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SUMMARY 

By way of a supplement to an earlier report (NTB 83-01, EIR-
Report Nr. 477/30/), work which has appeared in the meantime 
on the corrosion behaviour of borosilicate glasses as a soli
dification matrix for high-level radioactive waste has been 
evaluated. 

Many works have confirmed that for a particular glass, besi
des temperature and pH-value, the silicate concentration of 
the solution exerts the strongest influence on corrosion 
rate. The effect of silicate can be described in terms of 
simple reaction kineticsmodels which provides a more sound 
basis for prediction of longterm behaviour of glasses than 
previously existed. 

Meanwhile, the effects of backfill- and canister-materials 
and their corrosion products have been given the attention 
they merit. These materials affect glass corrosion primarily 
through regulation of silicic acid concentration. A particu
lar finding which is of interest is the strong inhibition of 
glass corrosion by lead ions. 

Stationary corrosion rates in the order of magnitude of 10-5 

g/cm2»d can be derived from long-term corrosion experiments 
in stagnant water at 90°C. At the envisaged repository tempe
rature of 55°C they will be one to two orders of magnitude 
less. The effects of radioactive decay on corrosion rate are 
either very small or not detectable at all. 

No further new viewpoints have been put forward with regard 
to a possible thermal re-structuring of glasses under reposi
tory conditions: re-crystallisation (devitrification) is not 
to be feared. 

With regard to future experiments, further work on quantifi
cation of the effects of canister- and backfill-materials 
and experiments with corrosion inhibitors would be of prima
ry interest. 
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ZUSAMMENFASSUNG 

Als Ergänzung eines früheren Berichtes (NTB 83-01, EIR-
Bericht Nr. 477/30/) wurden die in der Zwischenzeit erschie
nenen Arbeiten über das Korrosionsverhalten von Borosilikat-
gläsern zur Verfestigung von hochradioaktivem Abfall ausge
wertet. 

Durch zahlreiche Arbeiten ist erhärtet worden, dass für ein 
bestimmtes Glas neben der Temperatur und dem pH-Wert die 
Silikatkonzentration der Lösung den stärksten Einfluss auf 
die Korrosionsgeschwindigkeit ausübt. Der Silikateinfluss 
lässt sich mit einfachen reaktionskinetischen Modellen 
beschreiben. Dadurch werden die Voraussagen über das Lang
zeitverhalten der Gläser besser als früher abgestützt. 

Die Einflüsse von Verfüllmaterialien, Behälterwerkstoffen 
und deren Korrosionsprodukt auf die Glaskorrosion haben 
inzwischen die nötige Beachtung gefunden. Diese Materialien 
wirken vor allem durch die Regulation der Kieselsäurekonzen
tration auf die Glaskorrosion ein. Ein interessanter Einzel
befund ist die starke Inhibition der Glaskorrosion durch 
Bleiionen. 

Aus Langzeit-Korrosionsversuchen lassen sich stationäre Kor
rosionsgeschwindigkeiten in stagnierendem Wasser bei 90°C 
herleiten. Sie liegen in der Grössenordnung von 10~5 
g/cm2,d. Für eine anvisierte Endlagertemperatur von 55°C 
werden sie um eine bis zwei Zehnerpotenzen kleiner sein. Die 
Einflüsse des radioaktiven Zerfalls auf die Korrosions
geschwindigkeit sind gering oder nicht nachweisbar. 

Hinsichtlich einer möglichen thermischen Restrukturierung 
der Gläser unter Endlagerbedingungen sind keine neuen 
Gesichtspunkte hinzugekommen: Eine Rekristaliisierung (Ent-
glasung) ist nicht zu befürchten. 

An zusätzlichen Untersuchungen wären vor allem v/eitere Abklä
rungen zur Quantifizierung der Einflüsse von Behälter- und 
VerfUllmaterialien auf die Glaskorrosion erwünscht sowie 
Untersuchungen über Korrosionsihhibitoren. 
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RESUME 

Cette etude est un complement a un rapport prec&demment paru 
(NTB 83-01, EIR-Bericht 477/30/). Les travaux publics entre-
teraps concernant la corrosion des verres en borosilicate 
utilises pour la solidification des dechets hautement radio-
act if s y sont discutes et evalues. 

De nombreux travaux ont confirroe que pour un verre determine 
la teneur en silicate de la solution, avec la temperature et 
le pH, exercent la plus grande influence sur la vitesse de 
corrosion. Par des modeles simples de cinetique de reac-
tic"•*, 1'influence des silicates peut etre decrite. Ainsi 
est-_l possible de mieux etayer les previsions a long terme 
sur le comportement des verres. 

L'influence des materiaux de bourrage et des constituants 
des conteneurs ainsi que de leurs produits de corrosion a 
recu entretemps 1'attention necessaire. Ces substances 
agissent surtout par regulation de la teneur en acide 
silicique. Une decouverte particuliere interessante est la 
forte inhibition de la corrosion par les ions du plorab. 

Des essais de longue duree, en eau stagnante, a 90°C, ont 
permis de deduire des viteases stationaires de corrosion de 
l'ordre de 10-5 g/cm2»d. Ces vitesses seront de 10 a 100 
fois plus petites a 55°C, temperature envisagee pour un 
depdt definitif. L'influence de la disintegration radioacti
ve sur la vitesse de corrosion est minime ou n'est pas detec
table. 

Sans nouveau point de vue a son subjet, une eventuelle cris-
tallisation (devitrification) du verre dans les conditions 
du depdt definitif n'est toujours pas a craindre. 

II serait souhaitable, par des etudes conplementaires, de 
quantifier 1'influence des conteneurs et des materiaux de 
bourrage ainsi que celle des inhibiteurs de corrosion. 



- IV -

TABLE OP CONTENTS 

Page 

Summary I 
Zusammenfassung II 
Resume III 

Introduction 1 

Recent Fundamental Experiments on Glasses 2 

The Chemical Conditions in a Final 

Repository 4 

Investigation of Corrosion Behaviour 7 

Factors Affecting Glass Corrosion 9 

1 Effects of Glass Composition 9 

2 Temperature and Pressure 13 

3 pH-Value 14 
4 Composition of Leachant and Effects of 

Silica Concentration 16 
5 The Effect of Surface Area/Volume Ratio 

and Flow 21 
6 Further Long-term Experiments with Glass 

PNL 76-68 27 



- V -

Page 

Transformation Products and Reaction 
Layers 31 

1 Transformation Products 31 

2 Reaction Layers 33 

3 Effect of Reaction Layers on the 

Corrosion Mechanism 38 

Natural Glasses 40 

Interaction with Other Materials 42 

Effects of Radioactive Decay 50 

1 Effects of << -decay 50 
2 Effects of Jf-radiation 51 

Kinetics, Mechanisms and Models 54 

1 Models with 1st. Order Kinetics 57 

2 Models with tn-kinetics and complex 
models 64 

Summary Overview 69 

1 Corrosion Mechanism and Corrosion Rates 69 

2 Transformation Products and Reaction 

Layers 70 

3 Natural Glasses 70 

4 Interactions 71 
5 The Effect of Radioactive Decay 71 

6 Kinetics and Models 72 



- VI -

Page 

Conclusions and Recommendations 73 

1 Conclusions 73 

2 Recommendations for Further Research 73 

References 75 

Appendixes 

Composition of Swedish HLW-glasses A.l 
Composition of some HLW-glasses A.2 
List of symbols A.3 



- 1 -

1. Introduction 

Two years ago the state of knowledge of corrosion behaviour 
of glasses as used for solidification of high-level radioac
tive waste was presented in a report /30/. Around the same 
time, works .with similar objectives were published by other 
authors /14, 50, 85/. It was clear that the data then avai
lable were insufficient to allow assessment of the behaviour 
of HLW-glasses (HLW : High-Level Waste) under repository con
ditions. The majority of corrosion experiments were carried 
out under unrealistic conditions. The use of short experimen
tal times at too low temperatures and failure to consider 
possible interactions with canister- and backfill-materials 
led to results which are not applicable to the repository 
environment. 

In the meantime, much work has been published which has lar
gely remedied these defects: results from one-year corrosion 
experiments at 90°C are available inter alia, which provide 
a greater understanding of corrosion mechanisms and kine
tics. 

This report up-dates the earlier overview /30/. At the same 
time, the task was set of providing a synthesis of the sub
ject of glass corrosion and input data for the safety analy
sis of a final repository with regard to NAGRA's Project 
,,Gewilhr,,. 

Finally, the continuing validity of the statements in the 
earlier report was to be assessed. 

The general fundamentals of, and viewpoints on, glass corro
sion will not be presented again in the context of this 
report. For these, reference should be made to the introduc
tory chapters of /30/. 
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2. Recent Fundamental Experiments on Glasses 

Most recent works are concerned with corrosion experiments 
on glasses with complex composition, the results of which 
are presented in chapters 5 to 10. In this section only 
basic work on the corrosion mechanisms and structure of 
glasses is summarised. 

The selective leaching mechanism of alkali ions from Na-Ca-
silicate glasses still provides cause for discussion /19, 
95/. It is still not quite clear whether cation-diffusion or 
diffusion of water into the glass is rate-determining. 

The corrosion mechanism of borosilicate glasses is discussed 
and compared with that of Na-Ca-silicate glasses in a review 
work /15/. The view-points voiced in the report cannot re
main uncontested: if selective leaching of a glass is regar
ded as a simple ion-exchange, this implies that, in this pro
cess, the network remains intact. According to /15/, the 
leached layers of borosilicate glasses are not only depleted 
in alkali ions but also in boron, which is a component of 
the network. This can only be explained by a loss of network 
structure and possibly by submicroscopic phase separation of 
the glass, but not by the classic diffusion-controlled ion-
exchange model (see also section 6.2). 

A strong pH-dependence of alkali leaching was observed for 
british HLW-glasses at 20° to 30°C which can be correlated 
with the measured membrane potential of the glass /36/. It 
also resulted from this work that only at a pH of 4.2, i.e. 
under conditions in which Na-Ca-silicate glasses are leached 
without network dissolution, boron is selectively released 
into solution together with the alkali ions. 

No new work is known on the mechanism of network dissolu
tion. In analogy with dissolution of Si(>2 /108/, it is to be 
assumed that reaction rate is determined by the glass surfa
ce charge. Relevant experiments on pH-dependence of corro
sion rate and, in particular, on the functional mechanisms 
of known dissolution-inhibitors /44/ would be welcomed. 

A number of works deal with the oxidation states of redox-
active elements in borosilicate glasses. The behaviour of 
uranium in different redox systems has been investigated in 
an extensive study /87/. In contrast to aqueous solutions, 
U(V) is stable to oxidising conditions in glasses. In iron-
containing glasses, uranium (V) is stabilised by the Fe(II)/ 
Fe(III) redox buffer system. There is also a new publication 
on the Fe(II)/Fe(III) redox equilibrium in borosilicate glas 
sea /25/. 
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Neptunium (IV) is found in an actinide-containing model 
glass while plutonium is probably tri- or tetra-valent /48/. 
As the glasses contained no further redox-active components, 
these findings are not suitable for general application. 

The oxidation state of molybdenum is of interest because Mo 
(VI) has only limited solubility in glasses. Molybdenum is 
reduced to oxidation state III by adding tannic acid during 
glass manufacture /42/. Its redox behaviour is affected by 
the iron content of the glass. 

The effect of M0O3 on phase separation of alkali borosilica-
te glasses has been investigated by Kawamoto /49/. Small 
additions of M0O3 broaden the phase separation field in 
phase diagrams and increase the phase separation temperature 
by 18°C per mole percent M0O3. 



