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LES EFFETS DU RAYONNEMENT GAMMA SUR LA CORROSION

DES MATERIAUX CANDIDATS POUR LA FABRICATION

DES COLIS DE DECHETS NUCLEAIRES

par

D.W. Shoesmith* et F. King

RESUME

L'influence du rayonnement gamma sur la corrosion des materiaux candidats pour la fabrication
des colis de dechets nucleaires a ete examinee en profondeur. La comparaison de la corrosion
des divers materiaux a ete effectuee dans trois milieux distincts :

1) Milieu A; saumures enrichies en Mg2+ dans lesquelles l'hydrolyse du cation produit des
milieux acides et ou le Mg2+ perturbe la formation des pellicules protectrices;

2) Milieu B; milieux salins a faible teneur en Mg2+ qui demeurent neutres;
3) Milieu C; etats humides aeres.

Parmi ces milieux, seul B, dans des conditions d'immersion complete en presence
d'egouttements, et C, en l'absence d'egouttements, constituent des milieux faisables a Yucca
Mountain.

Dans le milieu A, les vitesses de corrosion sont elevees pour les aciers au carbone et les alliages
de nickel, C-4. L'influence du rayonnement sur les vitesses de corrosion de l'acier au carbone
est de les restreindre jusqu'a des debits de dose de 104R/h, mais de les accelerer aux debits de
dose superieurs. Le phenomene de restriction semble etre du a la formation induite par le
rayonnement de depots de magnetite partiellement protecteurs. Le C-4 subit une corrosion par
piqures et une corrosion caverneuse induites par le rayonnement a des debits de dose > 103 R/h.
On peut attribuer cela au retrecissement de la region de potentiel passif sur cet alliage dans la
saumure acidifiee. Les alliages de titane (plus precisement le Ti-7) ne subissent qu'une
acceleration tres minime de la croissance de la pellicule passive a des debits de dose > 103 R/h.

Dans le milieu B, l'acier au carbone subit une corrosion generale et une piquration superficielle
amplifiees par le rayonnement a des debits de dose > 300 R/h dans les solutions salines (eau de
mer). Les alliages de cuivre et les cupronickels ne subissent qu'une acceleration minime de la
corrosion generale a des debits de dose > 104R/h. Aux debits de doses inferieurs, la croissance
de la pellicule favorisee par le rayonnement restreint la vitesse de corrosion du cuivre. La
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passivité générale de l'acier inoxydable 304L n'est pas touchée par le rayonnement jusqu'à des
débits de dose élevés (> 105 R/h), mais certains signes indiquent que la propagation de la
corrosion caverneuse peut être accélérée à des débits de dose d'au plus 103 R/h. Aucune donnée
n'a été relevée pour les alliages de nickel, mais on pourrait s'attendre à ce qu'ils soient bien

moins sensibles que le 304L à la corrosion localisée influencée par le rayonnement. Le titane et
les alliages de titane ne sont pas sensibles aux effets du rayonnement au-dessous de 104R/h. Aux
débits de doses plus élevés, on note une accélération minime de la croissance de la pellicule dans
le cas du Ti-2, mais pas dans celui du Ti-12. Au contraire, on constate avec le Ti-12 une
absorption directe de l'hydrogène produit radiolytiquement à un débit de dose > 5 x 104R/h, mais
pas dans le cas du Ti-2. Cette différence peut être attribuable à la présence de fenêtres de Ti2Ni
dans la pellicule passive par ailleurs imperméable.

Dans le milieu C, un débit de dose >103 R/h est nécessaire avant que l'on note une accélération
minime de la corrosion de l'acier au carbone. Dans le cas du cuivre, on constate un effet du
rayonnement au faible débit de dose de ~ 102R/h dans la vapeur aérée à 150 °C. Dans l'air
humide à T > 90 °C, un débit de dose > 104 R/h est nécessaire avant de noter quelque influence
du rayonnement. Un fort débit de dose semblable est nécessaire avant de constater quelque
influence du rayonnement sur les alliages Ni-Cu ayant fait l'objet d'essais (90/10 Cu/Ni).

En supposant une période d'assèchement d'au moins 100 ans à la surface du colis de déchets, ni
le modèle de colis de déchets de référence (acier au carbone supérieur à C-22) ni le modèle de
rechange (C-22 sur Ti ou vice versa) ne subiraient de corrosion influencée par le rayonnement.
Dans le cas du concept de référence, même un mouillage immédiat du colis de déchets
(c'est-à-dire à la mise en place) n'entraînerait pas des effets de rayonnement. Dans le cas du
concept de rechange, si le Ti se trouvait à l'extérieur, un mouillage immédiat n'aurait aucun effet
néfaste. Si le C-22 était à l'extérieur, le mouillage immédiat pourrait entraîner des dommages
minimes de corrosion. Cette conclusion pessimiste est fondée sur l'hypothèse très prudente que
le C-22 ne serait pas plus résistant à la corrosion localisée que l'acier inoxydable 304L. En outre,
puisque le colis en C-22-Ti possède des parois plus minces, il se refroidira plus lentement que le
colis de référence et cela prendrait beaucoup de temps pour réaliser les conditions humides qui
pourraient entretenir un processus de corrosion influencé par le rayonnement. D'ici-là, le débit de
dose à la surface du colis de déchets de rechange se sera désintégré à des niveaux inoffensifs.
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ABSTRACT

The influence of gamma radiation on the corrosion of candidate materials for the fabrication of
nuclear waste packages has been comprehensively reviewed. The comparison of corrosion of the
various materials was compared in three distinct environments:

(1) Environment A; Mg2+-enriched brines in which hydrolysis of the cation produces acidic
environments and the Mg2+ interferes with the formation of protective films;

(2) Environment B; saline environments with a low Mg2+ content which remain neutral;
(3) Environment C; moist aerated conditions.

Of these environments, only B, under fully immersed conditions in the presence of drips, and C,
in the absence of drips, are feasible environments at Yucca Mountain.

In Environment A, corrosion rates are high for carbon steels and for the nickel alloy, C-4. The
influence of radiation on the carbon steel rates is to suppress them up to dose rates of 104 R/h,
but to accelerate them at higher dose rates. The suppression appears to be due to the radiation-
induced formation of partially protective magnetite deposits. The C-4 suffers radiation-induced
pitting and crevice corrosion for dose rates > 103 R/h. This can be attributed to the narrowing of
the passive potential region on this alloy in the acidified brine. Titanium alloys (specifically the
Ti-7) suffer only very minor acceleration of passive film growth for dose rates > 103 R/h.

