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SUMMARY 

The present concept for final disposal of high-level waste in Switzerland 
consists of a repository at a depth of 11000 to 11500 m in the crystal
line bedrock of northern Switzerland. The waste will be placed in a con
tainer which is required to function as a high integrity barrier for at 
least 11000 years. 

This report is the second of a set of two dealing with the evaluation of 
potential materials for such containers. Four materials were identified 
for further evaluation in the first of these reports; they were cast 
steel, nodular cast iron, copper and Ti-Code 12. It was concluded that 
some testing was needed, in particular with respect to corrosion, in 
order to confirm these materials as candidate container materials. 

The experimental programme included: 

1) corrosion tests on copper under gamma radiation 

2) immersion corrosion tests on the four candidate materials including 
welded specimens 

3) corrosion testing of the four materials in saturated bentonite 

4) constant strain rate testing of Ti-Code 12 and copper at 800C 

5) the behaviour of copper, Ti-Code 12 and Zircaloy-2 when immersed 
in liquid lead 

6) corrosion potential and galvanic current measurements on several 
material pairs. 

The standard test medium was natural mineral water from the Bad Sackingen 
source. This water has a total dissolved solids content of approx. 3'200 
mg/l, about 1 '600 mg/l as chloride. The oxygen level was defined as 0.1 
pg/g. In certain cases this medium was modified in order to test under 
more severe conditions. 

The results of the corrosion tests confirm in general the evaluation in 
the first part of the report. All of the materials are suitable for 
high-level waste containers: cast steel, nodular cast iron and copper as 
single layer containers, and Ti-Code 12 as an outer corrosion resistant 
1 ayer. Copper coul d also be used under an outer steel 1 ayer, where it 
could arrest local penetration. 

The corros ion ra te of the iron base materi a 1 5 unde r standa rd test 
conditions decreases rapidly over the first 500 hours; it is higher at 
800C than at 1400C. Corrosion rates of under 10 pm/year were measured on 
cast steel at 1400C over 6,000 hours, and 34 pm/year at BOoC over 1 1400 
hours. For the time interval 500 - 1 1440 hours at 800C a corrosion rate 
of under 10 pm/year was estimated. Localized attack was not observed. It 
was concluded that a corrosion allowance of 20 pm/year is adequate for 
cast steel and nodular cast iron. 
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Copper was confirmed as a suitable container material. Copper specimens 
corroded as fast as oxygen was supplied; no localized corrosion was 
observed, and no other effective corrosion mechanism was identified. 
Radiation levels equivalent to 30 mm of copper shielding had no 
significant effect on the corrosion behaviour of copper. 

Bentonite did not affect the corrosion behaviour of any of the four 
materials at 1400C at test periods of up to 400 hours. 

The constant strain rate tests confirm that Ti-Code 12 and copper are 
resistant to stress assisted cracking under repository conditions. 

Copper, Zircaloy-2 and Ti-Code 12 are not adversely affected by molten 
lead; the use of molten lead to fill the internal cavity of the container 
remains an option since copper, Ti-Code 12 and Zircaloy-2 are resistant 
to molten lead at 350oC. 

The chemical analyses of groundwaters carried out in the course of the 
Nagra geological programme show that the standard water composition used 
for the present study is significantly less saline and also more 
oxidising than Swiss groundwaters in crystalline rock at depths between 
11000 and 11500 m (total salinity typically 15 1000 mg/l, virtually oxygen 
free). The corrosion behaviour of the four materials tested here is never
theless expected to be very similar in such groundwaters. Immersion 
corrosion tests and corrosion tests in bentonite have been started in 
order to verify experimentally this hypothesis. 
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ZUSAMMENFASSUNG 

Nach dem derzeitigen Konzept der Endlagerung hochaktiver Abfälle in der 
Schweiz ist ein Lager in Tiefen von 1 1000 - 1 1500 m im kristallinen Grund
gestein der Nordschweiz vorgesehen. Die Abfälle sollen in Behälter einge
bracht werden, die während mindestens 1 1000 Jahren eine hochzuverlässige 
Sicherheitsbarriere bilden. 

Der vorliegende Bericht umfasst den zweiten Teil der Untersuchungen über 
mögliche Behälterwerkstoffe. Wie im ersten Bericht festgehalten, sollten 
Stahl guss, Sphäroguss, Kupfer und Ti-Code 12 als Kanditatenwerkstoffe für 
die weitere Evaluation, speziell im Hinblick auf Korrosion, näher 
untersucht werden. 

Das experimentelle Programm bestand aus: 

1) Korrosionstests an Kupfer unter Gamma-Bestrahlung 

2) Tauchversuche an den vier Kandidatenwerkstoffen, einsch1iess1ich 
geschweissten Proben 

3) Korrosionstests an den vier Werkstoffen in mit Modellwasser 
gesättigtem Bentonit 

4) Constant strain rate Prüfung an Ti-Code 12 und Kupfer bei 800C 

5) Untersuchung vom Verhalten von Kupfer, Ti-Code 12 und Zirka1oy-2 in 
flüssigem Blei 

6) Messung der Korrosionspotentiale und der galvanischen Ströme an ver
schiedenen Werkstoffkombinationen. 

Das Standardprüfmedium war natürliches Mineralwasser aus der Quelle Bad 
Säckingen (D). Dieses Wasser weist einen Totalgehalt an gelösten 
Mineralsalzen von ca. 31200 mg/1 auf, davon etwa 11600 mg/1 Ch1orid. Der 
Sauerstoffgehalt wurde auf 0.1 ug/g eingestellt. In gewissen Fällen wurde 
jedoch die Zusammensetzung für verschärfte Prüfbedingungen modifiziert. 

Die Ergebnisse der Korrosionsversuche bestätigten im allgemeinen die im 
ersten Bericht vorgenommene Werkstoffwahl. Die vier Werkstoffe sind als 
Behältermaterial für hochaktive Abfälle geeignet: Stahlguss, Sphäroguss 
und Kupfer für Vol1materialkonstrukionen, Ti-Code 12 als korrosions
beständiger äusserer Ueberzug. Kupfer könnte auch als innerer Ueberzug in 
Stahl behälter verwendet werden, wo es nach allfälligen lokalen 
Perforationen im Stahl wirksam würde. 

Unter Standardprüfbedingungen sinkt die Korrosionsrate von Eisen
werkstoffen während der ersten 500 Stunden schnell ab und ist höher bei 
800C als bei 140oC: Korrosionsraten unter 10 ~m/Jahr wurden an Stahl guss 
bei 1400C über 61000 Stunden und 34 um/Jahr bei 800C über 1 1 440 Stunden 
Prüfdauer gemessen. Für das Intervall 500 - 1 1440 Stunden bei 800C ist 
eine Korrosionsrate von weniger als 10 um/Jahr zu erwarten. Lokale 
Korrosionsangriffe wurden nicht festgestellt. Man kann daraus sch1iessen, 
dass ein Korrosionszuschlag von 20 um/Jahr für Stah1- und Sphäroguss 
angemessen is~ 
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Kupfer bestätigte sich als geeignetes Behältermaterial. Kupferproben 
korrodierten in dem Masse, wie Sauerstoff nachgeliefert wurde; Lokal
korrosion und andere Korrosionsmechanismen wurden nicht beobachtet. 

Strahlung mit einer Intensität, wie sie bei hochakti,vem Abfall an der 
Oberfläche eines 30 mm dicken Kupferbehälters auftritt, hatte keine 
signifikante Wirkung auf das Korrosionsverhalten von Kupfer. 

Bentonit zeigte keinen Einfluss auf das Korrosionsverhalten der vier 
Werkstoffe bei 1400C und einer Prüfdauer bis 400 Stunden. 

Der Constant strain rate Test bestätigte, dass Ti-Code 12 und Kupfer 
gegenüber Spannungsrisskorrosion unter Lagerbedingungen resistent sind. 

Kupfer, Zirkaloy-2 und Ti-Code 12 werden durch flüssiges Blei nicht 
nachteilig beeinflusst. Die Anwendung von B~eischme1ze zur Auffüllung von 
Behälterleerräumen bleibt als Option für Kupfer, Ti-Code 12 und 
Zirkaloy-2, die in flüssigem Blei bei 3500C resistent sind, bestehen. 

Die durch die Nagra im Rahmen ihres geologischen Programms veranlassten 
chemischen Analysen von Grundwässern zeigen, dass das für die vorliegende 
Studie verwendete Standardwasser wesentlich weniger salzhaltig und 
oxidierender ist als die Grundwässer im kristallinen Grundgestein der 
Schweiz bei einer Teufe von 1 1000 bis 1 1500 m (Gesamtsalzgehalt typisch 
15 1 000 gmll, jedoch praktisch sauerstofffrei). Das Korrosionsverhalten 
der hier getesteten Werkstoffe in diesen Grundgewässern ist wahr
scheinlich sehr ähnlich. Um diese Annahme zu verifizieren, wurden 
Korrosionsversuche (Tauchversuche und Korrosionsversuche in Bentonit) 
unter Anwendung eines neuen, dem im kristal1inen Sockel nachgewiesenen 
Grundwässern sehr nahen Standardwassers begonnen. 
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RESUME 

Le présent concept pour l'entreposage définitif de déchets hautement 
radioactifs en Suisse consiste en un dépôt à une profondeur de 1'000 à 
1 '500 m dans le socle cristallin de la Suisse septentrionale. Ces déchets 
seront placés dans des conteneurs devant former une barrière d'une 
efficacité considérable pendant 1 '000 ans au minimum. 

La présente étude est la deuxième d'un groupe de deux concernant l'évalua
tion de matériaux appropriés pour ces conteneurs. A la suite du premier 
rapport quatre matériaux avaient été sélectionnés pour une évaluation 
supplémentaire: l'acier coulé, la fonte sphéroidale, le cuivre et le 
Ti-Code 12. On avait conclu que des essais supplémentaires étaient 
nécessaires - avant tout pour ce qui concerne la corrosion - pour retenir 
définitivement ces matériaux comme candidats pour la construction de 
conteneurs. 

Le programme expérimental comprend: 

1) des essais de corrosion sur cuivre exposé aux rayons gamma 

2) des essais de corrosion par immersion sur les matériaux candidats y 
inclus des échantillons soudés 

3) des essais de corrosion sur les quatre matériaux dans de la bentonite 
saturée 

4) des essais à vitesse de déformation contrôlée sur le Ti-Code 12 et le 
cuivre à BOoC 

5) le comportement du cuivre, du Ti-Code 12 et du Zircaloy-2 en contact 
avec du plomb liquide 

6) la mesure du potentiel et du courant galvanique sur des comptes de 
différents matériaux. 

Le milieu corrosif standard était de l'eau minérale provenant de la 
source de Bad Sackingen. La salinité totale de cette eau est de 3'200 
mg/l environ, dont environ 1 '600 mg/l de chlorures. La teneur en oxygène 
est maintenue au niveau de 0.1 pg/g. Pour certain essais, le milieu 
d'essai était modifié afin de rendre les conditions plus sévères. 

En général, les résultats des essais de corrosion confirment l'évaluation 
faite dans le premier rapport. Tous les matériaux sont appropriés pour la 
construction de conteneurs pour les déchets hautement actifs: l'acier 
coulé, la fonte sphéroida1e et le cuivre pour des conteneurs mono-couches 
et le Ti-Code 12 comme revêtement extérieur inoxydable dans le cas d'un 
conteneur multicouche. Le cuivre serait également approprié comme 
revêtement intérieur d'un conteneur en acier pour limiter la croissance 
de pénérations locales éventuelles dans l'acier. 

Pendant les premières 500 heurs le taux de corrosion des métaux à base de 
fer diminue rapidement sous les conditions standard; la perte de métal 
est plus élevée à BOoC qu'à 140oC. Des taux de corrosions inférieurs à la 
pm/a ont été mesurés à 1400C sur une période de 6'000 heures pour l'acier 
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coulé; 34 ~m/a ont été observés à 800C sur une période de 1 '440 heures. 
Pour l'intervalle de 500 à 1 '440 heures à SOOC un taux de corrosion 
inférieur à 10 um/a peut été estimé. Aucune attaque localisée n'a été 
constatée. Ceci a permis de conclure qu'un supplément d'épaisseur pour la 
corrosion de 20~m/a est adéquat pour l'acier coulé et la fonte 
sphéroidale. 

Le fait que le cuivre est un matériau approprié pour conteneur a été 
confirmé. La corrosion des échantillons de cuivre est proportione11e à la 
vitesse avec laquelle l'oxygène est transporté vers la surface. Il faut 
mentionner l'absence d'attaque locale ainsi que d'autres phénomènes de 
corrosion. L'exposition aux radiations d'une intensité équivalente à 
celle derrière un écran protecteur en cuivre de 30 mm d'épaisseur n'a pas 
révélé un effet significatif sur le comportement en corrosion du cuivre. 

La bentonite n'a pas influencé le comportement en corrosion des quatre 
matériaux exposés à l400C pendant une période de 900 heures. 

Les essais à vitesse de déformation contro1ée confirment que le Ti-Code 
12 et le cuivre résistent à la corrosion sous tension dans les conditions 
règnant dans le dép6~ 

Le cuivre, le Zirca10y-2 et le Ti-Code 12 ne sont pas affectés par la 
présence de plomb liquide. La résistance du Ti-Code 12, du Zirca10y-2 et 
du cuivre au plomb liquide permet l'usage de ce dernier pour colmater les 
espaces interstitiels. 

Les analyses chimiques des eaux souterraines que la Cédra a menées i bien 
au cours de son programme géologique montrent que la composition standard 
de l'eau utilisée pour la présente étude est nettement moins saline que 
les eaux du socle cristallin suisse à une profondeur de 1 '000 à 1 '500 m 
(salinité totale typiquement 15'000 mg/1), mais plus oxydante (les eaux 
souterraines analysées sont praquement exemptes d'oxygène). Le 
comportement en corrosion des quatre matériaux examinés est cependant 
probablement très similaire dans ces eaux souterraines à ce qui a été 
observé dans le cadre de la présente étude. Afin d'étayer cette hypothèse 
on a commencé des essais de corrosion par immersion et des essais dans la 
bentonite avec une nouvelle composition standard très proche de celles 
observées. 
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1. INTRODUCTION 

The present concept for final disposal of high level wastes in 
Switzerland involves a repository at a depth of 1 '000 to l'500m 
in the crystalline bedrock of northern Switzerland. The waste 
will be placed in a container which is required to function as 
a high integrity barrier for at least 1'000 years following the 
closure of the repository. This report is the second of a 
series dealing with the choice and evaluation of materials for 
the conta i ners. 

The design criteria for the containers are discussed in part I 
/1/. Materials identified as candidate materials for high level 
waste containers were, 

i) iron or steel (unalloyed or low alloy), 
ii) copper, 
iii) titanium or titanium alloy, 
iv) a nickel-chrome-molybdenum alloy, 
v) alumina. 

Ti-Code 12 and Inconel 625 or Hastelloy-C were considered to be 
the most promising titanium and nickel base materials. 

This material selection was primarily made on the basis of 
corrosion resistance to the groundwater under repository 
conditions. It was considered that containers of all of these 
materials would have a life of at least 1 '000 years, iron and 
steel, copper and alumina as massive containers, whereas the 
titanium alloy and the nickel-chrome-molybdenum alloys are more 
suitably employed as a corrosion resistant layer over a steel 
pressure vessel. Alumina was not retained on the short list as 
the manufacture of an object the size of a container is not 
"state of art" and it could not be demonstrated that an alumina 
container with sufficient fracture toughness was possible. 

The candidate materials were chosen on the basis of the avail
able literature and although the evidence for their suitability 
is sound, it was considered necessary to produce experimental 
verification in some areas under conditions closer to those 
expected within a repository, and to provide a better data base 
for the design of a container for incorporation in a nuclear 
waste disposal concept. 

