solubility of Fe in the leachates. Since there was almost no effect on the concentrations of Fe 

and Si in the 1-a, 20
o
C sample after filtering through a 0.025 µm filter, FeSiO3 colloidal particles, if 

present, have a diameter of less than 0.025 µm. 

 
In deionized water under oxidizing conditions, NLFe/NLB was smaller than that of synthetic 

groundwater, but this is not because of the higher pH values of the leachates.  For example, in deionized 
water at 20°C the pH value was 7.3 and smaller than that in synthetic groundwater.  Even in deionized 
water, there is at least one example in which the solution concentration of Fe does not decrease as the pH 

value increases.  This example was observed with leach experiments at a high SA/V ratio of 0.85 cm-1. 
 



 

The role of THAM should be mentioned here.  It tends to increase the pH and decrease the Eh of the 
solution.  The pH values of the present synthetic groundwater were adjusted to 7.7 (Table 4), and for this 
purpose about 5 g of THAM were used for a 1 litre solution.  The use of THAM is thought to be a major 

cause for the congruent dissolution of the glass in synthetic groundwaters 1 to 4, since a Eh decrease by 
THAM in leachants will work effectively to form FeSiO3 colloids or an FeSi3O3(OH)8 complex.  As 

temperature rises and as time proceeds, THAM as a reducing agent will be consumed, resulting in a 
lower NLFe/NLB ratio. 

 
In conclusion, the examination of the leaching behavior of high-level waste glass in synthetic 
groundwater is quite useful for identifying and understanding the mechanisms involved.  Under 
somewhat reducing conditions, Fe dissolves easily into leachates, and the hydrated silicate surface layer 
on the glass surface tends to dissolve more easily with Fe present in the reduced synthetic groundwater 

than in deionized water.  In synthetic groundwater, cracks originally present on the glass tend to open and 
are observed as evidence of congruent glass corrosion.  It is speculated that, in deep geologic disposal 
sites, congruent dissolution is more likely to occur in an reducing environment with a high SA/V-ratio. 
 

 
2.3.  EFFECTS OF REDOX CONDITION OF WATER ON PU AND CM LEACHING FROM WASTE 

GLASS
[12]

 
 
Most actinides contained in waste glasses are redox active, and their oxidation states, chemical species 

and equilibrium solubilities are greatly influenced by redox conditions, which, in turn, will affect their 
leaching behavior.  Static corrosion tests were performed on the simulated waste glass doped with Pu and 

Cm in deionized water at 90 °C with a S/V ratio of 2600 m-1 under oxidizing and reducing conditions. 

Comparing the experimental results with thermodynamic data from other studies, the mechanism of the 
Pu and Cm leaching under reducing conditions are discussed. 

 

2.3.1. Experimental 

 

A powdered simulated waste glass doped with Pu and Cm (238PuO2; 0.06wt%, 240PuO2; 0.16wt%, 

244Cm2O3; 0.09wt%) was used.  The grain size of the specimen was from 75 µm to 150 µm, and the 

specific surface area was 0.083m2/g measured by BET method.  Static corrosion tests were performed in 

deionized water at 90°C under oxidizing (air), and reducing conditions(in an airtight stainless steel 
container purged with mixed gas (Ar+5%H2) as shown in Fig.5).  The glass specimen (0.8g) and 

deionized water (25 ml) were placed in a Teflon container with a SA/V ratio of 2600 m-1 and kept in an 
oven  at 90°C for up to 92 days.  The pH and Eh of the initial solution in air were 5.6 and +0.50V vs. 
SHE at 25°C, respectively;  the pH and Eh of the reducing solution were 6.9 and -0.35V vs. SHE at 25°C, 

respectively. 
 
After the corrosion tests, the Teflon container was cooled to room temperature, and the solution pH and 
Eh were measured immediately.   The solution was filtered through 450 nm and 1.8 nm filters to 

investigate the distribution of the Pu and Cm particle size fractions; the solution concentrations of Pu, 

Cm and other glass constituents were measured by α-spectrometry and ICP-AES. 

 

2.3.2  Results 
 
Figure 6 shows the solution pH and Eh as a function of corrosion time.  It can be seen that the solution 

Eh under reducing conditions was maintained at approximately -0.45V vs. SHE during the corrosion 
tests.  The  solution pH under both redox conditions decreased slowly with corrosion time following the 
rapid initial increase in pH to 9.5, which is expected to be due to the effects of radiolysis of water and 
gas.   

 



 

The solution concentrations of major glass constituents are listed in Table 6, and Fig. 7 shows the 
normalized concentrations (NCi) as a function of corrosion time calculated by the following 

equation[13],    
 

NCi = Ci / fi,      (1) 

 
where, Ci is the solution concentration of element i, and fi is the original fraction of element i in the 

glass.  It can be seen that redox conditions have no remarkable influence on the leaching of major glass 
constituents.  Under both redox conditions, the effects of filtration on the solution concentrations were 

small for Si and soluble elements (B, Li, Na, Mo); while the effects of filtration were relatively large for 
Al and Ca; the concentrations of Al and Ca in 1.8 nm filtrates were thirty or forty percent lower than 
those in non-filtered solutions.   
 
The solution concentrations of Pu and Cm are listed in Table 7, and Fig. 8 shows the concentrations as a 

function of corrosion time.  It can be seen that redox conditions also have no remarkable influence on the 
leaching of Pu and Cm.  Under both redox conditions, the effects of filtration were large, with the Pu and 
Cm concentrations in the 1.8 nm filtrates being one or two orders of magnitude lower than those in the 
450nm filtrates.  There was no difference in the Pu and Cm concentrations between non-filtered solutions 

and 450 nm filtrates. 
 

2.3.3.  Discussion 
 
The present results showed that redox conditions have no remarkable influence on the leaching behavior 

of Pu and Cm, which suggests that the dominant oxidation states of the Pu and Cm in the solution under 
reducing conditions are the same as those under oxidizing conditions.   It was also observed that the Pu 
and Cm concentrations in the 1.8 nm filtrates are one or two orders of magnitude lower than those in the 
450 nm filtrates under both redox conditions.   The Pu and Cm concentrations in the 1.8 nm filtrates are 

assumed to correspond to the soluble species controlled by their solubilities, and the difference in Pu and 
Cm concentrations between the 1.8 nm and 450 nm filtrates is assumed to correspond to the insoluble 
suspended fractions(colloidal particles).   Therefore, it is suggested that the colloidal particles with the 
size from 1.8 nm to 450 nm are the dominant phase for Pu and Cm in solutions under both redox 

conditions.  On the other hand, the maximum NCi for Pu and Cm are calculated to be 30g/m3 and 

13g/m3, respectively.  These values of NCi for Pu and Cm are less than a tenth of the value for Si, which 

suggests that most of the Pu and Cm remains at the glass surface as secondary phases under both redox 
conditions.  Similar results for the leaching of actinides can be found in other corrosion tests performed 
under oxidizing and weakly reducing conditions[14,15,16]. 
 

Solubility of Pu in neutral aqueous solutions has been investigated by many researchers, and some 
thermodynamic data have been reported[17-22].  Comparing the present data on the Pu concentrations 
with the solubilities calculated by the thermodynamic data, reactions controlling the Pu leaching from 
glass can be estimated.  On the other hand, only a few investigations are known on the solubility of Cm, 

and the comparison has not been done in the present study.   For calculating the Pu solubility, the 
oxidation states of Pu must be evaluated.  From the data of potentials for redox reactions[18], the 
dominant oxidation states of Pu under the present oxidizing conditions (pH=8.8, Eh=+0.25V vs. SHE) 
are expected to be Pu(IV), Pu(V) or Pu(VI), while the dominant oxidation states under reducing 
conditions (pH=8.6, Eh=-0.45V vs. SHE) are expected to be Pu(III) or Pu(IV).    The present results 

showed that redox conditions have no influence on the solution concentrations of Pu(~10-8M in the 1.8 
nm filtrates), which suggests that Pu(IV) is the dominant oxidation state in the solution under both redox 
conditions.  The most feasible reaction controlling the solubility of Pu(IV) under the present conditions 

[15] is, 
 

PuO2·xH2O(am) ↔ Pu4+ + 4OH- + (x-2)H2O,  logK=-56.85 [19]. (2) 

 

In solution, Pu4+ can form the following complexes: 



 

 

Pu4+ + OH-   ↔ Pu(OH)3
+,    logb=13.67 [21],    (3) 

Pu4+ + 2OH- ↔ Pu(OH)2
2+,  logb=28.20 [21],    (4) 

Pu4+ + 3OH- ↔ Pu(OH)3
+,    logb=38.85 [21],    (5) 

Pu4+ + 4OH- ↔ Pu(OH)4
0,    logb=49.20 [21],    (6) 

Pu4+ + 5OH- ↔ Pu(OH)5
-,    logb=53.8 [21],    (7) 

Pu4+ + 4OH- + 2HCO3- ↔ Pu(OH)2(CO3)22- + 2H2O,  logb=54.15 [22].(8) 

 

The solubility of Pu can be calculated as the sum of [Pu4+] and the concentrations of its complexes.  
Using the equilibrium constants(K) by Rai[19] and the complex stability constants(b) by Nitsche [21] 

and Yamaguchi [22], the solubility of Pu under the present conditions was calculated.  In the calculations 
the temperature was assumed to be 25°C, since the thermodynamic data cannot be found at 90°C.   
 
Table 8 lists the results of the calculations compared with the measured concentrations of Pu in the 1.8 

nm filtrates.  The concentrations of other hydrolysis species are too small to be taken into account.  A 
relatively good agreement is found between the calculated Pu solubilities and the measured Pu 
concentrations under both redox conditions.  These results suggest that precipitation of PuO2·xH2O(am) 

controls the leaching of soluble species of Pu under both redox conditions, and the dominant soluble 

species are Pu(OH)4
0 and/or Pu(OH)2(CO3)2

2- under oxidizing conditions, and Pu(OH)4
0 under 

reducing conditions.  Although Pu(IV) is suggested to be the dominant oxidation state under both redox 
conditions in the present study, Pu(IV) may be reduced to Pu(III) at longer times, and thus corrosion tests 

for longer times are necessary. 
 
The present results suggest that colloidal particles with sizes from 1.8 nm to 450 nm are the dominant 
phase for Pu and Cm in solutions under both redox conditions.  In addition, the concentrations of the 

colloidal particles of Pu and Cm was relatively high even in the early stages of glass corrosion and almost 
saturated after 20 days of corrosion as shown in Fig. 8.  This tendency is similar to that for the other glass 

constituents such as Si, Ca and Al.   The concentrations of the soluble species of Pu and Cm(≤1.8 nm ) 
were very low in the early stage of glass corrosion and increased slowly with time.   These results suggest 
that formation of the colloidal particles of Pu and Cm are closely related to the leaching behavior of other 
glass constituents.   For Ca and Al, the concentrations in the 1.8 nm filtrates were thirty or forty percent 

lower than those in non-filtered solution ( Table 6), which suggests that colloidal particles of these 
elements are present in the solutions.  Buck et al. [23]  and Fortner et al. [24] showed that clay colloids 
such as smectite and zeolite are produced as a direct result of the alteration of waste glass itself (primary 
colloids), and they can sorb or incorporate actinides strongly.   Therefore, the colloidal particles of Pu 

and Cm observed under both redox conditions are expected to be weakly crystalline clay colloids sorbing 
Pu and Cm that are produced as a direct result of the glass alteration.  Future work needs to investigate 
the long-term behavior of physical and chemical properties of the colloidal particles 
 
 

2.4. CONCLUSIONS OF GLASS WASTE FORMS 

 
For the long-term evaluation of waste glass performance under repository conditions, glass leaching has 
been studied to understand the formation of alteration layers and the effects of groundwater and effects 

of redox condition using the radioactive or non-radioactive glass samples.  The summary is as follows: 
 
(1)  Leaching tests were carried out for a simulated waste glass in deionized water at 90°C for up to 364 
days.  The alteration layer thickness increased linearly at a rate of 0.63 µm/day for the first 91 days and 
thereafter it remained constant (about 60 µm) independent of time, which corresponds to the forward and 

final dissolution reactions, respectively.  The final rate of the layer growth was estimated to be 0.003 to 
0.03 µm/day.  Although the apparent release of elements from the glass almost ceases after the 91-day 
leaching, the reactions in the layers, such as crystal growth, continue. 
 



 

(2)  Under somewhat reducing conditions, Fe dissolves easily into leachates and the hydrated silicate 
surface layer on the glass surface tends to dissolve more easily with Fe in reduced synthetic groundwater 
than in deionized water.  In synthetic groundwater, cracks originally present on the glass tend to open and 

are observed as evidence of congruent glass corrosion.  It is speculated that, in deep geologic disposal 
sites, congruent dissolution is more likely to occur in an reducing environment with a high SA/V-ratio. 
 
(3)  Static corrosion tests were performed on a simulated waste glass doped with Pu and Cm under both 
oxidizing and reducing conditions.  Redox conditions have no remarkable influence on the leaching 

behavior of Pu and Cm.  Colloidal particles with the sizes from 1.8 nm to 450 nm are the dominant phase 
for Pu and Cm in solutions under both redox conditions, and the colloidal particles are suggested to be 
primary colloids.  Comparison of the experimental results with the calculated results suggests that 
precipitation of PuO2·xH2O(am) controls the leaching of soluble species of Pu under both redox 

conditions, and the dominant soluble species are Pu(OH)4
0 and/or Pu(OH)2(CO3)2

2- under oxidizing 

conditions and Pu(OH)4
0 under reducing conditions. 

 

 

3. CERAMIC WASTE FORMS 
 
3.1. RADIATION STABILITY OF PEROVSKITE AND PHASE AND CHEMICAL STABILITIES 

OF ZR- AND AL-BASED CERAMICS[25] 

 
JAERI has developed ceramic waste forms, e.g. Synroc [26] and zirconia-based ceramics, for 
immobilization of the high-level radioactive wastes arising from reprocessing of spent fuel and the 

actinide-rich wastes arising from partitioning and transmutation processes.  In the present work, α-decay 
damage of perovskite, which is one of Synroc's constituent phases, and properties of zirconia- and 

alumina-based ceramics are discussed from the standpoint of the stability of crystal phases. 
 

In our previous studies on Synroc [27,28], effects of α-decay damage on Synroc were investigated.  
Micro-encapsulation by more durable phases could mask the effects of the deterioration of less durable 
ones, in particular perovskite.  Therefore a single phase material is useful for getting direct information 

on this point.  At present, we have only limited data on the effect of α-decay damage on perovskite 
[28,30]. 

 
In the research and development of other host materials for the actinide-rich wastes, yttria-stabilized 
zirconia (YSZ), alumina compounds and YSZ-alumina composites have been selected, based on the work 
from previous studies [31] and our preliminary examinations [32].  For the actinide-rich wastes, it is 

indispensable to immobilize the actinides in stable ceramic waste forms for a long time. 
 
3.2. EXPERIMENTAL  
 

3.2.1  αααα-decay damage of perovskite 

 

The curium-doped perovskite, which had the following nominal composition: 
 
                     Ca0.98919(Cm,Pu)0.01081Al0.01081Ti0.98919O3 
 
was made by hot-pressing at 1250 °C and 29 MPa for 2 hr in a stream of N2 gas.  The curium source 

included 39 mol% of 
244

Cm, and 56 mol% of 
240

Pu as a daughter decay nuclide of 
244

Pu. 
 
The density of a Cm-doped perovskite cylinder was periodically measured by the water displacement 

method.  Half-disk specimens (2 cm in diameter, ~1 mm in thickness) that had accumulated doses of 1.6 

x 1017, 4.0 x 1017 and 8.3 x 1017 α-decays·g-1 were leached, using the MCC-1 method, in pH ~ 2 buffer 
solution (0.05 M KCl + 0.013 M HCl) at 90°C for two months over four 7-day leach periods and a 28-

day leach period.  At the beginning of each leach period, the specimen was placed in a new Teflon leach 



 

container with fresh leachant.  After 2 cm3 of leachate was withdrawn for pH measurement, 0.1 cm3 of 
concentrated nitric acid was added to the remainder to minimize adsorption of Cm and precipitation of 

Ca.  The leach containers with the leachate and sample support were subjected to NaI(Tl) scintillation 

spectrometry for the measurement of the total amount of 244Cm leached [33].  The Ca and Ti 
concentration of leachates was measured by ICP-AES.  As-leached and as-stored half-disk specimens 

were subjected to X-ray diffractometry (XRD). 
 

3.2.2. Properties of zirconia- and alumina-based ceramics 
 

Typical compositions of 3 types of ceramic waste forms are listed in Table 9.  The stabilized zirconia is a 
powdered commercial product of fully stabilized zirconia.  The alumina powder is a reagent grade 

α-alumina.  The additions of Ce and Nd were designed to confirm the solid solution limits of Ce and/or 
Nd for each waste form.  Each matrix and Ce and/or Nd oxides were directly weighed, and mixed using a 
ball mill.  After pelletization and calcination, these pellets were crushed and re-mixed in the mill, and 
uniaxially pressed at 36 MPa.  Pellets of the YSZ were sintered in air at 1400oC  for 80 hr and the others 

were heated in a stream of Ar-3 % H2 gas at 1500
o
C for 25 hrs. 

 

For the evaluation of crystallographic phase stability, crystalline phases formed in the samples were 
identified by XRD.  Lattice parameters of fluorite-type structure formed in YSZ samples were 
determined by Nelson-Riley method [34].  The leach tests were carried out in deionized water for 114 

days at 150
o
C using powder samples of <75 µm.  The SA/V ratio was 1.8 x 104 to 1.2 x 105 m-1.  The 

powdered samples and the leachates were separated by the filtration using a 0.45 µm millipore filter.  
The Ce, Nd, Zr and Y concentrations of the leachates were determined by ICP-MS.  Density of the 
samples was measured.  The surface observation of the samples was carried out using a SEM-EDX. 