In Environment B carbon steel suffers radiation-enhanced general corrosion and shallow pitting
for dose rates > 300 R/h in saline (seawater) solutions. The copper and copper/nickel alloys
suffer only minor acceleration of general corrosion for dose rates > 104 R/h. At lower dose rates
radiation-enhanced film growth suppresses the corrosion rate of copper. The general passivity of
304L stainless steel is not affected by radiation until high dose rates ( > 105 R/h) but there is
evidence that the propagation of crevice corrosion can be accelerated for dose rates as low as
103 R/h. No data has been recorded for nickel alloys, but it would be expected to be much less
sensitive to radiation-influenced localized corrosion than the 304L. Titanium and titanium alloys
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show no sensitivity to radiation effects below 104 R/h. At higher dose rates minor acceleration
of film growth is observed for Ti-2 but not for Ti-12. In contrast, a direct absorption of
radiolytically-produced hydrogen is observed with Ti-12 for a dose rate > 5 x 104 R/h, but not for
Ti-2. This difference may be attributable to the presence of Ti2Ni windows in the otherwise
impermeable passive film.

In Environment C, a dose rate >103 R/h is required before a minor acceleration of carbon steel
corrosion is observed. For copper a radiation effect is observed at the lower dose rate of
~ 102 R/h in aerated steam at 150°C. In moist air at T > 90°C a dose rate > 104 R/h is required
before any influence of radiation is noticed. A similar high dose rate is required before any
influence of radiation is observed on the Cu/Ni alloys tested ( 90/10 Cu/Ni).

Assuming a minimum dry out period at the surface of the waste package of at least 100 years,
neither the reference waste package design (carbon steel over C-22) or the alternative design
(C-22 over Ti or vice versa) would be subject to radiation-influenced corrosion. For the
reference design, even immediate wetting of the waste package (i.e., on emplacement) would not
lead to radiation effects. For the alternative design, if Ti were on the outside immediate wetting
would have no adverse effects. If C-22 were on the outside, a minor amount of corrosion
damage could be sustained if immediate wetting occurred. This pessimistic conclusion is based
on the very conservative assumption that C-22 would be no more resistant to localized corrosion
than 304L stainless steel. Also, since the C-22/Ti package is thinner walled it will cool more
slowly than the reference package and a substantial time would be required to establish the wet
conditions that could sustain a radiation-influenced corrosion process. By this time the dose rate
on the surface of the alternative waste package will have decayed to innocuous levels.
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1. INTRODUCTION

Although alternatives are under consideration, the present reference design of nuclear waste
package for emplacement in the proposed waste repository in Yucca Mountain, Nevada, employs
a dual wall arrangement, in which a 2 cm-thick nickel alloy inner barrier is encapsulated within a
10 cm-thick mild steel outer barrier. It is felt that this arrangement will give considerable
containment lifetimes, since no common mode failure exists for the two barriers.

The corrosion performance of this waste package will be determined by the exposure
environment established within the emplacement drifts. Key features of the Yucca Mountain
repository in controlling waste package degradation are expected to be the permanent availability
of oxygen and the limited presence of water. When water contacts the surface of the waste
package, its gamma radiolysis could produce an additional supply of corrosive agents. The
gamma field will be produced by the radioactive decay of radionuclides within the waste form,
and its magnitude will depend on the nature and age of the waste form as well as the material and
wall thickness of the waste package.

The effects of radiation on the corrosion of various metals and alloys have been reviewed
(Byalobzheskii 1970, Stobbs and Swallow 1962, Glass 1981). Also, a large body of information
exists on the study of radiation effects on in-reactor corrosion processes (Andresen 1992). The
present review will be confined to a discussion of the effects of radiation on various candidate
container materials. The significance of these findings with respect to the corrosion of packages
emplaced at Yucca Mountain will then be discussed. These studies have been performed in a
range of groundwaters and solution compositions, some of which are for potential disposal sites
no longer under consideration. To facilitate the following discussion, a summary of these
compositions is given in Table 1. The boldly typed rows emphasize the constituents which seem
most important in determining the corrosivity of the groundwater. Qualitatively, the corrosivity
decreases from left to right across this table. Of these environments, the first two are particularly
aggressive due to their high Mg2+-content. Based on recent measurements and calculations by
Nagies and Heusler (1998), the pH of Q-Brine and Brine A will be suppressed to <3 and <4,
respectively, for temperatures of 100°C or greater.

2. POSSIBLE EFFECTS OF RADIATION

Only gamma radiation need be considered, since induced mechanical damage of the metal or any
protective passive oxide on its surface, by alpha particle or neutron bombardment, will be
negligible. Gamma irradiation of the package surface and the surrounding environment may
have a number of effects on the corrosion behaviour of the package:

(1) Radiolysis of the vapour and aqueous phases to produce oxidizing and reducing radicals
and molecular products;

(2) Interaction with semiconducting passive oxide films;
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(3) Reduction in the number of viable microbes at, or near, the waste package surface.

The nature of the radiolytic species produced, and their concentration, will depend very much on
the environment undergoing radiolysis. For relatively dilute groundwaters, like J-13 well water,
the predominant oxidants would be OH', O2, H2O2, and O2 while the predominant reductants
would be H \ e^ and H2 In the open system existing within a repository drift, the hydrogen
would be expected to escape rapidly, and oxidizing conditions would prevail. In aerated
solutions the production of radical oxidants, especially O2, would be increased. In the
concentrated saline solutions that could be produced by a sequence of wetting/drying cycles on
the package surface, additional species such as CIO", C1O2, ClOj, CIO4, CI2, and Cl2 could be
formed (Jenks 1972). While definitive experiments to determine the individual reactivities of
these species have not been performed, and, indeed, may prove effectively impossible, there is
good evidence to suggest that both the radical oxidants OH* and O2, as well as the molecular
oxidant H2O2, are important in corrosion processes in dilute groundwaters (Marsh et al. 1986),
while electrochemical experiments have identified CIO' as an additional oxidant in saline
solutions (Farvaque-Bera and Smailos 1994). In moist air environments, radiolytic processes
leading to the fixation of nitrogen as NO, NO2, and especially HNO3, are also important (Reed
and Van Konynenburg 1988). This production of HNO3, coupled with the large metal surface
area to solution volume ratio expected in moist vapour systems, could produce aggressive local
acidic conditions on the waste package surface.