At this stage in the waste disposal programme there was a 
preference for simple massive container designs; the number of 
candidate materials was further limited by including only one 
corrosion protection layer material in this experimental 
programme. The titanium alloy, Ti-Code 12, was chosen. Three 
other materials were to be tested, copper, a cast steel (GS 40) 
and a nodular cast iron (GGG 40). 
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The experimental programme consisted of: 

1) Corrosion tests on copper under gamma radiation, 

2) Immersion tests on the four candidate materials 
including welded specimens under conditions close 

(Section 2). 

to those expected within a repository, (Section 3). 

3) Corrosion testing of the four materials embedded 
in bentonite saturated with a typical groundwater, (Section 4). 

4) Constant strain rate testing of Ti-Code 12 and 
copper in a typical groundwater at 800C, 

5) Corrosion potential and galvanic current 
measurements on several material pairs under 
simulated repository conditions, 

6) The behaviour of copper, Ti-Code 12 and 
Zircaloy-2 when immersed in liquid lead. 

(Section 5). 

(Section 6). 

(Section 7). 

The general conclusions and recommendations are in Section 8. 
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2. THE INFLUENCE OF RADIATION ON THE CORROSION OF COPPER 

2.1 Introduction 

The available literature (Appendix C) suggests that irradiation 
could have an affect upon corrosion rates of metals in aqueous 
solutions. An experimental programme was initiated to test if an 
effect could be demonstrated on the corrosion of copper. 

2.2 Experimental 

2.2.1 Medium 

The reference water for this NAGRA research programme is Bad 
Sackingen source water. One of the main components of this water 
is sodium chloride (ca. 1.5 g/l). It should be borne in mind that 
ground waters with even higher chloride levels cannot be ruled out 
such that the effect of radiolysis in sodium chloride solutions in 
general must be considered. 

The oxidation of copper by sulphates or nitrates is 
thermodynamically possible, although geological evidence suggests 
that these reactions are kinetically blocked /2/. 

The most likely reaction for sulphate involves iron 11 and 
silicates. Both are always present in crystalline rock; 

4 Cu + 2 504 + 9 Fe2Si04 + 4H+~2 CU25 + 6 Fe304 
+9Si02 + 2 H20 

GO = -532 kJ 

and for nitrate 

2 NOj' + 10 Cu + 2H+ ~ 5 CU20 + H20+N2 

GO = -757 kJ 

It is conceivable that the kinetics of these reactions could be 
modified under irradiation; there is no evidence either that these 
reactions do not occur under irradiation or that irradiation 
promotes the oxidation of metals via these reactions. Experimental 
work was undertaken in order to help clarify the situation. The 
corrosion of copper was investigated in 

NaCl 
NaN03 
Na2S04 + Fe2 Si04 
Bad Sackingen water 

all deoxygenated with nitrogen; with and without irradiation by a 
coba1t-60 source. 
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2.2.2 Radiation source 

The radiation dose from unshie1ded high level waste to the 
surrounding ground water is mainly determined by the 't -radiation. 
A coba1t-60 source with a 't-radiation energy of 1. 2 MeV was used 
as the radiation source in this work. The source used had an 
activity of 50 Cia 

2. 2. 3 Apparatus 

The apparatus was designed such that the radiation enters the cell 
through the copper specimen just as it would with a waste 
cani ster. 

The corrosion cell is shown in Fig. 2.1. 

In order that the radiation only enters through the corrosion 
specimen, radiation from the coba1t-60 source had to be 
collimated. In addition, in order to perform e1ectrochemica1 
measurements, a reference electrode is needed. This should be 
shielded from the radiation source. In order to achieve these two 
requirements, a lead block was cast and the corrosoion cell let 
into the block as illustrated in figure 2.2. There are four 
measuring positions within the lead block. 

The reference electrode is shielded from the source by 20 cm of 
lead. The radiation attenuation for this situation (fig. 2.2) is 
given by 

1/10 = e-ud 

where 10 = source intensity 
I = intensity distance d from source 
u = absorption coefficient. 

(0.6 cm- l for 60Co t-radiation in lead) 

The radiation intensity at the reference electrode is thus reduced 
by a factor of 6.1 x 10-6• 

2.2.4 Radiation dose to the medium 

2.2.4.1 Theoretical 

It is important to know the amount of radiation energy absorbed 
within the corrosion cell. 

The dose rate 0 can be calculated from: 

• 2 
o = K.a/r 
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where K = Dose rate constant 
a = Activity of the source 
r = distance from the source 

"'1"--- 0,1 m ---*~ .. -- 0,12 m --"'>01 

Fig. 2.3 Geometrical factors for the determination of the absorbed 
dose rate within the corrosion cell 

In order to calculate the absorbed dose rate within the corrosion 
cell, the dose must be integrated over the cell length 

o = K. a/L'.fir2 . dr 
"';1.. 

K = 1.31 Rm2h-1Ci- l (for -radiation of energies 1.17-1.33 meV) 
a = 50 Ci 
L = o. 12 m 
r1 = o. 1 m 
r2 = o. 22 m 

o = 2976 R/h 

For aqueous solutions 

1 R = 6. o. 1016 eV. 1-1 

Furthermore only volume Vt of the total volume Vtot of the cell 
is i rradi ated, fi gure 2. 3. 

v t = 101 m1 
V tot = 175 m1 

The total energy dose absorbed by the solution is therefore: 

D = 2.86 x 1016 eV.1-1s-1 
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2.2.4.2 Experimental 

The dose rate can also be measured chemically. The most commonly 
used method is that of Fricke /3/. With this method iron (II) 
sulphate is oxidised to iron (Ill) sulphate by radiolysis in the 
presence of oxygen. The amount of iron oxidised is directly 
proportional to the dose absorbed. 

6.020 x 1025 x Moles 1-1 Fe2+ produced eV.1-1 

The iron captures the oxidising radicals or is oxidised by the 
stable radio1ysis products. 

Fe2+ (OH, H02, H202) ~ Fe3+ 

The maximum dose that can be measured is limited by the oxygen 
solubi1 ity ('" 2.5 x 10-4 Mole. 1-1) in the standard solution. 

The maximum dose measurable is 2.5 x 1021 eV.1-1 

The st~ndard Fricke solution is 
- 10- M FeS04 
- 10-3M NaC1 
- 22 ml conc. H2S041-1 
- air saturated. 

The Fe (II) ions are slowly oxidised by the dissolved oxygen, the 
solution must therefore always be freshly prepared for a 
detenni nati on. 

The cell was filled with Fricke solution and irradiated as in 
figure 2.3. The experimental details were as follows: 

Solution: 
Volume: 
Temperature: 
Irradiation time: 

Result: 

Fe2+ 
Fe3+ 
Fe tot 

Fricke solution 
175 m1 
300C 
1789 min. 

Blind 

55 mg/l 
n. d. 
55 mg/1 

n. d. = not detected. « O. 5 mg/1) 

Measured energy dose (Fricke method) 

Irradiated 

19 mg/1 
35 mg/1 
54 mg/1 
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D = 2.38 x 1021 eV.l-l (G = 15.5) 

The dose rate is therefore 

2.21 x 1016 eV.l-ls-l 

this is in good agreement with the calculated dose rate of 

2.86 x 1016 eV.l-ls-l 

2.2.4.3 Energy density distribution 

The dose rate D is proportional to r-2 (Figure 2.3). The copper 
specimen is only 0.1 m from the radiation source. The dose rate at 
the specimen is 1.1 x 1017 eVe l-l.s-l i.e. five times higher than 
the average dose rate to the solution. 

The higher dose rate at the specimen should prove advantageous in 
detecting direct effects of radiation on the corrosion reactions. 

2.2.2.4 Dose rate from a container 

The dose rate D at the surface of a copper canister of varying 
wall thickness which contains COGEMA waste shielded internally by 
50 mm of lead is given in figure 2.4 /4/. 

The dose rate in the corrosion cell is 1.1 x 1017 eVe l-l.s-l which 
is equivalent to 6.3 x 106 mrem.h-l • Without the lead a dose of 
rate 6.3 x 106 mrem h- l would require roughly 30 mm of copper 
shielding. 

2.2.5 Weight loss experiments 

In order to investigate the effect of irradiation upon corrosion, 
the following experiments were performed: 

A. Parallel The specimen was placed in the corrosion cell but not 
exposed to the ~ source 

B. Direct The specimen was placed as in figure in the cell and 
irradiated from behind 

C. Indirect The specimen was placed on the floor of the cell out 
of the direct radiation path. The specimen position 
for direct irradation was filled with a glass disc. 
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The specimens were prepared by grinding to grade 600, then 
immersed for 30 seconds in concentrated hydrochloric acid, washed 
and dried. The specimens were weighed and then blanked off except 
for the area to be exposed of diameter 20 mm. 

The corrosion potential was measured during the direct and 
parallel tests. 

After the experiment, the appearance of the specimens was 
recorded. The specimens were then washed in acetone followed by 
water, dried and weighed. A second weight loss measurement was 
made after 30 seconds immersion in concentrated hydrochloric acid. 
A second exposure to concentrated hydrochloric acid produced no 
further measurable weight loss, < 0,05 mg. 

The results are presented in table 2.1 and 2.2. 

2.2.6 E1ectrochemica1 measurements, 0.1 N NaC1 

Potential-log current density curves were measured for copper 
potentiodynamica11y at 20 mV/min in 0.1 N NaC1. The cell and 
experimental conditions were the same as for the weight loss 
experiments. 

The two curves are very similar (Fig. 2.5). The corrosion 
potential measured before the potentiodynamic measurement started 
was in both cases -225 mVS.C.E •. Back extrapolation of the anodic 
Tafe1 region to the corrosion potential suggest a corrosion 
current of 0.033 A.cm-2 without and 0.048 A. cm-2 with exposure 
to the Coba1t-60 source. These values, the Tafe1 slopes and 
position of the curves on the potential axis are so similar that 
it must be concluded that there is no measurable effect of 
radiation upon the corrosion kinetics. 

2.2.7 E1ectrochemica1 experiments in Sackingen water 

Sackingen water was the only test medium which produced a fully 
developed deposit on copper in the weight loss experiments. The 
corrosion potential of copper was observed to increase by about 
100 mV after about 40 h in Sackingen water whereas with all other 
solutions it altered very little after the first few hours. 
Additional experiments were performed on copper to provide more 
information on the behaviour of copper in Sackingen water. These 
experiments no longer involve radiation effects but are best 
discussed here as they were a natural extension of the radiation 
study. 

The following experiments were performed: 

i) Potentiodynamic, Potential-log current density measurement 
in Sackingen water at 22 0C immediately after immersion in 
the medium and after 60 h. Conditions as for weight loss 
experiment. 



Table 2.1 Results of irradiation experiment 

Test Medium Type 

1 1N NaC1 parallel 

2 para11 e1 

3 direct 

4 indirect 

5 O. 1 N NaC1 parallel 

6 direct 

7 indirect 

8 O.lN NaN03 para11 e1 

9 direct 

10 O.lN Na2S04 para11 e1 

11 +FeSi04 direct 

12 indirect 

13 Sackingen para11 e1 

14 water direct 

15 indirect 

Temp. 
°C 

24 

21. 5 

24 

20 

21. 5 

18 

18 

21. 5 

20 

21 

20 

20 

21 

18 

18 

Volume Time 
m1 h 

175 62.8 

69. 7 

62. 6 

62.5 

68.5 

110. 1 

110. 1 

62. 7 

62. 5 

71. 2 

62. 5 

62. 5 

68. 0 

110. 1 

110. 1 

Dose to 
medium 
eV.1-1 
X10 21 

4. 98 

4.97 

8. 75 

8. 75 

4.97 

4. 97 

4. 97 

8. 75 

8. 75 

Weight loss Cu 
mg 

(H20) (HC1 ) 

0.9 1. 3 

O. 5 o. 9 

0.2 1.0 

o. 3 o. 4 

0.8 0.9 

o. 2 o. 4 

O. 1 0.2 

o. 3 0.4 

0.0 0.5 

O. 0 O. 1 

-0. 2 o. 1 

-0.2 o. 1 

-0. 4 O. 7 

-0.3 0.5 

O. 0 O. 5 

Res t Pot. (end) 
mV S. C. E. 

-26 

-46 

-69 

+94 

+34 

+214 

+244 

+194 

+174 

+111 

+134 

z 
):-
cv 
:::0 
):-

z 
-I co 
00 
-1==00 
I 
o ...... 

...... 
<.:n 
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Tab1 e 2. 2 

Visual appearance of specimens after test. 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Appearance 

Small amount of green deposit around edge of specimen, 
otherwise no attack or deposit 

As for 1 

No change (from as prepared condition) 

Areas of specimen discoloured 

Surface had a slightly green co1ouration 

No change. 

11 

11 

Specimen tarnished, with irregular dark brown-black patches. 

Some dark brown coloured areas scattered over the test area. 

As for 9 

No change. 

The specimen is covered with a dark green deposit. White 
crystals were observed on this dark green deposit. An EDX 
analysis of these crystals was positive for calcium (crystals 
of calcite or arragonite?). X-ray diffraction analysis of the 
surface found CU20, CU20 is red, therefore there must be other 
compounds present on the surface. 

As 13. 

As 13. 
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ii) Repeat of weight loss experiment but with continual 
measurement of the corrosion potential, interrupted every 
two hours for a polarisation resistance measurement. 

After about 20 hours the specimens were again covered with a dark 
green deposit. The potential-log current density curves for 0 and 
60 h are shown in figure. 2.~ 

A limited "passive" range is present after 60 h which must be due 
to the surface film. 

Both the corrosion potential and the polarisation resistance show 
a step change after 40 h exposure to Sackingen water (figure 2.7). 
This experiment was repeated twice more, the time to the step 
change properties in all three experiments lay between 35 and 45 
h. The shift in potential and increase in the polarisation 
resistance suggest that after ca. 40 h the surface film covers the 
whole surface and has some protective properties. 

2.2.8 Evaluation of experimental data - Thermodynamics 

The thermodynamic data used is for 250C. From table 2.3, /2/, the 
following oxidation reactions are most likely to be responsible 
for the corrosion of copper: 

Cu + 2 C1- ~ CuC12 + e -
Cu + 3 Cl -.... Cu Cl 3 2 - ~ e
Cu + 2 C 1- ... 1/2 Cu 2C 14 + e
Cu + C1- ~ CuC1 + e-

pK 

3. 26 
3.06 
2. 21 
6.06 

The equilibrium constant K is defined as follows (the first of the 
four reactions above will be used throughout in the examples) 

e. g. K = - - - 2 (CuC1 2 ).(e )/(Cl ) 

or, log (CuC12) + 10g(e-) - 2 log (C1-) = log K 

The concentrations of the two dissolved species are thus given by 

log (CuC12) = pe - pK + 2 log (Cl-) 

In general 

Log (m) = pe - pK + n log (Cl-) 

The data from the weight loss tests 1,2,3,6, and 7 can be used to 
determine the equilibrium constant K and the factor n. 
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i) For a 1 N NaC1 solution, 
n 1 og ( C 1 -) = 0 

Therefore pk = pe - log (m) 

pe = E / 60 mV 
RCu 

where ER is the measured corrosion potential of the copper 
specimen on the normal hydrogen scale. 

m is the weight loss of the copper specimen expressed as a 
solubility in the medium. 

Experiments 1, 2 and 3 thus yield the following values for pK: 

Test m = mg/175 m1 = M. 1-1 xl 0-5 pe 

1 O. 9 8. 1 -0. 43 
2 O. 5 4. 5 -0. 77 
3 o. 2 1. 8 -1.15 

i. e. an average value for pK of 3. 6 

The factor n may be estimated from experiments 5 and 6 
in 0.1 N NaC1. 

log(m) - pe + pK 
n = -

log (Cl ) 

Test m = mg/175 m1 = M.1-1 x10-5 pe 

5 0.8 7. 2 1. 57 
6 0.2 1.8 o. 57 

i. e. an average va1 ue for n of 1. 9. 