- 4 -

3. The Chemical Conditions in a Final Repository 

In a Swiss repository for high-level waste, the glass blocks 
with their fabrication containers are welded into a metal 
canister which must be capable of guaranteeing a secure con
tainment for a period of at least 1000 years. After this 
time, the heat generation from decay of the short-lived 
nuclides is negligible so that, realistically, for glass 
corrosion at a depth of around 1300m, a temperature of 50 to 
60oc can be expected. 

At these depths, granitic groundwaters are found which can 
have a high sodium chloride content. It can be assumed that 
pH-values are less than 9 and that silicic acid content is 
determined by quartz-solubility at ambient temperature. In 
contrast to metal corrosion, high chloride concentrations do 
not have a detrimental effect on the integrity of glasses. 

It can further be stated that solvent composition in the 
near-field is determined by the bentonite backfill material 
and by the corrosion products of both the canister and the 
glass, pH-value and silicic acid concentration being the 
factors mainly affected. 

Figure 1 /54/ gives the pH-values occurring in bentonite and 
montmorillonite suspensions. Swedish experiments /67/ have 
given the pH-value of a bentonite suspension as 9.8, this 
being very dependent upon ionic strength (I), (e.g. pH 9.4 
with 1=0.1» pH 8.8 with 1=1). 

clay * 

Figure li Variation in pH of clay pastes with 
distilled water as a function of clay 
content, o bentonite> x montmorillonite. 
754/ 



- 5 -

The stationary pH-values which occur on corrosion of borosi-
licate glasses lie between 9 and 10. Corrosion tests at 90°C 
with glatses ABS 41 and ABS 118 (Marcoule-glass) have put 
the pH-values at 9,1 and 9,0 respectively /17/. Independent 
measurements at room temperature gave a pH of 9.2 for glass 
ABS 39 and of 8.6 for ABS 118 /67/. In the latter case it is 
not certain that this is a stationary end-value. After corro
sion at 90°C, the stationary pH-value for glass PNI 76-68 is 
9.8. Extensive tests were carried out with this glass at 
different temperatures /22/» at 65°C a pH-value cf 9.3 was 
rec<-hed. The higl pH-values of 10.4 given in /34/ are caused 
by the special glass composition - ternary sodium borosilica-
te glasses without heavy metal additives were used. 

No values for silicic acid concentration in bentonite pore-
water appear to exist for repository temperatures but 
scoping values can be obtained from measurements of silicic 
acid adsorption onto clay minerals at room temperature /92/. 
From figures 2 and 3 it can be concluded that montmorilloni-
te at pH 8 is in equilibrium *ith approximately 40ppm Si02, 
the corresponding value for seawater being 25ppm. The experi
mental method involved adding the clay mineral to a solution 
with specified Si02~concentration. After the experimental 
time period it was established whether silicic acid was ad
sorbed or released through dissolution. For glass corrosion 
in the presence of bentonite, the latter*s adsorption capa
city for silicic acid is important. 

Montmorillonif* 24 pH 5fl 

Dissohfd 

Kodinitu, lll it* and 
Montmorillonit* 
Distilled 
A«tef* Buffer 
PH 90 
NoHCOj Buffer 
PH 8 

20 40 60 80 KX) 120 

Initial wkw ppm SiOj 

140 

Figure 2% Kaolinite, illite and montmorillonite in 
buffered distilled water, buffered at pH 5.8 
by acetate, at pH 8 by NaHCC>3, one week 
/92/. 



- 6 -

2 0 -

301 

vMonlmorillonilt 

vTtxos Btntoniti 

KMiinilt, Mi ' - and 
Montmarillonii* 
Mooifico oio water 

(Mg-ftw) 
pH8 
1 

20 40 60 80 100 
Initio! whit ppm SiOj 

120 MO 

Figure 3; Kaolinite, illite and montmorillonite in 
modified sea water (Mg-free) at pH 8 /92/. 

If cast ii.on or steel is used as the container material, 
glass corrosion will take place in the presence of a large 
quantity of magnetite, and the formation of iron silicates 
can be expected. Little thermodynamic data exists for these 
compounds. Garrels and Christ /23/ have calculated the stabi
lity fields in the Fe/l^O/ SiC>2 system using data for the 
iron metasilicate, FeSi03. They show that, in the presence 
of amorphous Si02, magnetite is no longer present as a phase 
in the potential-pH diagram. 

According to 

2 FeSi03 + H20*tFe203 + 2 SiC>2 + 2 H
+ + 2 e 

with potential E • 258 - 59pH (m7), iron silicate and haema
tite are in equilibrium. 

These equilibrium calculations also raise the question 
whether magnetite - till now considered as a stable corro
sion product of iron under repository conditions /33/ - is 
stable in the presence of bentonite. 

Formation of phases more stable than FeSi03 can be expected 
under repository conditions. In analogy with natural sys
tems, greenalite, FegCSi^O^Q) (011)3, coul(* D e formed; this 
compound has been identified by X-ray diffraction in glass 
corrosion experiments in the presence of iron /47/. 
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4. Investigation of Corrosion Behaviour 

The static MCC-1-test with specific surface area/volume 
ratio has been adopted for the investigation of the corro
sion behaviour of glasses /96/. The Soxhlet-test /66/ which 
has been frequently used in the past is non-relevant for 
repository conditions and is no longer used for this reason. 
Talcing expected repository temperatures and possible reac
tion acceleration into account, MCC-1-tests are carried out 
at a higher temperature, usually 90°C, and, because steady-
state conditions occur only slowly, the experimental dura
tion is now extended over a period of several months. Figure 
4 /97/ shows evolution of pH in MCC-tests as a function of 
time at 40 and 90<>c: at 40°C the stationary end-value has 
still not been reached after one year. Figure 5 /3,24/ 
demonstrates again that a steady-situation only arises after 
a considerable period of time and that element-specific 
corrosion rates derived from short-term experiments can be 
misleading. 

As only a small yearly water exchange in the order of 10"4 

to 10~* is to be expected in an intact repository, static 
experiments in a limited solution volume are more appropria
te and easier to realise than flow experiments. Small solu
tion through-put can be simulated well by periodic exchan
ging of a fixed volume with a syringe /6/. 

uACHING OF MK TE-M a u u 
pHDATA 

O M.O 
£ SILICATE WATER 
o MINE 
• HtO<40*C> 

0 100 200 300 400 

TIME. DAVE 

Figure At Results for leachate pH from leaching PNL 
76-68 glass by the MCC-1 Leach Test Method 
at 40, 70 and 90<>c /97/. 



- 8 

• - - • o so no 
My* 

Figure 5; Leaching rate of Am- and Tc-doped vitrified 
HLW simulates vs time, obtained by radioacti
vity measurements of leachates ( A Tc, o 
Am), 220c, Plow-through /3,24/. 

One suggestion to simplify the complex analytical procedures 
involved in corrosion tests was using the conductivity of 
the solution as a semi-quantitative measurement for material 
reaction /80/. Material conversion is often followed by a 
boron measurement (e.g. /65/). With high surface area/volume 
ratios and long experimental times, the precipitation of 
boron-containing phases cannot be ruled out. A series of 
natural borosilicates exists 111 I about whose solubility and 
formation conditions very little is known. 
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5. Factors Affecting Glass Corrosion 

The essential factors affecting glass corrosion were presen
ted in /30/. These are: 

- glass composition 

- temperature 

- solvent composition, in particular pH, buffer capaci
ty anr" silicic acid concentration 

- solvent supply (surface area/volume ratio, rate of 
flow-through) 

- effects of backfill material and canister-corrosion 
products. Present-day thinking considers their sorp
tion capacity and ability for silicic acid to be of 
primary importance. 

Pressure and the effects of radioactive decay are of seconda
ry importance. 

The parameters listed above are partly inter-dependent. For a 
specific glass, the temporal evolution of silicic acid 
concentration and of pH-value are dependent on solvent supp
ly. If saturation effects come into play, the temperature-
dependence of solubility of reaction products is important. 

5.1 Effects of Glass Composition 

A. Paul has formulated a thermodynamically-based model for 
the assessment of resistance of glasses /69/. In this connec
tion, glass is regarded as a mixture of simple compounds such 
as Si09> Na2Si03, B2O3 and Fe203 which have established 
hydration enthalpies. This allows a free energy of hydration 
G0 to be calculated for any glass composition. It is then 
postulated that a relationship of the type 

A G0»< R T* log R 

exists between this value and the reaction rate R (Tt abs. 
temperature, R : gas constant). 

A group working at SRL has attempted to validate this model 
/74/. A broad spectrum of glasses was corroded in MCC-1-
tests at 90°c and the silicic acid-release was plotted 
against the calculated free energy of hydration. The results 
given in figure 6 show a surprisingly good correlation when 
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it is considered that, particu1arly in heterogeneous reac
tions, a straight-forward relationship between thermodynamic 
and Kinetic parameters is not expected. The application of 
similar formulae to oxidation of metals in hot gases or to 
their corrosion in aqueous solutions is unsucessful because 
of the complex reaction mechanisms and particularly because 
of the properties of solid corrosion products. 
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Figure 6; Release of structural silicon as a function 
of glass hydration energy /74/. 

From these results alone it is not possible to draw the con
clusion that solid corrosion products have no significant 
effect on glass corrosion, but they do provide a further 
back-up to the findings presented in section 6.3. 

It follows from figure 6 that the much-investigated glass 
PNL 76-68 has a relatively poor resistance, which agrees 
with further results presented in /14,28/. The french glas
ses are better and can be compared with basalt. 
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Comparative tests on seven borosilicate glasses with diffe
ring waste content (Table 1) led to the result that an 
AI2O3- and Fe203- content of 1.5 to 5% substantially impro
ved resistance to corrosion /68/. Good glasses should con
tain over 54% (Si02 + Fe203> and over 51% (Si02 + AI2O3). In 
general it was not possible to interpret the effect of all 
composition variations on corrosion behaviour and it would 
be interesting to apply the Paul resistance model to such 
results. 

Glasses ABS 39 and 41 were also compared with one another in 
MCC-1-tests in different media /39, 40/, glass 41 establi
shing itself as more resistant. 