For passive package materials, it is possible to induce photo effects by absorption of radiation
energy in the semiconducting passive oxide. This would lead to the creation of electron/hole
(e/h) pairs in the conduction (e) and valence (h) bands. Providing redox conditions are
sufficiently oxidizing for band bending at the surface of the oxide, separation of these charge
carriers will be achieved and their recombination prevented. The migration of holes to the
oxide/solution interface could then lead to one of a number of possible reactions;

(i) oxygen formation,
4h+ + 2H2O -> O2 + 4H+ (1)

(ii) photo corrosion,
4h+ + 2MO -> 2M2+ + O2 (2)

(iii) enhanced film growth
M + H2O -> MO + 2H+ + 2e" (3)

One would expect reaction (2) to lead to a combination of enhanced general corrosion, and
possibly the initiation of localized corrosion sites (pits/crevices), whereas reaction (3) would be
expected to re-enforce passivity, thereby protecting the metal from localized corrosion. This
photo effect will be an inefficient process, since the oxides are thin (10-100 nm) and will absorb
only small amounts of energy, the majority of the high energy gamma photons (MeV cf. to oxide
band gap energies in the range 1 to 3 eV) passing through unabsorbed. A likely possibility is
that the radiolytic and photo effects will be "combined"; i.e., the primary influence of radiation
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will be to produce radiolytic species (e.g., H2O2), which subsequently extract an electron from the
oxide valence band. This is equivalent to a hole injection process and could lead to either
reaction (2) or (3).

The third possible influence of radiation is its potential ability to retard microbially influenced
corrosion (MIC). During the early repository history, hot and dry conditions are expected to
prevail, and a combination of elevated temperatures, gamma irradiation and dessication have
been shown to decrease microbial activity substantially (Stroes-Gascoyne et al. 1995). Indeed,
irradiation alone could have a major impact on the number of viable microbes at the waste
package surface. Calculations in compacted clays (King and Stroes-Gascoyne 1995) indicate
gamma dose rates of 104 R/h to 106R/h will effectively sterilize the environment immediately
adjacent to a waste package. For the gamma dose rates expected at the surface of waste
packages (102 to 104 R/h) this would indicate "sterilization" could be achieved in days to months
(King 1996a).

3. CORROSION ALLOWANCE MATERIALS

3.1 IRONS AND CARBON STEELS

Attempts to measure the influence of gamma radiation fields have been made in a wide range of
environments, including dilute granitic groundwaters (Marsh and Taylor 1988), synthetic
seawater (Marsh and Taylor 1988), concentrated brines (Brine A) (Westerman et al. 1983,
Smailos et al. 1991), in air steam mixtures (Brehm 1990), and in basaltic groundwaters
(Westerman et al. 1982), which have a salinity (148 ug/g) greater than J-13 well water
(< 10 |xg/g) but much less than the brine environments (191,000 ng/g), Table 1. The steels and
irons investigated include cast iron and steel, fine-grained steel, low carbon steel and a number of
low chromium (1.25 to 2.5%)- low molybdenum (0.5 to 1%) steels. Generally, with the
exception of the Cr/Mo steels, the corrosion rates are not particularly dependent on composition
and microstructure. The rates for the Cr/Mo steels are usually only a factor of 2 to 3 less than the
others. This similarity in behaviour reflects the dominance on the corrosion rate of the build up
of corrosion product deposits (Johnson et al. 1994). Given this general similarity, no attempt has
been made here to discuss the individual performance of specific steels. Table 2 summarizes the
corrosion rates measured in these experiments. These rates are those generally observed at the
end of the exposure periods used, which varied from study to study. However, in most cases, the
experiment was conducted until a steady-state value was obtained. While it cannot be
demonstrated that such a state will persist indefinitely for the long time periods of importance for
waste containers, it nevertheless represents a definable corrosion kinetic balance.

In deaerated, low salinity granitic groundwaters, a gamma radiation dose rate of 105 R/h (90°C)
increased the general corrosion rate from < 0.1um/y to a constant 3um/y, an increase by a factor
of- 30 (Marsh and Taylor 1988). No pitting was observed, and the pH remained around the
original value of 9.4. In basaltic groundwaters, Table 1, at a much higher temperature, the
influence of a radiation dose rate of 2 x 105 R/h was only a factor of 2 to 3 (Westerman
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et al. 1982). For both these environments the low corrosion rates reflect the accumulation of
protective corrosion product deposits. In the basaltic water, the corrosion products incorporate
substantial quantities of groundwater species, leading to the formation of phases such as
nontronite ((Fe,Al) Si2O5 (OH).nH2O) and analcime (NaAlSi2O6.H2O) in both the presence and
absence of a radiation field.

In synthetic seawater, the unirradiated corrosion rate is 6jim/y (at 90°C), reflecting the greater
difficulty in forming a protective deposit at the increased salinity. The influence on corrosion rate
(based on weight change measurements) of radiation dose rates in the range 300 to ~ 105 R/h is
shown in Figure 1. Based on these plots, the corrosion rate is increased by factors of ~ 25, ~ 10
and ~ 1.5 for dose rates of 105, 3.5 x 103 and 3 x 102 R/h, respectively. Whether or not the
increase in corrosion rate at the lowest dose rate is significant or not is debatable. However,
these factors disguise the observed morphological features of the radiation-induced corrosion
process. In general, when radiation was present, the depth of corroded sites was approximately
the same at ~ 0.5 mm for all dose rates, the difference between high and low dose rates being the
number of sites subjected to this degree of corrosion. This suggests that a shallow pitting,
probably more appropriately termed a localized general corrosion process, occurred, and that
eventually these sites would coalesce to give a more even general corrosion front. The apparent
tendency of the rate to stabilize at longer times, Figure 1, is consistent with a localized process
propagating to a limiting depth. More importantly from the waste package perspective is the
disappearance of any significant radiolysis effect as the dose rate decreased to < 3 x 102 R/h.

In brine solutions, experiments have been carried out at dose rates in the range 102 to 104 R/h
(Westerman et al. 1983, Smailos et al. 1991). In these environments, the corrosion rates in the
absence of radiation are substantially higher than in groundwaters with lower salinities, Table 1,
due to the difficulty in forming protective corrosion product deposits. This is particularly
apparent in brines with a high Mg2+ content (Q-Brines) in which the crystallization of magnetite
is prevented (Westerman et al. 1986). At high dose rates (> 104 R/h) there is a clear acceleration
of corrosion, especially in the Mg2+-rich brines, but this enhancement disappears for dose rates
< 104 R/h. In Q-Brines, for dose rates in the range 102 to 103 R/h, the corrosion rate is actually
suppressed below the value measured in the absence of radiation, Figure 2. Also, while the rates
in the absence of radiation generally achieve steady-state values with time, those at the low dose
rates, especially 102 R/h decrease with time to lower values. This is particularly evident for the
cast and low carbon steels, Figure 2. On these surfaces there was clear XRD evidence for the
presence of Fe3O4, and metallography confirmed that the corrosion product layer was denser than
in the absence of radiation. The exact mechanism by which radiation induced the crystallization
of Fe3O4 is not known, but it seems unlikely that the thick films observed are the consequence of
the photo-induced film growth by the formation of e/h pairs.