The reaction which best fits pK = 3.6, n = 1.9 is 

Cu + 2 C1- ~ CuC12 + e 

for which pK = 3.3 and n = 2 (literature values). 

pK 

3. 66 
3. 57 
3. 60 

pK 

2. 1 
1.7 

This argument is illustrated in figure 2.8 where the experimental 
points are plotted on the solubility diagram for Cu as CuC12 taken 
from /5/. 
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Table 2.3 Equilibrium constants 
at 250C and 1000C. 

for the oxidation of copper 

Species pK 

250C 1000C 

Dissolved Cu+ 8. 76 7. 66 
Cu 2+ 11.44 10. 72 
Cu (OH)+ 19.44 15. 90 

Cu (OH)2 26.5 21.42 

Cu (OH)3 39. 2 32.3 

Cu (OH)4 51.05 
1/2CU 2(OH)4+ 16. 62 14.82 
CuC1 6. 06 4. 93 

CuC12 3.26 1.98 

CuC13 3.06 3.42 

1 /2CU2C1 ~ 2. 21 3.57 
CuC1+ 11. 04 

CUC03 15. 04 11. 58 
Cu (C03)2- 22.27 16.44 

CUS04 9. 08 
CuF+ 10. 14 

Sol id 1/2CU 20(S) 7. 96 7. 65 
CuO(s) 19.06 16.00 

CuO(H20) ( s ) 20.08 17.80 

CuO(H20) ( s ) 20. 74 
CuC 1 (s ) 2. 03 1. 49 

Cu(OHl. 5C1 0. 5(S) 15. 14 13. 06 

CUC03(S) 12. 14 16. 38 

1/3Cu3(OH)2(C03)2(S) 12. 34 10. 56 

Cu(OH1.5(S04)0.25(S) 15. 69 

1/3CU3(OH)4S04(S) 14. 37 
1/2CU2(OH)2C03(S) 14. 02 12.00 
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Fig. 2.8 Comparison of experimentally determined 
corrosion values for copper compared to _ 
theoretical solubility for copper as CuC12 



NAGRA NTB 84-01 - 24 -

2.3 Discussion and Conclusions 

Radio1ysis of aqueous solutions produces a series of radicals and 
species which can alter the corrosion behaviour of a metal exposed 
to the irradiated solution. 

The net production of oxidising or reducing species is zero in the 
bulk of the solution, however, if one or more products is either 
lost from the system, or consumed by a reaction, then a net 
accumulation of either reducing or oxidising species will occur. A 
further possibility is that one of the product species is 
chemically unreactive such that the medium acts as if it were 
oxidising or reducing, that is the radio1ysis can alter the redox 
potential of a solution. Hydrogen is the most stable and hence 
most important reducing product of the radio1ysis of water. 

Once the hydrogen radicals (H) have combined to form molecules 
(H21 they are much less chemically active than the most stable 
oxidant, hydrogen peroxide. The irradiated solution becomes 
effectively oxidising, even if hydrogen gas does not physically 
escape from the system i.e. the solubility limit for hydrogen is 
not exceeded. 

The experiments on copper irradiated by a coba1t-60 source of 
~-radiation at a first glance seem to indicate that the effect of 
irradiation is to reduce the amount of corrosion. This is, 
however, not to be taken as a general conclusion as will be 
explained below. 

Analysis of the results indicate that copper corrosion in chloride 
containing solutions is controlled by the reaction: 

Cu + 2C1- ~ CuC12 + e 

in agreement with Bjorndahl and Nobe /6/. The mechanism is not 
altered by irradiation i.e. by either a reducing or oxidising 
medi urn or by 'di sso 1 ved oxygen. 

In chloride media the e1ectroreduction of oxidising species or the 
electroxidisation of reducing species alters the corrosion rate in 
that they alter the surface concentration at the metal of CuC12 
according to 

E = -0.035 + RT/F 1n (CuC12)/(C1-)2 Vs. C. E. 

where E is the corrosion potential of coppe~ In an open system, 
the corrosion rate of copper will thus be determined by the rate 
at which CuC12 can diffuse away and the charge transfer processes 
at the copper surface which determine the concentrations of CuC12 
at the metal surface. 



NAGRA NTB 84-01 - 25 -

The experimentally observed lower weight loss on irradiated 
specimen indicates that over the duration of the experiment the 
reducing species were more electroactive, depressing the corrosion 
potential. The potential of platinum electrodes at low radiation 
dose levels /7/ was also depressed but rose to higher values at 
higher accumulated dose levels. The experimental evidence produced 
here is insufficient to determine whether or not the corrosion 
potential on copper and hence the corrosion will increase with 
higher total dose levels. This possibility cannot be ruled out. 

The corrosion rate of copper is controlled by the reaction 

Cu + 2Cl- -+ CuCl i + e-

and this reaction goes to thermodynamic equilibrium at the copper 
surface. A knowledge of the corrosion potential and the rate of 
transport of CuC12 away from the metal should thus directly yield 
the corrosion rate of copper in chloride containing solutions. The 
presence of oxidants, e.g. oxygen or reductants shift the _ 
corrosion potential and hence the surface concentration of CuC12, 
but do not change the dissolution mechanism for copper. 
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3. IMMERSION CORROSION TESTING 

3.1 Introduction 

3.2 

3. 2. 1 

Four candidate materials for a high level waste container were 
identified in part I /1/. These are cast steel GS-40, nodular 
cast iron GGG-40, high purity copper, and Ti-Code 12. A survey 
of the literature suggested that these materials would be 
suitable for a container with a design lifetime of 1000 years 
under conditions expected within the current Swiss high level 
waste repository concept. The main features of this repository, 
in crystalline bedrock at a depth of 1000-1500 m, as they 
relate to the design of the container are represented in 
section 2 of part I of this report /1/. 

This section represents the results of standard immersion corro
sion tests of the four materials identified as promising candi
dates under conditions representative of Swiss repository 
condi ti ons. 

Experimental 

Method 

The aim of the immersion testing was to determine the corrosion 
rate and corrosion morphology in the groundwater expected in 
bed rock granite in northern Switzerland at temperatures 
typical of those at the surface of a canister. 

3.2.1.1 Test medium 

For the purposes of this experimental programme the model 
ground water was defined as identical to that from the Bad 
Saeckingen source with the exception that the oxygen level was 
set at O. 1 ~g/g, since the oxygen in the samples analysed is 
thought to be a sampling artifact and much lower oxygen levels 
are predicted for deep groundwaters /4/. Typical analyses of 
Bad Saeckingen source water are given in table 3. 1. The water 
used in the experiments was natural source water collected from 
Bad Saeck i ngen. 

In some experiments the model water was modified to provide 
corrosion data under non-standard conditions. These changes 
will be given in the appropriate results section. 

3.2.1.2 Materials 

The chemical analyses, mechanical properties and microstruc
tures of the GG-40, GGG-40, Ti-Code 12 and copper used are 
given in appendix I. Welds were made in all four materials and 
welded specimens were included in certain of the experiments. 
Details of the welds are given in appendix B. 
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Tab1 e 3. 1 

Water analysis - Bad Sackingen Source 

Parameter Unit 22/7/81 28/10/81 5/3/82 25/5/82 20/8/82 

Li+ mg/1 5.80 5.10 5. 55 6. 00 5. 50 
Na+ mg/1 898 930 966 1045 1073 
K+ mg/1 75. 1 78. 6 78.4 85.2 86. 6 
NH~ + mg/1 1.80 n. d. 0.05 n. d. n. d. 
Mg + mg/1 12. 1 13. 9 13. 7 15. 1 15. 4 
Ca++ mg/1 124.5 137. 3 139. 1 155. 2 158. 7 
Fe++ mg/1 n. d. n. d. n. d. n. d. n. d. 
Fe total mg/1 n. d. n. d. n. d. n. d. n. d. 

F- mg/1 2. 7 2.3 3. 2 3. 2 2.8 
C1- mg/1 1487 1572 1619 1767 1817 
Br- mg/1 4. 2 4. 0 4. 6 5. 4 5. 1 
N03 mg/1 7. 0 5. 4 5. 0 7. 7 5. 3 
HC03 - mg/1 290 289 289 295 298 
S04 = mg/1 112 117 117 125 125 

02 dissolved mg/1 n. a. 3.8 n. a. 7. 1 0.8 
H2S dissolved mg/1 n. d. n. d. n. d. n. d. n. d. 

H2Si03 mg/1 40.4 34.6 41.7 42.4 39. 7 
H3B03 mg/l 16. 5 15. 9 17. 6 17. 9 17. 9 

Total dissolved mg/1 3052 3083 3194 3469 3498 
sol i d s (11 OoC ) 

Conducti vi ty )lS/cm 3920 4263 4900 5210 4742 
200C 

pH -log (H+) 5. 68 6. 53 6. 47 6. 48 6.50 

Redox potential mV 180 300 180 185 200 

n. d. = not detected 
n. a. = not analysed 
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The standard specimen set for immersion corrosion is: 

6 30x20x2 mm3 corrosion coupons, 
2 150x20x2 mm3 weld specimens. 

In the case of copper and Ti-Code 12 where the material was in 
sheet form, the corrosion coupons were in the plane of the 
sheet. For GS-40 and GGG-40 the orientation was random. 

The welds were not cleaned after welding. The weld specimens 
were all taken from the surface such that one side of the 
specimen was the original as welded surface, i.e. the side that 
would be outermost on a sealing weld of a container. The welds 
on GS-40 and GGG-40 were wide, in excess of 40 mm. For these 
specimens one end of the specimen was the centre of the weld 
run. For Ti-Code 12 and copper where the weld was much 
narrower, the whole weld width was included in the specimen. 

3.2.1.2 Apparatus 

Measurements above 1000C have to be carried out under pressure. 
Normal practice would be to use an autoclave. Many corrosion 
reactions consume oxygen, especially those to be expected on 
copper, and iron or steel. The oxygen in a closed autoclave 
would soon be consumed with the result that the corrosion rates 
measured could be misleadingly low. A IIrefreshing autoc1ave" 
system was therefore necessary in order to maintain the oxygen 
level. The system is illustrated schematica11y in figure 3.1. 
The oxygen level was set in the external reservoir by bubbling 
an oxygen/nitrogen gas mixture of the appropriate oxygen level 
through the medium in the reservoir. The 0.1 pg/g oxygen/nitro
gen gas mixture containing 0.27 vol.% 02 at 20oC. 

The autoclave has a volume of 10 1, the reservoir was filled 
with 50 1 of test medium. The refreshing rate was set between 
0.5 and 1.0 l/h, and was measured for each experimental period. 
The pressure in the high pressure part of the circuit was set 
at 10-12 bar. 

A simplified version of this apparatus was used for the measure
ments at temperatures below 100oC. In this case the whole 
circuit was at atmospheric pressure. The volume of the specimen 
flask for the lower temperature experiments was 2 1. The 
refreshing rate was set between 0.1 and 0.2 l/h. 

3.2.1.3 Test procedure 

The specimens were degreased in acetone, washed, dried, and 
weighed. They were then hung from an anodized zirconium wire on 
a support stand. Each stand held 1 or 3 specimen sets, for the 
2 1 and 10 1 test vessels respectively. 
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The test temperatures were 80 and 140oC. The specimen holders 
were placed in the test vessels, the vessels sealed and flooded 
with nitrogen deaerated test medium. The gas bubbling through 
the reservoir was then changed to the oxygen/nitrogen mixture 
if necessary and the test vessels brought to the required temp
erature. 

The 1400C vessels were started with three specimen sets, the 
vessels were opened after the first test period (about 1 
month), and one specimen set removed. The other two sets were 
left in and the experiment restarted. The procedure was 
repeated after the second test period, when the second specimen 
set was removed. 

The specimens were evaluated as follows: 

i) corrosion coupons; 
four coupons for weight loss determination, 
one coupon for corrosion depth determination by 
metallographic section 
one coupon reserve 

ii) welded specimens; 
one for examination by metal10graphic section 
one cleaned as for weight loss determination and 
visually examined. 

3.2.1.4 Specimen cleaning 

The weight loss specimens had to be cleaned of corrosion pro
ducts and deposits (e.g. calcium carbonate from the water) be
fore they could be reweighed. 

The specimens were first cleaned in an ultrasonic bath in 
deionized water. An appreciable amount of material was removed 
from the iron and steel specimens, this was separated out, 
dried and sent for analysis by X-ray diffraction. 

The Ti-Code 12 specimens were not further treated since apart 
from a few calcite crystals the surfaces were free of deposits 
after ultrasonic cleaning. The iron, steel and copper specimens 
had to be chemically treated in order to remove the remaining 
deposits as more vigourous mechanical methods such as scrubbing 
with a nylon brush were not satisfactory. 

The copper, iron and steel specimens were treated with 10% HC1 
containing 1.0 m1/1 propin-(2)-ol (1) as inhibitor. The speci
mens were immersed in this solution for one minute intervals, 
after each interval they were dried and weighed. The weight 
loss was plotted against the chemical treatment time. This plot 
is a straight line at longer treatment times, extrapolation to 
time zero gives the true weight loss due to corrosion. The 



NAGRA NTB 84-01 - 31 -

3.3 

3. 3. 1 

3. 3. 1. 1 

cleaning procedure was checked on a blank specimen; the weight 
change at zero time is negligible compared to those for corro
ded speci mens. 

The metallographic specimens were ultrasonically cleaned before 
mounting. They were only etched if a relationship between the 
microstructure and the corrosion attack morphology was sus
pected, as etching tended to preferentially attack the 
corrosion product layer. The thickness and structure of this 
layer, in particular on the iron and steel, is a useful evalua
ti on cri teri a. 

Results 

Weight loss 

Copper 

Exposure time. 

0-720 
0-2900 
0-5750 

( h ) Weight loss. (mg/cm2) +-0.2 mg/cm2 

0.0 
1.0 
5.8 

Table 2.2 Weight loss of copper specimens exposed to 
Saeckingen water wi th o. 1 )1g/g 02 at 1400 C 

The results of the immersion test on copper at 1400C in 
Saeckingen water containing 0.1 pg/g oxygen are given in table 
2.2. From these results it would appear that the corrosion on 
copper is increasing with time, from 0 mg/cm2 in 1000 h after 
720 h, to 0.34 mg/cm2 in 1000 h after 2900 h, to 1.00 mg/cm2 in 
1000 h after 5750 h. This is, however, due to an artifact; the 
experimental conditions for the various exposure times being 
different, as shown below. 

Copper is thermodynamically stable in water, it may, however, 
be attacked by oxygenated water. It will be assumed that the 
product at the low oxygen levels present in the water is Cu(I) 
oxide. The experimental procedure was such that after each test 
period one specimen set was removed, the test was restarted; 
the refreshing rate and hence the oxygen supply was not 
adjusted to take account of the reduced total specimen surface 
area. A specimen set has a surface area of 1700 cm2 (including 
the four point bending specimens). Assuming total consumption 
of the available oxygen by the copper, at the measured 
refreshing rate of 0.7 l/h, 400 mg of copper would be oxidized 
to Cu(I) in 720 h. The calculated weight loss due to oxygen cor
rosion is compared with the observed value in table 3.3. 
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The observed weight loss and that calculated assuming corrosion 
by the available oxygen (table 3.3) are in reasonable agree
ment, probably within experimental error. The discrepancy after 
5750 hours is equivalent to a corrosion rate of 3 ~m/a over and 
above that for oxygen corrosion. 

Exposure time (h) 720 2900 5750 

Weight loss (mg/cm2) o. 0 1.0 5. B 
measured 

Weight loss (mg/cm2) O. 2 1. 2 4. 0 
02 corrosion 
theoretical 

Table 3.3 Experimental weight loss compared to that expected 
from 02 corrosion 

Copper was also tested at BOoC. The measured corrosion rates 
are gi ven in tab1 e 3. 4. 