Composition 
(wt - %) 

Si02 

A1203 

Na20 

B2O3 

Fe203 

CaO 

MgO 

H0O3 

Li20 

SWP* 

Ranking 
(Leach 
Test) 

Ml 

47,6 

12,4 

18,6 

6,4 

2,47 

15,0 

7 

M2 

42,7 

8,6 

14,2 

17,8 

4,0 

2,09 

12,7 

6 

M3 

51,13 

4,05 

13,19 

13,56 

1,6 

4,10 

0,35 

1,59 

10,9 

1 

M4 

45,6 

4,9 

8,8 

22,0 

2,8 

2,62 

15,9 

3 

M5 

50,0 

3,0 

12,5 

14,41 

2,96 

2,0 

1,7 

2,0 

12,22 

4 

M6 

48,4 

2,0 

11,28 

18,47 

2,96 

3,76 

1,7 

12,22 

5 

M7 

46,1 

5,0 

12,5 

14,2 

2,96 

4,1 

1,7 

2,0 

12,22 

2 

Table 1: Composition of nuclear waste glasses for compa
rative corrosion tests (MCC-1, 90°C) /68/. 
* Simulated waste products. 
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Glass CU PGM (Catholic University Porous Glass Matrix) holds 
a special position amongst the HLW-glasses /61/, its composi
tion differing greatly from that of the borosilicate glasses 
(Table A2). It is produced from Vycor-type porous glass 
powder which contains approximately 96% S1O2 (cf. /30/). The 
HLW-solution, which can also contain slurries, is absorbed 
by this porous material (Figure 7). This resulting material 
is then dried and finally sintered and the final product 
shows an excellent resistance in MCC-1-tests (Figure 8). As 
the CU-glass causes no pH-increase during normal experimen
tal timescalesi corrosion tests must be carried out at pH-
values which can be expected in a final repository. 

b i b ii 

Figure 7; a) Schematic diagram of the porous glass pow-
"~ der-radioactive waste mixture. Typical 

sizes; pores, 0.01 /«m; glass grains, 
50 /cm; solid waste particles, 25 yum. 

b) The transformations which occur during 
the heat treat ment of the waste-glass 
mixture; 
(i) Dissolved wastes are incorporated 

into the glass structure as the 
pores collapse; 

(ii) solid precipitate wastes are immo
bilized in the glass as the grains 
sinter together /6l/. 
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BTLC 
xcu 
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Figure 8; Results of high-dilution (S/V=10m_1), fre
quent-exchange IAEA-type tests on various 
waste-forms; DI water leachant; 90°C: V 
Electrically melted 76-68 glass; o SRL TDS-
131 glass; A Synroc; • Tailored Ceramics; 
x PGM high-silica cmposite defense waste 
glass; + PGM high-silica high-iron defense 
waste glass /6l/. 

a) Normalized leach rates based on Si. 
b) Normalized leach rates based on Cs. 

5.2 Temperature and Pressure 

No fundamentally new results on the temperature-dependence 
of glass corrosion have been published (a study with glass 
76-68 in the tenperature range 100 to 300°C in a conplex 
brine /51/ is of secondary interest owing to the special 
solvent composition). The problem of usefulness of activa
tion energies derived from shortterm experiments is raised 
again here. Reliable data on temperature-dependence of glass 
corrosion can only be obtained from longterm experiments 
which taXe repository conditions into account. 
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Grambow /26/ has ascertained an activation energy of 72-77 
kJ/mol for the dissolution reaction of glass C31-3 which 
agrees satisfactorily with data on the activation energies 
for glass 76-68 and for dissolution of various Si02-modifica-
tions. 

A surprisingly low activation energy for glasses ABS 39 and 
ABS 41 (30-36 kJ/mol for ABS 39 and 17 kJ/mol for ABS 41 
/40/) was determined in 28-day experiments. A low value of 
33 +/-8 kJ/mol also exists for PNL 76-68 which deviates from 
the majority of results presented in literature /14, 30/. 

The temperature-dependence of corrosion of various eurcpean 
glasses is given in /45/. Based on seven-day experiments, no 
linear Arrhenius plots resulted. 

Short-term experiments (45h) at 20°c show that the effect of 
pressure up to 80 MPa on sodium- and silicon-release is neg
ligible /18/j at 160 MPa the acceleration in reaction rate 
is less than 50%. In further experiments at 160° and 200°C, 
a pressure effect (equilibrium pressure and 130 bar) cannot 
be identified with any certainty /86/, and, at any rate, 
when measured by weight loss it is less than 20%. 

5.3 pH-Value 

The data from /50/ given in Figure 9 come from work done in 
1978. They show that, at. pH-values greater than 9, borosili-
cate glasses show a less rapid increase in corrosion rate 
than Na-Ca-silicate glasses. The effects of pH and temperatu
re on glass C31-3 were investigated in 444-day experiments 
/26/. The typically high corrosion rate for borosilicate 
glasses at low pH-values is only slightly dependent on tempe
rature (Figure 10). At pH-values over 6, the temperature 
effect levels out: the pH-dependence of corrosion is much 
less marked at 90°C than at 70 and 40°C. 
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Figure 9: Effect of pH on leaching behaviour of typi
cal borosilicate waste glasses /50/. 

Figure 10: Results of ISO/DIS 6961 test. Weight loss 
and surface layer thickness as a function of 
pH and temperature after 444 days /26/. 
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5.4 Composition of Leachant and Effects of Silica Concentra-
tion 

Leachant composition influences corrosion primarily through 
Si02~concentration and pH-value. However, these parameters 
are, with time, increasingly defined by the glass corrosion 
products in MCC-1-tests. Magnesium-containing brines, whose 
pH-value is also fixed by hydrolysis and precipitation reac
tions, constitute an exception to this. 

Figure 11 shows the effect of leachant on the behaviour of 
glass ABS 39 /40/. After 182 days, the weight loss in all 
three leachants is approximately equal. The further develop
ment of curve A would be of great interest. There is practi
cally no difference in effect of the three media on glass 
ABS 41 /39/. 

The details of the effects of leachant-composition are 
fairly complex and can not always be interpreted quantitati
vely. As an example, long-term experiments with glasses PNL 
76-68 and SRL-131 in deionised water, silicate- and basalt-
water are presented (Table 2) /57/. Discussion of the 
results in brine is dispensed with here. 

Figures 12 to 14 give a summary of the most important 
results. In the first days, a correlation between corrosion 
rate and pH-value of the leachant appears to exist. The 
later increase in Si-release in basalt water may be related 
to pH-excursion. 

A- DOUBLY DISTILLED WATER 
C- SILICATE WATER 
H- N»CI SOLUTION 

7 l« 21 
Latching H I M (d) 

112 

Figure lit Weight loss versus leaching time at 90°C for 
ABS 39 exposed to three different leachants 
740/. 
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Spezies 

Na+ 

Si(IV) 

K+ 

Mg2+ 

Ca2+ 

C032-

ci-

P-

SO42-

pH 

Silicate Water 
(mg/1) 

49.0 

27,2 

-

-

-

128,0 

-

-

-

7,75 

Basalt Water 
(mg/1) 

358,0 

35,6 

3,4 

0,03 

2,78 

-

310,0 

-

173,0 

9,75 

Brine 
(g/D 

35,4 

-

25,3 

29,6 

-

-

(31°) 

33,4 

-

6,50 

Table 2: Nominal compositions of leachants /57/. 

50 100 150 200 250 300 350 400 

LEACHING TIME, d 

Figure 12: Leachate pH resulting from leaching SRL-131 
glass at 90°e in deionized water, silicate 
water, brine and basalt water /57/. 
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Figure 13i Normalized silicon loss from SRL-131 glass 
leached at 90°c in four leachants /57/. 
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Figure 14: Normalized lithium loss from SRL-131 glass 
leached at 90oc in four leachants /57/. 
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In addition, the Si02 release is dependent on the original 
silicate content of the water and is therefore highest in 
deionised water. The experiments will be continued for a 
further year. 

The following corrosion rates are obtained from the linear 
sections of Figures 13 and 15 (g/cm2*d): 
-• Deionised water: 1.1*10~5 (si)* 1.5*10~5 (Li) 
- Silicate water: 6.9*10-6 (Si); 1.1*10 5 (Li). 

The two glasses under investigation behave very similarly 
(Figure 15) with corrosion rates in the linear section of 
2.5*10~5g/cm2*d for boron. 

The effect of Si02~concentration on glass corrosion is parti
cularly clear from Figure 16 /7l/. Release after a constant 
experimental time decreases almost linearly with concentra
tion of added silicic acid to a limit of around lOOppm. An 
average corrosion rate of less than 3.5 • 10""̂ g/cm** * d for the 
lowest values can be derived from Figure 16. 

Harvey /34/ interprets the effect of silicate concentration 
in terms of 1st. order dissolution kinetics (see Section 
10.1). According to this, the reaction rate can be expressed 
with the equation 

R • k(cs - c) 

(c8: saturation concentration, c: silicic acid concentra
tion). Thus, R is linearly dependent on concentration c. 
Figure 17 gives corresponding results from experiments with 
a ternary sodium borosilicate glass at pH 10.5 and 100°C. 
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Figure 15t Comparison of normalized boron and silicon 
loss from SRL-131 and PNL 76-68 glasses 
leached at 90°C in deionized water /57/. 

WI.W* 

Figure 16: Boron release following 28 days of leaching 
versus the initial silicon concentration. 
Dissolution of all soluble components was 
sharply reduced by dissolved silicon* 90<>c 
/71/. 
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Figure 17; Static leaching of glass 204 leached at A/V 
ratio 1:10 /34/. 

The minimum reaction rate can be interpreted as a supersatu-
ration effect. Silicate concentration is lowered by precipi
tation of Si02 and R increases as a result. 

The work /34/ contains experiments on the dependence of reac
tion rate on A/V ratio and on leachant renewal rate in the 
range 0.2 to 5% per day. No new aspects have been obtained 
from this. 

5.5 The Effect of Surface Area/Volume Ratio and Flow 

The glass surface area to solution volume ratio (A/V) is an 
important parameter of glass corrosion. In a static corro
sion test it determines the concentration of corrosion 
products and the point in time at which selective glass 
leaching becomes network-dissolution /31/. To achieve 
stationary experimental conditions in the shortest possible 
time, a large value for A/V must be selected. 
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The effect of the A/V ratio has been thoroughly investigated 
and analysed for glass PNL 76-68 /70, 71/. Not surprisingly, 
the stationary pH-value is reached more quickly with increa
sing A/V (Figure 18), stationary pH for this glass being 
9.5. The rate of attack also decreases with increasing A/V 
(Figures 19 and 20) and dissolution simultaneously becomes 
incongruent due to precipitation reactions. The decrease in 
dissolution rate with increasing A/V can be explained by 
silicate-saturation effects. When A/V is greater than 
100m~l, the quantity of reacted glass is limited by amor
phous Si02 saturation (Figure 21). 

The effect of Si02-concentration appears to dominate corro
sion to such an extent that glasses of basically different 
composition (PNL 76-68 and Na-Ca-silicate glass) behave 
almost the same (Figure 21). 

Figure 22 shows that the parameter (A/V)*t determines SiOj-
concentration and, on the basis of this relationship, it is 
possible to perform accelerated corrosion testing by increa
sing the experimental A/V ratio. 

Figure 18; Solution pH versus leaching time. Attainment 
of the equilibrium was accelerated with 
increased A/V> glass PNL 76-68 /70/. 
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TkwW**) 

l<i Normalized release per unit area for selec
ted components of PNL 76-68 glass versus 
leaching time for three A/V ratios. The 
release decreased and became more selective 
with increased A/V /70/. 
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Figure 20; Log normalized elemental release per unit 
surface area versus log of A/V for PNL 76-68 
glass leached 14 days at 90Oc in D.I. water. 
Previously reported Soxhlet and powder data 
are included /7l/. 
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Figure 21: Log silicon reiease versus log of A/V for 
PNL 76-68 glass (14 days at 90oC) a n d a BOaa-
lime glass (10 days at 100oC) /71/. 
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Figure 22: Log silicon concentration versus A/V x time. 
Leaching data for a range of A/v values in 
m~l and times generate a single curve /71/. 

The functional relationship in Figure 22 further shows that 
the reaction layer of the glass does not affect the leaching 
Kinetics. In order to reach a fixed leachant-concentration, 
a smaller quantity of glass has to be converted for a high 
A/V ratio than for a lower ratio. The thickness of the 
surface layer increases with falling A/V values and, after 
an experimental duration of 14 days, layer-thicknesses of 
0,3/m (A/V*1.6'10-4m_1) up to 7/«m (A/V-lm-1) were found. 
If such layers were to act as a diffusion barrier, such 
differences in layer thickness must be reflected by their 
corrosion behaviour. 