 
3.3  RESULTS AND DISCUSSION 
 

3.3.1 αααα-decay damage of perovskite 

 

Density 

 

The average densities of the three samples were 4.083 g·cm-3 one month after hot pressing.  As the 
amount of scatter of the densities is < 0.05 % of the mean, the reproducibility of hot pressing is 

considered to be acceptable.  Change in density of a Cm-doped perovskite sample is shown in Fig. 9.  

The density changes are linear with dose.  At a dose of 9 x 1017 α-decays·g-1, the fractional density 
decrease of the Cm-doped perovskite was 1.3 %. 

 

Leaching 

 

The change in the normalized Ca leach rate with time is shown in Fig. 10.  For the first 28 days, the Ca 
leach rate tends to rise with time.  More damaged specimens gave a higher leach rate.  In the final 28-day 

leaching run, the leachate was completely neutralized, and the Ca leach rate for all specimens converged 
to a similar value.  The Ca concentration of leachates that had a pH > 5 was within 240 - 280 ppm.  
Therefore, the convergence of the Ca leach rates in the final 28-day leaching runs may be due to 
solubility limit of Ca in the neutralized solution.  The Ti concentration in the leachate was near the 

detection limit.  This is consistent with the replacement of perovskite by anatase on the surfaces of the 
as-leached Cm-doped perovskite specimens as detected by XRD (see section on surface alteration 
below). 
 
The weight losses of half-disk specimens after two-months leaching gave average leach rates of 1.7, 2.3 

and 3.0 g·m-2·day-1 for the Cm-doped perovskite material that had accumulated doses of 1.6 x 1017, 4.0 

x 1017, and 8.3 x 1017 α-decays·g-1, respectively.  If the dissolution of perovskite proceeds through the 
following reaction [35]: 
 



 

CaTiO3  +  2H+  ———> Ca2+  +  TiO2 (anatase)  +  H2O  (1), 

 
the CaO weight loss of a specimen would correspond to its total weight loss because anatase (TiO2) 

precipitated on specimen surfaces and the contribution of other minor elements would be negligible.  A 
normalized leach rate derived from the CaO loss is similar to that from the total weight loss of Cm-doped 
perovskite.  This similarity implies that the simple reaction mentioned above can be adopted as the 

dissolution mechanism of Cm-doped perovskite in the acidic solution at 90°C. 
 

Figure 10 compares the leach rates of 244Cm and Ca.  For the first 28 days, the leach rates of 244Cm and 

Ca tend to rise in a similar manner.  In the final 28-day leaching run, the Ca and Cm leach rates 
converged to a constant value.  The value for the Cm leach rate is lower than that for Ca by a factor of  
>20.  This lower Cm leach rate may be due to its low solubility at pH values >~ 7 [27].  It is possible that 
Cm and Pu oxides also precipitated on the Cm-doped specimens because an enrichment of Nd and Ce 

was observed on the non-radioactive specimens after leaching [36]. 
 

Surface Alteration 

 

Figure 11 shows XRD patterns from surfaces of as-leached and as-stored specimens that accumulated 

doses of 5.6 x 1017 and 5.2 x 1017 α-decays·g-1, respectively.  The as-stored specimen contained only 
perovskite.  On the other hand, the as-leached specimen contained anatase (TiO2) in addition to the 

major phase, perovskite.  Even though it is expected that the higher Ca leach rate would leave larger 
amount of the Ti oxide on the Cm-doped specimens, the relative intensity of the anatase peaks from the 
as-leached surface of the Cm-doped perovskite was not as strong as that from the non-radioactive sample 

[36].  This result is consistent with the fact that the as-leached surface of the Cm-doped perovskite was as 
black as it was even after the leach testing.  In Fig. 11, the as-leached surface of Cm-doped perovskite 
contains a minor phase denoted by “*”, possibly (Cm, Pu)O2 although all of the as-leached specimens 

did not show such a clear appearance of this phase. 
 

3.3.2  Properties of zirconia- and alumina-based ceramics 
 

Phase Assemblages 

 

For the YSZ samples, it was confirmed that stabilized zirconia formed solid solutions with Ce or Nd that 
were stable over a wide content of 0 < Ce < 48.2 or 0 < Nd < 19.4 total cation in mol% as shown in Fig. 

12.  The observed lattice parameters of fluorite-type structure in the YSZ samples increased linearly as 
follows; 
 

aCe = 0.51391 + 0.00029 x [Ce]     (2), 

aNd = 0.51385 + 0.00040 x [Nd]    (3), 

 
where [Ce] and [Nd] are cerium and neodymium concentration in mol% in stabilized zirconia solid 
solution, respectively.  The Ce+Nd-bearing YSZ samples were stable over a content of 4.7 < (Ce, Nd) < 
24.1 in mol%; that is, a high rare earth content YSZ waste form, Zr0.45Y0.07Ce0.24Nd0.24O1.83, could 

be produced by the sintering at 1400
o
C  for 80 hr in the air.  The crystallographic similarity of ionic 

radius, valence, electronegativity and crystal structure of each Zr, Y, Ce and Nd oxide leads to the 

formation of the stable and high-containing solid solutions of the YSZ waste forms. 
 
For the alumina compound waste forms, it was revealed that Ce was preferably stabilized in 

magnetoplumbite, CeAl11O18, by reacting with α-alumina in the Ce-bearing sample.  On the other hand, 

Nd with α-alumina produced perovskite, NdAlO3, and unreacted α-alumina.  In the Ce+Nd-bearing 

sample, Ce-magnetoplumbite, Nd-perovskite and unreacted α-alumina were observed.  From these results 
good crystallographic phase stability of the alumina compound waste forms was demonstrated.  The 

formation of other phases with different crystal structure such as garnet-type, spinel-type etc. were not 
identified by XRD.  This probably means that the formation of Nd-perovskite and the stabilization of 



 

Ce3+ in magnetoplumbite will proceed preferentially in the binary and ternary systems of Ce2O3 and/or 

Nd2O3-Al2O3 contrary to the results of Mizuno et al. [37,38].  It seems that the difference in phase 

formation depends on the ionic radii of rare earth elements [39].  However the detailed SEM-EDX 
examination on each phase revealed that a small amount of Nd and Ce were detected in both 
magnetoplumbite and perovskite, that is, the formation of a solid solution of Ce(Nd)-magnetoplumbite 
and Nd(Ce)-perovskite were observed. 

 
For the YSZ-alumina composite waste forms, addition of Nd to the composite matrix brought about the 
formation of stabilized zirconia solid solution and perovskite, while Ce addition produced stabilized 
zirconia solid solution and magnetoplumbite.  In the Ce+Nd-bearing sample, the phases mentioned above 

were formed.  Further, the intimate mixing of α-alumina into stabilized zirconia did not lead to a new 
phase formation.  From these results it was revealed that the YSZ-alumina composite waste forms 

possessed good phase stability, that is, the composite waste forms maintained the crystallographic phase 
stability of the YSZ and the alumina compound waste forms. 
 

Chemical durability 

 

Figure 13 shows the chemical durability of the YSZ samples.  In the Ce-bearing YSZ samples Ce leach 
rates decreased with an increase in Ce contents, while Nd leach rates increased with an increase in Nd 
contents for the Nd-bearing samples.  In the Ce+Nd-bearing samples Nd or Ce leach rates were an order 
of magnitude lower than those of the Nd- or Ce-bearing samples, respectively.  At this stage, it is thought 

that this is due to the change of microstructure surrounding oxygen vacancies that were introduced into 
the YSZ waste forms by the trivalent elements Y and Nd, i.e. the Ce-O or the Nd-O bond length 
surrounding the vacancies differs from the others far from the vacancies.  All values of chemical 

durability were below 10-6 g·m-2·day-1, remarkably lower than those of currently investigated 
borosilicate glasses because of the high bonding energy between cations and oxygen in the YSZ waste 
forms.  As mentioned, excellent chemical durability of the YSZ waste forms has been demonstrated. 
 

Figure 14 also shows a summary of chemical durability of 3 types of the ceramic waste forms containing 
about 10 mol% of Ce and Nd in deionized waste at 150

o
C .  For the alumina samples, the leach rate of 

each element was below 10-4 g·m-2·day-1; these values were very much lower than those of currently 

investigated borosilicate waste glasses.  However, these values were more than two order of magnitudes 
higher than those of the YSZ samples, that is, chemical durability of the alumina composite samples was 
inferior to that of the YSZ samples. 
 
For the YSZ-alumina composite samples, very low Ce leach rates in the Ce-bearing samples are also 

illustrated in Fig. 14.  This results means that Ce-magnetoplumbite, as well as stabilized zirconia solid 
solutions, possess excellent chemical durability.  Relatively high leach rates of Ce and Nd in the Nd- and 
the Ce+Nd-bearing samples of the alumina compound and the YSZ-alumina composite waste forms are 
thought to be caused by relatively poor chemical durability of perovskite, that is, chemical durabilities of 

stabilized zirconia solid solution and magnetoplumbite are superior to that of perovskite. 
 

Density 

 

The SEM-EDX observations showed no grain boundary segregation and that each element was 

distributed homogeneously in the YSZ samples.  The YSZ formed grains with a polyhedral shape, due to 
isotropic grain growth based on cubic system of stabilized zirconia solid solution.  The average grain size 
of a YSZ sample was 8.7 mm after the sintering at 1400

o
C  in air.  This marked grain growth is caused by 

the fine particle size of the commercial powder of about 0.3 mm.  Further, the isotropic and marked grain 

growth led to highly dense pellets with a relative density of 96.7 % . 
 
For the alumina composite waste forms, the apparent densities of sintered pellet samples are listed in 
Table 10, which also shows the content of the phases.  Densities of the alumina waste forms tended to 
decrease with an increase in the content of magnetoplumbite.  From the results of SEM observation, the 

grain shape of magnetoplumbite was polygonal plate-like.  This anisotropic grain growth is due to the 



 

hexagonal system of this phase, and leads to the decrease in density as shown in Table 10.  In order to 
produce a highly dense alumina composite waste form it seems important to suppress the formation of 
magnetoplumbite as far as possible. 

 
3.4.  CONCLUSIONS OF CERAMIC WASTE FORMS 

 

3.4.1. αααα-decay damage of perovskite 

 

Curium-doped perovskite samples were prepared in order to investigate the α-decay damage effects on 
the density and leaching behavior of perovskite.  Changes in density of Cm-doped perovskite reached 1.3 

% at a dose of 9 x 1017 α-decays·g-1.  The rate of the density change was slightly larger in the present 
perovskite material than in a Cm-doped Synroc reported previously.  Half-disk perovskite specimens, 

which had accumulated doses of 1.6 x 1017, 4.0 x 1017 and 8.3 x 1017 α-decays·g-1, were leached in 
pH~2 buffer solution at 90°C using the MCC-1 method.  The leach rates of perovskite, derived from 

weight losses after two-months, were 1.7, 2.3 and 3.0 g·m-2·day-1.  These high leach rates caused a 
significant increase in pH in the later stage of the leaching runs.  For the first 28 days, the Ca and Cm 
leach rates at the three different doses increased with time.  More damaged specimens gave higher leach 
rates.  In the final 28-day leaching run, both Ca and Cm leach rates at three different doses converged on 
a lower value, although the Cm leach rate was lower than the Ca leach rate by a factor of >20.  XRD on 

the as-leached surfaces of Cm-doped perovskite showed the clear appearance of anatase (TiO2) together 

with the major phase perovskite. 

 

3.4.2. Properties of zirconia- and alumina-based ceramics 
 
The yttria-stabilized zirconia waste form was crystallographically stable over a wide range of Ce and/or 

Nd contents and it had excellent chemical durability.  A highly dense pellet of the YSZ waste form could 
be obtained by isotropic grain growth.  The alumina compound waste form consisted of two or three 

phases (α-alumina, magnetoplumbite and/or perovskite) with good phase stability.  However, the 
chemical durability of the alumina composite waste form was relatively low, possibly because of the 
presence of perovskite.  Although the phase stability of the YSZ-alumina composite waste form was also 
good, it was inferior in chemical durability to the YSZ waste form, possibly also due to the formation of 

perovskite.  In conclusion, the YSZ is, on the whole, superior to the alumina compound and the YSZ-
alumina composite as a waste form for the actinide-rich waste.  

 

4.  FUTURE WORK 

 
At JAERI the safety evaluation studies of waste forms and engineered barrier materials are in progress 
along the following three items. 
 
1. The long-term corrosion of nuclear waste glasses is a key factor for the safety assessment of nuclear 

waste disposal.   Therefore, the geochemical models for the predictions of long-term corrosion will be 
validated by various methods such as leaching experiments of actinide-doped waste glass, simulated 
and/or actual waste glass, natural analogues, and so on. 
 

2. The capability and feasibility will be evaluated for  titanate or zirconia based ceramic forms for the 
high-level radioactive waste. 
3. Corrosion behavior of canister and overpack materials under disposal conditions will be studied for the 
long-term assessment of their durability. 
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TABLE I  BULK COMPOSITION OF THE BOROSILICATE WASTE GLASS. 
 

Component wt % Component wt % 

Additives  FP oxides  

SiO2 48.49 CoO 0.12
c
 

B2O3 18.58 NiO 0.33
d
 

Al2O3 2.00 TeO2 0.23 

Li2O 1.87 Cs2O 0.98 

Na2O 11.30 BaO 0.63 

CaO 1.87 La2O3 0.51 

Fe2O3 3.55
a
 CeO2 1.42

e
 

ZrO2 2.87
b 

Pr6O11 0.50 

  Nd2O3 1.65 

FP oxides  Sm2O3 0.33 

RbO 0.12 Ag2O 0.03 

SrO 0.34 CdO 0.03 

Y2O3 0.20 SnO2 0.02 

MoO3 1.74 Sb2O3 0.004 

MnO2 0.26 Gd2O3 0.04 

a Partly simulates RuO2.  b Partly includes ZrO2 as FP. 
c Simulates Rh203. d Simulates PdO. 
e Partly simulates actinides. 

 
 

 
 
 
 

FIG. 1 Graph of the thickness of alteration layer as a 

function of leaching time under the MCC-l conditions at 

90
o
C .  The open and solid circles indicate thicknesses 

averages for the ethanol-immersed and air-dried layers, 

respectively.  The error bars represent the variabilities 

of the layer thicknesses.  The triangles indicate layer 

thicknesses calculated from the amounts of B released in 

leachates. 

 
 
 

 
 
 
 

 
 
 
 
 

FIG. 2  Normalized elemental mass losses of selected 

elements of the nuclear waste glass in deionized water 

with time. 

 
 

 

 



 

 
 

FIG. 3  TEM micrographs of the borosilicate glass layer 

 

(a) Part of the layer in the 91-day experiment. 1- denotes the mottled phase in the layer [3]; 2 - 

the zone of the fibers formed on the layer; 3 - the zone of the new crystals (possibly smectite); S 

- solution which is now filled with resin.  The zones are parallel to the glass. The arrow 

indicates an example of the fibers in the mottled phase. 

(b) Part of the zone of the new crystals in the 364-day experiment.  5 - shows the layer/solution 

interface.  The d-spacings of the new crystals are mostly l.4 nm.  Note that the c-axis, which is 

normal to the fringes, is parallel to the layer/solution interface or normal to the possible 

direction of cation diffusion.  The arrow indicates an example of edge dislocation. 

 
 
 

TABLE II    AEM ANALYSES OF THE NEW CRYSTAL (POSSIBLY SMECTITE), FIBER AND 
MOTTLED PHASE IN THE 364-DAY EXPERIMENT (MASS FRACTION, %). 

 

 Na2O A1203 SiO2 ZrO2 CaO MoO3 MnO2 FeO CoO   NiO REO
a
 

New crystal 1.0 4.8 59.2 0.0 0.4 0.5 4.2 0.8 7.6 21.6 0.0 
Fiber 1.5 8.5 49.2 0.0 0.6 0.5 4.3 10.6 5.5 19.3 0.0 
Mottledb 1.5 3.4 55.4 10.6 1.7 0.4 1.9 10.9 0.6 2.0 11.7 

 

a Sum of La2O3, CeO, and Nd203. 
b See reference 3 for explanation of "mottled". 

 



 

 
FIG. 4  Micrographs of the air-dried alteration layer in the 182-day experiment. 

(A) Optical view of the layer cross section showing cone-shaped pits. 

(B) SEM view (backscattered electron image) showing pits at the glass layer interface. The 

locations of the six microprobe analyses are illustrated by the black arrowheads. The Arabic 

numbers indicate the analytical points, corresponding to those in Table 3. 

 

TABLE III   MICROPROBE ANALYSES (WT%)
A
  OF THE GLASS AND THE ALTERATION 

LAYER.  THE ARABIC NUMBERS INDICATE THE LOCATIONS SHOWN IN FIG. 3B. 
 

 Na2O    Al203    SiO2    CaO    MnO    FeO    Total 

Bulk glass         
1        11.3     1.5     46.5    1.6    0.3    2.9     64.1 

Layer        
2 2.2 2.5 50.4 5.4 0.4 3.8 64.7 
3 1.5 2.5 51.1 4.2 0.3 4.2 63.8 
4 1.4 3.1 42.9 2.2 - 3.9 53.5 
5 1.7 2.8 37.0 2.1 0.4 3.7 47.7 

6         - 1.5 29.3 1.6 0.7 3.6 36.7  

a Obtained by Energy Dispersive X-ray (EDX) Analysis. 
 