Test period 
{h} 

504 
1440 

Medium: Saeckingen water 
O.lpg/g 02 air sat'd. air sat ' d+15g/1 C1-

46 ,um/a 
26 )Jm/a 

45 ,um/a 
40 pm/a 121 )Jm/a 

Table 3.4 Results of corrosion experiments on copper at BOoC 

On the assumption that copper is only attacked by oxygen and 
that it is oxidized to Cu{I}, then the corrosion rate expected 
would be 23 ,um/a with 0.1 pg/g 02, and 1700 pm/a in air 
saturated solutions. The corrosion rate after 1440 h in Saeckin
gen water containing 0.1 pg/g 02 is very close to the theoreti
cal oxygen corrosion rate. It seems that the copper consumes 
all the oxygen available. This is not the case for the air 
saturated solutions, there must be a kinetic rate limiting 
factor operating at oxygen levels not much higher than 0.1 
pg/g. The increased corrosion rate observed when the chloride 
level was set 10 times higher {by the addition of 15 g/l 
chloride as NaCl} than in Saeckingen water is possibly due to 
the chloride increasing the oxygen corrosion rate for instance 
by decreasing the protectiveness of an oxide film. 

The results on copper at 140 and BOoC are not comparable as the 
rate of oxygen supply was not the same. The corrosion rates in 
table 3.4 are internally consistent but only correct for the 
experimental conditions prevailing. 
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3.3.1.2 Cast steel GS-40 and nodular cast iron GGG-40 

The results of the immersion testing on GS-40 and GGG-40 are 
presented in table 3.5 for Saeckingen water with 0.1 pg/g 02 at 
140oC. The experimental procedure was the same as for copper at 
1400C, the amount of oxygen supplied per unit surface area of 
specimen was thus three times higher for the last test period 
than at the start of the test. In contrast to copper the 
apparent corrosion rate did not increase with time, but de
creased with increasing testing time. The supply of oxygen to 
the iron or steel is thus not the corrosion rate determining 
step. 

Test period 
(h) 

0-700 
0-3200 
0-6020 

0-700 
0-2900 
0-6500 

Materi a1 

GS-40 
GS-40 
GS-40 

GGG-40 
GGG-40 
GGG-40 

Corrosion rate 
(pm/ a) 

11 
6 
2 

37 
15 
12 

Table 3.5 Results of corrosion tests on GS-40 and GGG-40 in 
Saeckingen water + 0.1 }Jg/g 02 at 1400C 

Some measurements of the corrosion rate of GS-40 were made at 
800C (table 3.6). 

Test period 
(h) 

0-504 
0-1440 

Saeckingen water 800C 
O. 1 }Jg/g 02 air saturated 

86 }Jm/a 
34 }Jm/a 

106 )Jm/a 
86 }Jm/ a 

Table 3.6 Corrosion rates measured for GS-40 in Saeckingen 
wa ter at 800C. 

The corrosion rate reduces with time as it does at 1400C. The 
rate is, however, higher than that at 1400C which suggests that 
the corrosion mechanism has changed as rates normally increase 
with increasing temperature. 
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3.3.2 Meta110graphic examination 

3. 3. 2. 1 Copper 

The corroded surfaces of the copper, specimens were examined in 
cross section under the light microscope at magnifications up 
to 500 times. The whole surface of each corrosion coupon was 
also examined under the binocular light microscope at up to 20 
times magnification both before and after the ultrasonic 
cleaning and after the chemical removal of corrosion products 
and deposits. The low magnification examination revealed no 
localized attack on any of the copper specimens, except for the 
specimens tested in air saturated Saeckingen water which had a 
roughened surface. The results presented are thus those 
observed from the cross secti onsat higher magnifications. 

Fig. 3.2 shows specimens tested at BOoC in Saeckingen water 
containing 0.1 pg/g 02 after 1440 h. There is no evidence of 
localized attack either on the as welded surface of the 
electron beam weld (fig. 3.2a), or in the weld metal (fig. 
3. 2b), or in the base metal (fi g. 3. 2c). The corros i on rate 
determined by weight loss of 26 pm/a is equivalent to ca. 
0.9 mm at 200 magnification and 2.2 mm at 500 magnification in 
figure 3.2. The significance of the slightly more severe attack 
under the deposit in figure 3.2c, the largest found, is 
difficult to judge with respect to the long term corrosion 
morphology on copper as the test period was too short. The 500 
h specimens were similar in appearance, which suggests that the 
localisation of corrosion attack does not worsen with time. 

The surfaces after exposure in Saeckingen water containing 
0.1 pg/g 02 at 1400C (fig. 3.3 a & b) after 2900 h are barely 
attacked. The only difference over unexposed specimens is a 
slight roughening of the surface. Specimens tested at longer 
times were much rougher (fig. 3.3 c). The test conditions were 
more' severe from 2900 to 5750 h, BO% of the wei ght loss 
occuring in this period. The surface is roughened not pitted. 
The more important parameter is thus the overall corrosion 
rate, and the importance of the roughness to the penetraion 
depth will decrease with time. 

Copper was also tested in two non-saturated test media, 
Saeckingen water air saturated, and Saeckingen water + 15 g/l 
C1- air saturated, both at BOoC. Cross sections through the 
surfaces of the corrosion coupons (fig. 3.4) show that the 
attack in air saturated Saeckingen water is very similar to 
that at lower oxygen contents. Attack was most severe under 
deposits, but the depth of local attack at the worst point 
found after 1440 h is only approximately 6 pm deep on an 
average corrosion loss of 6 pm. On the addition of 15 g/l 
chloride the average corrosion rate increased threefold over 
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Fi gure 3. 2 

(a) 

Metal 

SOpm 
1--------1 

(b) 

Metal 

SOpm 
..---

( c ) 

Metal 

20pm 
~ 

Surface of copper exposed to Saeckingen water 
+ O. 1 }Jg/g 02 at 800e for 1440 h. 
(a) Electron beam weld surface, as welded. 
(b) Electron beam weld metal. 
(c) Base metal 
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(a) 

Metal 

SOpm 
t--------I 

(b) 

Metal 

(c) 

Metal 

20pm 
t--------I 

Figure 3.3 Surface of copper exposed to Saeckingen water 
+ O. 1 )Jg/g 02 at 140oC. 
(a) Electron beam weld metal, 2900 h. 
(b) Base metal, 2900 h. 
(c) Base metal, 5750 h. 
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air saturated Saeckingen water and the attack was less uni
form; localized attack such as that illustrated in figure 3.4c 
was common. Thi s pi t one of the deepest found was 30 )Am deep; 
however, the average corrosion loss from the weight loss 
determination was ca. 20 pm in 1440 h so even under these very 
severe conditions the maximum penetration found is of the same 
order of magnitude as the average corrosion rate suggesting 
that copper is resistant to severe pitting. 

3.3.2.2 Gast steel GS-40 and nodular cast iron GGG-40 

All GS-40 and GGG-40 corrosion specimens were examined at low 
magnification for localized corrosion. In many cases the 
surface was roughened, but in no instance was localized attack 
on a macroscopic scale observed. 

Both GS-40 and GGG-40 were exposed to Saeckingen water contain
ing 0.1 pg/g 02 at BOoG. GS-40 was also tested in air saturated 
Saeckingen water at BOoG. 

A full specimen set of GGG-40 was not tested at BOOG, there 
were no corrosion coupons just the welded specimens; a weight 
loss determination on these suggest that the corrosion rate on 
GGG-40 is similar to that for GS-40, i.e. ca. 30-40 pm/a based 
on the 1440 h test. 

The surface morphology of GGG-40 is practically unaffected by 
504 h exposure to Saeckingen water with 0.1 pg/g 02 (fig. 3.5) 
such that apart from a very thin corrosion product layer, (fig. 
3.5 b & c), these surfaces are similar to the unexposed 
reference specimens. The thicker layer in figure 3.5a is a 
thermal oxide formed by the welding process. After 1440 h (fig. 
3.6), the GGG-40 metal surface appears no rougher with no signs 
of localized attack; however, a thicker layer of corrosion 
product has formed from the extra (6-B ~m in total) iron 
oxi di zed. 

The graphite nodules in the GGG-40 have neither been preferen
tially attacked, nor caused preferential attack of the 
adjacent matrix (figs. ~5 c & 3.6 c) at BOoG. 

GS-40 behaved in a similar fashion to GGG-40 in Saeckingen 
water contai ni ng O. 1 pg/g 02 at BOoG. The surface attack was 
more irregular after 504 h (fig. 3. 7 a) than on GGG-40, but the 
irregularity of attack did not increase further between 504 and 
1440 h. It would appear that both GGG-40 and GS-40 are not 
prone to localized corrosion attack under these conditions. The 
average corrosion rate determination from the weight loss thus 
adequately describes the long term behaviour. 
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Figure 3.4 (a) Surface of copper exposed to air saturated 
Saeckingen water at 800C for 504 h. 

(b) As (a) but for 1440 h. 
(c) Surface of copper exposed to air saturated 

Saeckingen water + 15 g/l C1-. 
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Figure 3.5 Surface of GGG-40 exposed to Saeckingen water 
with 0.1).19/9 02 at 800C for 504 h. 
(a) Weld metal, surface as-welded. 
(b) Weld metal, milled surface. 
(c) Base metal, milled surface. 
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Figure 3.6 Surface of GGG-40 exposed to Saeckingen water 
wi th O. 1 ).Jg/g 02 at 800 C for 1440 h. 
(a) Weld metal, surface as-welded. 
(b) Weld metal, milled surface. 
(c) Base metal, milled surface. 
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Oxide 
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20pm 
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SOpm 
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(c) 

Metal 

Figure 3. 7 Surface of GS-40 exposed to Saeckingen water 
wi th o. 1 )Jg/g 02 at 800C 
(a) Base metal, milled surface, after 504 h. 
(b) Weld metal, surface as welded, after 1440 h. 
(c) Base metal, milled surface, after 1440 h. 
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GS-40 was also tested in air saturated Saeckingen water at 
BOoC. The increased oxygen supply resulted in a higher 
corrosion rate (table 3.6). The cross sections of the corroded 
surfaces after 504 and 1440 h (fig. 3. 7 a & b) show that the 
metal loss is even over the entire surface apart from the 
expected roughening of the surface. The corrosion loss after 
1440 h was 14,um; the "peak to valley" height in figure 2.7 
only equivalent to 6-B ,urn. This observation again suggests that 
the corrosion attack is general and not localized. 

The corrosion rate was higher on GS-40 in air saturated 
Saeckingen water than at the lower oxygen level, but the sur
face appearance was similar (fig. 3.B). A voluminous corrosion 
product was formed. The outer layer was easily removed, but the 
layer nearer the metal was more compact. Both layers are 
visible in figure 3.B b, but the outer layer was washed away 
before mounting in figure 3.B a. 

Both GGG-40 and GS-40 were tested in Saeckingen water contain
ing 0.1 pg/g 02 at l400C. As was reported in section 3.3.1.2, 
the corrosion rates as determined by weight loss were lower at 
1400C than at BOoC. This is reflected in the surface appearance 
a fter the tests. 

The surfaces of both GS-40 and GGG-40 are roughened by the 
exposure to the test medium at 1400C. For instance, in the case 
of GS-40 the as prepared "peak to valley" height was less than 
1 )Am, after 3200 h exposure ca. 5,um, wi th no further increase 
to 6020 h. The weight loss method gives a corrosion loss of ca. 
3 ~m at 6020 h, most of this in the first 500 h, which explains 
the similarity in appearance after 3200 and 6020 h. Micrographs 
of the two surfaces in question are presented in figure 3.9 a 
and b. 

GGG-40 behaves similarly to GS-40 in Saeckingen water contain
ing 0.1 )Jg/g 02 at 1400 C. The overalJ corrosion rate was, 
however, abou,t four times greater (see section 3.3.1. 2). Cross 
sections through the surface of a GGG-40 coupon exposed for 
6590 h, figure 2.10, show that as at BOoC the graphite nodules 
have no influence upon the corrosion process. 

3.3.2.3 Ti-Code 12 

The Ti-Code 12 coupons showed no weight loss after exposure in 
Saeckingen water with 0.1 )Jg/g 02 at BO or 1400 C. The maximum 
test periods were 1440 and 5900 h respectively. After removal 
of the calcium carbonate deposit the BOoC specimens were 
unchanged in appearance after the test. The 1400C specimens 
were light yellow in colour over most of the surface with occa
sional small black spots barely visible to the naked eye 
(diameter ca. 0.1 mm) surrounded by a rainbow pattern 
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Figure 3.8 Surface of GS-40 exposed to air saturated 
Saeckingen water at 80oC. 
(a) After 504 h. 
(b) After 1440 h. 
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Figure 3.9 Surface of GS-40 exposed to Saeckingen water 
with 0.1 pg/g 02 1400C 
(a) After 3200 h. 
(b) After 6020 h. 
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Fi gure 3. 10 
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Surface of GGG-40 exposed to Saeckingen water 
wi th o. 1 pg/g 02 at 1400C for 6500 h. 
(a) 200X. 
(b) 500X. 
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The surfaces of the 1400C specimens were examined in the 
scanning electron microscope (S.E.M) and compared with 
unexposed surfaces. The surfaces were ground. An untested 
specimen is pictured in figure 3. 11 a; a specimen exposed for 
5900 h in figure 3.11 b. The exposed specimen appears to be 
pitted; areas such as those on the left edge of figure 3.11 b 
and at the bottom right are not present on the reference 
specimen figure 3.1 a. The majority of specimens of specimens 
tested at 2900 and 5900 h were as in figure 3.11 b. Pitting was 
not expected on Ti-Code 12 under these test conditions. A 
second reference specimen was examined (fig. 3.11 c) and found 
to have similar damaged zones to those of figure 3.11 b. The 
Ti-Code 12 specimens were prepared in two batches; titanium and 
its alloys are known to cause problems on grinding or milling. 
They tend to smear and stick. It must be assumed that the 
specimens used for the longer term experiments were all from 
the batch of specimens with mechanically damaged surfaces. 
These defects only became visible to the naked eye after the 
corrosion test, when, due to the roughness, the thick oxide 
film formed at 1400C, which was also responsible for the light 
yellow co10uration on the rest of the specimen, provided colour 
contrast by colouring the holes black. Thus, Ti-Code 12 does 
not pit under these test conditions. 

One surface of one corrosion coupon was finely ground. This 
specimen was also examined in the S.E.M. after exposure at 
1400C for 5900 h. The surface of thse specimens were curiously 
patterned after exposure (fig. 3.12 a & b). The source of these 
patterns is a matter for conjecture. Important is that there 
was no evidence of pitting on this specimen. 

3.3.2.4 Welded specimens 

3.4 

3.4. 1 

There was no difference in corrosion behaviour between the base 
metal, the weld metal or the heat affected zone for all four 
materials tested under any of the test conditions in this 
experimental programme. 

Immersion corrosion testing, discussion and conclusions 

Copper 

The corrosion rate of copper in Saeckingen water containing o. 1 
pg/g 02 at 80 and 1400C is determined by the rate of supply of 
oxgen. In this experimental programme the rate of supply of oxy
gen was given by the solution refreshing rate. In air saturated 
Saeckingen water at BOoC, copper was no longer able to consume 
all the oxygen available. The amount of oxygen available was 
approximately 100 times that in the standard o. 1 pg/g 02 med
ium; the corrosion rate increased by less than a factor of 2, 
suggesting rate control at the metal surface at higher oxygen 
levels. Increasing the chloride concentration increases the 
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Figure 111 (a) Ti Code 12 as ground, batch 1. 
(b) Ti-Code 12 exposed to Saeckingen water 

with 0.1 pg/g 02 at 1400C for 5900 h. 
(c) Ti-Code 12 as ground, batch 2. 
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Figure 3.12 Surface of fine ground Ti-Code 12 after 
exposure to Saeckingen water with 
O. 1 )Jg/g 02 for 5900 h. 
(a) 250X. 
(b) 1000X 
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40pm 
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(b) 

lO)lm 
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3. 4. 2 

corrosion rate in air saturated solutions although all the 
available oxygen was still not consumed. 