The effect of silicate concentration on corrosion rate has 
been dealt with experimentally by other writers /6,61/ who 
have worked with flow or leachant-exchange methods. Figure 
23 gives Si02~release rate of various HLW matrix forms as a 
function of normalised residence time. The excellent perfor
mance of CU-glasses is striking (Table A2). Also noteworthy 
is the fact that standard matrix forms differ only slightly 
in their corrosion behaviour (Synroc D contains silicate 
phases, see /32/). A corrosion rate of 10"6g/cm2*d has been 
extrapolated for 1000 days for glass PNL 76-68 at 70°C. 
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Figure 23i Results of flow tests for various waste 
forms: Normalized leach rates as a function 
of normalized residence time in the case of 
Si. PNL 76-68: flow tests, frequent-ex
change test. SRL TDS-131: flow tests, 
powder; Q flow tests, blocks; 0 frequent-
exchange test. CU PGM:0#flow tests; 0 
frequent-exchange test. Polyphase Ceramics?V 
flow tests. SYNROD-D:A flow tests /6/. 

Finally, reference should be made to the experiments done by 
Strachan /99/ on glass SRL-131 which are based on static and 
flow tests with residence times of 3 and 25 days. Data from 
Soxhlettests were also taken into account. As an example, 
Figure 24 gives results for cumulative silicon-release which 
can be satisfactorily interpreted with a model of 1st. order 
reaction kinetics. Reference should be made to the original 
publication for alkaline earth- and boron-releases. 

In connection with flow experiments, mention should be made 
at this point of tests using solvent-circulation /16/ (ABS-
39, 90°C, 28 days). When circulation is increased, in compa
rison with static tests, conversion is between one and three 
times lower and formation of reaction layers is different 
from that in static experiments. Checks should be made to 
ensure that this effect is not based on an artefact e.g. 
C02~penetration through the silicon tubing in which the 
solvent is circulated up to 67 times per day. The pH-values 
measured at the end of the experiment fluctuate randomly in 
the range 7.6 to 8.6 (cf. also /106/). 
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Figure 24; Cumulative silicon release from SRL-131 
glass, using the test methods MCC-1 and 
MCC-4 at 90°C and MCC-5 at 99°C and 
deionized water /99/. 

5.6 Further Long-term Experiments with Glass PNL 76-68 

The corrosion of Glass PNL 76-68 has been investigated in 
MCC-1-tests (A/V • 10m-1) with up to one years duration 
/97/. The experimental temperatures were 40, 70 and 90°C and 
deionised water, a ILjSiO^HCO^ model water and magnesium-
containing brine were used as media. As seen from Figure 4, 
a steady state had still not been reached after one year at 
40°C. 

Results of leachant-analysis are given in Figure 25 and 26. 
They show that, even at 90°C, experimental times of over 100 
days are necessary for approaching stationary conditions at 
the selected A/V ratio. pH-evolution (Figure 4) appears to 
reach a steady state after a very short time. Only short-
term experiments were carried out at 70°C which is a more 
characteristic temperature for a Swiss repository than 90°C. 
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The decrease in mass-loss of soluble elements (B, Na, No) 
after long experimental times can be explained by re-adsorp
tion or possibly by secondary phase formation. Surface analy
sis experiments indicate that caesium is partly retained in 
the reaction layer while the alkaline earths are probably 
precipitated in the form of carbonates. Difficult to compre
hend is their differing behaviour in deionised water and the 
model * ater. 

• M IM IM I N IW M IM TIM IDI 

TIM 10) 

Figure 25: a) Results for B, Cs, Na and Ho from lea
ching PNL 76-68 glass by the MCC-1 Leach 
Test Method at 40, 70 and 90°C 

b) Results for Ba, Ca and Sr from leaching 
PNL 76-68 glass by the MCC-1 Leach Method 
at 40, 70 and 90°C. 
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Figure 26: Results for Si from leaching PNL 76-68 glass 
by the MCC-1 Leach Test Method at 40, 70 and 
90°C /97/. 
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The normalised zinc loss, which is not presented in the 
diagrams, is worthy of note. In the space of 182 to 360 days 
it increases by a factor of 2 or 3 and is about four times 
greater in silicate water than in deionised water. There is 
no definite explanation for this but it could possibly be 
connected with a structural alteration with time of the zinc-
containing surface layer. 

In the course of a year the glass was altered to a depth of 
50/*m. The depletion depths determined by surface analytical 
methods correspond well with the values calculated from 
leachant-analysis (Figure 27). 

a. 
ui 
0 
z o < 
UI 

souo 
SOLUTION STATE 

H.O 
SILICATE WATER 

400 

Figure 27; Comparison of depletion depths as calculated 
from solution data and observed in S£M /97/. 
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6. Transformation Products and Reaction Layers 

In recent works on corrosion of HLW-glasses, an increasing 
number of experiments on formation and thickness of reaction 
layers is being published. Secondary ion mass spectrometry 
(SIMS) is proving to be the most widely used of all the 
possible methods for investigation of such layers. However, 
conventional methods such as sequential etching with hydro
fluoric acid have not completely fallen into disuse /&/. 

Various problems can be tackled using surface investigations 
such as, in particular, element depth profiles. Information 
on retention of specific elements in a newly formed phase or 
in the reaction layer is obtained and a more profound in
sight into reaction mechanisms can be hoped for. 

The formation of reaction layers and solid transformation 
products is dependent on many factors such as glass composi
tion, solvent composition and supply, temperature and back
fill- and canister-material. It is therefore difficult to 
make generalisations and specific experiments cannot, for 
the most part, be widely extrapolated. In /30/ (p. 112) it 
has already been seen that selective retention of individual 
elements can be a transient phenomenon *nd long-term experi
ments are essential for the avoidance of false conclusions. 

6.1 Transformation Products 

On the basis of glass composition alone (Table A.l, A.2), 
many secondary phases can result from incongruent glass 
dissolution. Elements such as iron, aluminium and zirconium 
form low-solubility oxides and hydroxides which can also 
co-precipitate. Large Si02~supply allows formation of silica
tes which can re-incorporate the waste nuclides (see /77/, 
Appendix II). The formation of borosilicates is also possib
le, by analogy with nature (p. 201 in /77/). 

As is generally known, the times require! for reaching equi
librium in precipitation of Si<>2 and of silicates at tempera
tures under 100°C are very long /76/. Therefore, stable end 
products are not the rule in the temperature range which is 
of interest. Cation-adsorbed forms are to be expected as pre
cursors of clay minerals. 
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Alkaline earth carbonates precipitate in the presence of car
bonate at high pH-values. As the ionic radius of calcium is 
very similar to trivalent lanthanides and trivalent actini-
des, mixed crystal formation is to be expected: for example, 
the exceptionally high retention of Am(III) on calcite is 
shown by sorption experiments /94/. Zinc tends to form hydro-
xycarbonates /29/. 

Different crystalline phases were identified during hydro-
thermal alteration of glasses at temperatures in excess of 
150°C (e.g. /59, 81, 83/). On the other hand, at temperatu
res under 100°C, transformation products are largely amorpho
us, formation occurring, as in the ageing of crystalline 
phases, only very slowly. Only at 150°C is the sluggish amor
phous to crystalline transition complete and, after a period 
of one year, new phases appeared /59/. 

At 100°C a Na-Li-borosilicate, poorly crystalline smectite 
/83/, ferrihydrite and a zinc-containing montmorillonite 
(Sauconite) were identified /97/. It is conceivable that the 
latter could re-form into hemimorphite, Zn4Si207-(OH)2* H2O, 
or willemite, Z^SiO^, after a considerable time period. The 
retention capacity for cesium, which is preferentially absor
bed by smectites, would thus be altered. 

If the nature of the newly formed phases is known, incongru-
ent glass dissolution can be modelled in principle. Grambow 
1211 uses a geochemical computer code for this purpose. The 
results of such a model calculation are given in Figure 28 
where glass conversion in grammes per cubic letre of solu
tion is plotted against normalised concentration of indivi
dual elements. Upon precipitation of a solid phase, the con
centration of the element concerned deviates from the line 
of congruent dissolution. 

The application of this model to the corrosion of two diffe
rent glasses /28/ shows a fairly close agreement with analy
tical results, noteable discrepancies occurring in the case 
of zinc, the concentration of which is apparently noc deter
mined by the y8-Zn(OH)2 used in the model. 
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Figure 28: Reaction path model: C31-3 glass and deioni-
zed water (C02~saturated) at 90°C. (A) 
[H4Si043controlled by amorphous silica; (B) 
££[481043 kept constant at experimental satu
ration value /27/. 

6.2 Reaction Layers 

Because of the various influencing factors, it is of little 
use to comment upon the numerous depth profiles of reaction 
layers. Only a few examples will be looked at and general 
results will be summarised. 

Figure 29 gives depth profiles for glass PNL 76-68 derived 
from long-term experiments by Strachan /97/. A film appro
ximately 5Q/um thick (gel layer) containing practically no 
sodium, boron or molybdenum formed in deionised water. 
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The high enrichmet .f zinc and cesium in the outer layer is 
particularly noticeable and can be connected with the forma
tion of a zinc montmorillonite. Smectites show preference 
for large alkali ions which explains the cesium-enrichment. 
Iron, the lanthanides and calcium are enriched throughout 
the whole layer. 

Comparison with depth profiles from silicate water show some 
differences, particularly uniform distribution of cesium, 
greatly reduced zinc-enrichment and the altered behaviour of 
strontium which now behave similarly to calcium. Altered 
cesium behaviour is not manifested by cesium output into 
solution, this output being practically the same for silica
te water and demineralised water i.e. the cesium-retention 
capacity oi the layer is low. 

The differences between the depth profiles in Figures 29a 
and 29b cannot be explained by variation in the solvent 
composition alone. The author is not entering into this area 
of speculation and simply maintains: "Sensitivity and sput
ter yield problems and other experimental difficulties could 
have resulted in the observed depth profiles". 

Figure 30 shows layer-formation for glass ABS-39 in MCC-
tests (28 days, 90°C) /15/. A thin outer layer in which high 
valency ions (Al, Fe, Zr, Y but also e.g. Ba) are strongly 
enriched is typical for this glass. As zinc-free glass is 
being dealt with, cesium is not enriched in the outer layer. 
In region II of the layer the strong depletion of sodium, 
lithium and boron is noticeable. The parallels between 
profiles for sodium and boron are frequently even more 
pronounced which shows that, in this region, not only are 
alkali metals leached but the network is completely restruc
tured. Numerous depth profiles for Swedish glasses are 
contained in /17/. 

Particular attention has been given to investigation of the 
enrichment of actinides and lanthanides in various projects 
/79, 101/. Using model glasses with a relatively simple 
composition, these experiments resulted in a high surface 
enrichment of uranium and thorium in particular. Before any 
generalisation is made from these results, it must be warned 
that, in the case of uranium-doped ABS-39, this effect was 
not observed in contact with bentonite /37/; on the other 
hand, a surface uraniumenrichment is observed in the layer 
in experiments using water /16/. 
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Figure 29: a) Elemental depth profile of PNL 76-68 
glass leached for 365 d ac 90°C in deio-
nized water, 

b) Elemental depth profile of PNL 76-68 
glass leached for 365 d at 90°C in sili
cate water. /97/. 

Element depth profiles are therefore a useful means of assess
ing glass corrosion, if reaction rates are low or if compacted 
bentonite renders solution analysis impossible. Glass/bentonite 
/37/, glass/metal and glass/glass /105/ interactions have been 
investigated using depth profiles. 
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•abs 

Figure 30: SIMS analysis of ABS 39 glass corroded in 
doubly distilled water, 90°C, 28 days, A/V= 
0,1cm""1. Atmosphere above water was 80% 
N2-20% 02 /15/. 