 
TABLE IV COMPOSITION OF SYNTHETIC    TABLE V   THE RATIO OF NLFENLB 
                   GROUNDWATER                                                        IN THE LEACHATES 

 

 - :   Not included. 

a) The amount of each element in the synthetic 
  groundwater is in the average concentration range 

of the respective element in the natural groundwater 

Synthetic groundwater

No.1 No.2 No.3 No.4

pH 7.7 7.7 7.7 7.7
Na (in mg/l)

a
26 26 26 26

Ca 120 120 - -
Mg 108 108 108 -
HCO

3

-
Nearly saturated

SO
4

2-
380 - - -

 

Leach Synthetic groundwater Deionized

conditions No. 1 No. 2 No. 3 No. 4 water

70
0
C, 28 d 0.35 0.36 0.66 0.24 0.0021

70
0
C, 49 d 0.13 0.24 0.20 0.51 0.0014

20
0
C, 1 a,

  unfiltered
0.85 0.98 0.97 0.55 0.14

20
0
C, 1 a,

  filtered
1.02 0.82 1.01 0.59 0.16
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FIG.5    Schematic representation of corrosion tests under reducing conditions. 
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FIG. 6    Solution pH and Eh as a function of corrosion time 

 

 
TABLE VI.   SOLUTION CONCENTRATIONS OF MAJOR GLASS CONSTITUENTS 

Corrosion 

time[day]

Redox 

condition

Solution concentration[ppm]

7
Oxidizing

Reducing

14

28

56

92

Oxidizing

Reducing

Oxidizing

Reducing

Oxidizing

Reducing

Oxidizing

Reducing

Filtration

no-filtration

92
Oxidizing

Reducing
1.8nm

Si        B        Li       Mo       Na      Ca       A l   

45.0    23.3    4.98    6.01     34.1    1.25     0.68     

42.7    21.4    4.61    5.76     30.2    1.37     0.59  

56.5    35.2    7.57    8.88     49.8    1.31     0.64    

53.4    32.6    6.84    8.63     46.1    1.38     0.55    

59.3    38.1    8.36    9.34     60.8    1.23     0.66 

58.4    36.4    7.85    8.88     59.7    1.16     0.65 

67.9    52.7    11.0    11.5     75.8    0.74     0.76   

64.9    49.5    10.4    8.68     72.2    1.49     0.72   

73.0    73.0    15.1    12.2     94.7    1.02     1.06

70.6    84.2    17.0    10.5   117.0    2.16     1.12 

72.7    70.0    14.8    12.0     93.8    0.62     0.73

63.0    75.0    16.0    6.68   104.2    1.72     0.70

no-filtration

no-filtration

no-filtration

no-filtration

 
 

 



 

 
TABLE VII.    SOLUTION CONCENTRATIONS OF Pu AND Cm. 

Corrosion 

time[day]

Redox 

condition

Solution concentration[mol/l]

7
Oxidizing

Reducing

14

28

56

92

Oxidizing

Reducing

Oxidizing

Reducing

Oxidizing

Reducing

Oxidizing

Reducing

Cm 
no-filtration  450nm     1.8nm

Pu 
no-filtration  450nm     1.8nm

4.0x10-8   4.1x10-8   2.4x10-9

7.6x10-8   5.5x10-8   2.3x10-9

3.5x10-9   3.1x10-9   2.5x10-11

6.9x10-9   6.4x10-9   7.5x10-12

5.1x10-8   3.2x10-8   2.4x10-9

9.5x10-8   1.1x10-7   3.1x10-9

9.8x10-8   1.7x10-7        --

1.3x10-7   1.6x10-7   1.5x10-8

1.4x10-7   1.1x10-7   1.0x10-8

1.5x10-7   1.2x10-7        --

2.5x10-7   1.6x10-7   1.5x10-8

2.3x10-7   2.3x10-7   2.2x10-8

4.8x10-9   4.3x10-9   3.1x10-11

8.6x10-9   7.4x10-9   2.2x10-11

4.8x10-9   3.8x10-9         --

9.9x10-9   7.8x10-9   1.1x10-9

1.2x10-8   8.4x10-9   2.7x10-10

8.8x10-9   7.9x10-9         --

4.3x10-8   9.7x10-9   5.7x10-10

1.4x10-8   1.2x10-8   9.1x10-10
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FIG. 7  NCi for major glass constituents under oxidizing and reducing conditions. 
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FIG.8    Solution concentrations of Pu and Cm under oxidizing and reducing conditions. 

 

 
TABLE VIII  SOLUBILITY OF PU(IV) CALCULATED BY USING THE EQUILIBRIUM 

CONSTANTS BY RAI[19] AND THE COMPLEX STABILITY CONSTANTS BY 
NITSCHE[21] AND YAMAGUCHI[22] COMPARED WITH THE MEASURED 

CONCENTRATIONS. 
 

Calculated solubility of Pu(IV)  
(25

o
C , PuO2·xH2O(am) controls solubility) 

Measured Pu concentration 
(90

o
C , 92 days, 1.8 nm filtration) 

 
Oxidizing conditions (pH = 8.8, Eh = +0.25 V vs. SHE, PCO2 = 10

-3.5
) 

[Pu(OH)4
0
] = 2.2x10

-8
M  

[Pu(OH)5
-
] = 5.0x10

-9
M  

[Pu(OH)2(C03)
2-] = 1.8x10-8M  

  

[Pu]total = 1.5x10
-8
M [Pu(IV)]total = 4.5x10

-8
M 

 

Reducing conditions (pH = 8.6, Eh = -0.45 V vs. SHE, PCO2  ≅ 0) 

[Pu(OH)4
0] = 2.2x10-8M  

[Pu(OH)5
-
] = 3.0x10

-9
M  

  

[Pu(IV)]total = 2.5x10
-8
M  [Pu]total = 2.2x10

-8
M 

 
 
 



 

  Table 9    Compositions of ceramic waste forms in mol%*

Matrix

Yttria-stabilized zirconia (YSZ) waste forms
Alumina compound 
waste forms YSZ-alumina composite waste forms  

*: Compositions of each constituent indicate the contents of each cation to total cations in mol%. 

TRU simulant

Sample

AlO1.5

ZrO2

YO1.5

CeO2

NdO1.5

YN-10

 ----      

77.4

12.9

 ----      

9.7

YN-20

 ----      

69.1

11.5

 ----      

19.4

YCN-10

 ----      

77.7

12.9

4.7

4.7

YCN-20

 ----      

69.6

11.6

9.4

9.4

YCN-50

 ----      

44.4

7.4

24.1

24.1

YSZ

 ----      

85.7

14.3

 ----      

 ----      

YC-10

 ----      

76.0

12.7

11.3

 ----      

YC-50

 ----      

44.4

7.4

48.2

 ----      

ACN-8

91.6

 ----      

 ----      

4.2

4.2

AN-8

91.6

 ----      

 ----      

 ----      

8.4

AC-8

91.6

 ----      

 ----      

8.4

 ----      

AZ3-N

33.8

43.9

7.3

 ----      

15.0

A3Z-N

75.9

11.0

1.8

 ----      

11.3

AZ3-CN

35.1

45.6

7.6

3.9

7.8

A3Z-CN

78.1

11.3

1.9

2.9

5.8

AZ3-C

36.5

47.5

7.9

8.1

 ----      

A3Z-C

80.5

11.6

1.9

6.0

 ----      
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Fig.9   Density change of Cm-doped perovskite versus α-decay dose.

Fig.10   Change in normalized Ca and Cm leach rates with time.   The specimens accumulated  

  doses of (1) 1.6 x 1017, (2) 4.0 x 1017 and (3) 8.3 x 1017 α-decays·g-1.
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Fig.12    Lattice parameter variations of yttria-stabilized zirconia  
   (YSZ) waste forms formed by the addition of Ce or Nd.
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Table 10   Phase content and density of alumina compound waste forms

Phase content (wt%)
α-alumina

 Perovskite

 Magnetoplumbite

Density (g·cm-3)

Property

0.0
0.0

100.0

2.21

AC-8

34.6
34.2
31.2

3.02

ACN-8

45.2
54.8
0.0

3.41

AN-8
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Fig.13   Chemical durability of powdered yttria-stabilized zirconia  
  (YSZ) waste forms in deionized water at 150 ÞC for 114 days.
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Fig.14    Chemical durability of yttria-stabilized zirconia (YSZ), alumina compound 
    and YSZ-alumina composite waste forms containing about 10 mol% of Ce  
    and/or Nd in deionized water at 150ÞC for 114 days. 
    Leach rates marked by circles with an arrow were measured by an inductively coupled plasma  
    atomic emission spectrometry and indicate detection limits of Ce. 
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Abstract 

 

The recent advances in HLW partitioning indicate that cesium-137 and strontium-90 can be separated 

in the form of a pure concentrate. Based on this concentrate, the glass RT2-1 containing 4.7 wt% 

Cs2O and 2.7 wt% SrO  was selected for more intensive studies to predict long-term performance of 

this waste form under repository conditions. 

Leach tests were conducted in distilled and mineralized water before and after crystallization at 20, 

90 and 130
0
C.  Fully devitrified glass contained the only one crystalline phase corresponding to 

pollucite structure.  An Electron Spin Resonance (ESR) spectroscopic study of gamma-irradiated 

glass at different dose rates as well as a study of retardation properties of bentonite were performed 

and experimental results are reported. 

 

 

1.  INTRODUCTION / MAIN GOALS OF  STUDY 

 

The development of the process flowsheet for liquid high-level waste (HLW) management of the 

WWER-1000 spent fuel reprocessing plant at Krasnoyarsk (RT-2) is based on the recent 

achievements in the field of solvent extraction and partitioning of HLW using chlorinated cobalt 

dicarbolede [1,2]. 

According to this technology three different groups of radionuclides are subject to solidification: 

• cesium and strontium re-extract; 

• transuranium and rare–earth elements re-extract; 

• raffinate of other elements. 

The impact of radionuclide partitioning on the HLW management strategy was discussed in [3] where 

a number of technical and economical benefits and long-term prospects of such an approach are 

shown.  The recovery of cesium and strontium is of particular importance as they are responsible for 

85% of heat generation from the bulk of HLW after 10-years ageing, and they amount to more than 

11 mass.% of the waste composition. 

According to different assessments, the cost of waste disposal can be reduced by 50-60%.  In terms of 

performance the separate solidification of each group of elements with similar properties opens up 

opportunities for the development of matrices with increased radionuclide content.  The long-term 

durability of such matrices can be significantly higher due to the absence of heterogeneous nucleation 

centres and the increase of glass homogeneity. 

Intensive studies of the stability of borosilicate waste forms have been performed in many countries. 

However, all these data are applicable to the glasses containing mixed radioactive and non–

radioactive oxides with a small concentration of cesium and strontium.  Since cesium and strontium 

are recovered as a pure concentrate, we started a series of studies aimed at the development of a 

borosilicate matrix with an increased cesium and strontium content and a study of properties and 

performance of such glasses under the influence of radiation, temperature and environment.  It is 



 

expected that the data obtained will allow us to create a model for the reliable and long-term 

prediction of this new type of waste glass form performance under repository conditions. 

 

2.  EXPERIMENTAL PROCEDURE 

 

2.1. CHARACTERISTICS OF CESIUM-137 AND STRONTIUM-90 CONCENTRATE FROM 

THE RT-2 PLANT 

 

The reference composition of the cesium-strontium re-extract is given in Table I. 

 

TABLE I. COMPOSITION OF CESIUM-STRONTIUM CONCENTRATE 

Element (g/l) Oxide (g/l) 

Cesium 8.7 9.2 

Strontium 3.8 4.5 

Barium 4.3 4.8 

Lead 1.0 1.1 

> Fe, Cr, Ni, Mn 0.2 − 
> REE 0.005 − 

Nitric acid (M) − 4.0 
Volume (m

3
/t) − 0.32-0.35 

 

The composition shown in Table I. served as a basis for preparation of a simulated waste , which was 

used for non–radioactive tests.  The salt residue of the re-extract was about 50 g/l. 

 

2.2.  GLASS SAMPLE PREPARATION. 

 

All investigations in the present report were conducted with  a simulated waste glass composition 

RT2-1 [4] with the following composition (wt%): 

SiO2(49.3), B2O3(13.0), Na2O(13.4), K2O(8.3), Cs2O(4.7), SrO(2.3), ZnO(4.0), Al2O3(2.0), 

BaO+PbO(3.0). 

The simulated cesium-strontium concentrate was calcined at 800
0
C and blended with flux additives.  

After melting (2h) at a temperature of 1100-1150
0
C in a alumina crucibles the melt was poured into a 

special stainless steel form and annealed at 430-450
0
C for 5 hours, then slowly cooled to room 

temperature.  Annealed glass ingots were cut into plates (15 mm in diameter) and polished and 

cleaned with acetone or alcohol.  Powder with a grain size fraction of 60-90 µm was prepared from 

the same glass plate, which was crushed and ground in a ball mill.  After washing, the powder was 

dried to constant weight.  The surface area was calculated assuming that all particles were spherical 

with a specified diameter. 

 

2.3.  AUTOCLAVES 

 

Autoclaves were used for leaching experiments at elevated temperatures using distilled and 

mineralized water.  The autoclave external wall was fabricated from stainless steel and the internal 

wall from Teflon. The total volume inside was 10 ml.  Before testing, the samples were cleaned with 

acetone, placed in  the autoclave and filled with a corresponding volume of water with SA/V=0.25 

cm
-1
.  The test temperature was 130

0
C. After cooling, the leachate was analyzed for sodium, cesium, 

boron and silicon content by atomic absorption method using an AAS-1 "Karl Zeiss" instrument. 

 



 

 

 

2.4.  RADIATION IMPACT 

Test specimens in the form of round plates 0.6–0.7 mm in thickness were gamma-irradiated by 
60
Co 

photons using the MPX-γ-20 facility with a dose rate of 1.67 to 0.08 Gy⋅s-1, which is only twice as 
high as that in real wastes.  Depending on the irradiation time the absorbed dose was 10.8 MGy and 

302 MGy.  The maximum temperature in the irradiation channel did not exceed 310K. The ESR 

spectra of irradiated glasses were studied by the standard RE-1306 apparatus at room temperature. 

The ESR signal intensity was adjusted by means of a standard sample with the fixed 

Mn
2+
concentration.  After leaching for 18 d at 90

o
C, non-irradiated and irradiated glass plates were 

shipped to Dr.Vladimir Balek, Nuclear Research Institute (Rez), Czech Republic for Emanation 

Thermal Analysis. 

 

3.  RESULTS AND DISCUSSION 

 

3.1.  GLASS CHARACTERIZATION 

The glass density determined by the powder technique in toluene was equal to 2.66 (0.01 g/cm
3
).  To 

determine the temperature dependence of solid glass electrical conductivity, plates 5 mm in thickness 

were prepared.  Measurements were carried out using a standard method (D.C., 100 V, 1 MHz). The 

measured values ranged from 13.56 ohm
-1
 cm

-1
 at 20

0
C to 6.56. ohm

-1
 cm

-1
 at 300

0
C.  Due to a high 

content of alkaline elements, the electrical conductivity of the initial glass is rather high.  Thus, even 

at an elevated content of beta particles in the glass bulk, the local charge concentration and 

differences between them will not cause self-discharge and break-down to occur.  X-ray diffraction 

analysis of the annealed glass has shown that all the samples were fully amorphous ( Fig.1., curve 1). 

 
 

FIG. 1. X–ray diffraction patterns (1–initial glass, 2,3,4–heat-treated  at 800
o
C during 70, 150 and 

200 hours). 



 

Differential thermal analysis (DTA) has shown that at  heating rates of 10
0
/min and 5

0
/min, 

devitrification does not occur. Tg was equal 500±10oC.  The crystallization process commenced only 

after long-term heating of glass sample (70 hours) at 800
0
C.  The rate of crystallization at 500–600

0
C 

was very low and when the glass samples were held at these temperatures for more than 100 hours, 

no diffraction peaks were observed. 

To measure the peak positions more accurately, the glass powders were heat-treated at 800
0
C for 70, 

150 and 200 hours. The diffraction data presented on Fig.1. show that only one crystalline phase with 

a pollucite-type structure [Cs(Al,B)Si2O6] formed from the glass bulk after 70 hours. Further heat 

treatment up to 200 hours did not cause any further growth of  crystals. 

It was found by a quantitative diffraction method that the concentration of crystalline phase in fully 

devitrified samples was approximately 10 wt%. This means that practically all cesium from the glass 

network passed into the new pollucite-type phase, which usually has a very low level of solubility. 

EPMA data have shown that the concentration of cesium in remaining glassy phases was reduced up 

to ~ 0.05 wt%. 

 

3.2.  STATIC LEACH TEST WITH DISTILLED WATER 

 

3.2.1. Effect of saturation on glass corrosion process 

 

Glass corrosion tests were carried out using both monolithic pellets and powders at 20
0
C.  The SA/V 

for monolithic specimens was 0.25 cm
-1
, and for powders it was 10 cm

-1
.  The leaching data for both 

types of tests are shown in Fig. 2. 

 
FIG.2.  Leach rates for monolithic pellet and powder glass. 

 

These data show that the main leaching process is congruent dissolution from the surface, which is 

confirmed by closeness of RNa O2
 and RSiO2

values.  The absolute values of Ri significantly decreased 

in case of high SA/V.  This phenomenon could be explained, probably, by the accumulation of 

dissolution products in solution that inhibit a further leaching of glass components. 

 



 

 

 

3.2.2. Temperature effect on the leachability 

 

The glass pellets were leached in distilled water with SA/V=0.25 cm
-1
 for more than 20 days at 20, 90 

and 130
o
C, respectively.  It was found that leach rates, for example, silicon, which was regarded as 

the only kinetically limiting element [5],  were 0.8⋅10-6 g/cm2⋅d (20oC); 3.6⋅10-5 g/cm2⋅d (20oC) and 
1.75⋅10-4 g/cm2⋅d (130oC).  These data show the influence of temperature on glass dissolution.  From 

the slope of the straight line, in accordance with Arrhenius equation it was calculated that the 

reaction activation energy was 48.06 kJ/mol ( 20 - 90
0
C). 