Of particular relevance to Yucca mountain are the results of experiments on carbon steel and a
wrought alloy steel (A387) at radiation dose rates from 102 to 104 R/h performed by Brehm
(1988). From the rates tabulated in Table 1, it can be seen that the corrosion rates are very small
and the influence of radiation at 150°C is marginal, the rate increasing only by a factor of ~ 2 for
dose rates up to 103 R/h. At 250°C the influence is greater, the rate increasing by a factor of ~ 10
to ~ 15. No detailed examination of the corrosion films was undertaken, but a cursory
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examination noted that the deposits looked different in the presence and absence of a radiation
field.

One examination of the influence of radiation on cracking has been published. James (1982)
conducted fatigue crack propagation tests on A27 cast steel in basaltic groundwater at 150°C at a
dose rate of 123 R/h. A statistical evaluation suggested that there was no significant differences
between crack growth rates in the unirradiated and irradiated specimens. These results suggest
that such cracking will not occur under Yucca Mountain conditions.

From these studies, it can be concluded that, for non saline aqueous environments, the influence
of even high radiation dose rates will be very marginal, since the protective influence of
corrosion product deposits dominates. In the presence of reasonable [Cl~], when the formation
of protective deposits appears kinetically hindered, the influence of radiation is more marked, but
insignificant for dose rates < 3 x 102 R/h. In air steam mixtures, providing the temperature is
well below 200°C, the influence of gamma dose rates < 103 R/h is insignificant.

3.2 COPPER AND COPPER ALLOYS

The influence of radiation on the corrosion of copper and copper alloys has been studied both in
aqueous solutions (Glass et al. 1985, Simpson 1984, King and Litke 1987, Kass 1990, King and
Ryan, unpublished data ) and in moist air environments (Alexandrov et al. 1987, Yunker and
Glass 1986, Brehm 1990, Yunker 1990, Reed et al. 1990, Reed and Van Konynenburg 1991,
King and Ryan, unpublished data). In these studies oxygen free copper, phosphorus deoxidized
copper, the cupro-nickel alloys 90-10 and 70-30, and a 7% aluminum bronze have been
examined at dose rates ranging from 102R/h to 3 x 106 R/h. In many of these experiments rates
are not given, or if they are, no rates for unirradiated conditions are measured or quoted, making
it difficult to assess the impact of the radiation. The rates and observations are summarized in
Table 3.

Glass et al. (1985) observed an anodic shift in corrosion potential (EC0RR) of 100 mV in J-13
groundwater at 30°C at a dose rate of 3 x 106 R/h . They attributed this to radiolytically-produced
H2O2 and OH*, since the instantaneous shift and subsequent decay in ECORR could be replicated by
chemically adding peroxide. The decay in the initial shift of EC0RR was attributed to the
consumption (via corrosion) and decomposition (to O2 and H2O) of the H2O2 on the
copper/copper oxide surface. Despite this indication that the corrosion rates should be
substantially increased, Kass (1990) reported very little effect of a radiation dose rate of 105 R/h,
Table 2. By contrast, at much lower dose rates, both Simpson (1984) (1.3 x 103 R/h; room
temperature; [ Cl] = 1500 ng/g) and King and Litke (1987) (1.4 to 2.7 x 103 R/h; 150°C;
SCSSS) reported the suppression of the corrosion rate. Simpson suggested this suppression
might be due to the greater reactivity of the reducing radio lysis products (eaq~, H., H2) than the
oxidizing products, but this seems unlikely at such low temperatures where H2 is generally not a
particularly reactive species. King and Litke (1987) measured the ECORR in their experiment, but
saw no positive shift as observed by Glass at the higher dose rate, and no sensitivity to the
presence of the field, Figure 3.
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Subsequent examination of the surface films formed under aerated conditions (King et al. 1989)
found them to be adherent. The Cu/O ratio, determined by Auger spectroscopy, indicated the
film was probably Cu2O. A thinner (~ 150 run), less coherent layer containing Cu, Si and Mg lay
on top of the copper oxide layer. In the absence of radiation, the film was cracked and covered
with deposits of CaCO3, CaSiO4 and MgO on top of an underlying layer of copper oxides. Both
CuO and CuCl2.3[Cu(OH)2] were observed in the deposits, a clear indication that oxidative
breakdown of the underlying Cu2O layer had occurred. In deaerated solutions in the presence of
radiation, a coherent, protective film of Cu2O was formed. The EDX spectrum suggests this
oxide is very thin and little corrosion was observed. The most likely explanation for the
formation of a more coherent, protective film is not the greater reactivity of radiolytic reductants
compared to oxidizing ones, but a photo-induced film growth process. Whether this occurred by
the direct creation of e/h pairs leading to enhanced film growth of Cu2O, or by the formation of
radiolytic oxidizing species which subsequently caused film growth by a hole injection process,
cannot be elucidated from the sparse evidence available. However, since this process prevailed
at lower dose rates, when the concentration of radiolytic species would have been very low, the
direct photo effect seems as likely as the indirect one. Irrespective of which particular
mechanism prevails, the presence of radiation appears capable of maintaining the Cu oxidation
process at the Cu(I) stage and inhibiting the oxidation step Cu(I) to Cu(II), which leads to
breakdown of the Cu2O layer and the formation of Cu(II) corrosion product deposits.

A range of studies have been performed in moist vapour and air-steam environments. Kass
(1990) found very little influence of irradiation (105 R/h) on the corrosion rate of copper and a
7% aluminum bronze in wet steam at 95 to 100°C. By contrast, the corrosion rate of a 70/30
cupronickel alloy increased by a factor of 15, Table 3. This was a reflection of the particularly
low rate observed for this alloy in the absence of irradiation, the rate under irradiated conditions
being close to that of the pure copper. Brehm (1990) found that the corrosion rate of a 90/10
cupronickel alloy did not increase with increasing radiation dose rate over the range 102 to 103

R/h in air-steam mixtures at 150°C, whereas that of a pure copper increased by a factor of ~ 12
over this range. At 250°C, the influence of radiation in this dose rate range was more marked for
both materials, although the 90/10 cupronickel alloy required a higher dose rate ( > 102 R/h)
before a marked increase was observed. Very little examination of the corroded specimens was
undertaken, although Brehm observed that the morphology of corrosion films was different after
irradiation than if no radiation field had been applied.