The general results of reaction layer investigations can be 
summarised as follows: 

- borosilicate glasses are covered by an Si02~rich 
layer even at pH-values over 9. 

- parallel concentration profiles for boron and sodium 
(and usually lithium) are observed. 

- metals which form low-solubility hydroxides and oxi
des are occasionally concentrated in a thin outer 
film but are often distributed throughout the whole 
layer. Cations which form low-solubility carbonates 
(alkaline earths, rare earths) are also retained in 
the layer. 

- zinc-rich outer layers which retain cesium form on 
zinc-containing glasses. 

- poorly crystalline transformation products form at 
temperatures under 100°C. Partially crystalline 
smectites were identified, inter alia. 
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It can basically be concluded from the above findings that 
HLW-borosilicate glasses behave differently from conventional 
Na-Ca-silicate glasses which do not form a reaction layer in 
alkaline solution. 

Formation of the reaction layer by a dissolution-precipita
tion mechanism cannot be ruled out. Pointers against this 
are, for example, its high extent of adhesion (e.g. /28/) and 
appearance under the scanning electron microscope (formation 
appears to be uniform). 

The layers are riddled with shrinkage cracks but show the 
originally existing surface pitting at greater thicknesses 
/15/. 

Apart from the dissolution-precipitation mechanism just men
tioned, the following possible interpretations exist: 

1. The glass undergoes phase separation on a 
sub-microscopic scale. A boron-containing 
phase is selectively dissolved away while the 
Si02~rich phase remains on the surface. 
Vitreous phase separation with a drop-size in 
the range less than 1 Atm is a common 
phenomenon /49, 102/, and there are no known 
electron-optical investigations which would 
exclude a phase separation of the current 
HLW-glasses with any element of certainty. . 

2. Although the glass is homogeneous, the glass 
conversion is a site-specific topochemical 
process during which boron is released from 
the network /2l/, without breaking up the 
structure extensively. A subsequent conden
sation of >SiOH groups is possible (cf. /44/ 
and /109/). Chemically speaking, this is not 
unreasonable since, in the case of a 
borosilicate glass, the solution at the reac
tion layer is buffered by the readily-soluble 
boric acid, which is slightly more acid than 
silicic acid. 

It is quite conceivable that further viewpoints on the inter
pretation of the "gel layer" can, or even must, be put for
ward. 
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In any case, it is certain that, at present, no completely 
reliable theory exists as to their formation. Interesting 
though the reaction layer may be from a theoretical stand
point, it is doubtful whether the detailed investigation of 
element-distribution by MCC-1-tests furnishes any informa
tion relevant to the repository concept. This is partly due 
to the fact that there are too many factors affecting 
element-distribution. It should further be borne in mind 
that only meta-stable reaction products were found under 
normal experimental conditions (T <• 90°c, t ^. 1 year). 

6.3 Effect of Reaction Layers on the Corrosion Mechanism 

The reaction-inhibiting effect of the gel layer is widely 
discussed. To allow a meaningful discussion, at least two 
different cases must be distinguished: 

a) The layer could function as a diffusion 
barrier, implying a relationship between 
layer thickness and reaction rate. 

b) Reaction is inhibited by specifically 
adsorbable ions (e.g. Pb2+ or PO4 

With regard to a), as the data-scatter in corrosion experi
ments is generally large, it is hardly permissible to base a 
reaction mechanism on the temporal progress of reaction rate 
alone. The problems associated with the favoured Q/ |fT-plots 
are discussed in section 10. A possible protective effect of 
reaction layers has to be investigated by critical experi
ments . 

Grambow and Strachan have carried out such experiments with 
two different glasses (PNL 76-68, C31-3* Table A.2) in an 
MCC-1-test at 90°C /28/. After 57 days the reaction layers 
were removed from the glasses and the samples were then 
restored to their original experimental solutions (total 
experimental duration - 158 days). From this it was observed 
that, in tests U0XJ19 deionised water, the reaction layers 
have no protective effect on either glass. Glass 76-68 corro
des more quickly than C31-3. 
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On the other hand, using a 10~3 molar MgCl2 solution gives a 
different result - removal of the layer in the case of both 
glasses results in an accelerated corrosion rate. It is not 
easy to interpret this result as additional peculiarities 
have to be considered. Now glass 76-68 corrodes more slowly 
than C31-3 but the latter corrodes more quickly in the NgCl2 
solution than in pure water which does not point towards 
formation of a protective layer. The differing corrosion 
behaviour in the two solutions can best be explained by the 
fact that, in one case, magnesium is incorporated into the 
silicate layer and the evolution of pH with time is diffe
rent. For further possible interpretations, reference should 
be made to the original work /28/. 

Strachan /97/ concludes from his long-term experiments at 
90°C that the gel layer does not act as a diffusion barrier, 
this finding applying to both tests in water and in a magne
sium-containing brine. In contrast to this, Japanese work 
/46/ on the formation of reaction layers postulates an inhi
biting effect for these layers under different experimental 
conditions. However, the results can, at least partly, be 
interpreted in a different way. 

Most experiments report that the reaction layer has no 
effect on kinetics, or at least any effect was not clearly 
identifiable. Nevertheless, the claim that periodical drying 
out of the layer has no effect /56/ should not simply be 
applied generally as it is based on short-term experiments 
with a Li-Na-borosilicate glass with no addition of HLW-ele-
ments. 

With regard to b), if glass corrosion is inhibited by adsor
bed ions, this manifests itself (in comparison with an unin
hibited solution) in a layer which ranges from thin to prac
tically unidentifiable /12/. Layers of these dimensions have 
practically no effect on transport reactions and it can be 
concluded from this that it is the phase boundary reaction 
which is inhibited. 
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7. Natural Glasses 

The properties or natural glasses allow certain inferences 
to be made concerning the long-term behaviour of HLW-glas-
ses. Basalt glasses with an SiO2-content of around 50% 
provide a natural analogue for the alkali-borosilicete glas
ses. The Si02-rich obsidians (ca. 70% Si02) have a fundamen
tally better chemical resistance. 

An early comprehensive work exists on the crystallisation of 
natural glasses /64/, according to which, at temperatures 
under 200°C, devitrification can only be expected after 
astronomical time-periods (more than 10*0 years) (cf. p. 79 
in /30/). The danger of thermal re-structuring under reposi
tory conditions can therefore be ruled out. 

Figure 6 shows that the corrosion behaviour of basalt glas
ses in an MCC-1-test is comparable with that of HLW-glasses. 
As expected, obsidian has a better resistance because of its 
high Si02content. 

A compilation by Ewing and Haaker /20/ deals with SiOo-rich 
natural glasses. The authors conclude that it is difficult 
and inappropriate to compare HLW-glasj.es with natural glas
ses. 

Recent experiments with tektites (ca. 75% Si02, 11% AI2O3) 
were carried out with regard to Si02-rich CU-Glass /7/. 
Corrosion rates of 10""7g/cm2*d (70°C) and 10~6g/cm2*d (90°C) 
were obtained from experiments with frequent solvert-exchan-
ge. The silicate content of the solution corresponded to 
only a fraction of saturation and the pH-values lay around 
7. The conditions were therefore not representative for a 
final repository. 

Malow et al. /63/ give a compilation of literature on the 
reactivity of volcanic glasses in their work, which they 
supplemented with experiments on a rhyolitic glass (76% 
Si02) and two basaltic glasses (50% Si02)« In addition, a 
fairly atypical HLW-glass with 35% Si02# 12% A1203, 4% B2O3 
and 24% simulated HLW-oxides was included in the experi
ments. Corrosion tests were carried out at 200°C in a rock 
salt solution. 

Formation and zoning of reaction layers were very similar 
for the basalt and HLW-glasses, as was the crystalline reac
tion product (Analcime, NaAlSi206.H20). The thickness of the 
reacted layers on HLW- and basalt glasses differed by a 
factor of 2 after 30 days in a closed system. 
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The writers conclude that the rate-determining step of lea
ching of both synthetic and natural glasses is the same and 
that, given comparable Si02-content, comparable corrosion 
rates will result. 

Allen has also reported on the reaction layers on basalt 
glasses /l/. They were composed of clay-type cryptocrystal-
line layers which were seen as having a reaction-inhibiting 
effect. This would mean that layer-thickness d would develop 
according to 

d «K tn, n < 1 

For basalt glasses, however, long-term kinetics with n = 1 
were also found (cf. /63/). 
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8. Interaction with Other Materials 

The significance of the effects of further repository compo
nents on glass corrosion has recently been recognised and 
various experiments have already taken possible container-
and backfill-materials into account. 

The effect of different container materials on dissolution 
of glass PNL 76-68 has been investigated in an MCC-1-Test 
/12/. In each case the experimental canister was manufactu
red using relevant material. As seen from Figure 31, lead 
and, to a lesser extent, aluminium have an inhibiting effect 
on dissolution, this being attributable to adsorption of 
lead and aluminium ions onto the glass surface. A surface-
coordination model is used to interpret the results. It is 
clear that the corrosion-resistant metals exert no influen
ce. 

McVay and Buckwalter have investigated the effect of iron on 
the same glass in different waters /65/, the glass- and iron-
surface areas being the same. Figure 32 shows the expected 
effect of water composition. Material removal decreases with 
increasing silicate content. The attack is stronger in the 
presence of iron and the influence of water conposition is 
then negligible. The writers attribute this behaviour to the 
formation of iron silicates which reduce the silicic acid 
concentration to a low level. These iron silicates are 
partly colloidal. 

Iron also accelerates glass corrosion in brine /91/. The 
work ends with the observation that this fact should not be 
a reason for ruling out iron as a canister material as it is 
to be expected that the iron silicates can immobilise impor
tant nuclides. 
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Figure 31; ICP Leachate Analysis of Silicon. Lead con
tainer leachate analysis shows no evidence 
of glass dissolution /12/. 

32 

Figure 32; Groundwater effects on boron release with 
and without the presence of ductile iron in 
90°C leachants at an SA/V • 10m"1 /65/. 
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Further experiments on this topic and on possible actinide 
transport with colloidal iron silicates are presently under
way. 

Italian authors have identified increased glass corrosion in 
the presence of montmorillonite /54/ (Figure 33). Addition 
of Fe2(>3 to a montmorillonite-sand-paste results in a 
further increase in material removal (Figure 34). In this 
connection, surface investigations (ESCA) have demonstrated 
that the elemental composition of the outer glass layer 
differs after corrosion in water alone and in water in con
tact with solid phases. This is not surprising - it indica
tes once again that layer-investigations using unrealisti-
cally designed experiments allow no far-reaching conclusions 
to be made on layer formation under repository conditions. 

In Japanese experiments, a simulated HLW-glass with diffe
rent powdered solid additives was corroded at 100°C /4/. The 
legend on Figure 35 gives the combinations which were inves
tigated. The base glass is a frit of HLW-glass without addi
tion of HLW-oxides. Figure 35 gives the varying weight los
ses. The evolution of SiC^concentration is also given in the 
publication. If the weight loss at the end of the experiment 
is plotted against the Si02-concentration after the same 
time period (Figure 36), it can be seen that a strong corre
lation exists between removed material and SiC^concentra-
tion. At present no explanation exists for the anomalous 
position of the glass-granite combination. 
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33: Effect of clay on leaching of vitrified HLW 
simulates at 80°C.0 Leaching by distilled 
water, closed system:D Leaching by distilled 
water, slowly renewed:A Leaching by a clay 
paste (55% water, 36% montmorillonite, 9% 
sand) /54, 65/. 