There was no evidence of pitting on copper under any of the 
test conditions used. The test periods are, however, too short, 
particularly at aooc, to come to more than a tentative conclu
sion that pitting is not a problem. The corrosion allowance for 
copper may thus be estimated by calculating the amount of 
oxidants arriving at the metal surface, converting this into a 
metal loss as Cu(I) and adding a constant for the observed 
unevenness of the corroded surface. Longer term experiments are 
necessary to establish this "roughness allowance ll

• 

Should it be fully established that copper does not pit, where 
pitting is defined as localised corrosion with a maximum 
penetration more than twice the average corrosion rate, but 
that the roughness attains a constant value with time (best 
case), then the average corrosion rate will at long times 
dominate the corrosion loss, i.e. average corrosion loss at 
long times >::> roughess allowance. 

The evidence from this experimental programme is that copper 
does not pit, under the conditions tested, but that the 
experimental times were too short and the points too few to 
establish whether the allowance for localized corrosion should 
be a multiplication factor (> 2) of the average corrosion loss 
or simply an additional roughness allowance. 

Cast steel GS-40 and nodular cast iron GGG-40 

The corrosion rate of both GS-40 and GGG-40 in Saeckingen water 
containing O. 1 ug/g 02 decreased when the test temperature was 
increased from aooc to 1400 C. In both cases the measured rate 
was lower the longer the test period. The decrease in rate with 
time suggests that the rate is controlled at the surface of the 
metal, not by transport of a corrodant to the metal surfac~; 
transport control in the medium is unlikely as pure water is 
thermodynamically capable of oxidising iron. It is most likely 
that the rate is controlled by the corrosion products forming a 
protective layer on the metal surface. 

X-ray diffraction analysis of the solids removed during the 
ultrasonic cleaning revealed only iron containing calcium 
carbonates. These are the voluminous products visible in many 
of the cross sections. The specimens tested at l400C were black 
after testing, those at aooc, various shades of brown. X-ray 
diffraction analysis of the as tested surfaces revealed the 
presence of magnitite (Fe304) on the 1400C samples, but only 
calcium carbonate was identified on the aooc samples. Magnetite 
is known to form preferentially at temperatures above 1000C. 
Magnetite films are generally credited with the ability 
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to form protective surface films. The films become more 
protective the higher the temperature at which they form (to at 
least 2000e), and the lower the chloride level in the medium in 
which they form. The lower corrosion rates at l400e are pro
bably due to the magnetite forming a protective surface film. 
The failure to identify other iron oxides or oxyhydroxides by 
X-ray diffraction analysis at BOoC does not rule out their 
presence. These compounds may be amorphous and thus not 
detectable by this analytical technique. 

Surfaces of both GS-40 and GGG-40 exposed to Saeckingen water 
at BOoC were unevenly attacked. The surface roughness did not 
increase with time, compare figure 3.7 a with 3.7 b & c, or 
under more severe corrosion conditions (air saturation), figure 
3. B c. 

As mentioned above, the corrosion rates at l400C were consid
erably lower than those at BOoC. The surface was evenly 
attacked, with no increase in roughness with time, see figures 
3. 9 and 3. 10. 

The tentative conclusion is that these materials, like copper 
are not prone to pitting in Saeckingen water containing ~ 1 
pg/g 02 at either BOoe or 1400C. Longer term experiments are 
necessary to confirm this trend as at both temperatures the 
"peak to valley" heights of the corroded specimens were roughly 
equal to the average corrosion loss. 

For GS-40, at BOoC the "peak to vall ey 11 hei ght was 15 urn after 
both 500 and 1400 h, on an average corrosion loss of 5-6 urn in 
each case. At l400C the "peak to valley" height was ca. 5 urn 
after both 3200 and 6020 h, on an average overall corrosion of 
ca. 2pm in each case. The most striking point about these 
figures is that neither the "peak to valley" height nor the 
absolute material loss changed between the two test periods. 
Does this mean that the corrosion at both BO and 1400e has 
virtually come to a standstill after an initial burst of 
corrosion? The experimental evidence suggests that this is the 
case, although a residual corrosion rate is to be expected 
after the initial period. If this is the case, then the actual 
corrosion rate prevailing after the initial burst must be even 
lower than those quoted in this work, which were calculated 
from time zero. 

It may be concluded from the experimental evidence that both 
GS-40 and GGG-40 are suitable materials for a waste container 
and under conditions outlined in part I of this report. The 
corrosion rates are acceptable at BOoe and were even lower at 
140oC. As the average temperature of the canister surfaces is 
near BOoe over the first 1000 years, the corrosion forecast 
should be based upon the data from this temperature rather than 
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3. 4. 3 

the more favourable 1400C data. Unfortunately, the experimental 
programme was planned on the expectation that the higher 
temperature would be the more severe condition; the data avail
able at 800C only allow a rough estimate of the expected 
corrosion rate of GS-40. 

The average measured corrosion rate calculated from the 1440 h 
data for Saeckingen water containing 0.1 )1g/g 02 was 34,um/a, 
down from 86 ~m/a based on the 504 h experiment. Between 504 h 
and 1440 h the absolute corrosion loss increased from 4.9 pm to 
5. 6 ~m, (the absolute values are estimated to be within +- 0.5 
)Jm), which gives a corrosion rate for 504-1440 h on GS-40 of 
under 10 )lm/a at 800C. Although this estimate of the corrosion 
rate over the time period must be treated with some caution, it 
is to be expected that the corrosion rate over longer time 
periods will be considerably lower than the 34 pm/a measured 
for 0-1440 h as the initial corrosion burst which establishes 
the surface oxide layer will contribute less and less to the 
absolute corrosion loss. 

The maximum "peak to valley" height remained constant between 
504 and 1440 h. From this it was concluded that pitting did not 
occur and that the maximum surface roughness had already been 
reached. Thus, although the roughness after 1440 h is of the 
same order of magnitude as the average corrosion loss, since 
the roughness appears to remain constant with time the effect 
of this unevenness of corrosion becomes negligible compared to 
the average corrosion expected for 1000 years. Should longer 
term experi ements confi rm thi s trend, it wi 11 not be necessary 
to include an allowance for localized corrosion as the rough
ness becomes negligible compared to the overall corrosion loss 
with increasing time. 

Ti-Code 12 

Ti-Code 12 was free from all detrimental corrosion effects in 
Saeckingen water containing 0.1 )1g/g 02 at both 80 and 1400C. 
The experimental evidence has confirmed Ti-Code 12 as a 
candidate material for a waste. canister under conditions 
defined in part I of this report. 
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4. CORROSION IN BENTONITE 

4. 1 Introduction 

The backfill ;s an important integral part of the barrier 
system. The material of choice for the back fill around the 
containers is sodium bentonite. The advantages of this material 
were discussed in part I of this report /1/. 

Less attention has been paid to the effect of benonite on the 
corrosion of candidate container materials. The purpose of this 
experimental programme is to provide empirical supporting data 
for assumptions made previously about the influence of 
bentonite upon the corrosion of the four candidate container 
materials identified in part I. 

4.2 Experimental 

4.2.1 Materials 

4.2. 2 

The materials, cast steel GS-40, nodular cast iron GGG-40, 
copper, and Ti-Code 12 were identical to those used for 
immersion corrosion testing. No weld specimens were tested. 

The bentonite was MX-80 sodium bentonite air dried at 1100C 
immediately before use. The water content of 1100C air dried 
bentonite is 7.3 g/100 g bentonite. The bentonite was taken 
from the same batch as that used in the NAGRA bentonite 
research programme; it is fully characterized in NAGRA NTB 
82-04 /8/. 

Experimental procedure 

Weight loss determinations were performed on corrosion coupons 
exposed to highly compacted sodium bentonite saturated with 
Saeckingen water at 1400C for test periods of ca. 730 hand 
2100 h. 

The experiments were performed in the bentonite swelling 
pressure apparatus developed at the Instutut fuer Grundbau und 
Bodenmechanik of the Eidgenossische Technische Hochschule, 
ZU ri ch; see fi gure 3. 1. 

The specimens were 10x10x2 mm3 coupons. These were embedded in 
the centre of the bentonite block. The procedure was as 
follows: 

(i) the cyl inder wall (7 in fi g. 4.1) was pl aced on a 
hydraulic press, on a cylinder holder which set the 
position of the bentonite block for assembly in the 
apparatus. The inner diameter of the wall cylinder is 55 
mm. 
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N~ 

P1t ® 
N:1 

1. Corrrosion specimens 4. Load frame 
in bentonite block 5. Heati ng co; 1 

2. Sintered discs 6. Reservoirs 
50 urn pores, AISI 316 7. Cy 1 i n de r wa 11 

3. End blocks with inlet V. Valves 
and outlet channels 

Fig. 4.1 IGB-ETHZ bentonite swelling pressure apparatus 
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4.2.3 

(ii) half the charge of bentonite was then placed in the 
cylinder and compressed at 2 tonnes load. 

(iii) the plunger was withdrawn and three corrosion coupons 
placed on the compressed bentonite block. 

(iv) the remainder of the bentonite charge was then placed in 
the cylinder and compressed to the required compaction. 

(v) the cylinder wall, complete with the bentonite charge, 
was then removed from the press and mounted in the 
swelling pressure apparatus. 

The bentonite charge was calculated such that after compression 
the bentonite block was about 30 mm high. The parameters set 
for this experimental programme were: 

MX-80 
press load 

122 g per block 
2.5 tonnes 

which gives with 1100C air dried bentonite: 

as pressed density 
wet densi ty 
water content (wet) 

1. 63x106 g/m3 
2.02x106 g/m3 
2a1 gl 100 g bentonite. 

Saeckingen water was placed in the lower reservoir, figure 3.1, 
and purged with nitrogen. Air in the upper reservoir was 
flushed out with nitrogen. Both containers were then 
pressurized to about 5 bars with compressed nitrogen. The 
bentonite must now be wetted. Bentonite in the dry state is 
capable of supporting a high water flow rate through the pores 
until the swelling process closes the pores. This takes several 
hours. Valve 4 is opened first, followed by valve 3. Valve 3 
must be opened gradually until water· flows out through valve 4. 
Valve 4 can then be closed, and the pressure in the lower 
container readjusted to ca. 5 bars. The apparatus is left in 
this condition for about two hours before the pressure in the 
lower reservoir is increased to ca. 10 bars. After two more 
hours valve 1 is opened and the experiment left in this 
condition for ca. 20 hours. The apparatus may then be brought 
to the desired temperature, after the pressures in the two 
containers have been brought to the required levels. 

In this experimental series, the pressure in the lower 
reservoir was 100 bar, in the upper container 10 bar, i.e. a 
pressure drop across the bentonite of 90 bar. The temperature 
was 1400C. 

Results 

At the end of the test period the apparatus was cooled to room 
temperature before reducing the pressure and removing the 
bentonite block. The corrosion coupons were broken out of the 
bentonite blocks for examination. 
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All three specimens in each specimen set were used for the 
weight loss determination. The procedure was identical to that 
used for the immersion test coupons, as described in section 
3. 2. 1. 4. 

The results converted to a corrosion rate in ~m/a are presented 
in table 4. 1. 

There was no detectable weight loss for either copper or 
Ti-Code 12 specimens after either ca. 730 h or 2100 h in 
Saeckingen water saturated bentonite at 1400C. Examination 
under the microscope (20x) of the specimens after ultrasonic 
cleaning, and in the case of copper, after the acid cleaning 
treatment revealed no signs of localized attack. 

TEST PERIOD CORROSION RATE (pm/a) 
(h) Copper Ti-Code 12 GS-40 GGG-40 

720 1 1 8 11 
744 1 27 16 

2100 1 1 18 17 

Table 4.1 Results of corrosion tests in high density bentonite 
at 140oC. 

The GS-40 and GGG-40 specimens were black on removal from the 
bentonite. After chemical cleaning, the surfaces of these 
specimens were comparable with those from the immersion test 
which had been treated in the same way. There was no sign of 
localized attack. 

4.3 Discussion 

Corrosion testing in bentonite as performed in this experimen
tal programme comes close to the conditions expected within a 
repository. A much closer simulation would be possible by 
setting other values for the temperature, pressure drop and 
bentonite compaction density than those chosen for these experi
ments. As the experiments were planned, the conditions set were 
thought to be on the severe side. The hydraulic pressure drop 
across the bentonite in the repository is negligible compared 
to the 90 bars of the experiment; the pressure drop was set so 
high to ensure a continuous supply of water to the corrosion 
coupons. (A rough measurement showed that 3-4 m1 per day of 
water was flowing through the bentonite block. ) The as-pressed 
density of the bentonite was set as low as was feasible with 
the method used in order to attain a high water content in the 
bentonite to maximize the flow rate through the bentonite 
block. The choice of the highest expected temperature, 1400C, 
was also thought to be conservative. 
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In the case of copper, the assumption of conservatism is 
probably reasonable. Some oxygen may be trapped in the pores of 
the bentonite block; assuming that the porosity of the 
as-pressed bentonite block is 30%, then the oxygen trapped in 
the pores should result in a weight loss of ca. 4 mg per 
coupon. The measured weight loss was less than 0.2 mg per 
coupon; the oxygen must have been flushed away in the water 
flow. In the absence of oxygen, no further oxidants are present 
in sufficient quantities or in the case of chloride at a high 
enough concentration to cause measurable corrosion on copper. 
Chloride may promote localized corrosion, but there was no 
evidence of this, sustaining the assumption that localized 
corrosion is very unlikely on copper under repository condi-
ti ons. 

The test is also severe for Ti-Code 12. The most likely form of 
corrosion on this material is pitting. Pitting is favoured by 
high temperatures and high chloride levels. The highest 
expected temperature was used, and the high flow rate of water 
through the bentonite ensured that the chloride reached the 
specimen in case of any possible weak interactions between 
bentonite and chloride which could prevent chloride break
through to the Ti-Code 12 specimen. No sign of pitting was 
found on the Ti-Code 12 specimens. This material remains a 
candidate container material. 

The immersion tests showed that 1400C is not the most severe 
test condition for GS-40 or GGG-40;· the corrosion rate was 
higher at 800C (see section 3). The corrosion rates in ben
tonite were comparable to those measured in the immersion tests 
at 1400C. Interpolating from figure 3.3, the measured rates 
are: 

GS-40 
GGG-40 

Immersion test 

8 pm/a 
23 prn/a 

Bentonite 

18 }Jrn/a 
17 )Jm/a 

after 2100 h. These values are close enough together to 
conclude that bentonite under the conditions tested has no 
modifying effect upon the corrosion of either GS-40 or GGG-40. 
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5. STRESS ASSISTED CRACKING 

5.1 Introduction 

The susceptibility of the four candidate materials, cast steel 
GS 40, nodular cast iron GGG 40, Ti-Code 12 and copper to 
stress assisted cracking was discussed in Part I of this report 
/1/. Ti-Code 12 was identified as the most likely of the 
candidate materials to be endangered by some form of stress 
assisted cracking. Although it is thought that pure copper is 
immune to stress corrosion cracking, there is some question as 
to whether the degree of purity of commercial copper grades is 
sufficient; isolated reports of environmental cracking of 
commercial copper, although probably of a lower purity to that 
in this test programme, cast some doubt upon the correctness of 
the assumption of immunity of copper under repository 
conditions. On the other hand there is no reason to suspect 
stress assisted cracking of the cast steel and nodular iron 
grades chosen. 