Yunker (1990) and Yunker and Glass (1986) reported the results of experiments on Cu, a 7% Al-
bronze and a 70/30 cupronickel alloy in both the vapour phase existing above a J-13 well water
solution at 95°C, and in air/H2O vapour at 150°C irradiated at a dose rate of 105 R/h. The
corrosion rates for all three materials were approximately the same, Table 3, and lower at 150°C
than at 95°C. It is possible that this difference reflects the different degrees of vapour saturation
in the two experiments. Corrosion was primarily uniform, but some pitting and crevice corrosion
was noted. No SCC was observed and no NH3 was found in the vapour phase. At very high
dose rates (6.5 x 105 R/h), Alexandrov reported a 102 times increase in the corrosion rate of
copper in moist atmospheres (37°C), but reported no localized corrosion. At much lower dose
rates (5 x 102 R/h), King and Ryan (unpublished data) found no evidence for significant crevice
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corrosion and no indications of SCC at 150°C in the saturated vapour above a saline synthetic
groundwater (SCSSS).

While these experiments suggest the only influence of radiation will be at high dose rates in
vapour environments, they do not offer any significant mechanistic detail which would add
credibility to such a claim. However, Reed et al. (1990) and Reed and Van Konynenburg (1991)
have examined in some detail the nature of the corrosion product films formed on Cu, 7% Al-
bronze and 70/30 cupronickel in moist air atmospheres at two dose rates. In the first series of
tests (Reed et al. 1990), specimens were exposed at 90°C, 120°C and 150°C at relative humidities
of 0%, 15% and 100% at a dose rate of 7 x 104 R/h. Corrosion was generally uniform, but,
unfortunately, no rates were given. At the higher humidity, the corrosion products were
dominated by oxides, Cu2O/CuO, as observed in the absence of radiation. At the lower humidity
(which appears to be higher than the 15% claimed), cupric nitrate (Cu2NO3(OH)3) was obtained
as a corrosion product on the cupronickel and the bronze, and some pitting was observed. The
observance of nitrates indicates that the radiolytic fixation of N, present in the moist air, is
occurring. Its fixation as a cupric nitrate precipitate shows that redox conditions at the copper
surface are sufficiently oxidizing for the oxidative breakdown of Cu2O followed by metal
dissolution as Cu2+. For lower dose rates (~ 104 R/h), there was clear evidence for N fixation in
the gas phase (N2O/NO2/HNO3), but no nitrate-containing corrosion products were observed.
Corrosion rates under irradiated conditions were only a factor of ~ 1.5 greater than literature
values in unirradiated humid atmospheres. This absence of nitrate-containing corrosion
products, as well as the very minor influence on corrosion rate, suggest that the influence of
radiation will be negligible for dose rates < 104 R/h.

Neither Yunker (1990) or King and Ryan (unpublished data) observed SCC of stressed Cu
specimens at absorbed dose rates up to 105 R/h, or temperatures up to 150°C. However,
Makepeace (1974) reported the SCC of 70/30 Cu-Zn upon irradiation in moist air (100% RH) at
ambient temperature. Cracking was observed at dose rates of 5.9 x 106 R/h and 1.5 x 105 R/h, but
in the latter case only when the moist air was contaminated by amines formed from a neoprene
rubber filter. Cupric nitrates were observed near the cracks, a sure sign of a radiation effect.
Cracking was assumed to result from NH3 formation, although radiolytically-produced NO2 is
the more likely cracking agent (King 1996b).

A review of the data in Table 3 indicates that, except for air-steam conditions at high
temperatures (150°C and 250°C), radiation has little effect on the corrosion of copper and copper
alloys for dose rates < 103 R/h. Under air/steam conditions copper, but not the cupronickels
(90/10 and 70/30), appear more sensitive to radiation than the steels. However, in aqueous
solutions, for dose rates < 103 R/h, the corrosion rate of copper is decreased. Such an effect is
not observed for the steels, except for the special case of Mg2+-rich brines, Table 1.

The explanation for the decrease in corrosion rate at lower dose rates may lie with the nature of
film formation processes on copper (King 1998). Oxide formation on copper occurs in two
distinct potential regions, making it possible to observe the formation of Cu2O at low potentials
before an overlayer of CuO is formed. In environments which do not stabilize Cu2+ in solution,
this duplex film is generally protective. However, for sufficiently positive potentials in
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environments which do stabilize Cu2+ in solution ( SO2", CO2", OH"), oxidative dissolution of the
Cu2O film can occur. Often this occurs locally, with the subsequent precipitation of complex
Cu11 salts, and can lead to what is classified as Type 1 pitting of copper. At high gamma dose
rates, the formation of H2O2 can push ECORR to sufficiently positive values, that formation of Cu2+

by the oxidative dissolution of Cu2O can occur. This destroys the protective nature of the Cu2O.
If corrosion is sufficiently rapid, then the precipitation of Cu11 salts will occur, especially under
conditions of limited water, when local saturation with respect to Cu2+ will be easily established.
In the vapour phase, this leads to the incorporation of radiolytically-produced NO2" into these
precipitates. However, at lower dose rates, the potential is not driven sufficiently positive for
such a destructive production of Cu2+. Under these conditions, the protectiveness of the Cu2O
layer is maintained, possibly by the photo-induced formation of e/h pairs, leading to enhanced
growth of less defective films and repair of potential breakdown sites. This would be consistent
with the observations of Lenhart et al. (1987), who clearly demonstrated that the pitting of nickel
was photo-inhibited by the generation of e/h pairs, which reduced the electric field within the
oxide. According to the point defect model for oxide films, this would decrease the driving force
for the transport of cation vacancies across the film, thereby rendering it more resistant to
breakdown. The decrease in defectiveness of these photo-induced films has also been
demonstrated (Schmuki and Bohni 1995, Sikora et al. 1995).

4. CORROSION RESISTANT MATERIALS

4.1 STAINLESS STEELS

Although stainless steels are no longer serious candidates for the fabrication of nuclear waste
packages, except in so far as they may provide mechanical stability, the influence of radiation on
a number of localized corrosion processes has been investigated using specimens of these
materials. The conclusions from these studies are of value in interpreting the complex features of
radiation effects on the localized corrosion of other passive materials which are candidates for
the fabrication of containers.

A high gamma dose rate (3.3 x 106 R/h) will drive the potential on stainless steels to a
sufficiently positive value that the difference between EC0RR and the pitting breakdown potential
is substantially reduced, Figure 4 (Glass et al. 1986). This positive ECORR was shown to be
sustained by a combination of the molecular oxidant, H2O2, and the radical oxidants, and, since
the increase in potential was not totally reversible, it was concluded that changes in the oxide
structure/composition were induced by reaction with these species. Confirmation that H2O2 was
the critical oxidant sustaining ECORR at positive values was provided by experiments in which a
similar positive shift was induced, in the absence of irradiation, by its chemical addition. Pitting
potential measurements, using the polarization technique, showed a negligible influence of
irradiation.
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Despite these positive shifts, experiments on 304L in acidic brines (i.e., Mg2+-rich Brine A,
Table 1) at temperatures of 90°C and at gamma dose rates of 105 R/h yielded corrosion rates
around lum/y, and an increase in dose rate to 107 R/h was required for general passivity to be
lost (corrosion rate = 200 uWy) (Molecke et al. 1982). The corrosion rates at a dose rate of
105 R/h were the same in Brine A as in seawater, indicating that the acidification caused by the
magnesium content of the brine was not a factor at this dose rate. In irradiated J-13 well water
the influence of radiation fields up to 6 x 105 R/h had an insignificant effect on the general
corrosion rate of 304L stainless steel (reported in Braithwaite 1987).