34: Leaching of vitrified HLW simulators by 
interstitial clay water in presence of clay 
and iron oxide, at 80°C.O Leaching by syn
thetic interstitial clay water, closed sys
tem; D Leaching by synthetic interstitial 
clay water, slowly renewed;A Leaching by a 
Fe2<>3-clay paste (60% water, 28% 
montmorillonite, 8% sand, 4% Fe2C>3) /54, 
65/. 
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Figure 35t Time dependence of fractional release based 
on weight loss at 100°C /4/. 
• : Waste glass alone 
A : Waste glass + basalt 
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Figure 36 t Weight loss of glass samples with different 
addivives as a function of silicic acid 
concentration at end of experiment (10 days) 
/4/ (cf. Figure 35). 
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The observed interactions with backfill material appear, in 
the first place, to be due to their effect on silicic acid 
concentration. As seen from experiments at room temperature 
/92/, clay minerals can adsorb silicic acid, yielding concen
trations of 20-30 ppm Si02-

Comparative experiments on european glasses have shown that 
the extent of attack increases in the order water - water/ 
clay suspension - wet clay /45/. The experiments were 
carried out over 28 days at 90°C. 

A detailed publication on the effect of bentonite on glasses 
ABS 39 and 41 has been announced in /37/. It can be conclu
ded from the short summary /37/ that wet or moist bentonite 
increases dissolution in laboratory experiments. The bentoni
te influence is less significant in bore-hole experiments. 
Figure 37 shows the increase in thickness with time of a 
boron-depleted glass layer in borehole experiments at 90°C 
/38/. Similar borehole experiments have established that 
glass in contact with lead, copper and titanium has only a 
very small effect on the behaviour of the two glasses /105/. 

It is clear from the works just summarised that container 
and backfill-materials have a very marked influence on the 
corrosion behaviour of glass. Further experimental clarifica
tion is essential in the context of a Swiss repository and 
planning of this should take account of the fact that a 
corroding glass block will be in contact with magnetite and 
iron. 

Savage et al. have looked at the interactions between the 
british glass 209 and granodiorite /83, 84/. Of particular 
interest in relation to envisaged conditions in a Swiss repo
sitory are the experiments at 100°C and 50 MPa with up to 
200-day duration /84/. Powdered material was used and the 
weight ratio water: glass: granodiorite was 20 : 1 : 1. Figu
res 38 and 39 give the release rates derived from static 
experiments. In the course of 200 days they drop by about 
two orders of magnitude for all elements. The incongruent 
dissolution of the glass is also quite apparent. X-ray 
diffraction investigation of the reaction products showed 
t.iem to be amorphous (with the exception of a poorly crystal
line smectite). 

Experiments on reactions of montmorillonite and clinoptiloli-
te with a borosilicate glass at 300°C /82/ and work on inter
actions of glass PNL 76-68 with basalt and granite at 250°C 
/90/ are not applicable to the conditions prevailing in a 
Swiss repository; crystalline transformation products exist 
to some extent at these high temperatures and their forma
tion cannot be expected at lower temperatures. 
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Figure 37; Corrosion depth (yum) in glass vs. burial 
time: ' 
a) ABS 39 and b) ABS 41. Upper curves: glass 
in contact with bentonite. Lower curves: 
glass-glas3 contact /38/. 
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Figure 38; Log normalised molar re l ease rate (normali
sed moles m~2 day"1) for Mo, B, Na, L i , Cr, 
Kb, t o t a l Si and Cs versus run duration. 
Glass and granodiorite / 8 4 / . 
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Figure 39t Log normalised molar release rate (normali
sed moles m-2 day"1) for Al, Sr, La, Zr, Ba, 
and Fe versus run duration. Glass and grano
diorite /84/. 
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9. Effects of Radioactive Decay 

In /30/ it was summarily established that the effect of at 
decay on corrosion behaviour of HLW-glasses is not detrimen
tal, the conclusion being made from experiments on glasses 
doped with short-lived at -emitters. It was also found that 
the corrosion-accelerating effect of external v-irradiation 
can generally be explained by a drop in pH caused by radio-
lytically formed nitric acid. These conclusions have since 
been corroborated by published results. The extent of decay 
which can be expected for a HLW-glass in the course of 106 

years is given in /32/. 

9.1 Effects of d-decay 

While realistic <*-doses produce a volume-increase of a few 
percent in crystalline solidification matrix materials /32/, 
volume-decreases are also observed in the case of glasses 
/104/. In contrast to ceramic solidification forms, the chan
ges in volume for glasses (less than +/- 1%) are fundamental
ly lower (Figure 40). 

A glass doped with 9,5% UO2 was irradi ted with fast neut
rons to simulate structural damage (simulated HLW-age: 106 

years). In short-term experiments (45h, 60°c), the corrosion 
rate was a factor of three times higher than that for non-
irradiated samples /18/. 

Figure 401 Density changes in 238pu-doped European HLW 
glasses /104/. 
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An increase in corrosion rate by a factor of three was also 
observed for glasses with 238pu with of-doses up to 
S.B'lO^g"1 /13/ (Soxhlet test). As shown in Figure 41 
/104/, glass composition has a much greater effect on corro
sion behaviour than the <A-decay-induced structural damage. 

Further work on radiation effects can be found in /100/, p. 
641ff., which deals partly with experiments on surfaces imp
lanted with heavy ions. 

9.2 Effects of jf-radiation 

The (5. )f-activity of high-level waste is largely determined 
by 90Sr and 137Cs which decay after several hundred years. 
The effects of intensive X-radiation are only significant 
for glass corrosion during a short time period. 

Recent experiments on three borosilicate glasses /5/ in demi-
neralised water and in a phosphate-buffer with and without 
f-irradiation (dose: 6*104Gy) confirm the effect of the radio-
lysis-induced drop in pH (Table 3). It should be noted that, 
in addition to formation of nitric acid, radiolysis results 
in the formation of formic acid and oxalic acid from C02. 
The oxalic acid could act as a ligand for the actinides in 
repository conditions. 

Experiments in a )f-field of 104Gy/h with up to 126 days 
duration /88/ yielded pH-values up to 3.4. However, in an 
acetate buffer with pH 3.8, glass corrosion was more than an 
order of magnitude greater than it was under radiolysis, 
which is not easy to interpret. 
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Figure 41; Soxhlet test leachability of 244Cm- and 
238Pu_ doped glasses. Also shown is the dose 
(ca. 5xl0*4 alpha decay/m-3) where saturation 
of structural damage is assumed based on 
density behaviour /104/. 

Solvent 

Deionised water 

phosphate buffer 
pH 6 

PNL 76-68 

1.35 

1.15 

SRL TDS-131 

3.9 

1.2 

CU 

3.5 

1.45 

Table 3: Leach-rate alteration of different HLW-glas-
ses under ^-irradiation (6*104Gy). The 
ratio Ry / RQ is given, Rg being leach-rate 
with irradiation and Rp being leach-rate 
without irradiation /5/« 

Pederson and McVay have investigated the effect of temperatu
re and dose rate on the behaviour of glass 76-68 in distil
led water /72/. Formation of nitric acid was prevented by de-
aereation of the solvent. The normal pH-values of 9 to 9.5 
were also reached under irradiation. The effect of \ -radia
tion on corrosion decreases with increasing temperature 
(Table 4), and corrosion is independent of dose at rates of 
over 1()5 rad/h. The writers conclude that intermediate radio-
lysis products - possibly the OH- radical - are involved in 
surface reactions. 
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Within the scope of an international experimental programme 
it has been established that a HLW-containing glass behaves 
in exactly the same way as the corresponding inactive simula
te in corrosion tests ?17/. 

Teflon containers should not be exposed to doses higher than 
105 rad (̂  or |f ) because of radiolytic reactions /98/. The 
work contains further data on radiation effect on different 
fluorinecontaining polymers. 

Rj /Ro 

Si 

Na 

50Oc 

2,7 +/- 0,5 

3,4 +/- 0,6 

70°C 

1,6 +/- 0,3 

1,5 +/- 0,3 

90°C 

1.0 +/- 0,2 

1.1 +/" 0,2 

Table 4: Ratio of dissolution rates with (R/ ) and 
without (RQ) y-irradiation (1.75-106 rad/h) 
as a function of temperature. Glass 76-68 
/72/. 



- 54 -

10. Kinetics, Mechanisms and Models 

The differences between selective, congruent and incongruent. 
glass dissolution should once again be made clear: 

- In selective leaching, specific ions are dissolved 
from the intact glass network. This process is inter
preted as diffusion-controlled ion-exchange. Primari
ly, alkali ions are selectively leached. 

- In congruent or stoichiometric dissolution, the net
work is dissolved and all glass components go into 
solution according to their proportions in the glass. 
Under constant conditions (T, pH, flfysiO^ ) release 
shows a linear time-dependence. 

- Dissolution is incongruent when solubility-limits for 
individual ions are exceeded in the course of stoi
chiometric corrosion. The new phase can be precipita
ted in the solution or onto the corroded glass surfa
ce. Sorption of glass components on other solids (ben-
tonite, canister corrosion products) can also be 
interpreted as incongruent dissolution. 

Glass corrosion through leaching and network dissolution is 
often expressed in terms of the following equations (cf. 
/30/, p. 124): 

Q = a't1/2 + b«t 

R = la«t-1/2 + b 
2 

These formulae are only valid for a constant solvent composi
tion and take no account of any back-reaction of dissolved 
glass corrosion products. 

As network dissolution rate is constant and that of selecti
ve leaching drops according to t~l/2f after a certain time 
network dissolution dominates. At room temperature in neut
ral solution this time-span can run to several years. At 
temperatures of around 60 to 100°C in a limited solution 
volume, high stationary pH-values occur within weeks or even 
days due to initial ionexchange and network dissolution domi
nates at these values. 

There is agreement in the literature that, with the present 
normal experimental temperatures and A/V ratios, selective 
leaching plays no role. Dissolution is initially stoichiomet
ric then incongruent. 
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The fact that the mass-loss-time curves still level off and 
are approximately linearly proportional to t*-/2 is often 
interpreted in terms of a reaction layer functioning as a 
diffusion barrier (cf. also /78/ for the effect of reaction 
layers on dissolution). As already stated (Section 6.3), 
there are no guiding principles for such a mechanism and 
many results are clearly against it. 

As seen in dissolution of minerals, parabolic kinetics can 
result from experimental artefacts (Literature in /32, 41/). 
Holdren and Adams have shown that apparent parabolic dissolu
tion kinetics can occur through precipitation of a new phase 
during incongruent dissolution /41/. 

It is shown in the next chapter that experimental results 
can be interpreted in terms of the effect of dissolved sili
cate with 1st. order reaction kinetics. The strong tendency 
to approximate levelling-off curves Q = f(t) as Q = k-t^/2 
can have a disastrous effect: the 1st. order reaction kine
tics given in Figure 42 imply, in a t1/2^>lot, a change in 
mechanism after time t' which is pointless to investigate. 

Description and modelling of glass corrosion is of course 
also possible with empirical formulae of the type 

Q = k*tn with n < 1 

in which the exponent can vary either with time or with 
temperature. Altenhein and Lutze have modelled the behaviour 
of a HLW-glass in brine using such a formula and a temperatu
re-dependent reaction constant k /2/. 
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Figure 42: Above: Leach rate of an alumino-silicate 
glass can be modelled using 1st. order 
reaction kinetics /34/. 
Below: If the same data are plotted against 
l̂t*, a change in reaction mechanism at time 
f is implied. 
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10.1 Models with 1st. Order Kinetics 

At constant pH-value, the corrosion rate of glasses is depen
dent on silicate concentration. Various authors have inter
preted this relationship with formulae which are explained 
by 1st. order reaction kinetics. The general principles 
based on Lerman's textbook /55/ are set out briefly here. 
For this purpose a reversibly soluble solid phase is assumed 
to exist. 