 

3.2.3. Leachability of glass before and after crystallization 

 

The glass samples, before and after crystallization, were leached in distilled water in the autoclave at 

130
o
C for 1, 7, 14 and 22 days with a SA/V=0.25 cm

-1
.  The concentrations of main components in 

the solution after testing are shown in Fig. 3. and in Fig. 4. The leach rates of the same components 

are shown in Fig. 4. and in Fig. 6. 

 

FIG .3. Elements release data for glass (130
o
C, distilled water, SA/V=0.25 cm

-1
). 

 

FIG. 4. Elements release data for devitrified glass 

(130
o
C, distilled water, SA/V=0.25 cm

-1
). 
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Experimental results show that the glass sample RT2-1 after 22 days of leaching remained practically 

unchanged.  After crystallization, the leach rates for sodium and silicon similar to the initial glass, but 

the behaviour of boron and cesium was different.  Boron was released into solution in a greater 

amount  (by about one order of magnitude). The caesium leach rate decreased by up to two order of 

magnitude after 22 days testing. The last fact probably may be explained by formation of a pollucite-

type crystalline phase in the devitrified glass bulk, which was insoluble in the water under high 

temperatures. 

 
FIG. 5. Leach rates of elements from glass 

(130
o
C, distilled water, SA/V=0.25 cm

-1
). 

 

 
FIG. 6. Leach rates of elements from devitrified glass 

(130
o
C, distilled water, SA/V=0.25 cm

-1
). 

 

 



 

 

 

3.2.4. Effect of mineralized water on element release. 

 

Most leaching tests are carried out in distilled water, which is very useful for studies of the glass - 

water interaction mechanism.  However, to assess the glass matrix performance under repository 

conditions, a more realistic approach is to use natural water or aqueous solutions of a similar 

composition for the tests. 

The Nizhnekansky Granite Massif near Krasnoyarsk is considered to be one of the alternative 

candidate sites for a HLW repository of the RT-2 plant. The Massif is situated at a distance of 20 km 

from RT-2 construction site and represents a rather large body of granites and granodiorites  among 

an Archeozoic gneiss bedding having an area more than 2000 km
2
 and running down to 4–6 km [6].  

Therefore in this work we have studied mineralized water obtained by prolonged ageing of distilled 

water with finely milled rock (microclinic granite) from this Massif. 

A 160 g fraction with grain size less than 0.25 mm was mixed with 1 l of water and aged for 9 months 

with periodical agitation.  After settling and filtration the solution was analyzed, and the results are 

presented in Table II. 

 

TABLE II. CHARACTERISTICS OF MINERALIZED WATER  

Rock Concentration, mg/l  Oxygen Dry  

sample Cl
-
 SO

2-
 CO

2-
 HCO

-
 Na

+
 Mg

+2
 Ca

+2
 Si

+4
 pH content 

(mg/l) 

residue 

(mg/l) 

E-12/93 2.6 

±0.2 
3.2 

±10 
1.8 

±0.4 
14.4 

±0.8 
6.94 0.84 317 5.28 7.4 0.13 

±0.02 
37.0 

±4 
 

The analytical results indicate that the content of soluble salts in solution was very low.  The main 

influence on the corrosion of glass could be expected from carbonate.  This mineralized water was 

used for glass leaching tests performed in an autoclave.  The results are shown in the Table III. 

Comparison of these results with previous data for the same elements in distilled water (Fig. 5 and 6) 

shows that only silicon leach rates increased as much as twice after 7 days testing.  On the contrary, 

the leach rates of sodium and cesium slightly decreased.   A study is in progress to investigate the 

influence of pH, Eh and temperature on the kinetic processes during very long exposure. 

 

TABLE III.  LEACH RATES OF ELEMENTS IN MINERALIZED WATER  

(130
O
C, SA/V=0.25 CM

-1
) 

 Before crystallization After crystallization 

Days Ri ⋅⋅⋅⋅10
6
 g/cm

2⋅⋅⋅⋅day Ri ⋅⋅⋅⋅10
6
 g/cm

2⋅⋅⋅⋅day 

 Na2O Cs2O B2O3 SiO2 Na2O Cs2O B2O3 SiO2 

1 320 28.80 35.15 461 277 23.20 37.70 440 

7 148 17.10 18.34 222 136 8.29 21.50 203 

14 127 7.49 6.28 378 81 4.04 8.40 305 

21 131 6.55 4.13 485 52 1.80 7.22 773 

 

3.2.5. ESR–spectroscopy studies of irradiated glass 

Until the mid-80's, ionizing irradiation (β, γ) in vitrified waste had not been considered to produce 
any significant effect on structural, mechanical or chemical properties of the matrix. This assumption 

was driven by the results of the experiments with electron beams that provided 10
4
 – 10

6
 times higher 

exposure than in natural conditions of internal irradiation. However, in 1985, it was shown that a 

relatively low 
60
Co photon flux could result in the generation of stochastically distributed oxygen 

bubbles in borosilicate glasses [7]. Oxygen generation is sure to be accompanied by an increase of 

internal pressure, change of chemical composition and surface expansion. From the practical 

standpoint, it may lead to a loss of immobilization capabilities of the material. 



 

 

Although there is currently no need to radically change any material study priorities in the high-level 

waste processing activities, the observed phenomena require a thorough study. The study seems 

especially important for glass matrices that are used for permanent immobilization of  
137
Cs and 

90
Sr 

resulting from waste separation processes. 

The ESR–spectroscopy method was used to study dynamics of the formation of radiation induced 

oxygen centres in borosilicate matrix containing cesium and strontium oxides.  The ESR signal with g 

≅ 2 and weakly resolved structure (Fig. 7a) were detected in the irradiated samples. The spectrum of 

the signal matches a well-known boron-oxygen hole centre (BOHC). The latter represents a one-

charge anion of the oxygen in the lattice bonded with the nearest boron cation. According to [8], 

BOHC remains thermally stable up to 670K. Thus, it can exist in glass blocks that contain radioactive 

cesium and strontium, whereas information on its behaviour in γ-irradiation field seems very 

important. 

The ESR spectral analysis shows that the half-width and shape of the curve, as well as the g-factor, 

depend on neither exposure time nor dose rate (the tests have been performed with a cesium source 

with the dose rate of 1.52-10
-4
 Gy⋅s-1). The resonance intensity that is roughly proportional to the 

spin concentrations depends on the dose in the following way: reaching its maximum at 100 kGy, it 

starts its gradual decline according to near-exponential law conditions (Fig. 7b). 

 

Fig.7. ESR spectrum γ-irradiated glass (a) and signal intensity as a function of dose (b) 

As far as we know, the available publications have never mentioned positive extremum in the dose 

versus boron oxygen hole concentration dependence area. In general, it can be accounted for by the 

fact that oxygen localized in the anion nearest to boron is attacked, after the hole is trapped, by other 

electron excitations of the matrix, thereby causing inevitable destruction of the BOHC. 

Leaving the details outside the present report (they were published in [9]), let us emphasize the 

following obvious facts: 

Under gamma-irradiation (above D = 100KGy) BOHC disappear irreversibly. Moreover, degradation 

of BOHC does not lead to formation of other oxygen centres detected by ESR–spectroscopy. The 

kinetics of BOHC transformation is described quite well by the following equation: 

np = aNb [I − exp(-k1D)] exp(-k2D),  

where 

 

Nb is the concentration of boron atoms, 

aNb is the concentration of original boron oxygen complexes, 

k1 is the constant value of hole trapping rate by lattice anion of the near-boron oxygen, 

k2 is the constant value of hole trapping rate by boron oxygen hole centre. 

Beyond that, the constant values k1 and k2 take into account probable recombination processes.  To 

 



 

 

 

explain the observed phenomena, it is logical to suggest that the near-boron oxygen, forming the glass 

network, is able to trap two holes consecutively, turning into ‘free’ oxygen atoms. Then, in one or 

another process, these atoms aggregate with the formation of relatively large (up to 1500 oxygen 

molecules ) bubbles as detected by DeNatale and Howitt [10]. 

 

3.2.6. Assessment of bentonite retardation (with Yu.M.Rogozin and V.R.Brezgalova) 

 

A mixture bentonite-type clays and sands are planned to be used as a buffer material in the final 

repository for cesium-137 and strontium-90glasses.  Laboratory studies have been made of filtration 

and sorption properties of bentonite from the Kamalinskoe deposit (Krasnoyarsk Region) which 

contains mainly montmorillonite. The water filtration rate through a layer of compacted clay 2 cm 

thick at a pressure of  (0.2 – 0.97)⋅105 Pa was 1.3 ⋅10-5 m/day.   The colmatage function of bentonite 

put in the form of  thin layers on well  filtered surfaces was studied from the change of effective 

filtration coefficient of a sand layer (thickness 1.5 cm, hydraulic head 18 – 20 cm) with the growth of 

bentonite layer accumulated by sedimentation.  

 

As can be seen from the results in Table IV, even comparatively thin clay layers on the surface of 

well filtered materials create a significant hydraulic head. The assessment of filtration coefficients 

according to data in Table 4 has given a value of 3.2⋅10-4 m/day, which is close to values obtained for 

a sedimentary compacted layer. 

 

TABLE IV.  THE COLMATAGE FUNCTION OF BENTONITE 

Clay thickness, g/cm
2
 0 0.016 0.019 0.042 0.06 0.07 0.10 0.12 0.23 

Kf, m/day 2 1.55 1.42 0.44 6⋅10-2 1.6⋅10-2 1.54⋅10-2 6.5⋅10-3 3.8⋅10-3 

 

Distribution coefficients (Kd) of cesium-137 and strontium-90 were calculated from the concentration 

of these radionuclides in solution in accordance with: 

              K
quantity  of activity  sorbed / mass  of solid

quantity  of activity  in  solution / solution  volumed =        (ml/g) 

The distribution coefficients for cesium-137 and strontium-90 were equal  to (1.3 to 1.5)⋅104 and 
2⋅104, respectively.  Table V shows the influence of salt content on the sorption of the above 
radionuclides.  The data of Table IV and Table V show that the bentonite under study is a promising 

material to create sorption barriers preventing the release from sites for disposal of vitrified Cs-137 

and Sr-90 concentrates. 

Studies are in progress to investigate the phenomena of gas generation under effect of radiation, heat 

transfer, and the effect of temperature on properties of sand-bentonite mixtures, the behaviour of 

cesium and strontium in the presence of corrosion products of borosilicate glass and container 

material. 



 

TABLE V.  DISTRIBUTION COEFFICIENTS (KD, ML/G) OF CESIUM-137  

AND STRONTIUM-90 FOR THE SORPTION ON BENTONITE DEPENDING  

ON SALT CONTENT. 

Salt concentration, Kd, cesium-137 Kd, strontium-90 

(10
-3
 M) NaNO3 Mg(NO3)2 NaNO3 

1 9.3⋅103 4.8⋅104 9⋅102 

5 1.4⋅103 3.8⋅104 3.5⋅102 

10 1.1⋅103 2.4⋅104 4.5⋅102 

15 6.5⋅103 2.7⋅104 2 

 

4.  CONCLUSIONS 

It must be noted that the Khlopin Radium Institute was involved in this CRP only in the fall of 1992 

and the reported data are from ongoing long–term projects rather than completed final conclusions 

with well developed results.  Nevertheless, from the presented data it follows that glass RT2-1 has a 

good durability to water attack. 

Leach rates, characterizing the degree of glass destruction due to the release of different glass 

components into distilled or mineralized water, do not differ significantly.  Devitrification of this 

glass begins only after long–term heating over 500—600
o
C and the only crystalline phase formed is 

pollucite. After crystallization boron leach rates increased significantly while  cesium leach rates 

decreased.  

Comparison of experimental data with well known information about sodium–potassium–boron–

silicate glasses shows that the RT2–1 composition is near the optimal region of ternary diagram 

Na2O–B2O3–SiO2.  Increasing thecontent of modifier elements only slightly influence for all complex 

of properties RT2–1. 

It must be stressed that the leach rate of cesium after devitrification was reduced sharply in both 

distilled and mineralized water. This phenomenon could indicate an opportunity to improve the 

resistance of the final product due to direct crystallization. 

An important part of the study was the investigation of external gamma–irradiation impact on 

degradation of solid structure of glass and changes, which could lead to oxygen bubble formation.  

EPR–spectroscopy results confirm the assumption [7] about the significant role of ionizing processes 

in radiation stimulated degradation of glass matrices that are used in high level waste solidification 

processes. The effect of irreversible destruction of BOHC by means of glass irradiation has been 

detected for the first time for low, in comparison with the integral dose, loads within the given time 

of internal radiation exposure. The proposed model for generation of atomic oxygen by means of 

consecutive trapping of two holes by near-boron anion O
2-
 allows straightforward explanations of the 

well-known experimental data and, if the applied assumptions are confirmed, the model will give 

more grounds for predicting reliability of the waste immobilization materials. 

Because of large distribution coefficients for cesium and strontium, the bentonite and sand mixtures 

are a very promising barrier to prevent migration of these radionuclides from waste repository for all 

period of disposal. 

 

FUTURE WORK AT KRI 

1.  Influence of partitioning technological impurities (inorganic and organic) for glass matrix. 

2.  To study more deeply the strontium behaviour during crystallization and leaching. 

3.  To study the behaviour of RT2-1 glass in more complex system consisted from corrosion 



 

 

 

products, clay and host minerals with emphasizing on the kinetics of corrosion process. 

4.  Further development model of glass durability using Gibbs free energy of hydration of glass and 

comparison this model with experimental data. 

5.  Irradiation influence on the sorption clay properties and mechanical changes due to gas generation 

and heat effect. 
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Abstract 

 
The surface corrosion of aluminophosphate glass is controlled by its interaction with underground 
water. The mathematical model for corrosion involves the hydrolytic dissolution of glass, generation 
and growth of the surface corrosion layer, diffusion through it and chemical reaction in solution. The 
corrosion layer growth rate and the leaching rate have been approximated. It is assumed that stratal 
water saturated with phosphate ions can dissolve the glass. At an early stage the dissolution is 
diffusion-like, i.e. proportional to the square root of time. Later, it is linear with time. This paper 
shows the growth of a stable front of a glass corrosion layer. The mathematical model was used to 
process experimental data. There are some recommendations for future work. 
 
 

INTRODUCTION 

 
Russia has brought the immobilization of radioactive waste within aluminophosphate glasses to a 
commercial level. In the future, the emplacement of vitrified waste is planned within porphyrite rocks 
in a special location in the vicinity of the PU"Mayak". An extensive study performed in the 1970s and 
1980’s [1] revealed a high chemical stability for phosphate glass as a radioactive waste matrix.  This 
report presents data on corrosion of sodium aluminophosphate glass exposed to water mineralized by 
host porphyrite. 
 
A survey of experimental data [1,2] shows that the radioactive release depends upon the specific 
nature of the transport through the surface corrosion layer into underground water and further water-
borne transport. The surface corrosion layer is a low-solubility product of chemical reactions between 
dissolved glass components, the geologic repository environment and corrosion products of canisters 
containing and isolating the glass.  
 
Thus, an understanding of the radionuclide leaching involves a knowledge of glass corrosion. The 
leaching rate is characterized by the rate of corrosion, ageing and chemical constituents of 
underground water. The water composition, in its turn, depends on the interaction between water, 
geologic surroundings, backfill and corrosion products. Evidently the temperature and water exchange 
rate within a repository are of great importance.  This paper reports experimental corrosion and 
leaching data for aluminophosphate glasses exposed to water mineralized by host porphyrite.  Also, a 
mathematical model is derived for physical-chemical degradation of radioactive glasses.  The model 
involves glass hydrolysis followed by the generation of a surface corrosion layer acting as a transport 
barrier between glass and underground water.  Modelling is used for predicting corrosion variables in 
terms of the experimental data obtained.  The ageing model developed for aluminosilicate glasses is 
based upon corrosion ideas [3-5] outlined for borosilicate glasses disposed in a geological formation. 



  

1.   EXPERIMENTAL STUDY OF THE CORROSION OF ALUMINOPHOSPHATE 

GLASS COMPOSITION IN A SIMULATED UNDERGROUND ENVIRONMENT 

 
Aluminophosphate glass contains three basic constituents: Al2O3, P2O5 and Na2O.  Their total 
proportion varies from 91 to 96 wt%; the balance is Cs2O, Fe2O3, NiO, Cr2O3, CaO, Mn2O3, rare-earth 
oxides, UO3, SO4

-2and multivalent cation oxides, etc.  If the balance is x wt%, the basic constituents 
content is (100-x)% and lies in the range 14-22% Al2O3, 51-56% P2O5, 22-26% Na2O.  For 
convenience the content diagram is used:  Fig. 1 shows the system at x = 5 wt%, the solid point 
representing 15 wt% Al2O3, 52 wt% P2O5 and 24 wt% Na2O. The location of this point is dictated by 
the percentage of these constituents. In this case the molar ratio is as follows: 
 

Al2 O3: P2O5:Na2O=20%:39%:36 
 
The leaching rate was measured in deionized water at 20oC according to RF test standards (similar to 
the MCC-1 test [1]). The resulting data are given in Table I. 
 
A high leaching rate during the first 24 hours can be attributed to contamination of glass surfaces.  
The behaviour of immobilized radioactive waste emplaced in a geologic repository was 
experimentally tested at 20-150 0C using different simulated stratal waters.  To simulate the 
groundwater, powdered porphyrite was allowed to stand for a month in distilled water (with calcium 
compounds added), until an equilibrium was established.  The Ca concentration and pH values for 
three types of simulated waters were as follows: (1-10 mg/l; 7.1), (2-400 mg/l; 7.55) and (3-100 mg/l; 
7.4).  The phosphate glass-water interaction was found to increase the pH from 8 at 100oC to 9 at 
150oC.  This increase arises from the release of alkali cations into the water. 
 