Of more importance with stainless steels is the possibility of radiation-induced localized
corrosion. Two detailed electrochemical studies to determine the effect of radiation on the
initiation and propagation of localized corrosion on 304L stainless steel have been performed
(Marsh et al. 1986, Worthington et al. 1993). In the first study the effect of radiation
(2 x 105 R/h) on EC0RR , pitting potentials and repassivation potentials was measured in a solution
containing 300 |xg/g of Cl\ In open systems with Ar or Ar-20% O2 gas blankets, the ECORR

increased by 200 to 300 mV, a similar increase to that observed by Glass et al. (1986). This was
attributed to a combination of cathodic depolarization of the corrosion process by oxidizing
radicals and H2O2, and the formation of a more oxidized, or less defective, passive film. The
influence of radiation on the pitting breakdown potential was not totally conclusive, but
generally indicated that pit initiation (or crevice initiation, which may have been occurring at
specimen/contact sites in the absence of irradiation) was inhibited. This is consistent with older
results by Byalobzheskii (1970), who also claimed an increased resistance to the initiation of
crevice corrosion due to irradiation, and with the explanation offered by Lenhart et al. (1987).
No influence of radiation on the repassivation potential was observed, indicating that the rate of
generation of radiolysis products was not sufficient to influence the passivation of fully
developed propagating corrosion sites.

In the second series of experiments, a very tight, shrink-fit crevice was used to investigate the
influence of radiation on the crevice corrosion of 304L in solutions containing as little as 6 to
10 [ig/g chloride. Using a less severe crevice geometry, experiments were also performed in
3% NaCl. The gamma dose rate was generally 105 R/h for all experiments. Contrary to the
previous conclusions, it was found that the presence of radiation both increased the probability of
crevice initiation and enhanced its propagation. Although not made completely clear, there is a
suggestion that crevices can be made to initiate at 2.8 x 102 R/h. The propagation current was
followed using a zero resistance ammeter. At 105 R/h the propagation was sustained, but at
103 R/h, while initiation occurred, propagation was limited, the crevice current decreasing with
time and repassivation eventually occurring, Figure 5. As can be seen from the figure, the
propagation rate at 105 R/h was approximately twice that at 103 R/h.

The process was envisaged to occur as follows. The radiolytic production of oxidants pushes
ECORR to a sufficiently positive potential that crevice corrosion can initiate, the breakdown
potential for crevice corrosion being less positive than that for pitting. Once initiated, crevice
corrosion can be sustained at these dose rates, providing a large enough counter electrode is
coupled to the crevice. In the absence of such a large cathode any crevice that did initiate would
rapidly repassivate, since it would be unable to collect enough cathodic current to maintain the
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critical crevice chemistry and, hence, the crevice current. An available large cathode (with a
surface area 40 times that of the creviced area in the present case) allows a large enough cathodic
current to be supplied to support the anodic crevice corrosion even from a solution containing
only small concentrations of radiolytic oxidants.

The difference between the first set of experiments (Marsh et al. 1986) and the second set
(Worthington et al. 1993) was the presence of the large counter electrode and the preconditioning
of the specimens. By waiting until a steady state ECORR value was established before introducing
the radiation field in the initial series, it was claimed that the potential breakdown sites naturally
available in the stainless steel would have already been repaired and, hence, unavailable when
the radiation field was introduced. By introducing the radiation field without allowing such a
conditioning in the second series, these sites were available to breakdown, and when coupled to
the large cathode, achieved stable propagation conditions more readily. In the absence of
irradiation, it was assumed the same breakdown events occurred, but could not make the
transition from metastable to stable without a sufficient concentration of radiolytic oxidants, even
though air or Ar-20% O2 was present. One would conclude that a direct radiation-induced
initiation process is unlikely. The dose rate and available cathodic area must be large enough for
stable localized corrosion sites to be established once the breakdown event, which would have
occurred in the absence of radiation, happens. Since propagation could only be sustained
temporarily at 103 R/h it is very unlikely a significant crevice corrosion process would occur at
lower dose rates.

The influence of irradiation on SCC of stainless steels has been extensively studied under in
reactor conditions (Andresen 1992), but this is beyond the scope of this review. One study has
attempted to determine whether the presence of a radiation field will cause SCC of stainless
steels under waste disposal conditions. Furuya et al. (1984) claimed that irradiation in boiling
water caused the intergranular SCC of sensitized 304 and 304L, but not of 304ELC. The
specimens used were in the form of double U-bends, and cracking always occurred on the outer
surface of the inner pieces, showing that the crevice conditions existing between the two pieces
were important. The crack growth rate was faster at 8.6 x 105 R/h than at 105 R/h. Unfortu-
nately, no lower dose rates were investigated. Since the 304ELC did not crack in any test, it is
clear that a combination of sensitization, creviced conditions and a high gamma dose rate are
required for SCC to occur. Potentiostatic tests showed that ECORR > -0.35V (vs SCE) was
required for cracking to occur. EC0RR values this positive were achieved in the presence of the
field, but not in its absence. Since this condition will not be achieved at lower dose rates, it is
unlikely that the three necessary conditions can be simultaneously achieved, and therefore SCC
would not be expected.

4.2 NICKEL ALLOYS

Although a number of nickel alloys have been tested as candidate waste package materials
(including Alloys 825 and 625, and the C-alloys, C-4, C-276 and C-22) (Johnson et al. 1994)
only the corrosion performance of C-4, and that of 625 to a very limited extent, has been
examined in the presence of a radiation field. Values for general corrosion rates have been
reported, but, since, in many cases localized corrosion (pitting and, possibly, crevice corrosion)
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was also occurring, the significance of these values is uncertain. Thus Molecke et al. (1982)
reported rates for Inconel 625 of 2 um/y in seawater and 9 um/y in the aggressive Brine A at
90°C and an extremely high dose rate of 107 R/h, Table 4. Smailos et al. (1986,1987) found a
dose rate dependence of the rate over the range 102 to 105 R/h with no observable influence of
radiation below 103 R/h for exposure in Q-Brines, Table 4. The general corrosion rates reported
for dose rates > 103 R/h , 0.4 to 3.5 um/y, which are based on weight change measurements, were
measured on specimens also suffering pitting. Thus, the weight loss will be the sum of both
corrosion processes, and will not represent a real general corrosion rate. This could explain the
apparent decrease in "general" corrosion rate with time observed at a dose rate of 103 R/h,
Figure 6.