The general relationship for expressing dissolution rate of 
a material according to 1st. order reaction kinetics is 

d£ » k. (Cg _ C) (1) 

dt 

With a saturation concentration c8, the reaction comes to a 
halt. Integration with boundary conditions c = c0 at time t 
= 0 and c = cs with t -#> o« gives 

c - cs (c0 - cs)e"
kt (2) 

or with c0 = 0 

c = cs(l - e"
kt) (3) 

with (3), (1) can also be written in the form 

d£ = k»cs. e-*t (la) 
dt 

These relations are displayed in Figure 43. 

If the constant stationary volume V is maintained with flow-
through of F litres per second, then /10/ 

d£ « k (c8 - c) -I • c (4) 
dt V 

is valid. F/V is the renewal frequency which is equal to the 
reciprocal value of the average residence time T and (4) can 
be presented as 

*£ - k (cs - c) -£ (5) 
dt T 
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Tim* 

Figure 43: 1st. order dissolution kinetics. Left: time-
dependence of concentration. Right: dependen
ce of dissolution rate on concentration 
/34/. 

Stationary concentration is: 

k«cs k«T'c8 
cstat " = 

•j-^+k l+k-'T 

and stationary dissolution rate is 

* (c8 "
 cstat> " *' f"1 

k+r"1 

c8 - k-cs 

1+kT 

(6) 

(7) 

For high flow rates (T -1 » k), dc/dt • k*c« and c = k'T-
•c8. With smaller flow, (T

 - 1 <^k) c c8 and the reaction 
rate is determined by removal of the nearly-saturated 
solution: dc/dt fts c8/.j-# 

Assuming that secondary phase formation also proceeds accor
ding to 1st. order kinetics, dissolution and subsequent 
precipitation of a second stable phase can be described with 
the formula 

*£ - k r ( c £ l - c) - k2- (c - c s 2)» c s 2 < c < c 8 l (8) 
dt 

(csl* saturation concentration of the readily soluble 
initial phase, c82t saturation concentration of the low-solu
bility product phase). Stationary concentration is 
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k!Csl+ k2cs2 
cstat = 

kL + k2 

As one is not dealing with reversibly soluble materials in 
the case of glasses, the use of the above formulae for glass 
corrosion remains empirical. The saturation concentration cs 
has no thermodynamic significance; it is an adjustable 
parameter. The rate constant k is empirical and not linked 
to transition state theory. 

Model formulae of the type 

R = "R +1R 

are also not fundamentally applicable to glasses (cf. the 
comments in /30/). It is of course known that the rate of 
Si02~dissolution is a function of the negative surface 
charge /108/: 

R »< |>SiO-) 

i{ }: solid concentration, e.g. in moles/m2). The surface con
centration of SiO~ groups is a function of solution pH-va-
lue (e.g. in the form of a Langmuir isotherm). The validity 
of similar associations is obvious for the dissolution of 
glasses but no relevant experiments exist at present. 

As Grambow has shown /26/, in a simple glass/water system 
the precipitatioi^jof silicic acid can be assumed for the 
reverse reaction R. It is not difficult to imagine that, in 
real or realistic systems, formation of another phase, sorp
tion or diffusive loss of silicic acid would determine R. A 
formula 

R<K(cs - c) 

is an expedient which ought to show that network dissolution 
of HLW-glasses is driven by the difference between chemical 
potential of silicic acid in glass and in solution. It is 
not certain whether the network disirtegration is also influ
enced by borate concentration in tn solution. 

In the following, a few works will be presented whose 
authors interpret their results in terms of 1st. order kine
tics. Harvey's experimental results /34/ already mentioned 
in Section 5.3 can be described in terms of 

R - 1 ' k (cs - c). 
A 
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The concentration dependence of R in Figure 17 can be recon
ciled with this, with the additional assumption that the 
solution becomes supersaturated with silicate (Figure 44) 
and that a new phase is then precipitated. From this point 
in time the silicate concentration and, with it, the reac
tion rate remain constant. The appearance of a minimum reac
tion rate is a strong indication that concentration and reac
tion rate are determined by a precipitation process and not 
by a re-adsorption of silicic acid on the glass. 

Figure 42 is also taken from Harvey's work /34/ and shows 
the behaviour of an alumino-silicate glass, which can be 
well described with 1st. order kinetics. 

Machiels and Pescatore /62/ take solvent flow-through into 
account. Using a type (5) equation with A/V ratio and resi
dence time T gives 

c • 

1 + 

cs 

cs 

(A/VJRQ 

1 - exp. 
i 
L + 

r 

and for a closed system (T -1 =0) 

c • c8 1 - exp. 
(A/VJRQ 

cs 
' fc 

(A/V) RQ 
(11) 

(12) 
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Figure 44; Concentration dependence of 1st. order kine
tics glass leach rate. In the range BD the 
solution is super-saturated with silicic 
acid. After precipitation of silicic acid 
the reaction rate rises again to a stationa
ry value (EF) /34/. 

The application of equation (11) to flow experiments with 
glass SRL-131 results in only partial agreement with experi
ments (Figure 45). Behaviour of glass PNL 76-68 can be well 
described by equation (12) (Figure 46). 

It follows from equation (12) that the product (A/V)»t repre
sents a correlation variable, i.e. when c is plotted against 
(A/v)*t, all points must lie on a curve. This relationship 
is fulfilled for glass PNL 76-68. The relevant results have 
already been given in Figure 22. 

Grambow /26/ uses an Si02-dissolution model developed by 
Rimstidt and Barnes /76/ to describe glass corrosion. It is 
a formula of the type R = R + U: 

<*£ » h (k+ - k_c) (13) 
dt V 

This can also be converted into 1st. ordgr kinetics accor
ding to equation (1): as in equilibrium R must equally, for 
the solubility constant K8 of silicic acid the following 
results 

K8 - *± - c8 
k-
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and the expression in parenthesis from (13) becomes 
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Figure 45: Comparison of the calculated effect of flow 
rate (dashed curves) on the concentration of 
Si in solution; values of R0 and C6 were 
calculated by fitting the model equation 
(11) (solid curve) to MCC-1 data /99/. 
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Figure 46; Comparison between equation (12) and experi
mental data /62/. 

Grambow has investigated temperature-dependence of the cons
tants k+ and k_. The activation energies are 72 - 77 kJ/mole 
(k+) and 50.6 kJ/mole (k_), the latter value agreeing well 
with that of Rimstidt and Barnes /76/ for precipitation of 
silicic acid (49.8 kJ/mole). The values for k+ lie within 
the range of other data for glass dissolution (cf. Section 
5.2). 

Seefelt /89/ discovered that the flow-model of Macedo et al 
/6, 60, 61/ agrees with the simple formula of Berner /10/ 
(Equation 4), with the exception of the dimensions. Selected 
results from these authors are given in Figure 23. The work 
of Hughes et al. is also based on similar considerations 
743/. 
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10.2 Models with tn-kinetics and complex models 

Formulae of type 

Q = a«tl/2 + b«t 

which are often used to describe glass corrosion predict 
firstly parabolic and later linear kinetics. However, the 
opposite is often observed: after an initially linear 
ascent, Q°*tl/2. 

This observation of affairs can be understood in terms of 
1st. order kinetics (the art of curve-fitting was discussed 
on p.55). Various authors have, however, tried to explain it 
by using other model formulae. 

Kuhn et al. /52, 53/ have found that the long-term data of 
Strachan as well as other results can be described by a 
model which originates with the assunption that the reaction 
is slowed down through re-adsorption of reaction products: 

R = Ro (1 - 0 ) (14) 

©is the surface coverage of the adsorbed species. The wri
ters describe the adsorption with a Langmuir isotherm and 
the resultant dissolution rate is 

R - Ro (1 - k'c ) = RQ •—i (15) 
1 + k*c 1 + k«c 

Using (A/V)-t = / f[£ 
J R 

gives (1 + k«c)2 - l 
t • 

2 (A/V)k-Ro 

With normalised element loss 

Q • c 

(A/V)c0 

normalised initial corrosion rate 

J>'Ro 
ro -

co 
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and with the abbreviation 

(A/V) c0k 
B = 

the dimensionless relationship 

B*r0t - B-Q + 1/2(B'Q)
2 (16) 

results. ( P: density of glass, c0: concentration of obser
ved elements in glass, same unit as c). 

Figure 47 gives a series of experimental results Which are 
well described by the above relationship. At not too high 
values for (A/v)*t, the model has excellent correlation 
coefficients ( > 0.985). However, the authors emphatically 
maintain that the experimental data could be interpreted 
just as precisely with 1st. order kinetics. 

Silicic acid is taken as the reaction-inhibiting, re-adsorb-
able species. The idea that such an adsorbed substance 
really inhibits reaction creates difficulties and the super-
saturation effect as described by Harvey /34/ contradicts 
the adsorption model. Its applicability to the effect of 
corrosion inhibitors (Pb2+, Al3+, P0^~) should however be 
examined. 

PARABOLIC ASYMPTOTE^ 

.1 0.2 0.6 1 2 6 10 20 SO 100 
DIMENSIONLESS TIME, r - r,Bt 

Figure 47: Pit of Eq. (16) to the boron release data of 
HLW-glasses /53/. 
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In /52/ Kuhn and Peters have additionally developed model 
concepts of the reaction-inhibiting effect of gel layers. 
Model formulae for diffusion-controlled corrosion can also 
be found in the works of Nachiels and Pescatore /62/. 

Wallace and Wicks /103/ have modelled the change from linear 
to parabolic kinetics with the diffusion-inhibiting effect 
of the reaction layer. The model also allows orders of reac
tion n < 0.5. 

Harvey et al. /35/ have modelled diffusion effects for eight 
different situations in a very intensive publication (Table 
5). Because of the complex subject matter, reference must be 
made to the original publication. The work contains no tes
ting of the models with experimental data. 

The complex model of Pescatore and Machiels /73/ is presen
ted in Figure 48. It does not apply only to glasses but also 
to other solidification matrices in general. It takes 
account of diffusion in the matrix, dissolution rate u with 
formation of a reaction layer, material exchange between 
this layer and the solution and occurrence of equilibrium in 
the solution. 

A linearised form of the model is represented by the follo
wing equations /93/: 

# 
BC 

z,t>0 

*"ttW* +«C(z=0) />0 

dC<m) 

-̂=/3L(/)-̂ C-«» ;>0 

C(0+,r)=tf7i(r) /SO 

C : concentration in the matrix 

Ca<Js concentration in solution 

D s diffusion coefficient 

u : rate of network dissolution 

n: number of moles 

0: renewal frequency of 

solution 

H: equilibrium constant 

(i: A/V 
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Case 

1 
2 

3 
4 

5 
6 

7 

8 

Matrix condition 

Nondissolving 
Dissolving 

Nondissolving 
Dissolving 

Nondis solving 
Dissolving 

Covered with 
inert surface 
layer 
Nondissolving 

Leachant condition 

Infinite vol.; 
concentration of 
diffusing species 
always zero 

Finite vol.; con
centration of dif
fusing species 
increases with 
time 

Replenished or 
slowly flowing 
leachant 

Infinite vol. 
Finite vol. 