TABLE I. LEACHING RATE (10-6 g/cm2/day) FROM PHOSPHATE GLASSES IN DEIONIZED 

WATER AT 20OC 
 

 Time, days 
element 1 8 15 29 
Na 2.0 0.5 0.9 0.8 
Cs 3.3 4.1 1.7 1.1 
Sr 13 2.3 0.3 0.4 

 
The leaching rate of alkali metals is independent of the salinity of the water between 20 and 100oC, 
being lower in distilled water compared to stratal water and slightly decreases with increasing salinity.  
This is not the case with the temperature dependence of strontium the leaching rate of which rises up 
to 100 oC and then drops sharply at 150 oC (Table II).  A comparison of Table I and Table II shows 
that the Sr leaching rate in mineralized water is several times that in deionized water. The release of 
phosphate ion from an aluminophosphate matrix is shown in Table III. 
 
TABLE II. Sr LEACHING RATE (g/cm2/day) IN MINERALIZED PORPHYRITE WATER 
 

 Exposure time, days 
T oC  1    4    7    14 
20 3.8*10-5 3.8*10-6 5.4*10-6 2.0*10-6 
100 1.0*10-5 1.4*10-5 4.9*10-6 4.7*10-6 
150 5.8*10-6 1.1*10-6 1.2*10-6 5.8*10-7 

 



  

TABLE III.  PHOSPHATE ION LEACHING RATE (g/cm2/days) 
 

 Exposure time, days 
T oC 1 2 
80 9.4*10-5 6.3*10-5 
120 2.7*10-4 1.2*10-4 

 
It should be mentioned that at 20oC, the corrosion layer actually inhibits the release of phosphate ions 
into solution.  The glass surface gets covered with a low solubility layer of primarily calcium 
compounds. The layer composition and rate of formation depend on the temperature and the stratal 
water whose composition, in its turn, is affected by precipitation of the layer.  Thus, after a 4-day 
exposure to mineralized porphyrite water at 100oC about 43-45% Ca is precipitated and remains 
constant over the next two weeks.  At 150oC all the calcium is precipitated in four days.  A steady 
calcium feed (e.g. 10-4 g/cm2 at 100oC for the glass-porphyrite- water system) leads to a progressively 
increasing Ca precipitate on the glass surface. 
 
Water-exposed phosphate glass samples were examined by an electron scan microscope to depth of 
120-150 µm as well as an X-ray microprobe analyzer. Scanning deep within the glass reveals an outer 
layer 1-2 µm thick followed by an internal layer 90-120 µm deep. The outer layer shows a 9-10 fold 
decrease in the Na and Cs proportion compared to that in the matrix.  The alkali ion concentration 
progressively decreases from the depth to surface.  The behaviour of Cs and Na is somewhat different. 
While sodium is quite uniformly distributed throughout the layer (though less uniform within the 
glass bulk) cesium decreases gradually from deep in the layer to the surface.  The outer layer is rich in 
P, Fe, Ca and Sr and contains Fe and Al hydroxides.  The secondary precipitate composition is given 
elsewhere [2]. 
 
Aluminophosphate glasses were found to change in stability at 450oC as a result of crystallization of 
Na3Al2(PO4)3, Fe3O4, Na2O, etc. Sodium, Cs and Sr showed a 100-1000 fold increase in the leaching 
rate.  Structural properties under irradiation were examined by X-ray analysis, Electron Paramagnetic 
Resonance (EPR) and Nuclear Magnetic Resonance (NMR) and found to be stable up to 1010 rad.  At 
doses above 109 rad produces a radiation-destruction outer layer from the interactions between glass 
and air constituents.  The outer layer is comprised of readily soluble alkali- and alkali-earth nitrates, 
hydroxides and carbonates. 
 
2.   CHEMICAL REACTIONS ON CORROSION OF ALUMINOPHOSPHATE GLASS 

UNDER GEOLOGICAL DISPOSAL CONDITIONS 

 
A deep knowledge of the contents and form of glass constituents passing into solution as well as of 
the interactions and resulting products is necessary. 
 
The hydrolysis of the glass saturates the surrounding water with [6,7]: 
• H3PO4; readily water-soluble NaH2PO4, Na2HPO4, and Na3PO4; 
• low solubility Al(OH)3 and Al2O3*nH2O of varying composition;  H3AlO3 and HAlO2; 
• aluminates like NaAlO2; 
• Fe(OH)2 and Fe2O3*nH2O and FePO4; 
• a wide variety of low solubility (CaHPO4) and insoluble compounds (Ca3(PO4)2, Ca5(PO4)3OH, 
Mg3(PO4)2, CaAl2Si2O8, Na(AlSi3O8), Al2(Si2O5)(OH)4, Ca(H2PO4)2 (soluble)). 

 
Exposure to porphyrite rocks saturates the solution with acids like H2SiO3, H4SiO4, H2SiO5 and 
related silicates having primarily Ca, Na and Mg cations.  Thus, the outer layer depends mainly on 
phosphate ions passing into the aqueous phase as orthophosphoric acid and sodium orthophosphate.  



  

The latter interacts with Ca(HCO3)2, Mg(HCO3)2, CaSO4, and MgSO4 in the aqueous phase to form: 
 

2Na2PO4+3CaSO4=Ca(PO4)2 ↓ +3Na2SO4, 
2Na3PO4+3Ca(HCO3)2=Ca3(PO4)2 ↓ =6NaHCO3. 

 
The glass corrosion should be described in terms of a kinetic equation with due allowance for the 
formation of solution constituents like H3PO4, Na3PO4 ,Ca(HCO3)2, CaSO4, MgSO4,and Mg(HCO3)2.  
The release of dissolved glass constituents can be described in terms of the diffusion equation through 
the outer layer.  The growth rate of the latter is specified by the rate of hydrolytic dissolution of glass 
and the rate of insoluble product precipitation, especially Al(OH)3, Ca(PO4)2, Mg3(PO4)2, 
Fe2O3*nH2O, FePO4. 
 
 
3.   THE MODEL FOR THE GROWTH OF THE GLASS LAYER AND RADIONUCLIDE 

LEACHING 

 
We consider a block of glass which has a surface corrosion layer with the depth δ. This layer is in 
contact with water which penetrates freely its depth and contains some amount of free PO4

3-. . This 
system is schematically shown in Fig. 2. 
 
The following symbols denote: 
c,co - concentration of PO4

3- anions in the glass and in water respectively; 
δ(t) - corrosion layer depth as a function of storage time or time of contact with underground water; 
D  - diffusion coefficient of PO4

3- anions in the corrosion layer, D being similar to the diffusion 
coefficient of PO4

3- anions in the water solution. 
 
To describe the increasing of the corrosion layer depth δ on the surface of the phosphate glass as a 
function of time (t) we use the following equations: 
 

D ∂2c/∂x2= ∂c/∂t, (1) 
 

co ∂δ/∂t=D∂c/∂x (2) 
x=δ(t) 

 
It should be noted that the concentration ci(t) of PO4

3- anions in bulk solution  is determined by the 
rate of the exchange of the free water and the underground water solution. Let us state the boundary 
conditions for x=0 as follows: 
 

cx=0 =ci(t) (3) 
 
and when x=δ(t), we have another boundary conditions: 
 

cx=δ(t) =cs (4) 
 
where cs is the concentration of saturated water solution of PO4

3- .  Exact analytical solution of the 
system of non-linear equations (1)-(2) is considered to be quite problematic.  Using some assumptions 
an approximate solution of the system can be found. Let us estimate the characteristic times 
 

t1=δ2 /D and t2=coδ2 /cD (5) 
 
where due to co >>c we have t1 <<t2 . For small values of δ the following equation is true 
 

t1<<t<<t2 (6) 



  

 
Under condition (6) we can consider the diffusion coefficient of anions PO4

3- to be independent of 
time when the depth of corrosion layer change slowly.  In this case for ci = const.  the analytical 
solution for δ(t) can be expressed as 
 

δ(t)=[2(cs-ci) Dt/co ]1/2 (7) 
 
Similar solutions can be found for any ci (t) if the characteristic time ci(t) change is much higher that 
of t1 : 
 

                                           t 
δ(t)=[(2D/co ) ∫ dt(cs-ci(t))]1/2 (8) 

                                           0 

 
As follows from equation (8), the layer depth δ increases according to t1/2, and when ci =cs the growth 
stops.  It is suggested that the contribution of glass components is characterised by low concentration 
and can be considered as dopants (additives) (including radionuclides) whose release is a function of 
the rate of glass dissolution. In this situation the following conditions and processes should be taken 
into account: 
 
- diffusion of a dopant through the corrosion layer with the possible fixation of the dopant in the layer 
 

Db ∂2cb/∂x2-Kbcb=∂cb/∂t (9) 
 
where cb - is concentration of the dopant in the corrosion layer (for co-ordinate x); Db - is the diffusion 
coefficient of the dopant in the surface layer; Kb- is a factor of the dopant in the surface layer; 
 
- the boundary condition on the glass surface (x=δ) contacting with the corrosion layer 
 

Db∂cb/∂x   =  ϖbco∂δ(t)/∂ t-Pb(cb-cbs) (10) 
    x=δ(t) 

 
where ϖb - is mol fraction of the dopant in the glass; cbs - is concentration of the solution saturated 
with the dopant; Pb- is kinetic constant with the dimensional representation of rate; δ(t) - is from 
Equations (7),(8). 
 
The boundary condition for x=0 
 

cb = cbi(t) (11) 
       x=0 
 
where cbi - is dopant concentration in solution on outside of surface layer; and for the additive 
component (dopant) cbi=0 condition is expressed as 
 

cb = 0 (12 ) 
        x=0 
 
In general, the solution of Equations (9)-(11) can be found numerically, but when the diffusion is 
quasi-stationary, condition (12 ) lets us obtain the approximate solution 
 

             cb=cb1shλbx,     λb=(Kb/Db)1/2               (13) 
 

cb1=(ϖbco∂δ/∂t+Pbcbs)/(Pbshλbδ +Dbλbchλbδ) (14) 



  

 
Then the release of the dopant cation (jb ) from the corrosion layer is determined by the Equation 
 

                jb= Db∂cb/∂x  = Dbλbcb1                    (15) 
                                               x=0  
 
And if there is no fixation of the dopant in the corrosion layer (Kb=0), we have 
 

cb=cb(δ)x/δ; cb(δ) = δ(ϖbco∂δ/∂t +Pbcbc)/(Db+Pbδ) (16) 
 

and the behaviour of cb       when t→0 and t→∞ is expressed as 
                                 x=δ 

 
cb(δ)→ϖbD(cs-ci)/Db (t→0)  
cb(δ)→cbs (t→∞) 

 
This behaviour leads us to conclude that inside the corrosion layer near the surface of the glass the 
dopant concentration is close to the concentration of the saturated solution. 
 
4.   GLASS DISSOLUTION IN SOLUTION SATURATED WITH HYDROLYSIS 

PRODUCTS 

 
The hydrolysis terminates as soon as solution is saturated with phosphate ions (region 1, Fig. 2).  But 
actually this is not the case with multi-component systems like glass, which still dissolves even in a 
solution saturated with basic glass components.  This seems to result from non-saturation with other 
components which keep dissolving to destroy the matrix surface and contribute to release of the basic 
glass-structure components. 
 
Let us describe the corrosion of aluminophosphate glass in aqueous phase with respect to the 
possibility of hydrolysis at solution saturation with phosphate ions. To do this requires a constant flow 
in addition to diffusion at the interface between the corrosion layer and glass (between 2 and 3, Fig. 
2).  The diffusion of phosphate ions through the outer corrosion layer is represented by the diffusion 
equation (1) as before.  With the addition of  flow, the corrosion-glass interfacial term takes the form 
 

c0∂δ/∂t =D∂c/∂x x=δ(t)+j∞, (17) 
 
where j∞ is the P-saturated flow of dissolving glass, which enters phenomenologically.  The solution 
concentration beyond the corrosion layer depends on the hydrolysis rate. Denoting the concentration 
by ci(t), we can obtain 
 

Ñ x=0 = Ñ i(t) . (18) 
 
At x=δ(t) saturation is attained 
 

c x=δ(t) = cs , (19) 
 
where c s  is the phosphate saturation concentration at the geologic environment temperature.  The 
non-linear equations (17)-(19) can be analytically treated in terms of a steady-state diffusion. Eq. (17) 
can be rearranged to give: 
 

c0∂δ/∂t = D(cs-ci)δ(t) + j∞ (20) 
 



  

Eq.(20) is easily integrated by assuming that the geologic environment temperature and hence D,cs, j∞ 
as well as phosphate concentration are constant: 
 

δ - [D(cs-ci )/j∞ ]ln[1+j∞ δ/D(cs-ci)] = j∞t/c0, (21) 
 
The integration constant assumes δ→0 at t→0.  Two limiting cases of saturation as a function of a 
dimensionless parameter 
 

S = j∞ δ(t)/D(cs-ci)          (22) 
 
are of interest. For an unsaturated solution (S<<1) expression (21) leads to Eq.(7). With a P-saturated 
solution (S>>1), the corrosion layer grows at a constant rate: 
 

δ(t) = j∞t/c0                (23) 
 
Eq.(20) is very suitable for studying the stability of growth of the flat corrosion layer. Let the 
corrosion of the flat glass surface be δ(to ).  At to, the corrosion front disturbance at the same moment 
will give a somewhat different corrosion layer: 
 
δ(x,y,z)=δo±∆, 
 
where x,y.z are co-ordinates at the flat glass surface.  The disturbance is expected to be small: 
|∆|<<δ(to).  Of concern to us is the question of disturbance at t>to. For δ(y,z,t)=δo±∆(y,z,t) Eq.(20) at a 
small disturbance gives 
 

c0∂∆/∂t = -D(cs-ci)/δ2(t0)∆        (24) 
 
The last equation is a decaying exponential function 
 

∆(x,z,t) = ∆o(y,z,to)exp(-λ(t-t0)),       (25) 
 
where 
 

λ = D(cs-ci)/c0δ2(t0).       (26) 
 
It suggests that the corrosion of homogeneous glass is stable and the corrosion disturbance decays at a 
higher rate, if the corrosion layer is thinner. 
 
In conclusion, it should be mentioned that Eq.(20) assumes long-time disturbances (higher that δ(t)). 
Short-length disturbances are rapidly smoothed out by diffusion. 
 
5.   LEACHING OF DOPANTS 

 
Fission products, actinides and related components within the glass can pass into water following two 
mechanisms.  The first involves a very slow diffusion [8,9] while the second results from dissolution 
of the glass matrix. Glass impurities (radionuclides among them) and constituents simultaneously pass 
into solution but their further release depends on: diffusion through the corrosion layer, capture by the 
glass surface and chemical reactions with solution components.  All these processes are represented 
by Eq.(9)-(12) or (13)-(16) for limiting cases.  Equation10, defining the rate of impurity release in the 
process of hydrolysis, is noteworthy. Of fundamental importance is the maximum rate of impurity 
leaching corresponding to the glass dissolution rate. In this case the total leaching rate for a k-
component is: 
 



  

jk = cok∂δ(t)/∂t (27) 
 

where cok is the concentration of k-constituent in the glass.  Eq.(27) gives the maximum leaching rate 
because it ignores the capture of the k-constituent by the glass interior or surface.  The leaching rate 
for all constituents defined from Eq.(27) is similar 
 

(LR)k=ρjk/cok=∂δ(t)/∂t = (LR)o (28) 
 
and corresponds to the corrosion layer growth rate (ρ is the density of glass).  In a general way the k-
constituent on the glass surface capturing impurities varies with time. This fact can be ignored at 
initial leaching stages and has not been taken account in the equations. In this context an expression 
for jk at Pk=0 is needed when there is no kinetic impurity flow from solution to the glass surface: 
 

jk = (jk/chλkδ); (29) 
 
where chλ kδ is always less 1; that is why jk exceeds jk due to the adsorption of the k-constituent 
within the corrosion layer.  To check Eq.(34), the transition Kb→0 is used with jk→jk.  The leaching 
rate of an impurity which is not captured within the interior or surface of the corrosion layer is given 
by Eq.(28).  Allowing for the capture decreases the leaching rate: 
 

(LR)k= (LR)o/chλkδ (30) 
 
It is of importance that (LR) k (and (LRo)) are independent on the k-content (certain content 
dependence might be expected with the impurity accumulation at the glass-layer interface; but this 
invites further research). With no accumulation, we have 
 

(LR)k=(LR)o = ρ[D(cs -ci)/2cot]1/2 (31) 
 
Plots of (LR)o(t) and δ(t) are shown in Fig. 3 show a diffusive character. Therefore the leaching was 
attributed to diffusion rather than the corrosion of glass. It follows from Fig. 3 that the leaching rate 
drops directly with time.  With impurity capture within the corrosion layer, the leaching rate decreases 
rapidly, especially as the corrosion layer grows in thickness (Eq.(30), Fig. 4). 
 
6.   PROCESSING EXPERIMENTAL CORROSION DATA BY THE MATHEMATICAL 

MODEL 

 
The leaching of glass constituents depends on the rate of corrosion front growth within the 
aluminophosphate glass, which must be determined experimentally to evaluate the glass state as a 
function of time.  As mentioned above, the release of separate elements can be readily measured in 
standard short-term experiments.  According to Eq.(28) the maximum leach rate corresponds to the 
corrosion rate.  In this context, to evaluate the corrosion rate, from Table I one should choose an 
element with a high leaching rate, like Cs, for phosphate glasses. (It should be kept in mind, that a 
high leaching rate within the first 24 hours can result from surface contamination of samples). Thus, 
the corrosion rate of glass can be determined from: 
 

ρ(dδ/dt)=max (LR)k (32) 
              {k} 

 
where (LR)k is the leaching rate for a k-component.  Formula (32) is quite suitable for processing 
experimental data.  For example, using Cs data at 20o C with deionized water we obtain the data in 
Table IV. 
 