Although all four materials were chosen on the basis that they 
should not suffer from stress assisted cracking, and the 
literature evidence supports this /9/, there are some slight 
doubts remaining concerning Ti-Code 12 and copper. It was thus 
thought necessary to test for stress assisted cracking of 
Ti-Code 12 and copper under repository conditions. 

5.2 Experimental 

5. 2. 1 

Two methods were employed to test for stress assisted cracking 
of the candidate materials: 

i) four point bending test 
ii) constant extension rate test (CERT) 

Four point bending test 

The four point bending test is a well-established test method 
for stress assisted cracking. The specimen 100x10x2 mm3 is 
loaded in a four point loading jig to a certain stress level 
(fig. 4.1) and then exposed to the test medium. The jigs were 
made of Incone1 600 with aluminium oxide inserts as specimen 
support points such that there was no metal to metal contact 
between Incone1 600 and the specimen. 

The specimens were prepared in the same manner as the corrosion 
coupons in section 2 and formed part of the specimen set for 
immersion corrosion testing. At least two specimens were 
included for each material and medium. Due to the simplicity of 
the method all four materials were tested in this way. 
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5. 2. 2 

5.3 

5. 3. 1 

Constant extension rate testing (CERT) 

The constant strain rate test is particularly suited to the 
investigation of susceptibility to stress induced cracking. The 
method is conservative in the sense that all instances of 
failure of a metal/environment combination can be duplicated in 
a CERT test. Conversely, no indication of environment induced 
cracking in a CERT test indicates that no such failure is to be 
anticipated in service under the conditions tested /10/. It is 
a severe test in that a positive indication of susceptibility 
to stress induced cracking is not always echoed by service 
fail ures. It is important to remember that the test concl usi ons 
only strictly apply to material with the same metallurgical 
structure exposed under identical conditions to those used in 
the test programme; these reservations, however, apply to all 
forms of testing for stress induced cracking. The advantages 
and limitations of the test method are discussed by Parkins and 
Payer et al. /1 0, 11 / 

CERT tests were performed on copper and Ti-Code 12 in Sackingen 
wa ter at 80oC, both air sa tura ted and wi th O. 1 )J g/ 9 02. In 
addition copper was tested at 800C in air saturated Sackingen 
with addition of 15 g/l Cl-, 100 mg/l NH4 + or 300 mg/l NH4 + 
which are more severe test conditions for copper. 

The specimens were plain tensile specimens with a gauge length 
of 20 mm and a diameter of 3.5 mm for copper and 5.0 mm for 
Ti-Code 12. The Ti-Code 12 specimens were taken from the 8.6 mm 
sheet material in both the rolling and transverse directions. 

An important parameter in CERT testing is the applied strain 
rate, susceptibility to stress assisted cracking is strain rate 
dependent. For this reason, three strain rates were used, 10-5, 
10-6, and 2 x 10-7 sec-1 (nomi na1 ). 

Results 

Four point bending test 

Ma teri a1 Medium Temp. Time Result 
oC (h) 

GS40 Sackingen + 0.1 jJg/g 02 80 1440 No cracking 
GGG40 80 1440 
GS40 140 6020 
GGG40 140 6500 
Cu 80 1440 
Cu 140 5750 
Ti-Code 12 80 1380 
Ti-Code 12 140 5900 

Table 5.1 Results of the four point bending immersion test. 
(only the longest test period is included in tab1~ No 
cracking was observed at shorter test times. ) 
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5. 3. 2 Constant extension rate testing (CERT) 

The tests were evaluated in two ways: firstly the mechanical 
properties of the specimen tested in the medium were compared 
to those of a reference specimen tested in an inert medium, and 
secondly the fracture surfaces were examined for any change in 
fracture morphology. Two reference media were used: 

i) Air at a strain rate of 5 x 10-4 sec-1, 800C 
ii) Deionised water at a strain of 10-5 sec-1, 800C 

In addition Ti-Code 12 was tested in water at 800C at a strain 
rate of 2 x 10-7 sec-1 as a strain rate effect on the tensile 
properties of this material were reported elsewhere /12/. 

The results of the CERT experiments are presented in table 4.2 
for copper and table 5.3 for Ti-Code 12. The evaluation 
parameter presented in the percentage change in reduction of 
area of the specimen tested in the medium compared to that of 
the reference specimen. This is normally the most sensitive 
parameter indicating sensitivity to stress assisted cracking. 
None of the other possible evaluation parameters (ultimate 
tensile strength, elongation etc.) varied more than + 5% from 
the reference value. A variation of more than 10% is-necessary 
before a possible sensitivity to the medium is to be suspected. 

The variation between the air tested and water tested reference 
samples was also less than ± 5%. The values in the table use 
the samples tested in deionised water at 800C at a strain rate 
of 10-5 sec-1 as reference. 

The fracture surfaces of the specimens tested at 10-6 sec-1 
were compared with the reference specimen (water, 10-5 sec) in 
the scanning electron microscope. In no case was a change of 
fracture surface morphology eviden~ 

5.4 Discussion: stress assisted cracking 

No evidence of stress assisted cracking was found for any of 
the materials in Sackingen water containing 0.1 pg/g 02 at 800C 
or in any of the other media tested. 

As previously mentioned (section 5.3.2) the demonstration of im
munity to stress corrosion given by the CERT test only strictly 
applies to the metallurgical condition/medium combination 
tested. Further testing should be considered at a later stage 
when material from prototype containers is available and the 
actual repository conditions are fully defined. Nevertheless, 
the results to date have strengthened the conclusions from the 
literature survey that the chosen materials should not be 
susceptible to stress assisted cracking under repository 
condi ti ons. 
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Medium Temp Strain R. A. medium % 
QC rate R. A. refer-ence 

sec-1 

Sack i ngen wa ter 80 1x10-5 99 
air saturated 1x10-6 100 

2x10-7 100 

Sack i ngen wa ter 80 1x10-5 99 
o. 1 )1g/g 02 1x10-6 100 

2x10-7 103 

Sackingen water 80 1x10-5 101 
ai r saturated 1x10-6 100 
+ 15 g/l C1-

Sackingen water 80 1x10-5 99 
air saturated 1 x10-6 98 
+100 mg/1 NH4+ 

Sack i ngen wa ter 80 1x10-5 99 
ai r saturated + 1x10-6 104 
+ 300 mg/1 NH4 

Table 5.2 CERT results on copper 
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Medium Temp Strain R. A. medium % Direction 
oC rate R. A. reference 

sec- l 

Sack i ngen wa ter 80 lxlO-5 103 rolling 
air saturated 80 1xlO-6 105 rolling 

80 2xlO-7 rolling 

80 lxlO-5 100 transverse 
80 lxlO-6 100 transverse 
80 2xlO-7 transverse 

Sackingen water 80 1xlO-5 103 rolling 
o. 1 (lg/g 02 80 lxlO- 6 103 rolling 

80 2xlO-7 rolling 

80 1xlO-5 97 transverse 
80 1xlO-6 100 transverse 
80 2xlO-7 transverse 

Table 5.3 CERT results on Ti-Code 12 
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6. CORROSION BEHAVIOUR OF CONTAINER MATERIAL COUPLES UNDER REPOSITORY 
CONDITIONS 

6.1 Introduction 

Several container concepts are possible using the four candidate 
container materials. Although simple designs are preferred it is 
not always possible to construct a container out of a single 
material or it may be advantageous to use more than one material. 
Some of the variations considered are briefly discussed below. 

6.1.1 Copper as a container material 

It is not feasible to produce a self-supporting container out of 
copper. Copper does not possess sufficient creep resistance to 
withstand the external pressure within the repository at any 
practicable wall thickness under repository conditions. For a self
supporting container concept, mechanical strength must be provided 
by a second material, copper contributing the required corrosion 
resistance. A solution is an iron or steel pressure vessel with a 
copper cl addi ng. 

A further variation is a multi-layer concept: a copper cladded 
iron or steel pressure vessel within an iron or steel outer 
container. The primary corrosion barrier in this concept is the 
external iron container; the function of the copper layer is to 
act as a "corrosion arrester". In the event of localized attack on 
the outer iron layer, the copper layer should prevent further 
penetration at this point; as the more noble metal copper will be 
galvanically protected by the remaining mass of iron, and thus the 
whole mass of iron still be accredited with corrosion protection 
despite local penetration. The advantages of this concept are that 
no allowance need be made for local attack of iron, and that only 
a thin (ca. 5 mm) layer of copper would suffice, thus circum
venting the problems in manufacturing and sealing thicker copper 
layers. The container is also resistent to localized or uneven 
corrosion of the outer iron layer although these are not expected 
under normal repository conditions, see section 3. The result is a 
lighter compacter container as the inner pressure vessel could be 
made of a higher strength material with further weight savings. A 
total wall thickness of 100 mm or more would be sufficient to 
prevent radiolysis effects on corrosion, although more radiation 
precautions would have to be taken handling such a container. 

For the multi-layer concept it is necessary to demonstrate that 
iron can indeed protect copper and act as a sacrificial anode 
under repository conditions, at the same time the corrosion rate 
of iron should not be accelerated to such an extent that little is 
gained over an all iron or all copper corrosion protection 
concept. 
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There is also some interest in the corrosion behaviour of the 
copper cladded version after the copper layer is breached. 
Although the container must be considered to have failed as soon 
as the iron or steel pressure vessel contacts the medium, the 
remaining copper may accelerate the corrosion of the underlying 
iron, the corrosion rate of the iron and the products must be 
known in order to model the chemical and physical conditions 
around the waste in the next phase. 

6.1.2 Ti-Code 12 as a container material 

Ti -code 12 is expected to corrode extremely slowly (<: 1 }Jm/a) 
under all likely conditions within a repository. It is, however, 
doubtful whether with present day technology a thick walled 
container could be constructed out of Ti-Code 12. It can only be 
used as a corrosion resistant layer, for instance over an iron or 
steel pressure vessel. In this role it should not reduce the 
effectiveness of the next layers. As an intermediate layer, 
Ti-Code 12 would be expected to be the most resistant layer; in 
this case Ti-Code 12 would be expected to become the cathode in 
any metal couple, with the danger of hydrogen production on 
Ti-Code 12. As was discussed in part 1 /1/, hydrogen embritt1ement 
is one of the more likely modes of failure of Ti-Code 12 and thus 
the use of Ti-Code 12 under a less corrosion resistant metallic 
layer is not to be recommended. 

As discussed above the most likely concept using Ti-Code 12 is a 
layer of Ti-Code 12 over an iron or steel container. As for the 
copper clad variation, it is of interest to know the effects of 
Ti-Code 12 on the corrosion of iron or steel. 

6.1.3 Lead filled containers 

Although the preferred waste form of NAGRA is vitrified 
reprocessed waste, the option of direct disposal of spent fuel 
elements has also to be considered. It has been proposed to use a 
copper container for the disposal of spent fuel elements in a 
copper container, heating the container and contents to around 
4000C and pouring in molten lead to fill the internal cavities. 
This variant is of interest as a lead filled copper container is 
self-supporting. It is useful to know if the lead can be credited 
with any corrosion protection of the spent fuel elements after the 
copper container is breached. 

6.2 Experimental 

The discussion in Section 6.1 has identified the following metal 
pairs as of most interest at this stage as far as waste containers 
are concerned. 

copper - iron or steel 
copper - lead 
Ti-Code 12 - iron or steel 



NAGRA NTB 84-01 - 64 -

6.2.1 Experimental procedure 

The materials used were the same as in sections 3-5, see appendix 
for details, plus lead of > 99.9% purity. 

The specimens were prepared such that a 20 mm diameter surface was 
exposed to the test solution when inserted in the corrosion cell. 
The corrosion cell itself is pressurizab1e to allow e1ectro
chemical measurements up to ca. 190oC. It is fitted with a calomel 
reference electrode. The metal pair under investigation was placed 
in the cell with the exposed surfaces facing each other 20 mm 
apart. The cell was then filled with the test medium and brought 
to temperature. The free corrosion potentia1s of each of the 
specimens was measured after 24 h; the two specimens were then 
short circuited through a zero resistance ammeter. The short 
circuit current and the potential were measured for a minimum of 
200 h. 

The following metal pairs were measured, 

copper - GS-40 
copper - lead 
Ti-Code 12 - GS-40 

in Saeckingen water with 0.1 pg/g 02 at both 80 and 140oC. 

6.~2 Experimental results 

The corrosion potentia1s of each metal before short circuiting, 
and of the couple after 200 h along with the current at 200 hare 
given in table 6.1. In all cases the final values given in the 
table were reached after ca. 20 h. The initial current for the 
iron couples was about 10 times the final current, for the 
copper-lead couple about three times the final value. 

Coup1 e Potential mV (SCE) Current (200 h) Temperature 
1 / 2 E(1) E (2) E ( coup 1 e ) )lA/cm2 oC 

Cu/GS-40 -250 -580 -510 46 80 
Ti/GS-40 -350 -550 -520 13 80 
Cu/Pb -270 -595 -530 10 80 

Cu/GS-40 -240 -670 -570 22 140 
Ti/GS-40 -180 -650 -590 9 140 
Cu/Pb -270 -550 -535 16 140 

Tab 1 e 6. 1 Potentia1s and short-circuit currents for metal 
couples in Saeckingen water + 0.1 pg/g 02. 
E(l), E(2}, Potential before coupling after 20 h. 
E(coup1e}, Potential of couple after 200 h. 



NAGRA NTB 84-01 - 65 -

The GS-40 and lead were the anodic component of the couples 
investigated. Both clearly suffered from a material loss after the 
experiment. Unfortunately the method used to seal the specimens in 
the cell did not allow a weight loss determination. In both cases 
the attack was uniform. GS-40 was covered with a thick light brown 
corrosion product at both temperatures. Lead did not build a 
voluminous corrosion product surface layer at either temperature. 

6.3 Discussion and Conclusions 

Bimetallic corrosion is a complicated process in which the e1ectro
chemical properties of the two metals govern the basic behaviour 
of the couple, but where the geometrical and physical characteris
tics of the particular case in question are important modifying 
factors; an in-depth study of the effects of anode to cathode 
rati os, conducti vi ty of the medi urn and the g.eometry of the system 
are required. Nevertheless some basic conclusions can be made. 

The current at both 80 and 1400 was lower for GS-40 coupled to 
Ti-Code 12 than to copper. This suggests that the cathodic 
reaction on Ti-Code 12 may be limiting. In both cases the corro
sion rate of GS-40 was increased by coupling, as indicated in 
table 6.2, where the corrosion rate from the immersion tests are 
compared with the corrosion rate in the couple, calculated from 
the current. 

GS-40 coupled with: 

at 800C 
at 1400C 

86 (504 h) 
11 (700 h) 

copper Ti-Code 12 
Corrosion rate, )Jm/a 

1022 
484 

286 
198 

Table 6.2 Corrosion rate of GS-40 in 
Saeckinger water + O. 1 ~g/g 02 

The corrosion rates in table 6.2 only apply to the experimental 
conditions, area ratio 1:1 and electrodes plane parallel 20 mm 
apart. In practice the conditions are different. 

In the case of a copper cladded container on breakthrough of the 
copper cladding, the corrosion of the underlying iron or steel may 
be expected to be much higher. The area ratio copper to iron is 
very large, and the two metals are in close proximity, both 
factors which would increase the corrosion current on iron. 

The situation is, however, favourable for a copper layer under an 
external iron or steel corrosion barrier. The experiments have 
shown that iron is the anodic component, the copper should thus 
stop further penetration at that point. Initially only a small 
area of copper is exposed. This small cathodic area may not be 
able to support the current levels necessary to drastically 
increase the total corrosion of iron. It will, nevertheless, 
increase the corrosion rate of iron around the exposed copper, the 
magnitude of this increase depending upon the geometrical 
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conditions, the total area of copper exposed and the conductivity 
of the surrounding electrolyte; the lower the conductivity, the 
more local and limited the accelerating effect of copper on the 
corrosion rate of iron. A copper intermediate layer should, 
therefore, fulfil its purpose and arrest local penetration. The 
remaining iron will then preferentially corrode before the copper 
will be attacked. 