The normal time dependencies observed for pitting processes (pit depth = kf, where n < 0.5)
would lead to a decrease in "general corrosion" rate of the form observed for averaged rates
determined from weight change measurements. However, given the presence in these materials
of alloying components with soluble high oxidation states (CrVI, MoVI), the influence of
radiolytically-induced oxidizing conditions could increase passive dissolution rates without
causing film breakdown and the initiation of localized corrosion. Despite this possibility, the
general corrosion rate of C-4 at a dose rate of 102 R/h, when localized corrosion is not occurring,
is extremely low (< 0.1 um/y), even in the very aggressive Q-Brine at 90°C. In a steam
environment with salt constituents at 210°C in the Asse salt mine, C-4 specimens exhibited a
corrosion rate of only ~ 1 [imJy, and a maximum gamma dose rate of 3 x 104 R/h made little
difference.

Of greater importance is the susceptibility of these alloys to localized corrosion processes such as
pitting and crevice corrosion. As for the stainless steels, the radiolytic enforcement of
sufficiently oxidizing conditions would be expected to drive ECORR close to, or beyond the
crevice/pitting breakdown potentials, thereby rendering the material susceptible to localized
corrosion. The experiments of Smailos et al. (1986, 1987) show that, while localized corrosion
is not observed at 102 R/h, it occurs at dose rates > 103 R/h, and becomes particularly rapid at
105 R/h, Table 4. These rates do not reflect the strong likelihood that the rate of localized
penetration will probably decrease with time due to the form of the pitting growth law (see
above). Crevice corrosion is also observed at these dose rates. These results place the dose rate
susceptibility for crevice corrosion/pitting somewhere between 102 and 103 R/h.

These findings were supplemented by a series of electrochemical experiments designed to
determine the mechanism of radiolytically-induced localized corrosion. Polarization
experiments showed that the corrosion resistance of C-4 in these aggressive Mg2+-containing
brines is significantly reduced as the temperature rises. This can be attributed to cation hydrolysis
processes which lead to a decrease in pH from a 25°C value of between 4 and 5 as the
temperature increases (Nagies and Heusler 1998), and possibly, also, to the interference of Mg2+

in the formation of the passive film. Thus, the passive region extends 900 mV or more above
ECORR

 a t 25°C but is reduced to 50 mV to 250 mV by 90°C (Schmitt and Koster 1986), making it
much easier for radiolytic oxidants to cause the initiation of localized corrosion sites. The
observed increases in corrosion rate and pitting rates were attributed to the formation of H2O2,
CIO", and ClO ,̂ since the chemical addition of these species at concentrations of 5 x 10~2mol/L
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shifted ECORR close to, or beyond, the breakdown potential. This conclusion seems premature,
since the achievement of such concentrations would require irradiation at extremely high dose
rates. While the importance of radiolytic radical oxidants in driving ECORR sufficiently positive to
induce localized corrosion cannot be ruled out, it is clear that the ability of the aggressive Q-
Brines to substantially narrow the passive region is the predominant factor in determining the
susceptibility of C-4 to pitting/crevice corrosion at dose rates as low as 103 R/h. For less
aggressive environments, i.e., ones not containing a significant [Mg2+], the passive region would
be much wider, and the likelihood of localized corrosion at these dose rates lower.

4.3 TITANIUM AND TITANIUM ALLOYS

Of the candidate waste package corrosion resistant materials, the fundamental influence of
irradiation has been most extensively studied on titanium alloys. The primary alloys investigated
have been the commercially pure titanium (Ti-2), and the Grades 12 (0.8% Ni, 0.3% Mo, Ti-12)
and 7 (0.2% Pd, Ti-7) alloys. Even in the most aggressive brine environments, the general
corrosion rates are extremely low, < 2 um/y for dose rates up to 107 R/h, Table 4. The one
exception to this generalization is the rate reported by Molecke et al. (1982) for Ti-2 in brine
(90°C) at the extreme dose rate of 107 R/h. In some cases the corrosion rates quoted reflect
detection limits for weight changes on the exposed coupons (Ikeda et al. 1990a), and in the
majority of cases, the rates are based on weight gains, demonstrating that the corrosion process is
predominantly, if not totally, reflected in oxide film growth. This is not surprising, since, unlike
the stainless steels and nickel alloys, no soluble higher oxidation state exists for titanium as it
does for the components of these other materials.

A number of studies have investigated in detail the film growth process occurring on titanium
alloys and how it is affected by the presence of a radiation field. Smailos et al. (1987, 1995)
investigated this process in Q-Brine at dose rates of 10s R/h (90°C) and 103 R/h (150°C). The
thickness of the passive film was determined by sputtering and X-ray photoelectron spectroscopy
(XPS). While the differences in temperature make a direct comparison only semi-quantitative,
they nevertheless suggest an influence of radiation dose rate in accelerating film growth. Thus,
in the absence of radiation, after one year of exposure, the oxide thickness was - 3 5 nm
compared to ~ 60 nm after exposure at a dose rate of 103 R/h (Smailos et al. 1995). Eventually, it
was concluded that, for 103 R/h, the film thicknesses with and without radiation were
comparable. After - 1 . 5 years exposure at 105 R/h (Smailos and Koster 1987), the film thickness
was - 600 nm.

In the presence of irradiation there was a greater tendency to accumulate groundwater species,
such as Mg2+ and Ca2+, in the outside of the film. This was particularly evident at the highest
dose rate, when the passive titanium oxide layer appeared to be overlaid by a Mg-containing
oxide. Creviced specimens exposed at the lower dose rate showed no evidence of active
corrosion. If anything, the oxide film present on creviced surfaces appeared slightly thicker than
that on free surfaces. Whether or not this difference in thickness is significant is not clear, but
the incorporation of Mg2+ into the oxide did not occur on creviced surfaces.
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An extensive study of the influence of radiation on the properties of oxide films on Ti-12 in Mg-
rich brines (Brine A) was undertaken by Kim and Oriani (1987a,b,c) at 25°C and 108°C. A range
of electrochemical experiments and corrosion exposure tests (up to 2 years in duration) were
performed and the nature of the films determined by X-ray diffraction, Auger Spectroscopy,
scanning electron microscopy (SEM), and a gold deposition process which identified low
resistance pathways in the oxide. In the presence of a radiation field (1.5 x 105 R/h) the ECORR

was ~ 100 to 150 mV more positive, the film thickness increased (to 200 nm from 150 nm), the
proportion of anatase to the slightly more thermodynamically stable rutile increased, the amount
of hydrogen absorbed into the metal decreased, the protectiveness of the film increased
(i.e., fewer Au deposition sites) and fewer physical cracks were observed by SEM. In
supplementary electrochemical experiments, it was shown that the reduction current in the
cathodic region was increased. This was attributed to the electrochemical reduction of the
radiolytically-produced H2O2. The great majority of these features could be reproduced in the
absence of radiation by the chemical addition of H2O2, strong evidence that this oxidant was
responsible for the acceleration of film growth, as well as its improved protectiveness.