  

TABLE IV. CALCULATED LEACHING RATES FOR Cs IN DEIONIZED WATER  
 

Exposure (days) 1 8 15 20 
(LR)k (10

-6 g/cm2days) 3.3 4.1 1.7 1.1 
B(10-5g/cm2days1/2) - 1.2 0.6 0.6 
M(10-4g/cm2) - - 0.36 0.45 
δ(10-1 µm) - - 1.4 1.8 

 
 
Table IV contains expressions: 
 

B=t1/2(LR)kmax (33) 
 

M=21/2t(LR)kmax (34) 
 
Comparison of Eq.(7), (28) and (33) shows that provided Eq. (7) is valid, the B value is constant in 
experiments (Table IV), and M is the glass weight subject to corrosion in terms of the surface area.  
As before, δ is the corrosion thickness given by 
 

δ=M/ρ (35) 
 
Table V lists the leaching rate of P at 80 and 120 oC in the second day using P values from Table III. 
From Tables 4 and 5 one can find the corrosion activation energy. According to Eq.(7), (28), (32), 
(33): 
 

(B/ρ)2=csD/co (36) 
 
 
TABLE V. CALCULATED LEACHING RATES OF PHOSPHATE ION    
 

 (LR)kn (LR)k t
1/2 21/2(LR)k t δ 

t(oC) (10-4g/cm2/day) (10-4g/cm2day1/2) (10-3 g/cm2) (µm) 
80 0.63 0.9 0.18 0.7 
120 1.2 1.7 0.34 1.3 

 
Clearly, the activation behaviour of csD (the P- concentration at saturation and diffusion coefficient) 
is expected: 
 

csD=(csD)oexp(-Ta/T) (37) 
 
where Ta is the activation temperature, T is the Kelvin scale temperature. Equations (36) and (37) 
suggest that the activation temperature can be represented by  
 

Ta=2(lnB2-lnB1)/(T1
- 1-T 2

-1) (38) 
 
From Tables 4 and 5: Ta=(4.0±0.4)103K, and the activation heat is: Qa=RTa=(33±3)kDj/mol.  It 
follows from (37) and (38) that the temperature and the corrosion activation energy for B corresponds 
to one-half Ta and one-half Qa : 
 

                                       TB=Ta/2=(2.0±0.2)103 K, 
QB=Qa/2=(17±2)kDj/mol (39) 

 



  

The B is given by B=Bo exp(-TB/T), where Bo=0.44*10
-1 g/cm2day1/2 (the measurement error is 

involved in TB ). 
 
 
SUMMARY 

 
The paper deals with the surface corrosion of aluminophosphate glass emplaced within a geologic 
porphyrite rock.  The mathematical ageing model involves the hydrolytic dissolution, generation of 
the surface corrosion layer, diffusion through it, and subsequent chemical reactions.  The corrosion 
layer growth rate and the leaching rate have been approximated.  It is assumed that stratal water is 
saturated with phosphate ions and can dissolve the glass.  Early in the dissolution phosphate ion 
leaching is diffusion-like, i.e. proportional to square root of the time. Later it is linear with the time.  
The paper shows the stable front of the glass corrosion growth.  The mathematical model is used to 
process experimental data. The aluminophosphate glass corrosion and leaching can be evaluated using 
experimental factors and expressions like: 
 
1. corrosion depth δ(t)=B(2t)1/2/ ρ 

2. leaching rate of separate elements (with no account of its content of a matrix) (LR)k≤B/(t1/2) 

3. B=Boexp(-QB/RT) where t is time (days), ρ =2.6-2.7 g/ cm3 is the glass density, where 
Bo=0.44*10

-1g/cm2days1/2 (for temperature between 20-120o C), QB=RTB=(17±2)kDj/mol, and 
TB=(2.0±0.2)103 K, 

 
The δ value is a measure of the corrosion layer thickness without considering the layer produced from 
the interaction of hydrolytic products and mineral salts of stratal water.  Thus, over a period of 10,000 
years the surface corrosion of phosphate glasses will amount some 0.3 cm even at 120oC.  It should be 
kept in mind that the repository temperature will equilibrate with the host rock temperature over 150 
to 200 years when short-lived fission fragments will be completely decayed. This suggests that glass 
corrosion will be a function of larger area of exposure to water due to glass degradation at higher 
leach rates. 
 
RECOMMENDATIONS 

 
Further work on more detailed investigation of phosphate glass waste form should be oriented, in 
particular, to: 
1. cracking of aluminophosphate glass emplaced within a geologic host porphyrite; 
2. chemical stability of the glass as a function of fission products. 
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Abstract 

 

Optimization of borosilicate glass for high-level waste (HLW) and low-level waste (LLW) involves 

meeting the product quality requirements, the restrictions imposed by processing limits, and the volume 

minimization constraint. Empirical mixture models allow optimized glass formulations to be developed 

for a wide variety of waste compositions and processing methods. This report presents current empirical 

models for the key glass properties: chemical durability, liquidus temperature, glass transition 

temperature, viscosity, and electrical conductivity. Liquidus temperature models are provided for three 

primary phases: spinel, zirconium-containing phases, and nepheline. Melter feed processing issues are 

also discussed. Finally, an approach to computerized glass formulation is outlined. 

 

 

1. INTRODUCTION 

 

During the past 6 years, the glass development team at the Pacific Northwest National Laboratory 

(PNNL) has focused attention on issues associated with the vitrification of high-level and low-level 

nuclear wastes at the Hanford Site in Washington State. This work was sponsored by the U.S. 

Department of Energy (DOE) within the framework of the nation-wide (and also world-wide) effort to 

deal with the high-level waste immobilization task. Most of the work has been published in the form of 

conference proceedings. The 1997 International Atomic Energy Association (IAEA) meeting provides an 

opportunity to review this effort and summarize its outcome. 

 

These high- and low-level wastes accumulated during World War II and the Cold War period. The actual 

vitrification activity will take many years to complete and will cost U.S. taxpayers billions of dollars, 

which provides an incentive to minimize the waste volume. Borosilicate glass has been chosen for the 

immobilization of both high-level and low-level fractions of Hanford waste. The high-level wastes 

(HLW) consist mainly of water-insoluble refractory components, whereas low-level wastes (LLW) are 

predominantly water-soluble, flax components. Consequently, HLW and LLW present different sets of 

problems for vitrification.  

 

Radioactive wastes at U.S. Department of Energy (DOE), sites including Hanford, differ from 

commercial nuclear wastes by the level of radioactivity, which, in the DOE wastes, is low enough to 

allow waste glass volume minimization to be based solely on physical and chemical properties of the 

glass itself. This circumstance poses a new challenge to glass science and technology for waste form 

development. Whereas a low waste content in the waste glass is a necessity for commercial high-activity 

wastes, DOE nuclear wastes call for a range of glasses with unusually high concentrations of waste 

components. These waste glasses must be acceptable for long-term storage and processable in large-scale 

melters. 

 

This report summarizes the main results of studies generated over the last 6 years in the areas of property 

modelling, feed melting, and glass formulation for DOE nuclear wastes. Although LLW glass was 
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studied, most of the research effort involved the development of HLW glass. The DOE HLW 

composition varies broadly from tank to tank. However, waste glass properties are confined to ranges 

that allow easy processing and safe storage. Therefore, the major problem to be solved is HLW glass 

formulation for a broad variation of waste compositions that guarantee acceptable values of key glass 

properties, namely, chemical durability, liquidus temperature, viscosity, and electrical conductivity.  

 

Waste glass properties were measured for compositions within a region defined by the estimated waste 

tank inventories. Empirical mixture models were fitted to the data and validated for application to glass 

formulations in specific studies. Section 2 provides component coefficients for the key glass properties 

for selected empirical models. The ease of processing, an important issue for the remotely controlled 

waste glass melters, also received attention. An effort was made to understand melting reactions in a 

slurry-fed nuclear waste glass melter. Section 3 reviews the studies on feed melting reactions. A waste 

glass formulation strategy based on empirical models is outlined in  Section 4.  Section 5 lists the main 

conclusions from the work. 

 

 

2. GLASS PROPERTIES AS FUNCTIONS OF COMPOSITION 

 

Chemical durability determines the release rate of radionuclides from the waste form, and thus is the 

major property of importance for glass as a waste form for disposal. It is expected that waste glass resists 

corrosion under repository conditions for thousands of years. However, a waste glass producer cannot 

provide a performance analysis for each batch of glass made. Instead, short-term qualification tests have 

been established throughout the waste glass industry to provide a measure of waste glass acceptability for 

the repository. In the U.S., the product consistency test (PCT) has been selected to define waste glass 

acceptability. The Material Characterization Center test, MCC-1, is also widely used.  

 

Current processing technology does not allow the waste glass to be formulated solely on the basis of its 

durability. Restrictions are generally imposed on liquidus temperature, viscosity, and electrical 

conductivity of molten glass. Different melter types require different limits for these properties, which 

must be taken into account in the development of property models. 

 

Mathematical functions relating the properties of waste glass to its composition were developed to 

formulate glasses for wastes of a wide range of composition, while complying with processability and 

durability requirements and minimizing the product volume. Test matrices were statistically designed and 

waste glass properties were carefully measured. For HLW glass, a large composition variation study 

(CVS) was conducted over several years. Its design has been described by Piepel et al. [1]. The final 

stage of the CVS, completed in 1996, was devoted to liquidus temperature and the effect of 

crystallization on glass durability. Property-composition models were obtained by fitting simple 

polynomial functions to data.  

 

The empirical mixture models used in the CVS are of the general form 

 

 Lα = bαi
i=1

n

∑ gi + bαij
i≤ j
∑ gig j         (1) 

 

where Lα  is the a-th property, bαi  and bαij  are the a-th property i-th component first-order coefficient and 

the i-th and j-th components second-order coefficient, g
i
 is the i-th component mass fraction, and n is the 

number of components. In a first-order model, only the first-order coefficients are non-zero. Only those 

second-order coefficients that were statistically significant were included in second-order models. 

 

2.1. CHEMICAL DURABILITY 

 

As stated in the introduction, chemical durability of DOE HLW glasses is measured by the PCT [2], 

although a large database also exists for the MCC-1 test [3]. The standard PCT is performed with a glass 



 

powder of 75 to 150 µm grain size, carefully washed to remove dust. The glass is mixed with deionized 

water to approximately 2000 m
-1
 glass surface to water volume ratio, and treated at 90°C for 7 days. The 

standard MCC-1 test uses a glass monolith. The surface volume ratio is 10 m
-1
, and the test duration is 28 

days. Other conditions are the same as in the PCT. Test solutions are analyzed, and the releases of 

selected elements (usually B, Na, Li, and Si) per unit surface area of glass are reported (in g/m
2
). The 

normalized elemental release is defined as  

 

 Rα = cα /(σgα )         (2) 

 

where Rα  is the a-th element normalized release, cα  is the a-th element concentration in the solution, s is 

the glass surface area to solution volume ratio, and gα  is the a-th element mass fraction in the glass. The 

following sections summarize the main results of the chemical durability study. 

 

2.1.1. Chemical Durability of Homogeneous Glasses [4-7] 

 

The glasses contained the following major components (with corresponding mass fraction spans in 

parentheses): SiO
2
 (0.42-0.57), B

2
O

3
 (0.05-0.20), Na

2
O (0.05-0.20), Li

2
O (0.01-0.07), CaO (0-0.10), 

MgO (0-0.08), Fe
2
O

3
 (0.005-0.15), Al

2
O

3
 (0-0.17), Zr

2
O (0-0.13), and Others (0.01-0.10). For most 

glasses, “Others” contained 22 minor components, with Nd
2
O

3
, La

2
O

3
, CdO, MoO

3
, F, and SO

3
 

predominating, and each of the remaining oxides forming <3 wt% of the mix. Approximately 3 to 4% of 

total Fe was reduced to Fe
2+
 in the glasses tested. The study targeted glasses that melt at temperatures 

<1250°C (viscosity at 1150°C was between 2 and 10 Pa·s) and do not devitrify above 1050°C. However, 

a few compositions were included with viscosity (at 1150°C) somewhat outside the 2 to 10 Pa·s range or 

liquidus temperatures >1050°C. 

 

The first-order component coefficients (bαi ) for the logarithmic normalized 28-day MCC-1 and 7-day 

PCT releases of Si, B, Na, and Li are listed in Table I together with the pH component coefficients and 

the R
2
 values. R

2
 is a number between 0 and 1 that represents the proportion of variation in property 

values accounted for by the model. Component coefficients were obtained by fitting Eq. (1) (with all 

bαij ≡ 0 ) to data for glass compositions expressed in terms of mass and mole fractions of the major glass 

components using least-square-regression techniques. In Eq. (1), Lα = ln Rα , where Rα  is defined by Eq. 

(2). The coefficients for a second-order model based on mass fractions are shown in Table II.
 1
 

 

2.1.2. Chemical Durability and Phase Separation 

 

Alkali borosilicate glasses are subjected to phase separation within the immiscibility dome region. Taylor 

[8] postulated that the immiscibility dome in multi-component borosilicate waste glasses roughly 

corresponds to the dome of the ternary Na2O-B2O3-SiO2 mixture. Hence, to determine whether a given 

waste glass is prone to phase separation, it is sufficient to determine the composition of its Na2O-B2O3-

SiO2 sub-mixture. If the corresponding composition of the ternary mixture is phase separated, the waste 

glass is also prone to phase separation. Peeler and Hrma [9,10] checked this hypothesis for a number of 

waste glasses and concluded that Taylor’s model gives good results in a modified form, in which the 

Na2O-B2O3-SiO2 sub-mixture is replaced by the (Na2O + Li2O)-B2O3-SiO2 sub-mixture. The line dividing 

the phase separated region from the homogeneous glass region lies approximately at Na2O+Li2O=12 

wt%. However, high concentrations of Al2O3 suppress phase separation to some extent. This effect has 

not yet been sufficiently addressed by research. 

 

                                                      
1
 Additional models can be found in [53]. 



 

2.1.3. Effect of Crystallization on Chemical Durability 

 

Many crystalline phases can form in waste glass during cooling [11-16]. Formation of these phases has 

little effect on glass durability, with three notable exceptions [13]: nepheline, eucryptite, and cristobalite. 

Cristobalite crystallizes in phase separated glasses in which the dispersed phase is nearly pure silica.  

 

TABLE I. COMPONENT COEFFICIENTS FOR 28-DAY MCC-1 AND 7-DAY PCT LOGARITHMIC 

NORMALIZED ELEMENTAL RELEASES AND FOR SOLUTION pH. 

 

 SiO2 B2O3 Na2O Li2O CaO MgO Fe2O3 Al2O3 ZrO2 Others R2 

MCC-1, Mass Fraction         

Si 0.90 6.84 7.19 9.68 2.02 1.85 4.65 -4.62 -2.18 1.95 0.60 

B -0.10 9.68 9.55 11.80 3.76 5.11 5.70 -6.29 -0.63 3.65 0.65 

Li -0.23 9.43 9.20 10.50 4.77 4.98 6.04 -5.68 -0.23 4.11 0.65 

Na -0.06 9.67 8.96 12.20 3.61 5.01 5.76 -6.04 -0.76 3.41 0.65 

pH 7.34 9.12 17.80 24.50 13.30 13.20 10.18 4.05 7.59 8.68 0.75 

MCC-1, Mole Fraction 

Si 0.98 7.21 7.05 5.84 2.12 2.17 7.85 -8.86 -6.36 1.26 0.60 

B 0.07 10.30 9.38 7.01 3.65 4.39 9.91 -11.82 -3.81 4.95 0.66 

Li -0.04 10.00 9.06 6.39 4.51 4.28 10.77 -10.87 -3.05 5.94 0.66 

Na 0.11 10.30 8.79 7.20 3.53 4.33 10.06 -11.41 -4.03 4.24 0.66 

pH 7.49 9.04 17.50 16.50 12.80 11.90 11.09 0.77 5.74 7.44 0.75 

PCT, Mass Fraction 

Si -2.97 -0.61 10.70 19.70 -6.04 2.93 -4.23 -17.34 -10.81 -0.73 0.74 

B -4.32 12.00 17.60 22.60 -8.71 10.90 -3.20 -25.41 -10.56 0.16 0.81 

Li -3.23 10.20 14.00 18.40 -5.35 7.12 -4.51 -22.31 -10.06 0.62 0.79 

Na -4.41 9.41 19.40 19.10 -1.96 11.80 -4.10 -25.43 -11.42 -0.66 0.85 

pH 8.19 3.33 23.60 31.20 17.20 15.30 8.59 5.36 7.61 9.27 0.91 

PCT, Mole Fraction 

Si -2.77 -0.60 10.40 8.39 -5.26 1.55 -9.19 -27.16 -20.08 -0.13 0.73 

B -3.92 13.00 17.30 10.40 -7.47 7.04 -9.03 -41.08 -21.25 -1.07 0.81 

Li -2.90 11.00 13.70 8.49 -4.63 4.59 -12.05 -36.08 -20.15 0.25 0.79 

Na -3.99 10.20 18.90 8.69 -1.77 7.48 -10.97 -41.07 -22.75 -2.83 0.84 

pH 8.39 2.74 23.20 20.10 16.20 13.50 5.78 2.20 4.75 7.30 0.90 

 

Eucryptite forms in high alumina glasses to which a large concentration of Li2O was added. Eucryptite 

formation has little practical significance. However, nepheline formation can ruin waste glasses with 

high alumina and sodium contents because it removes Al2O3 and SiO2 from the amorphous phase. Hence, 

nepheline formation limits vitrification of wastes rich in these two oxides. 