Ti-Code 12 is the cathodic component when paired with GS-40 as is 
to be expected. It will accelerate the corrosion of iron, as does 
copper, but probably to a lesser extent. As Ti-Code 12 is cathodic 
to iron it is not advisable to use it as an intermediate layer 
under iron unless it can be demonstrated that it is completely 
immune to hydrogen effects. 

The corrosion rate on lead increases when coupled with copper in 
Saeckingen water at both 80 and 1400C. As lead is expected to be 
used as a filler in copper containers, on breakthrough of the 
copper container the conditions are ideal for bimetallic corrosion 
of the lead; the large cathode to anode should ensure rapid 
corrosion of the lead. The lead within a copper container can, 
therefore, not be credited with any corrosion barrier properties. 

The above conclusions can only be provisional in character, i.e. 
expected trends rather than fully verified facts, as from the 
available data it is not possible to fully describe the situation 
under actual repository conditions. 
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7. THE EFFECT OF MOLTEN LEAD ON CONTAINER MATERIALS 

7. 1 Introduction 

Although the preferred waste form in the NAGRA concept is vitri
fied reprocessed waste, the option of direct disposal of spent 
fuel elements has also to be considered. It has been proposed to 
use a copper container for the disposal of spent fuel elements 
/13/. The spent fuel elements are to be placed in the copper 
container, the container and contents heated to around 4000C and 
molten lead at about 3500C poured in to fill the cavities. The 
lead casting operation is expected to take a day or so, with the 
lead remaining fluid for a few days. The fluid lead will come into 
contact with the inner wall of the container and the zircaloy 
casings of the fuel rods. Both the copper and the Zircaloy could 
suffer from liquid metal corrosion during this period. 

Other container types e.g. iron or steel containers, or those 
using Ti-Code 12 could also be filled with molten lead. Molten 
lead is knwon to have no effect on carbon, iron or low alloy irons 
and steels. The effect of molten lead on titanium alloys is 
virtually undocumented. 

7.2 Metal-molten metal interaction 

A molten metal can degrade the properties of a solid metal in a 
variety of ways. The most serious of these involve the diffusion 
of the liquid metal into the solid. There are three main 
mechanisms by which one metal can diffuse into another. These are: 

i) volume diffusion whereby one metal diffuses through the 
crystal lattice of the other, 

ii) grain boundary diffusion, 

iii) strain assisted diffusion where the dislocations may form 
preferential paths for diffusion. 

In general for most metals the diffusion coefficient for volume 
diffusion is much smaller than that for grain boundary diffusion 
or strain assisted diffusion. Whereas the volume diffusion 
coefficient may be measured with some degree of certainty on 
single crystals, the other two more effective mechanisms are 
sensitive to strain or composition and must virtually be deter
mined afresh for each application. 

Grain boundary diffusion is normally responsible for liquid metal 
degradation, a low melting point phase or a brittle intermetallic 
phase may be formed on the grain boundary. In either case the 
ability of the metal to withstand load is severely affected. The 
situation is further complicated by the fact that impurities often 
segregate to the grain boundaries whereby low melting point or 
brittle phases may form which were not predicted from considera
tion of the binary system. 
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A less serious problem, but nevertheless one which must be con
sidered, is the solubility of the solid metal in the liquid phase. 

7.2.1 The system copper-lead 

The phase diagram for the system copper-lead (fig. 6.1) shows that 
copper has only a limited solubility in molten lead /14/. The 
solubility of copper in lead has been given as 0.075 wt. % at 3500 
and 0.138% at 3900C /15/, whereas the phase diagram in figure 6.1 
suggests a solubility of about 2% in this temperature range. Above 
the melting point of lead (3270C), solid copper and a very dilute 
solution of copper in molten lead are in equilibrium. There are no 
intermeta11ic phases in the binary system. Lead is insoluble in 
pure copper up to the melting point of copper (1083 0C). 

7.2.2 The system lead-zirconium 

According to /16/, zirconium forms a zirconium rich solid solution 
with lead at temperatures above 6000C. The solubility of lead in 
zirconium decreases with temperature, ca. 4.5 at % lead at 8000C, 
and ca. 1.5% at 6000C. From this data it is to be expected that 
lead has an extremely low solubility in zirconium at 4000C and 
below. 

7.2.3 The system lead-titanium 

The maximum solubility of lead in solid ~-titanium is reported to 
be 4.2 atomic % at the eutectoid temperature of 7250C /17/. Below 
this temperature the solubility declines rapidly to under 1 at. % 
at 6000C. Data below this temperature is not available, but the 
solubility may be expected to decrease still further. Titanium 
forms an intermeta11ic compound Ti4Pb with lead. 

7.3 Experimental 

7.3.1 Introduction 

The effect of molten lead on copper, Ti-Code 12 and Zirca10y-2 
(98% Zr) cannot be forecast from the phase equilibrium data alone. 
This is particularly true for Ti-Code 12 and Zircaloy-2 as the 
knowledge of the systems lead-zirconium and lead-titanium is frag
mentary. Furthermore, the possible effects of impurities in 
practical alloys or of the minor alloying elements in Ti-Code 12 
or Zircaloy-2 may not be neglected, and virtually rule out any 
attempt to use diffusion models. Molten metal embrittlement must 
also be considered. It was thought necessary to look at the 
problem experimentally. Copper, Ti-Code 12 and Zirca10y-2 were, 
thus, exposed to molten lead at 3500C in both stressed and 
unstressed states. 

7.3.2 Method 

Copper, Ti-Code 12 and Zircaloy-2 specimens were immersed in 
molten lead at 3500C for a period of 500 h. Each metal was tested 
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separately with a fresh lead bath for each test period. In each 
case there were four specimens; two stressed at 80% of their 0.2% 
yield strength at 3500C, and two unstressed. 

The copper and Ti-Code 12 were taken from the same material as 
that used in the rest of this experimental programme, see appendix 
A and B. The composition of Zircaloy-2 is 1.2-1.7% Sn; 0.03-0.08% 
Ni; 0.7-0.2% Fe; 0.05-0.15% Cr; balance zirconium. 

7. 3. 3 Resu 1 ts 

7. 3. 3. 1 Copper 

The load on the copper specimens could not be maintained in the 
spring loaded tension devices used as copper creeps at 3500C. The 
creep rate of copper at 70% of the 0.2% yield strength at 3500C 
was determined in air. The creep rate was 0.0009% per minute to 1% 
total extension, i.e. the specimen would be 1% longer in 18 h. 
Assuming that this creep rate is proportional to the applied 
stress then with the loading devices used the load would fall to 
under 10% of the initial value within 24 h. The copper specimens 
were thus not under load for the larger part of the exposure 
time; they behaved no differently to the unstressed specimens. 

All copper specimens were "corroded" by mol ten 1 ead at 3500C; a 
specimen after 500 h exposure to molten lead is pictured in figure 
6.1. The lead bath was analysed for copper after the experiment, 
0.08 wt. % copper was found in the lead. This is very close to the 
solubility for copper in lead at 3500C from /15/ of 0.075 wt. %. 

A metallographic section through the copper specimen after 
exposure to molten lead revealed no evidence of grain-boundary or 
other structure specific liquid metal corrosion of copper by lead 
at 3500 C. Two further methods were employed to test if lead 
diffused into the copper. The first of these was a hardness 
profile across the section, and the second an energy dispersive 
x-ray analysis profile for lead in copper. The energy dispersive 
analysis produced no evidence for diffusion of lead into copper; 
hardness profiles were carried out on two specimens, whereby on 
one specimen a 10% higher hardness value was measured in the 
surface to a depth of about 0.2 mm as compared to the centre 
(88-94 HV 0.0015 surface 0.2 mm, 82-85 HV centre), on the second 
specimen no difference was found. 

7. 3. 3. 2 Z i rca 1 oy- 2 

The Zircaloy-2 specimens were evaluated in the same way as the 
copper specimens. 

Zi rcal oy-2 is unaffected by mol ten 1 ead at 3500 C. It is not 
soluble in molten lead nor is it prone to molten metal 
embrittlement within the time tested. There was no evidence of 
diffusion of lead into the Zircaloy-2. 
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7.3.~3 Ti-Code 12 

The Ti-Code 12 specimens were evaluated in the same way as the 
copper specimens. 

Ti-Code 12 is, like Zirca10y-2, unaffected by molten lead at 
3500C. 

7.4 Discussion and conclusions 

The experimental conditions are more severe than those likely in 
practice. It is to be expected that the temperature will exceed 
3500C for at most 24 h, and under no circumstances exceed 4000C. 
Ti-Code 12, Zirca10y-2 and carbon steel (the bath for the molten 
lead was a welded carbon steel container) are not degraded by 
molten lead in under 500 h at 3500C. There should be no problem 
filling containers manufactured of these materials with molten 
lead. Weld seals should be made remote from the lead, e.g by use 
of an inner screw joint with an external weld seal. 

A copper container filled with lead should also present no 
problems although an allowance must be made for the solubility of 
copper in molten lead. The internal cavity size for fuel elements 
required for fuel elements will be taken to be 450 mm dia. x 5000 
mm. If this is completely filled with lead then the equivalent of 
0.11 mm of copper would be lost from the inner wall of the 
container, assuming that the solubility of copper in lead is 0.08 
wt. % at 3500C as measured here. The loss of copper is evenly 
spread over the surface; the dissolution of copper is, therefore, 
in practical terms negligible. 
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8. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

The results of the corrosion tests confirm in general the 
evaluation in the first part of the report /1/. All of the 
materials are suitable for high-level waste containers: cast 
steel, nodular cast iron and copper as single layer containers, 
and Ti-Code 12 as an outer corrosion resistant layer. Copper could 
also be used under an outer steel layer where it could arrest 
local penetration. 

The results of the corrosion testing by immersion in Saeckingen 
water at BOoC and 1400C and the exposure to saturated bentonite at 
1400C confirm that iron base materials are acceptable for single 
layer containers and could prove to be an excellent choice of 
material from the corrosion point of view. The results of the 
immersion tests suggest that the corrosion rate on cast steel and 
nodular cast iron is initially high but falls to very low values 
within the first 500 hours. This applies at both BOoC and l40oC. 
The corrosion rates of the iron materials were higher at BOoC than 
at 1400C. As BOoC is the more typical temperature over the life of 
the container, the results at this temperature are more 
significant. Unfortunately, this was not expected when this 
experimental programme was planned and thus more results are 
available at 1400C. Nevertheless, the corrosion rate of GS40 over 
the time interval 504-1440 h at BOoC in Saeckingen water with 
0.1 pg/g 02 is so low, under 10 urn/a, that it may be expected that 
a corrosion rate of 20~m/a would amply account for the corrosion 
loss over the 1 '000 year life of the container. The experimental 
programme has been extended to test this assumption /lB/. 

Cast steel or nodular cast iron are not prone to localized 
corrosion under any of the conditions tested. General corrosion 
roughens the surface, but over 1 '000 years the roughness is 
expected to be negligible compared to the total corrosion loss. 

Bentonite did not significantly change the corrosion behaviour at 
1400C. This part of the experimental programme is also being 
continued to test at lower temperatures /lB/. 

The stress assisted cracking tests performed have confirmed the 
opinion formed after a review of the literature that the chosen 
materials should not be susceptab1e to this form of corrosion 
attack. Further testing should be considered at a later stage when 
material from prototype containers is available and the conditions 
in the repository are fully defined, as the conclusions reached 
here only strictly apply to the metallurgical condition/medium 
combination tested, although any problems must be considered 
unlikely. 

The measurements on metal couples suggest that copper may be 
useful as an intermediate layer between two iron or steel layers 
as it should arrest any local penetration. The lead infill 
proposed with a copper container cannot be credited with any 
corrosion resistance as it is anodic to copper and is likely to be 



NAGRA NTB 84-01 - 72 -

rapidly oxidised as soon as the copper is breached. Both copper 
and Ti-Code 12 may be used as an outer corrosion resistant layer 
over a steel pressure vessel, but when breached both are expected 
to promote high corrosion rates on the inner steel container. 

Chemical analyses of groundwaters carried out in the course of the 
Nagra geological programme show that the standard water 
composition defined when this experimental programme was initiated 
is significantly less saline and more oxidising than groundwaters 
now expected in the repository. A total salinity of 15 1 000 mg/1 is 
forecast, compared to 3 1 200 mg/l in Saeckingen water. The 
corrosion behaviour of the four materials tested here is neverthe
less expected to be very similar in these revised groundwaters. 
The new groundwater composition is the standard medium for the 
next series of corrosion tests; further tests in Saeckingen water 
are only planned to provide a comparison between this programme 
and the next. 

Apart from the extensions to the corrosion testing programme 
already indicated in this section, an extension of the testing in 
bentonite and immersion experiments to much longer periods e.g. to 
10 years would provide the necessary base data for a better 
corrosion allowance estimate. Other programmes should also be 
initiated to improve the understanding of the corrosion processes 
themselves with the objective of extrapolating data to longer 
times. This is particularly important in the case of iron base 
materials where, for instance, the increasing corrosion rate with 
decreasing temperature should be better understood. 
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APPENDIX A - MATERIALS 

A.l. Copper 

All experiments were performed on specimens taken from a 14 mm 
thick plate of phosphorus de-oxidised copper with a phosphorus 
content of 0.007%. 

The microstructure is shown in figure A.l; the tensile test 
parameters are given in table A.l. The micrograph in figure A. 1 is 
from a section parallel to the plate surface; the rolling and 
transverse directions are identical. 

Yield strength 
(0. 2%) 
N/mm2 

180 
188 
169 

176 
181 
173 

Fi g. A. 1 Microstructure of Copper 

Tensile S!rength Elongation Reduction 
N/mm % of area % 

228 44.8 89 
231 48.5 87 
228 49.0 86 

234 42.8 85 
233 46. 5 86 
234 46.5 85 

O.lmm 
I----i 

Direction 

Roll i ng 
Roll i ng 
Rolling 

Transverse 
Transverse 
Transverve 

Table A.l Room temperature tensile properties of copper 
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A.2. Cast steel and nodular cast iron 

Two slabs each of GGG40 and GS40 of dimensions 500 mm x 500 mm x 
40 mm were cast for use as specimen material. The chemical compo
sitions and tensile properties are given in table A.2 and A.3 
respecti ve lye 

Materi al 

GS 40 
GGG 40 

C 

o. 19 
3.58 

P S Si 

0.014 0.006 0.37 
~032 ~007 2.26 

Mn 

o. 74 
O. 24 

AL 

0.06 
0.043 

Table ~2 Chemical composition of GS 40 and GGG 40 

Materi al Yield Strength Tensile Strength Elongation 
(0.2%) N/mm2 (N/mm2) % 

GS 40 262 487 28.5 
262 483 29.8 

GGG 40 279 427 21. 8 
280 433 23.5 

Tabl e A. 3 Room temperature tensile properties of cast steel 
(GS 40) and nodular iron (GGG 40) 

A. 3. T i -C ode- 12 

The Ti-Code-12 was supplied in the form of 9.6 mm thick sheet 
material. The chemical composition is given in table A.4 and 
mechanical properties in table A.5. 

C Fe N Mo M 0 Ni 

O. 013 O. 11 O. 009 O. 26 O. 006 o. 13 O. 69 

Table A.4 Chemical composition of Ti-Code-12 

Fe 

bale 
bale 

Reduction 
of area % 

56 
58 

23 
21 

Ti 

bale 
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Yield Stren~th Tensile Strength Elongation Reduction Direction 
(0. 2%) N/mm N/nm2 % of area % 

476 545 22 42 Rolling 
455 552 21 43 Rolling 
496 641 22 48 Transverse 
490 565 23 47 Transverse 

Tabl e A. 5 Room temperature tensile properties of Ti-Code-12 

Some directional inhomogeneity is evident from the tensile values, 
and is also visible in the microstructure (figs. A.2 b-d and A.3 
b-d). 