Application 

High-flow leach 
test; waste 
form in river 
or sea 

Static leach 
test; disposal 
vault scenario 

Replenished or 
flow test; dis
posal vault 
scenario 

Aluminosilicate 
glass 

Table 5: Models for different leaching conditions 
/35/. 

The mathematical treatment of the model with asymptotic solu
tions is presented in /43, 93/. Models of a less complex 
nature are also given by Machiels and Pescatore /62/; these 
have already been referred to. 
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Figure 48; Graphical representation of the Machiels-
Pescatore leach model /73/. 
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11. Summary Overview 

11.1 Corrosion Mechanism and Corrosion Rates 

The results from long-term experiments published since the 
last report /30/ contain fundamental information on expected 
stationary corrosion rates and on the importance of indivi
dual influencing parameters. 

For a particular glass, besides temperature and pH-value, 
silicate concentration is the most important parameter 
influencing corrosion rate. Only limited investigations into 
pH-dependence of corrosion rate exist as, in normal experi
mental arrangements (MCC-1 test), the pH-value of the solu
tion is fixed by the glass corrosion products. 

Under repository conditions - pH sr 9, T > 50°c - glass disso
lution is incongruent i.e. occurs under precipitation of 
secondary solid phases. Selective leaching, if any, is a 
transitory phenomenon. From various indications it is possib
le to raise the basic question of whether borosilicate glas
ses can be selectively leached at all with conservation of 
the network. 

Evaluations now exist from long-term corrosion experiments 
with american HLW-glasses, from which corrosion rates under 
approximately stationary conditions can be derived. At 90°C 
the corrosion rate is 2*10~5g/cm2'd (PNL 76-68, SRL-131). 

At an experimental temperature of 70°C, a value of 
10~6g/cm2>d can be extrapolated. Similar corrosion tests 
with an active JSS glass only extended over 182 days /17/. 
The stationary corrosion rates derived therefrom lie in the 
range (0.8 ...2.0)'10_5g/cm2«d at 90°C. 

No long-term data exist for envisaged repository temperatu
res. Using apparent activation energies of 70 to 80 kj/mole, 
reaction rates of 4.7*10"^ to l^'lO'^g/cirr'd can be derived 
for the envisaged repository temperature of 55°C. With the 
same activation energies at 55°C, a corrosion rate of (3.00 
+/- 0.25)*10"' g/cm2,d results from american long-term measu
rements at 70°C. 
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It is to be borne in mind that the basic experiments have 
been carried out at the stationary pH-value of glass (pH 
9.5). It can be assumed that, in a repository, the pH-value 
is buffered to a lower level by the backfill material, which 
also slows down glass corrosion. 

11.2 Transformation Products and Reaction Layers 

Knowledge of solid corrosion products and reaction layers 
has also been extended through long-term experiments. 

The transformation products of incongruent glass dissolution 
are mostly amorphous under X-ray diffraction up to temperatu
res over 100°C. To some extent they form poorly crystalline 
clay minerals. 

The formation mechanism of the Si02~rich gel layer which 
forms on glass is not quite clear. It is possibly formed by 
a topotactic reaction through dissolution of boron without 
complete break-down of the network. On and in this gel layer 
various ions from the glass are retained as precipitates or 
adsorbates. However, in a repository, element-retention on 
canister-corrosion products and on backfill materials will 
dominate. 

In general, the gel layers do not form a diffusion barrier, 
which would have an inhibiting effect on kinetics. 

11.3 Natural Glasses 

Only basalt glasses can be used as a natural analogue for 
HLWglasses. With an Si02~content of around 50%, they have 
similar corrosion rates to borosilicate glasses in comparati
ve experiments. The Si02~rich obsidians are, on the other 
hand, significantly more chemically resistant. 

Similar reaction layers form on basalt glasses and HLW-glas-
ses. For the present, the chemical long-term behaviour of 
basalts can only be applied qualitatively to HLW-glasses as 
uncertainties still exist regarding the long-term kinetics 
of basalt corrosion. 
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From the age of natural glasses together with theoretical 
considerations of crystallisation, it can be concluded that 
a thermal re-structuring of glasses need not be feared under 
repository conditions. 

11.4 Interactions 

The important role of backfill- and canister-materials with 
respect to glass corrosion has only recently received the 
attention it should but further clarification is necessary 
before this role can be quantified. 

Solids which adsorb silicic acid or form compounds with it 
increase glass corrosion rate. This is particularly true for 
bentonite and corrosion products of iron. The data which 
exist to date are only qualitative. 

The adsorption of specific ions on the glass surface can 
also inhibit corrosion, lead ions appearing to be particular
ly effective. It has not yet been investigated whether this 
effect remains in the presence of other materials. 

11.5 The Effect of Radioactive Decay 

The results summarised earlier /30/ on the effect of radioac
tive decay on glass corrosion have basically been corrobora
ted by recent publications. 

d -doses as they can be expected in a HLW-glass will cause 
volume-changes in the range of less than +/- 1%, these chan
ges being significantly smaller than in the case of crystal
line materials. Corrosion behaviour of glasses is not detri
mentally affected by ck - decay. 

The effect of a %-field on glass corrosion also remains very 
small if the radiolytic formation of nitric acid is preven
ted through experimental precautions. No nitric acid forma
tion is to be expected in a sealed repository. The effect of 
radiolysis on corrosion drops with increasing temperature. 
At 50°c a ^-irradiation (1.75 106 rad/h) causes a factor of 
three increase in reaction rate* on the other hand, at 90°C 
no acceleration in reaction rate is noticeable. 
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11.6 Kinetics and Models 

Long-term corrosion experiments have given more profound 
insights into reaction kinetics of glass corrosion and have 
allowed formulation of reaction-kinetic models with a more 
sound experimental basis. 

The corrosion behaviour of glasses in a static test and 
tests with low solution exchange can be described in terms 
of formulae with 1st. order kinetics with regard to silica
te. 

Reaction constants and 'saturation concentration' are adjus
table parameters and have no strict physico-chemical signifi
cance because, on the one hand, the elementary mechanisms of 
glass dissolution are not sufficiently well known and, on 
the other hand, a glass cannot be formed from solution and 
has no thermodynamic saturation concentration. 

The semi-empirical formulae with a silicic acid elimination 
reaction (through removal, precipitation, adsorption) are, 
despite all their inadequacies, capable of modelling glass 
corrosion satisfactorily. 
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12. Conclusions and Recommendations 

12.1 Conclusions 

There is no longer any doubt that, next to temperature and 
pHvalue, silicate concentration has the strongest influence 
on corrosion rate. The processes which affect this concentra
tion under repository conditions must therefore be given 
particular attention. 

HLW-glasses have corrosion rates of 10_5(90°C) to 10~?(55°C) 
g/cm2«d under static experimental conditions, pH and silica
te concentration being determined by the glass corrosion 
products. However, under repository conditions, these parame
ters are also determined by the canister-corrosion products 
and by bentonite. The corrosion data for a safety analysis 
must be further substantiated by taking account of these 
interactions. 

According to present experimental results, it can be stated 
that glasses are structurally stable for the necessary time 
period of 10*> years under repository conditions. They are, 
in particular, insensitive to damage from OL -decay of the 
actinides. 

It is also certain that radiolysis products do not (or only 
to a very small extent) increase corrosion rate. The increa
sed corrosion rates observed in various experiments can be 
explained by a drop in pH caused by radiolytically-formed 
nitric acid, which is not expected under repository condi
tions. 

12.2 Recommendations for Further Research 

In the first place, corrosion data must be obtained which 
are relevant to repository conditions. In this respect, the 
effects of canister-corrosion products on silicate concentra
tion and on pH-value are of particular significance (as fore
seen in the context of the JSS-programme). 
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Account should also be taken of the possibility of affecting 
glass corrosion by addition of silicic acid or corrosion 
inhibitors. In particular, the favourable effect of lead 
ions should be investigated further. For example, lead couM 
be used as a casting metal between the canister and the 
glass fabrication container in the repository. 

It is evident that long-term experiments must be aimed for. 
Due to the uncertainty of extrapolation with apparent acti
vation energies, realistic temperatures should be chosen. 

Alongside these practical investigations, experiments which 
broaden the theoretical understanding of corrosion behaviour 
of borosilicate glasses would be worthwhile e.g. investiga
tion of the effect of dissolved borate on glass corrosion 
and further experiments on boron release from the glass. It 
is known that, at pH 2, the network is re-structured with 
removal of boron /15/ and this phenomenon should be investi
gated under other conditions (e.g. pH 7, 50-90°C). If the 
same result were found as for pH 2, this would mean that 
borosilicate glasses show no selective leaching of alkali 
ions as do the Na-Ca-silicate glasses. 

Further clarification of the pH-dependence of formation of 
the gel layers (pH ca. 9-11) would be of interest. An 
answer should be found to the question whether formation of 
such layers is topochemical or from the solution and whether 
their stability can be explained by the buffering-effect of 
boric acid/borate. 
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Appendix 

Oxide 

Si02 

B2O3 
Na20 

Li20 

CaO 

A1203 

Fe203 

ZnO 

U02 

Zr02 
Cr203 

P2O5 
NiO 

HLW-Oxides 

ABS-29 

52,0 

15,9 

9,4 

3,0 

-

2,5 

0,6 

6,0 

1,7 

-

-

-

-

9,0 

ABS-39 

48,5 

19,1 

12,9 

-

-

3,1 

5,7 

-

1,7 

-

-

-

-

9,0 

ABS-41 

52,0 

15,9 

9,4 

3,0 

-

2,5 

3,6 

3,0 

1,6 

-

-

-

-

9,0 

ABS-118 

45,5 

14,0 

9,9 

2,0 

4,0 

4,9 

2,9 

2,5 

0,85 

1,0 

0,5 

0,3 

0,4 

11,25 

Table A-1: Conposition of Swedish HLW-glasses. 
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Oxide 

Si02 
B203 

P2O5 
A1203 

Li20 

Na20 

K20 

Cs20 

MgO 

CaO 

SrO 

BaO 

CoO 

NiO 

ZnO 

Pe203 

Cr203 

(RE)203* 

u3o8 

Mn02 

Ti02 

Zr02 

Te02 

M0O3 

PNL 76-68 

40,0 

9,5 

0,5 

-

-

12,9 

0,1 

1,1 

-

2,0 

0,4 

0,6 

0,1 

0,6 

5,0 

11,1 

0,4 

8,1 

-

-

3,0 

1/9 

0,3 

2,4 

SRL TDS-131 

43,9 

9,9 

-

3.7 

3,7 

12,1 

-

0,7 

1,4 

0,8 

0,9 

-

-

2,3 
-

13,6 

-

1,3 

-

4,5 

0,8 

0,3 

-

— 

cu 

57,3 

3,7 

4,4 

-

8,1 

2,7 

-

0,10 

-

0,12 

0,11 

-

— 

2,4 

-

14,8 

-

0,5 

1,8 

4,0 

-

5,8 

-

-

C31-3 EC 

34,8 

4,1 

-

10,3 

1,0 

3,1 
-

1,2 

1,4 

3,8 

0,5 

15,3 
— 

— 

4,9 

0,3 

-

3,6 

1,4 

-

2,8 

3,1 

-

2,4 

* RE: rare earth 

Table A-2: Composition of some HLW-glasses / 5 , 2 7 / . 
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A : 

c : 

cS-

F : 

Q : 

R : 

T : 

t : 

T : 
V : 

surface 

concentration 

concentration at saturation 

volumetric flow 

quantity reacted 

reaction rate {e.g. in g/cm2»d) 

Kelvin tenperature 

time 

residence time 

volume 

Table A-3: L i s t of symbols. 