 

The relationship between the fraction of crystallinity and glass durability is straightforward [14,15]. The 

chemical durability of a devitrified glass is determined by the amorphous phase, the composition of 

which can be calculated from the component mass balance: 

 

 Wwi + (1− W)ai = C jc ji
j=1

n

∑ + Rri         (3) 



 

where Cj and R are the mass fractions of j-th crystalline phase and residual amorphous phase; n is the 

number of crystalline phases; and wi, ai, cji, and ri are the i-th component fractions in the waste, 

additives, j-th crystalline phase, and the residual amorphous phase, respectively. Obviously,  

 

 C
j

j=1

n

∑ + R = 1         (4) 

 

Amorphous phase durability can be obtained from empirical models [Eq. (1), Tables I and II]. The results 

agree well with measured values [14,16]. Therefore, secondary effects, such as internal stresses, presence 

of interfaces, and concentration gradients can be disregarded. 

 

Unfortunately, no reliable models exist for the prediction of the fraction of crystallinity as a function of 

the temperature history of glass. It is, however, possible to determine whether a given waste glass is, or is 

not prone to nepheline formation. As Li et al. [16] have shown, the fields of nepheline precipitation in the 

Na2O-Al2O3-SiO2 ternary mixture and the corresponding sub-mixture of the waste glass are nearly 

identical. Thus, the position of the Na2O-Al2O3-SiO2 sub-mixture within the Na2O-Al2O3-SiO2 phase 

diagram indicates the susceptibility of glass to nepheline formation if this point falls within the nepheline 

primary phase field. If it falls within the albite field, nepheline formation in the waste glass is unlikely. 

 

TABLE II. SECOND-ORDER COEFFICIENTS FOR LOG NORMALIZED ELEMENTAL RELEASES. 

 

Term MCC-1 PCT 

 B Si Li Na B Si Li Na 

SiO2 -1.0 0.8 -1.2 -1.0 -4.4 -1.3 -3.0 -2.6 

B2O3 15.3 9.9 14.7 15.2 -3.1 -5.2 -5.8 -10.6 

Na2O 10.2 7.3 9.9 9.6 21.4 10.7 18.7 15.3 

Li2O  12.9 12.4 11.6 13.3 24.2 -1.7 18.9 4.6 

CaO -23.9 1.6 -21.6 -23.0 14.1 -8.8 14.1 7.5 

MgO 7.0 2.9 6.8 6.9 -49.7 3.6 14.5 -30.2 

Fe2O3 6.1 3.6 6.5 6.1 -1.3 -3.8 -5.6 -1.3 

Al2O3 -12.3 -10.5 -11.0 -12.3 -39.6 -28.6 -31.4 -34.7 

ZrO2 1.5 -0.2 -1.0 -1.7 -11.4 -11.6 -10.2 -9.2 

Others 4.8 1.9 5.3 4.5 4.2 0.2 2.7 2.5 

Al2O3×Al2O3 81.9 60.9 75.0 81.8 104.2 104.8 94.0 81.6 

Al2O3×B2O3 -69.5 -48.6 -65.1 -68.0     

Al2O3×Fe2O3       76.0  

Al2O3×MgO       -134.7  

Al2O3×Na2O      -47.4 -43.4  

B2O3×B2O3     76.7  77.0 98.3 

B2O3×CaO      -91.1 37.4 -94.7 -77.1 

B2O3×Li2O      94.4   

MgO×ZrO2     122.1    

MgO×SiO2     117.2   75.1 

MgO×Li2O        133.3 

CaO×SiO2 56.8  54.3 54.7     

CaO×Na2O     -120.9  -81.9  

Li2O×ZrO2  -75.0       

Li2O×Na2O      92.0  126.1 

R2 0.79 0.75 0.77 0.79 0.90 0.84 0.90 0.92 

 



 

2.1.4. Chemical Durability of LLW Glasses 

 

Although low-level waste is rarely vitrified, the DOE has decided to vitrify 2.7×105 m3
  of Hanford LLW. 

This LLW contains about 80 wt% Na2O in terms of nongaseous oxides, and can be converted into a 

durable glass by adding B2O3, Al2O3, and SiO2. The presence of trivalent oxides is crucial for bonding 

sodium to the glass network by the charge compensation mechanism [17]. Boron oxide is necessary to 

lower the melting temperature. To decrease volatilization of sodium borates, another oxide can be added, 

for example, CaO, ZrO2, or Fe2O3. A study by Kim et al. [6] shows that the effect of composition of a 

simple glass (compared with HLW glass) containing Na2O, CaO, B2O3, Al2O3, and SiO2 on the PCT and 

MCC-1 normalized releases of Na is highly non-linear and interactive (Figs. 1 to 5). Moreover, the 

presence of CaO causes Na normalized releases by ion exchange to be consistently high compared with 

the releases by glass network dissolution. 

 

 

FIG. 1. Normalized Na Release in Glasses with 20 Na2O + 2.2 Others + x(B2O3 or CaO) + y Al2O3 + 

(77.8-x-y)SiO
2
 (wt%) as a Function of Al2O3 Concentration after (a) 7-Day PCT and (b) 28-Day 

MCC-1 at 90°C. 
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FIG. 2. Normalized Elemental Releases after 7-Day PCT at 90°C as a Function of B

2
O
3
 Concentration 

in Glasses with Different Levels of Al2O3. 
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FIG. 3. Normalized Elemental Releases after 7-Day PCT at 90°C as a Function of CaO Concentration in 

Glasses with Different Levels of Al2O3. 
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FIG. 4. Normalized Elemental Releases after 28-Day MCC-1 at 90°C as a Function of B2O3 

Concentration in Glasses with Different Levels of Al2O3. 
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FIG. 5. Normalized Elemental Releases after 28-Day MCC-1 at 90°C as Function of CaO Concentration 

in Glasses with Different Levels of Al2O3. 

 

 

Another issue studied in connection with LLW glass is its capacity to incorporate troublesome elements, 

such as P, S, F, Cl, I, and Cr. Solubility limits of these components were measured by Hong Li et al. [18]. 

The NMR studies of P in the LLW glass [19,20] detected six different phosphate species, two of which 

were attributed to a dispersed phase of immiscible phosphate. Troublesome components only slightly 



 

decrease glass durability (with the exception of F, which increases it by lowering solution pH) [21]. The 

presence of Cr causes an irregular dissolution of glass [22]. 

 

2.2.   LIQUIDUS TEMPERATURE 

 

High-level waste introduces refractory oxides into the glass that tend to precipitate in the form of crystals 

[11-15]. Crystals that form within the melter may accumulate and interfere with melter operation. 

Crystallization can also affect glass durability (see Section 2.2.3). Only a few crystalline phases are 

prone to precipitation in the melter. Spinel, zirconium compounds, cerium compounds, and RuO2 are the 

most common.  

 

Predicting liquidus temperature is a difficult task because of the complexity of phase behavior of multi-

component systems. Empirical modelling was compared with other approaches [23] and chosen as the 

most accurate. Empirical models for liquidus temperature were developed for several primary phases: 

spinel [24], zirconium compounds [25, 26], nepheline [27], and acmite [11,23]. Composition regions and 

component coefficients for liquidus temperature are listed in Tables III and IV for spinel, Tables V and 

VI for zirconium phases, and Table VII for nepheline. 

 

Liquidus temperature models are sufficient for formulating glasses that do not crystallize in the melter. 

However, some melters tolerate small amounts of crystallinity. For these melters, more information may 

be required: equilibrium fraction of crystallinity below liquidus, crystallization kinetics, crystal settling 

rate, and the rheology and electrical conductivity of sludge that may accumulate in the melter as a result 

of settling. 

 

TABLE III. COMPOSITION REGIONS (IN MASS FRACTIONS) FOR FIRST (1) AND SECOND-

ORDER (2) LIQUIDUS TEMPERATURE MODELS WITH SPINEL PRIMARY PHASE. 

 

Models 1 2 

SiO2 0.380-0.600 0.370-0.601 

B2O3 0.000-0.120 0.000-0.200 

Na2O 0.080-0.200 0.050-0.221 

Li2O 0.000-0.030 0.000-0.072 

CaO  0.000-0.100 

MgO 0.004-0.060 0.000-0.080 

Fe2O3 0.060-0.150 0.005-0.174 

Al2O3 0.040-0.150 0.000-0.160 

ZrO2  0.000-0.080 

Cr2O3 0.000-0.012 0.000-0.012 

MnO 0.000-0.040 0.000-0.040 

NiO 0.000-0.030 0.000-0.030 

Others 0.045-0.070 0.001-0.246 

 

 

 



 

TABLE IV. COMPONENT COEFFICIENTS (IN °C) FOR LIQUIDUS TEMPERATURE MODELS 

WITH SPINEL PRIMARY PHASE. 

. 

Models     1    2 

SiO2 834 1373 

B2O3 395        263 

Na2O -1826 -5174 

Li2O -1470 10318 

CaO  3445 

MgO 2827 2760 

Fe2O3 2644 2313 

Al2O3 3307 3824 

ZrO2  11365 

Cr2O3 18864 19182 

MnO 1870 35697 

NiO 8210 5913 

Others 4419 374 

Na2O×Na2O  10436 

Li2O×SiO2  -25193 

MnO×Al2O3  -187582 

MnO×ZrO2  -1099613 

NiO×Na2O  69430 

NiO×NiO  -250962 

R
2
 0.94 0.97 

 

 

 

TABLE V. COMPOSITION REGIONS (IN MASS FRACTIONS) FOR FIRST-(1A AND 1B) AND 

SECOND-ORDER (2A AND 2B) LIQUIDUS TEMPERATURE MODELS WITH 

ZIRCONIUM-CONTAINING PRIMARY PHASES. 

 

Model 1A 1B 2A 2B 

Primary Phase ZS ZS ZS&Z ZS,Z&NZS 

Al2O3 0.019-0.040 0.000-0.103 0.019-0.075 0.000-0.105 

B2O3 0.020-0.120 0.020-0.200 0.020-0.120 0.020-0.200 

Bi2O3 0.000-0.100 0.000-0.100 0.000-0.100 0.000-0.100 

CaO 0.009-0.011 0.000-0.100 0.008-0.011 0.000-0.100 

CeO2 0.000-0.030 0.000-0.030 0.000-0.030 0.000-0.030 

Fe2O3 0.035-0.048 0.001-0.074 0.035-0.048 0.001-0.105 

Li2O 0.015-0.060 0.010-0.070 0.000-0.060 0.010-0.070 

MgO 0.002-0.003 0.000-0.080 0.002-0.003 0.000-0.080 

Na2O 0.045-0.130 0.045-0.136 0.045-0.130 0.045-0.200 

P2O5 0.007-0.050 0.000-0.050 0.007-0.050 0.000-0.050 

SiO2 0.410-0.570 0.410-0.570 0.410-0.570 0.410-0.570 

ZrO2 0.080-0.120 0.037-0.155 0.080-0.120 0.037-0.155 

OthersR
a
 0.079-0.109  0.079-0.109  

Others  0.10-0.096  0.10-0.096 

 ZS=zircon, Z=baddeleyite, NZS=sodium-zirconium silicate 

 
a
OthersR = Others plus MgO, CaO, and Fe2O3. 

 
 



 

Equilibrium fractions of crystals and crystallization kinetics were reported by Reynolds and Hrma [28] 

for spinel and Vienna et al. [29] for acmite precipitating from a HLW glass. Spinel nucleated virtually 

instantaneously and crystallized rapidly without an induction time, whereas acmite nucleated with a 

constant rate and crystallized more slowly with a temperature-dependent induction time. Crystallization 

of both phases was represented by the Johnson-Mehl-Avrami Equation. Apart from its importance for 

melter operation, the kinetics of crystallization can also be used for predicting and characterizing glass 

that has been subjected to a certain temperature history, such as cooling in a canister. 

 

A study of the equilibrium fraction of crystallinity below liquidus is in progress. The spinel fraction is 

measured as a function of temperature and glass composition. Also in progrss is a study of spinel settling 

in molten glass. In a high-viscosity melt, spinel crystals interact hydrodynamically with each other, and 

hence their settling does not observe the Stokes law. Additionally, spinel is prone to agglomeration in 

regions with high-velocity gradients, or when rising bubbles pass through the melt with dispersed spinel 

crystals. Flotation of spinel by bubbles may result in a persistent foam on the melt surface. 

Understanding of all these phenomena is important for processing of spinel-containing melts. 

 

2.3.   VISCOSITY, ELECTRICAL CONDUCTIVITY, AND Tg [5,30,31] 

 

The temperature dependence of viscosity (h) can be expressed by the Vogel-Fulcher-Tammann (VFT) 

equation,  

 

 η = exp[A+ B /(T − T0 )]         (5) 

 

and electrical conductivity (e) by the Arrhenius equation 

 

 ε = exp(E + F / T )         (6) 

 

 

The Arrhenius equation for viscosity, 

 

 η = exp(C +D / T)         (7) 

 

is convenient within a narrow temperature interval. In Eqs. (5-7), A, B, To, E, and F are temperature-

independent coefficients. These coefficients and the glass transition temperature were treated as 

functions of glass composition, which was assumed to be of the form of Eq. (1). 

 

The glass composition region was the same as that specified in Section 2.2.1 and the test matrix as 

described in [1]. Glass transition temperature was measured by the Perkin-Elmer TMS thermomechanical 

analyzer using 6×6×12 mm glass monoliths heated at 0.33°C/s. Viscosity was measured from 950°C to 

1250°C in 50°C increments using a rotating spindle viscometer (Brookfield Digital Viscometer, Model 

LVTD). The Pt-20% Rh spindle (14 mm in diameter) was submerged in molten glass in a Pt crucible 

(50 mm in diameter). Electrical conductivity was determined in the same temperature range as viscosity 

in 100°C increments using a Pt-20% Rh probe with 7×38 mm blades set 9 mm apart, a 1 kHz frequency 

AC current, and an HP4262A LCR meter. A National Institute of Standards and Technology glass No. 

711 was used to calibrate both instruments.  To detect the time-dependent viscosity of some glasses, 

caused by crystallization, viscosity at 1150°C was measured three times: at the beginning, in the middle, 

and at the end of the experimental run.  Small spinel crystals had little effect on viscosity. Larger crystals 

affected the viscosity of three glasses. These and other irregular data points were omitted from model 

analysis.  



 

TABLE VI. COMPONENT COEFFICIENTS (IN °C) FOR LIQUIDUS TEMPERATURE MODELS 

WITH ZIRCONIUM-CONTAINING  PRIMARY PHASES. 

 

Model    1A     1B     2A     2B 

Primary Phase  ZS  ZS  ZS&Z  ZS,Z&NZS 

Al2O3  -4644  3154  -11554  8262   

B2O3  1528  1584  1072  3188  

Bi2O3  1864  966  1440  972 

CaO    1471    1750 

CeO2  1088  2172  537  2120 

Fe2O3    3016    -819 

Li2O  -4179  -3546  -18644  -4751 

MgO    3134    -10855 

Na2O  -4622  -661  -3503  2672 

P2O5  4796  32360  2868  41506 

SiO2  1849  1035  1414  823 

ZrO2  -4018  2341  9613  596 

OthersR
a
  3199    2586   

Others    170    51 

Al2O3×Al2O3      68867  54212 

CeO2×CeO2  79370    82693   

Li2O×Li2O  33120  42697  69331  78149 

Na2O×Na2O      14403   

P2O5×P2O5  -28752       

ZrO2×ZrO2  45427  4538  23930  13785 

CaO×Al2O3        -101199 

Fe2O3×Al2O3    -86579     

Fe2O3×B2O3        25718 

Na2O×Al2O3  89129    109747   

Na2O×B2O3        -33050 

Na2O×Li2O      96080   

Li2O×Al2O3        -143869 

Li2O×B2O3    -18308     

P2O5×Na2O    -273568    -356671 

ZrO2×Al2O3    43805     

ZrO2×Na2O      -84811   

ZrO2×MgO        184881 

R
2 

 0.992  0.980  0.999  0.977 

  ZS=zircon, Z=baddeleyite, NZS=sodium-zirconium silicate 
  a

OthersR = Others plus MgO, CaO, and Fe2O3. 

 



 

 

 

TABLE VII. COMPOSITION REGION (GI, IN MASS FRACTIONS) AND COMPONENT 

COEFFICIENTS (TLI, IN 103 °C) FOR LIQUIDUS TEMPERATURE MODELS WITH 

NEPHELINE PRIMARY PHASE. 

 

 gi TLi 

SiO2 0.384-0.474 0.191±0.067 

B2O3 0.000-0.200 -0.471±0.074 

Na2O 0.133-0.203 1.874±0.111 

Li2O 0.000-0.800 0.287±0.193 

CaO 0.000-0.100 1.255±0.130 

K2O 0.010-0.060 1.496±0.186 

Fe2O3 0.060-0.130 .0865±0.199 

Al2O3 0.063-0.193 2.629±0.085 

Others ~0.03 0.544±1.034 

 

 

 First- and second-order coefficients were computed by fitting the model equations to data using least-

square regression analysis. Arrhenius coefficients were fitted to the whole data set.  Vogel-Fulcher-

Tammann (VFT) temperature coefficients were obtained separately for each composition using four 

methods: fitting VFT equation to data, augmenting data with Assumptions I and II separately, and in 

combination (see Table IX footnote). 