RD 
1 # 

2 

3 

RD=Ro11ing direction 

(a) 

(d) Face 3 

Fig. A.2 

O.2mm 
t-----4 
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(c) Face 2 

Microstructure of Ti-Code 12. Magnification SOx. 
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Fig. A.3 Microstructure of Ti-Code 12. Magnification 200x. 
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APPENDIX B - WELDS 

B.l. Welding of cast steel 

The two slabs of cast steel GS 40 were welded together. The geo
metry of the wel d si te is gi ven in fi gure B.l. 

Fig. B.l. Weld site preparation cast steel and nodular iron 

Wel d detail s: -

preheat 120 C, TIG + E + UP 
filler metal: TIG: DMO-IG, 0 2.4 mm. 

E: Supratherme, 0 2.5-6.0 mm 
UP: S 3, 0 4.0 mm + LW 280. 

B.2. Welding of nodular iron GGG 40 

Process identical to that for cast steel except the surface was 
first decarburized and an electric arc buffer layer laid down (3 
passes Supratherme) on the opposing joint faces before welding 
them together. 

The two macrographs figures B.2 a and b show sections through the 
weld of cast steel (a) and nodular iron (b). The decarburized zone 
(etched dark) and the weld metal buffer layer, which are necessary 
in order to be able to weld nodular iron, are clearly visible. 
After application of the buffer layer the nodular iron could be 
welded as for cast steel. This preparation of the nodular iron 
weld surfaces may be carried out in advance, such that the 
repository facility itself the handling of cast steel or nodular 
iron containers would be practically identical. 
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a) 

b) 

Fi g. B.2 Macrographs of cast steel (a), and nodu1 ar cast 
iron 6b) welds 
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B.3. Electron beam weld in copper 

Unlike electric arc fusion welding of thicker sections, no gap as 
in figure B.l. is required for electron beam welding. The two 
pieces should be as close a fit as possible, and no filler metal 
is needed. For the purposes of this programme, a satisfactory 
simulation of an electron beam weld could be made by a weld run in 
the full material i.e. by omitting the joint. A cross section of 
such a mock weld is shown in figure B.3. The U-shaped lines in 
these micrographs mark the successive solidification fronts as the 
pulsed beam progresses along the weld line. The spike (void) at 
the root of the weld is typical of such mock welds. 

B.4. Electron beam weld in Ti-Code 12 

A simulated weld was produced as for copper. The weld is shown in 
cross section in figure B.4. 
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Fig. B.1 Cross section through electron beam 
wel d in copper 

lmm 
t------I 

O.lmm 
t---t 
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Fig. B.4 Cross section through electron beam 
weld in Ti-Code 12 

lmm 
~ 
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APPENDIX C 

THE INFLUENCE OF RADIATION ON CORROSION 

C. 1 Introduction 

Radiation can influence a corrosion process either by altering the 
reaction path or by influencing the reaction kinetics. 

There are three main mechanisms by which radiation can mediate the 
corrosion process: -

a) by absorption of radiation within the medium thereby creating a 
new chemical species which then reacts with the metal. 

b) by direct interaction at the metal-solution interface, i.e. 
changing the reaction kinetics 

c) by absorption of radiation within the metal itself, radiation 
defects in the metal cause an increase in the metal reactivity. 

Gamma (D) radiation is the main component of the total radiation 
energy emanating from high level nuclear waste and remains so for 
non-shielded waste container designs. The total emitted radiation 
from self-shielding designs is dominated by neutron radiation, but 
the total radiation level is then so low that it can no longer 
significantly affect corrosion rates /1,2/. 't -radiation does not 
cause lattice damage to metals, mechanism c) above may theus be 
disregarded. 

Thi s chapter concentrates upon the effect of ?{ -radi ati on upon the 
corrosion of copper in aqueous media. 

e.2 The radiolysis of aqueous solutions 

C.2.1 Pure water 

The absorption of t-radiation by pure water causes the following 
radiolysis reactions: 

H20 ~ H + OH 

H20 ~ H++ OH + eaq 

The reaction rate depends on the radiation dose; the yield of a 
species is quantitatively described by the G value for that 
species, where G is the number of particles formed per 100 eV 
absorbed radiation. 

The free radicals H, OH, and eaq are extremely reactive. Reaction 
rate constants for these species are of the order of 1010M-l s-1 
for the following reactions, 
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H + H ~ H2 
OH + OH ~ H202 
OH + H ~ H202 
2eaq + 2H20 -7 H2 + 20H
eaq + OH -7 OH-
eaq + H+ ~ H 

- C2 -

These more stable reaction products can react with the radicals, 
e. g. 

H202 + H ~ H20 + OH 
H2 + OH ~ H20 + H 
H202 + OH ~ H20 + H02 
H02 + H02 ~ H202 + 02 
02 + H --7 H02 
H02 + H ~ H202 
H202 + 2eaq --72 OH-

Should these reaction chains remain unbroken, the e~d product is 
water; i. e. no net producti on of any new spec; es. 

C.2.2 G values for radiolysis of pure water 

Figure C.l shows the variation of G values with pH for the 
radiolysis of pure water by t-radiation 

G 

H202,\ -------------...., 
-----7-----------------

H2 
O~~~~---~~---~~---~~---~~~~~ 

2 3 4 5 6 7 8 9 10 11 12 
pH 

Fig. C. 1 Effect of pH on the primary products of water irradiation 
yi el ds, for ~ -radi ati on wi th energi es o. 1-20 meV. 
accordi ng to /3/. 
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C.2.3 Influence of dissolved species 

The radicals (H, OH, eag etc.) can be captured by dissolved 
species, and the recomblnation chain to water is broken. In this 
case new products are formed and a build-up of stable radio1ysis 
reaction products may occur. 

C.2.3.1 Oxygenated water 

The basic reaction chain is modified by the following reactions 

H + 02 ~ H02 
H02 + H02 ~ H202+02 
H02 + H ~ H202 

The net result is a conversion of oxygen to hydrogen peroxide, the 
solution remains oxidising and should oxygen continue to be 
supplied the hydrogen peroxide concentration will increase such 
that the solution contains more oxidant than it could with 
dissolved oxygen alone. 

C.2.3.2 Chloride solutions 

The radio1ysis of chloride solutions is strongly pH dependen~ In 
dilute solutions chloride reacts with water radiolysis products. 

OH + Cl - ~ Cl + OH-

is endothermic and occurs in neutral solutions, whereas in acid 
solutions the reaction is exothermic; 

There are many follow-on reactions: e. g. 

Cl + C1-
Cl + Cl 
C12 + C12 + H20 
C10 + C12 + H20 
C12 + H20 
C12 + HC10 
C10- + C10-
C10- + C102 

~ C12 
~ Cl? 
~ 2Hl + 3Cl- + C10 
~ 2H+ + 2Cl- + Cl + 02 
~ C1- + H+ + HelO 
~ H+ + 2Cl- + C10-
--7 C102 + Cl-
~ C103 + Cl-

The direct radiolysis of chloride ions by ~-radiation is only 
si gni fi cant at hi gher chl ori de concentrati ons (CC1- :> 1 M) , 

Cl- ~ Cl + e-aq 

as the concentration of chloride ions must be large enough such 
that the chlor-radica1 can be captured, 
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At lower concentrations the radiolysis products recombine 
immediately. 

Cl + e-aq ~ Cl-

Chloride ions may also capture OH radicals, 

which reduces the production of hydrogen peroxide. The production 
of C12 ions or hydrogen peroxide, H202, is thus chloride ion 
concentration dependent. According to Jenkes 141 the G-values for 
pure sodium chloride solutions are: 

G (C12 ) = 3.8/Cl-I I (2.63 + IC1-/) 

and G (H202) = 0.64 - (0. 83/Cl-I I (2.32 + IC1-/) 

The amount of C12 produced thus increases with increasing chloride 
concentration whereas the amount of H202 produced decreases. 

Radiolysis of chloride containing solutions produces a series of 
strongly oxidising chlorine species, C10-, C102 , C103. In 
parallel, the capture of OH radicals by the chloride ions enhances 
hydrogen producti on. 

C.2.3.3 Nitrate solutions 

At concentrations of nitrate above 0.001 M, nitrate ions begin to 
modify the pure water radiolysis reactions. 

The most important reaction is the capture of H radicals by the 
nitrate ion; 

H + N03 ~ HN03 

The direct radiolysis of nitrate is, as with chloride, strongly 
dependent upon concentration. According to Mahlmann (5) the 
following reactions occur, 

(Molecular mechanism) 
(Radical mechanism) 

The net effect of the two processes, H capture by the nitrate ion 
and direct radiolysis, is a reduction in the hydrogen yield and an 
increase in the oxygen production. The effect of nitrate on the G
values for hydrogen and oxygen production is given in table C.l 
15/. 
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Mol ari ty 
NaN03 

0.0012 
0.0079 
0.030 
o. 15 
O. BO 
2.00 
6.00 

G(H2 ) 

o. 42 
O. 39 
O. 32 
0.24 
o. 11 
0.059 
O. 029 

- C5 -

O. 11 
0.17 
o. 63 

Table C.l G(H2) and G(02) values for NaN03 solutions from / 5/ 

Apart from the slightly reduced hydrogen production, nitrate at 
the concentration present in most ground waters will not affect 
the radiolysis reaction path as according to Mahlmann /5/ the 
direct radiolysis of NOj is only significant at concentrations 
above O. 5 M NOj. 

C.2.3.4 Sulphate solutions 

Sulphate ions are stable in the presence of the reactive ions and 
radicals produced by hydrolysis. The influence of sulphates upon 
the radiolysis reaction paths at low concentrations is thus 
insignificant. Only at concentrations over 1 M does sulphate begin 
to contribute to the radiolysis products. The end product is per
sulphate which is formed either by direct radiolysis of the 
sulphate ion or by capture of the OH radial. Sobkowski /6/ 
suggests the following reaction path 

S04 + H+ ~ HS04 + eaq 

H+ + S04 + OH -7 HS04 + OH-

HS04 + HS04 -+ H2S20B 

(direct radiolysis) 

(radical capture) 

(dimerisation) 

The production of hydrogen peroxide is reduced by the capture of 
OH radicals by the sulphate ion, as illustrated in figure C.2. 

G (S20B =) goes through a maximum at about 4 M H2S04 because of 
acid catalysed hydrolysis of S20B at high sulphuric acid concen
trati ons. 

C.2.4 Effect of radiolysis on aqueous solutions with respect to 
corrOSlon 

In pure water, the effect of radiolysis is to split the water 
molecule into hydrogen and hydrogen peroxide. These intermediate 
products should recombine chemically to form water. At low 
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0.1 0.2 0,3 0,4 0,5 x 
Go 

0.70 

0,60 

0,50 

0,40 

0,30 

0,20 

0,10 

2 3 4 5 6 7 8 mole x 

Fig. C.2 Dependence of G (5208 ) and G(H202) on H2504 
concentrati on /6/. 

radiation doses this is probable. The solubility of hydrogen in 
water is low, and that of hydrogen peroxide high such that at high 
dose rates the hydrogen can escape as gas from the system before 
it recombines with hydrogen peroxide, the result is a net accumu
lation of the oxidising species H202 in the solution. The 
increasing oxiditive nature of the aqueous phase has the most 
important impact upon the corrosivity of the water towards metals. 

In the presence of other dissolved species the effect of 
radiolysis is, as in pure water, to increase the concentration of 
oxidants. The dissolved species 02, Cl-, N03 and 504 either 
increase the oxiditive nature of the solution by depressing 
hydrogen production by hydrogen radical capture (e.g. NOj ) or, 
through a similar argument to that for pure water, lead to a net 
gain of oxidising species in the solution where 02 is converted to 
H202, Cl- to C10-, C102 or C10j and 504 to 5208 . 

C.2.5 Effect of radiation upon the electrochemistry of corrosion 

The overall corrosion reaction may be separated into anodic and 
cathodic partial reactions; 

or 

M ~ Mn+ + ne-
2H+ + 2e- -+ H2 

anodic 
cathodic (H+ depolarisation) 

02 + 2H20 + 4e- ~ 40H- cathodic (02 depolarisation) 
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The corrosion rate depends upon the rate limiting step. Radiolysis 
may increase the corrosion rate by depolarising the cathodic 
partial reaction; e.g. 

OH + H+ + e- ~ H20 
H02 + H+ + e- ~ H202 
Cl + e- -7 Cl-

In order that the radicals can take part in an electron transfer 
reaction, they must reach the metal surface. The high recombina
tion rates of the radicals do not prevent some reaching the metal 
surface by diffusion as for a given radiation dose there is always 
an equilibrium concentration of radicals in the bulk. 

The limiting diffusion current is depending upon the concentration 
gradient at the metal, which for metals is in turn dependent upon 
the radiation dose rate and the recombination rate of the 
radi cal s. 

The effect of radiation dose rate is illustrated in figure C.3 

z 
o 
t
c( 
£t: 
t
Z 
UJ 
U 
Z 
o 
u 

l,O...-----,.----------r--------------,..-::>'I 

o 

/' 
/' 

/' 

0,05 
DISTANCE (mm) 

,... 
..... 

0,1 

Fig. C.3 Variation of relative product concentration wit~ distance 
from el ectrode. The el ectrode reacti on is di ffusl.on rate 
controlled. The product is generated radiolytically 
(G/R/=3) and disappears either by diffusion to the 
electrode or in a bimolecular recombination (k IR+RI = 
106) Mole. l-ls-1. Curves 1, 2 and 3 refer to dose rates 
of 1016 ,1018 and 1020 eV.l-l.sl (Airey 17/) 
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The more stable radiolysis products can also depolarize, e. g. 

H202 + 2H+ + 2e- ~ 2H20 

This effect can be demonstrated on a radiated platinum electrode 
in 0.1 N H2S04 /7/. The effect of radiation upon the potential of 
the platinium electrode in 0.1 N H2S04 is shown in figure C.4 

The solution in 1 and 2 figure 1.4 was deoxygenated with argon 
before the experiment but only held under static argon during the 
irradation. The potential of the platinium electrode first falls 
to approximately the reversible hydrogen potential, i.e. the 
radiolytically produced hydrogen determines the electrode 
potential. With time the potential rises and the hydrogen peroxide 
produced simultaneously with hydrogen becomes potential 
controlling 

E(H202) = 0.835 - 0.059 pH Volts 

The reason for this is two-fold. 

i) the G-value for H202 is somewhat higher than for that H2 and 

ii) hydrogen has a limited solubility in water. When this 
solubility limit is reached hydrogen escapes as a gas, 
whereas the hydrogen peroxide concentration can reach much 
higher levels before a solubility or stability limit is 
reached and thus hydrogen peroxide becomes potential 
determining with time. This effect is confirmed by curve 3 
in figure C.4, where argon was bubbled through the solution 
during the experiment and hydrogen was removed more quickly 
from the solution. 

C. 2. 6 Irradation of aqueous solutions. containing redox pairs 

The irradiation of a solution containing a redox pair alters the 
equilibrium of the redox pair, whereby the new equilibrium is 
determined by the reaction rates between the redox components and 
the primary and secondary radiation products. 

Irradiation shifts the equilibrium in the oxidising or reducing 
direction depending upon whether the equivalent redox potential is 
larger or smaller than the equilibrium potential of the redox 
pair. 
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Fig. C.4 Variation of potential with dose of a 60Co 't-irradated Pt 
electrode immersed in A saturated 0. 1 N H2S04. 
Curves 1 & 3, dose rate = 5 x 1016 eV.1-1.s-1 
Curve 2 dose rate = 5 x 1016 eV.1-1.s-1 
Curves 1 & 2, static argon, curve 3 argon bubbling 
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