 

Table VIII summarizes first-order coefficients for Tg , η1150  and ε1150 (where the subscripts indicate the 

temperature in °C), and Arrhenius coefficients for η  and ε  at 950 < T(°C) <1250 .  The coefficients were 

obtained for composition expressed in both mass and mole fractions of components.  VFT first-order 

component coefficients are listed in Table IX.  Attempts to obtain VFT component coefficients from the 

data set alone resulted in physically meaningless values of the temperature coefficients.  Therefore, only 

results of two-step fitting, first to temperature and then to composition, are listed in Table IX. Three 

second-order models for viscosity at 1150°C [5,32] are shown in Table X.
 2
  

                                                      
2
  See also reference [54]. 



 

TABLE VIII. FIRST-ORDER COEFFICIENTS FOR GLASS TRANSITION TEMPERATURE, 

VISCOSITY, AND ELECTRICAL CONDUCTIVITY AS FUNCTIONS OF MASS AND 

MOLE FRACTIONS OF COMPONENTS. 

 

 SiO2 B2O3 Na2O Li2O CaO MgO Fe2O3 Al2O3 ZrO2 Others R2 

Basic Properties        Mass     
T
gi
(K)  896 858 402 -298 895 767 700 817 1003 637 0.89 

ln η1150i (Pa ⋅ s)  9.0 -6.2 -11.0 -34.2 -7.5 -2.8 0.0 11.3 7.4 -0.2 0.94 
ln ε1150i (S / m)  0.9 2.3 11.0 23.5 1.4 1.1 2.6 1.3 1.1 3.5 0.93 

Basic Properties        Mole     
T
gi
(K)  888 862 411 267 879 763 604 852 1226 435 0.88 

ln η1150i (Pa ⋅ s)  8.5 -6.8 -10.7 -15.0 -6.3 -1.2 -2.5 17.1 12.8 -3.6 0.95 
ln ε1150i (S / m)  1.0 2.2 10.8 12.7 1.6 3.0 1.8 0.2 -0.9 3.9 0.94 

Arrhenius Fit:  Viscosity     (Pa·s)   Mass    0.97 
Ci  -11.1 -13.7 -9.6 -4.5 -22.8 -21.1 -6.4 -4.1 -31.3 -17.0  
10

−3
Di (K ) 28.5 10.9 -1.2 -42.3 21.5 25.8 8.8 21.2 54.6 23.0  

Arrhenius Fit:  Viscosity     (Pa·s)   Mole    0.97 
Ci  -11.7 -13.1 -8.8 -6.3 -20.8 -17.7 0.9 -1.2 -51.4 -26.5  
10

−3
Di (K ) 28.8 9.1 -2.0 -12.6 20.3 23.3 -5.3 25.1 90.4 29.7  

Arrhenius Fit:  Electrical Conductivity  (S/m)   Mass    0.96 
Ei  8.1 12.8 6.1 7.5 14.4 10.4 9.9 7.1 7.9 18.1  
10

−3
Fi (K )  -10.3 -15.1 7.1 22.5 -18.8 -13.4 -10.6 -8.2 -9.7 -20.7  

Arrhenius Fit:  Electrical Conductivity  (S/m)   Mole    0.96 
Ei  8.4 13.0 5.8 7.8 13.8 10.0 10.9 6.3 7.3 32.1  
10

−3
Fi (K )  -10.5 -15.5 7.2 6.9 -17.6 -11.6 -13.5 -8.6 -11.8 -39.6  

 

 

TABLE IX. FIRST-ORDER VFT VISCOSITY COEFFICIENTS FOR COMPONENT MASS 

FRACTIONS USING EXPERIMENTAL DATA ONLY AND DATA AUGMENTED BY 

ASSUMPTIONS I AND II (BOTH SEPARATELY AND IN COMBINATION). 

 

 SiO2 B2O3 Na2O Li2O CaO MgO Fe2O3 Al2O3 ZrO2 Others R2 

Fulcher Fit:  Viscosity    (Pa·s)        
Ai  -2.9 -1.7 -7.1 -16.3 -4.7 -15.2 -8.7 -10.1 -20.2 -8.2 0.44 

Ai( I) ) -4.3 -5.6 -8.0 -6.1 -13.2 -13.0 -6.2 -2.8 -22.3 -9.9 0.78 

10
−3
Bi, (K )  9.6 -8.5 -2.9 -5.9 -10.3 11.3 9.0 23.4 23.0 6.1 0.48 

10
−3
Bi (I), (K )  12.0 -3.9 -1.7 -23.3 2.0 7.9 5.4 13.3 27.6 9.3 0.74 

10
−3
Bi (II),(K )  13.8 -3.0 -5.1 -22.8 -9.0 -3.5 4.7 17.6 2.2 2.6 0.93 

10
−3
Bi (I& II)  13.7 -3.1 -3.8 -23.6 -5.2 0.6 5.6 16.7 10.5 5.7 0.90 

T0 i ,(K )  656 1283 618 -460 1611 334 219 -338 360 544 0.48 
T0 i (I),(K )  501 1001 494 512 877 560 501 346 233 384 0.63 
T0 i (II ),(K)  373 966 698 503 1581 1270 570 84 1663 890 0.86 
T0 i (I& II ),(K )  462 972 520 493 1070 748 481 276 673 486 0.74 

  aAssumption I: log η(Pa ⋅ s) = 11.3  at T = Tg ; Assumption II: η → const .  as T → ∞ . 

 



 

TABLE X. SECOND-ORDER MODEL COEFFICIENTS FOR ln η IN Pa·s AT 1150°C 
 

Models A B C 

SiO2 9.47 10.17 10.62 

B2O3 -14.59 -15.59 -16.40 

Na2O -11.02 -13.14 -15.10 

Li2O -33.70 -33.49 -33.12 

CaO -5.38 -4.37 -5.02 

MgO -1.50 -5.35 -6.36 

Fe2O3 -3.92 -2.33 -4.86 

Al2O3 11.41 17.84 -17.77 

ZrO2 9.90 2.98 -0.11 

Others -0.30 0.80 0.99 

B2O3×Fe2O3 36.59 40.63 42.85 

Fe2O3×Al2O3 34.88   

Al2O3×ZrO2 -97.64   

B2O3×B2O3 29.48 30.81 34.98 

Li2O×CaO  -47.87 -44.72 

Fe2O3×Oth  -30.69 -29.80 

ZrO2×ZrO2  45.96 43.95 

N2O×MgO  26.14 29.11 

SiO2×Al2O3  -15.20 -17.21 

Na2O×Al2O3  12.68 22.71 

Na2O×Fe2O3   24.81 

Na2O×ZrO2   22.67 

CaO×ZrO2   18.67 

MgO×ZrO2   22.09 

 

 

As mentioned above, viscosity is affected by glass crystallization. Precipitation of small crystals, such as 

spinel, usually produces no measurable effect if these crystals remove from the melt only components 

with low impact on viscosity. However, massive precipitation of certain phases affects viscosity, 

resulting in a time-dependent viscosity observed during measurement. While suspensions generally have 

higher viscosity than the liquid phase alone, crystallization changes the melt composition, which may 

have a stronger effect on viscosity than the presence of a solid phase. Hence, viscosity may decrease or 

increase with crystallization, depending on which effect dominates [33]. Sludges produced by settling of 

refractory particles (RuO2, spinel) exhibit non-Newtonian behavior. 

 

 

3. MELTING REACTIONS IN A SLURRY-FED MELTER 

 

It is important for the proper operation of a continuous glass melter that it operate in steady state. 

However, if the conditions for steady-state operation are not satisfied, the melter works in a catastrophic 

or oscillatory mode. For example, foam, refractory crust, or molten salt can continuously accumulate. If 

this happens, operators must slow down or stop melter feeding until the foam collapses, the crust 

dissolves, or the salt layer disappears.  

 

The conditions for a stable steady state in a melter are not well understood. Limited studies, as discussed 

below, were performed to understand at least the mechanism of melting. In some of these studies, the dry 

melter feed was treated in a temperature gradient furnace; in others, the escaping gas was analyzed and 

feed volume measured while the feed temperature increased.  

 



 

3.1. TEMPERATURE GRADIENT FURNACE STUDIES 

 

Following the work of Frischat et al. [34], Anderson et al. [35,36] and Vienna et al. [37] a gradient 

temperature furnace was used for feed melting studies. Anderson et al. [35] heated a slurry feed in a 

quartz glass boat for 1 h within the temperature range of 600°C to 1000°C. The feed consisted of 

simulated nuclear waste and glass frit. After the treatment, the boats were mounted into resin, sectioned, 

and viewed by an optical microscope. 

 

The results showed that frit particles sintered between 600°C and 650°C; gas bubbles began to form 

above 650°C; and bubbles grew and converted the waste-frit mixture into a foam at 690°C to 740°C. The 

glass with undissolved waste particles was thoroughly stretched by growing bubbles into thin films that 

receded when bubbles collapsed. Above 740°C, bubbles were moving upward and bursting. The intense 

mixing by bubbles appears an important homogenization mechanism, even though homogenization was 

not fully accomplished by 1000°C, the maximum temperature used in the test. 

 

Vienna et al. [37] performed a similar study for a series of heat treatment times from 22.5 min to 12 h 

and determined activation energy values for different identifiable processes. An important observation 

was made that the initial sintering of frit is not driven by frit viscosity but rather by frit reaction with 

alkali oxides from the waste. Alkalis attack the frit surface, making it softer and allowing frit particles to 

easily fuse at contacts and sinter. 

 

3.2. OFFGAS ANALYSIS 

 

Combining the techniques reported by Nemec [38], Kramer [39], and Kim [40], Smith et al. [41] feed 

melting was viewed in a transparent (quartz glass) crucible while conducting offgas analysis by the GC-

MS technique. Smith et al. [41] determined that treatment had a strong impact on feed expansion, which 

typically occurs between 750°C and 850°C. While gas evolution proceeds virtually at all temperatures, 

feed expands because of a temporary imbalance between gas generation and removal following frit 

sintering. Gas composition measurement as a function of temperature allowed the determination of 

process sequence, such as redox processes with respect to salt decomposition reactions. 

 

3.3. BUBBLE GENERATION IN THE MELTER 

 

Melting rates achieved in waste glass continuous electric melters are only a fraction of melting rates 

common in similar commercial melters [42]. While the slurry feed creates a higher demand for energy 

than the dry glass batch, it is not a decisive factor because the energy needed for water evaporation in 

waste glass melters is supplied from upper heaters. Instead, a possible cause of the low efficiency of 

waste glass melters is accumulation of bubbles under the cold cap [43]. Bubbles are continuously 

generated within the melt from redox reactions. Bubbles can also create foam and float solid particles at 

the melt top surface. Therefore, controlling redox reactions may be a key to a higher melter performance. 

 

3.4. NOBLE METAL BEHAVIOR 

 

Anderson et al. also used a gradient temperature furnace to observe the behavior of noble metals during 

melting [36]. Noble metals readily agglomerate during cold cap melting [36] or by a shear flocculation 

mechanism in regions with high-velocity gradients [44]. Agglomerates settle to the melter bottom and 

form electrically conductive sludges that are difficult to remove. Semi-periodic operation and an inclined 

melter bottom can prevent metal accumulation. Silver and copper can produce benign, colorful colloids 

on cooling. 

 

3.5. MOLTEN SALT SEGREGATION 

 

Sulfate has a low solubility in glass [45,46], usually 0.7 to 1.2 wt% SO3. Sulfate can segregate early in 

the melting process and form eutectics with phosphates and chromates, thus increasing the amount of 

segregated salts that may accumulate in the melter and affect its performance. 



 

 

4. WASTE GLASS FORMULATION 

 

In formulating waste glasses, three groups of requirements must be considered: 1) waste form 

acceptability, 2) melt processability, and 3) waste product volume minimization. The waste form 

acceptability criterion is essential for the product to function as a barrier against the release of 

radionuclides into the disposal environment. The second criterion is a compromise between the 

technology development and the needs for waste product storage or repository space. The third 

requirement is dictated by economics because a smaller product volume saves processing time and 

repository space.  

 

The first two criteria can easily be met for any waste if the waste loading is sufficiently low. The third 

criterion pushes the waste loading to its maximum value compatible with the first two criteria. Ideally, 

processing conditions should not limit waste loading. This is indeed the case for LLW glasses, where the 

waste loading is limited by chemical durability, but in the case of HLW crystallization occurs as waste 

loading increases and interferes with melter operation. With advanced melters that can tolerate 

crystallinity, HLW loading can increase to the point where the glass forming additives are no longer 

sufficient to provide a continuous network [12,14,15] and chemical durability deteriorates. Ultimately, 

the alkali content determines the maximum waste loading.  

 

As already discussed, product acceptability is customarily defined in terms of chemical durability as 

determined by a standard method, such as PCT. This criterion must be met by glass near waste package 

(canister) surface, which is cooled rapidly, and glass in the package center, where the glass experiences 

the slowest cooling. It is also important to prevent phase separation and nepheline formation during 

cooling. Phase separation may remove silica from the continuous phase, thus reducing durability. 

Nepheline removes both silica and alumina from the glass, with a detrimental effect on glass (see Section 

2.2.3).  

 

The processability depends both on glass properties and the melter type. Since processability limits the 

loading of HLW, the following three facts may be of interest. Firstly, if a property requirement is met 

within a broad composition region, the property may not restrict glass formulation. For example, a typical 

DOE HLW glass has just enough sodium oxide to meet electrical conductivity limits. Secondly, often a 

restriction imposed by one property guarantees that another property has an acceptable value. For 

example, DOE HLW glasses that pass processability limits for current continuous melters usually have a 

sufficiently high durability. Thirdly, advancing technology of melting relaxes processability criteria, thus 

making a broader concentration region and higher quality of glass possible. For example, induction 

heating in a cold crucible allows the melting temperature to be increased above 1150°C, which in turn 

allows processing glasses of a broad range of viscosity.  

 

Generally, each requirement on a glass property calls for a degree of freedom in glass composition, 

which translates into adding at least one component for each property, preferably a component that 

influences the property in question. Borosilicate glasses with low waste loading and low melting 

temperature usually have a large number of components added to maintain a low viscosity and low 

liquidus temperature without compromising chemical durability. However, for the DOE wastes, only one 

to four additive components are needed because some of the factors mentioned in the previous paragraph 

usually operate.  

 

If only one component is added to vitrify HLW, then it is silica. Most Hanford HLWs, which have high 

contents of sodium oxide and alumina, require only silica to make a durable glass. Boron oxide is added 

to decrease the melting temperature, but only to a limited extent, because an excessive concentration of 

B2O3 decreases chemical durability. A further decrease in viscosity and increase in electrical conductivity 

can be achieved by adding lithium oxide. Sodium oxide can also be used if its concentration in the waste 

is insufficient. On the other hand, a high sodium oxide content in the waste may require an addition of 

alumina. For Hanford LLW, additions of B2O3 and Al2O3 are necessary for meeting chemical durability 

requirements. 



 

 

Glass formulation that meets all property requirements and minimizes the product volume for a given 

waste composition can be obtained using common optimization techniques. The computation is based on 

component mass balances, property functions, and property constraints. This approach was described in a 

number of papers [47-52]. The component mass balance for the vitrification process can be written as 

 

 Ww i + (1−W )ai = gi         (8) 

 

The waste loading (W) is defined as the mass fraction of the waste material incorporated in the waste 

glass. Eq. (8) is used to substitute for gi in Eq. (1), written for each key property, and the system is solved 

for the additive fractions (ai) to meet property limits and maximize W. A simple example that allows 

analytical solution is given in Ref. [52]. 

 

It is highly recommended that the results of computations be verified in the laboratory by making the 

glass and measuring its properties. Corrections are likely to be made because property models generally 

do not follow the actual behavior of glass closely enough over the composition domain for which they 

are intended. The non-linearity and interactive behavior of glass properties is more complex than what 

can be fitted by simple polynomial functions. Simple functions with a low number of coefficients are 

used because a more accurate description would require an extremely large number of experimental data, 

far beyond the capacity of current laboratories. It seems more economical to formulate glasses with some 

degree of approximation and do corrections to the results based on laboratory testing.  

 

Property models are also used for responding to composition fluctuations during actual production of 

glass in the vitrification plant. These fluctuations are restricted to some narrow compositional 

neighborhood around a nominal composition. Empirical models represent glass behavior within such a 

restricted composition region satisfactorily. 

 

 

5. CONCLUSIONS 

 

The work on the development of borosilicate glass for DOE wastes can be summarized as follows: 

 

1. An effective waste glass formulation, as well as production control, can be achieved by optimizing 

glass properties and minimizing glass volume through property-composition functions. An economic 

way of developing such functions is an empirical approach based on statistical design. 

  

2. Empirical mixture models (of the first and second order) are available for the following glass 

properties: chemical durability (MCC-1 and PCT), liquidus temperature (with spinel, zircon, 

baddeleyite, sodium zirconium silicate, nepheline, and acmite primary phases), glass transition 

temperature, viscosity, and electrical conductivity. The transport functions (viscosity and electrical 

conductivity) are functions of both composition and temperature. The validity of these models is 

restricted to certain composition ranges beyond which they should not be used. 

  

3. Phase separation and crystallization can affect glass properties. Alkali borosilicate separation and 

nepheline formation can be expected to occur in waste glasses for which the compositions of alkali 

borosilicate and sodium aluminum silicate sub-mixtures lie in the immiscibility dome and nepheline 

primary field of the corresponding ternary systems. 

  

4. Understanding melting reactions is crucial for enhancing melter efficiency. Results of gradient 

temperature and non-isothermal studies indicate that the formation of gas bubbles plays a decisive 

role in both acceleration of melting and reduction of heat transfer, depending on the temperature at 

which bubbles are generated.  

  



 

5. Solid phases (noble metals and spinel) tend to agglomerate, settle, and form sludge at the melter 

bottom or a persistent crust on the melt top surface. Molten salts of troublesome components are also 

potentially problematic. 
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