The claim that the film is "more protective" disguises the fact that, in the presence of the
radiation field, corrosion, as evidenced by the thicker films present, is occurring more rapidly. It
has been claimed that the passive film on titanium comprises a continuous barrier layer of
anatase at the metal/oxide interface with rutile forming a more porous layer at the
oxide/electrolyte interface (Koizumi and Nakayama 1968, Tomashov et al. 1974). While this
may be too simple a picture of the structure of the passive film on titanium, the formation of
anatase rather than the more stable rutile is an indication of a faster film growth process
(Shoesmith and Ikeda 1997). Even after two years, the results of Kim and Oriani (1997b) show
that film growth is continuing more rapidly in the presence than the absence of radiation,
Figure 7, although the effect is not large (i.e., the film thickness is ~ 200 nm after 2 years
compared to ~ 150 nm in the absence of radiation). In both the presence and absence of the
radiation field, the growth of the oxide is proceeding at a rate faster than would be expected for
the build up of a good passive film. This suggests that the brine environment is also a factor in
the "extensive" film growth process. Despite these reservations, the film growth, and hence the
general corrosion rate of the Ti-12, remains very low (< 0.1 um/y).

There appears to be little doubt that the oxide growth process is driven by the cathodic reduction
of radiolytically produced H2O2 at these dose rates, rather than by a photo-induced film growth
process. Support for this conclusion comes from experiments conducted in neutral solutions by
Pan et al. (1996). They showed by XPS that the addition of H2O2 to neutral phosphate solutions
lead to the formation of thicker films on titanium (21-41 nm compared to 8.5-11 nm in the
absence of peroxide).

At lower dose rates, the possibility of a photo-induced oxide growth seems more likely.
Michaelis et al. (1998) have demonstrated that a laser-induced oxide growth can occur under
electrochemically-applied anodic conditions. In these experiments, uv-laser illumination was
used to simulate gamma radiation for pure titanium and Ti-7 in Q-Brine and 0.5 mol/L H2SO4.
In the brine, this radiation-enhanced growth process dominated over the whole potential range
applied (up to ~ 4V), but in the sulphuric acid solution photocorrosion occurred at potentials up



- 1 4 -

to ~ 0.25V (vs SHE). Positive to this potential, the film growth again became the dominant
process.

Electrochemical experiments in the presence of radiation, or uv illumination, showed no
significant effect of radiation on the pitting breakdown potential for Ti or Ti-7 (Smailos
et al. 1987, Michaelis 1998). Ikeda et al. (1990a) showed that the presence of gamma radiation
(104 RTh) could lead to the inhibition of crevice corrosion under certain circumstances. If the
radiation field was introduced while crevice corrosion was actively propagating (in 0.27 mol/L
NaCl at 150°C) on the susceptible Ti-2, then the effect on the crevice current was, at most,
marginal, Figure 8. Whether or not the decrease in current and potential observed was
attributable to a radiation effect is debatable, since the experiment was not repeated. The eventual
removal of the field had no influence on either the crevice current or the crevice potential. This
lack of any radiation influence on a propagating crevice is consistent with the observations of
Glass et al. (1986) on stainless steel.

However, contrary to the observations of Worthington et al. (1993) with 304L stainless steel,
there is no indication that the presence of the field stimulated crevice propagation; i.e., lead to an
increase in the crevice current. This was despite the fact the creviced anode to coupled cathode
area (1:40) was the same in the experiment of Ikeda et al. (1990a) as that used by Worthington et
al. (1993), and claimed to be an important factor in the stimulation of crevice corrosion by
radiation. By contrast, Ikeda and Clarke (1986) and Ikeda et al. (1990a) presented evidence to
show that, if the radiation field was present from the beginning of the experiment (i.e., before
crevice activation was fully developed), then it lead to the early repassivation of the crevice,
Table 5. Generally, for Ti-2, repassivation does not occur until all available oxidant is
consumed.

If the Ti-2 material is less susceptible to crevice corrosion (i.e., a high Fe/Ni content, increased
p-phase, smaller grain size (Ikeda et al. 1990b) the effect of radiation is clear, Figure 9. In the
absence of radiation substantial propagation occurs, but the crevice potential never reaches the
negative values, indicative of full activation of the crevice, achieved with the more susceptible
Ti-2. Also, repassivation occurs more readily than with the susceptible alloy and before all the
available O2 is consumed. This failure to fully activate and to repassivate rapidly appears to be
attributable to the catalysis of proton reduction on Fe/Ni intermetallics within the crevice (Ikeda
et al. 1994). When this material is irradiated (104 R/h), activation of the crevice is inhibited even
more (i.e., a lower crevice current is obtained), and when repassivation occurs, a much more
positive potential is achieved, Figure 9. These observations suggest the radiation inhibits
crevice activation, possibly by a photo-induced repair of breakdown sites in the oxide. The very
positive potential achieved on repassivation is consistent with the observations of Kim and
Oriani (1997b) and with a film structure improved by a photo-enhanced film growth (Schmuki
and Bohni 1995, Sikora et al. 1995). Alternatively, it is possible that radiolytically-produced
oxidants formed within the crevice gap destroy the oxygen concentration cell required for crevice
corrosion to occur. Whether or not the intermetallics suspected of catalysing cathodic processes
within the crevice in the absence of radiation are involved when radiation is present cannot be
elucidated on the basis of these results. Despite these mechanistic uncertainties, it is clear that
the predominant influence of radiation on crevice corrosion is its inhibition.
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The crevice corrosion of titanium alloys is accompanied by the absorption of hydrogen via
proton reduction in the reducing acidic conditions that exist within the crevice gap. This
combination of processes was investigated by Westerman (1990) in Brine A at 150°C. All the
creviced specimens showed some degree of crevice attack, but the depth of penetration was
limited to ~ 0.1 mm. All the specimens absorbed some hydrogen, but the process stopped after
~ 6 months. Although not claimed in this report, limited crevice corrosion, accompanied by
limited hydrogen absorption is typical of the behaviour of Ti-12 (Bailey et al. 1996). The
composition and microstructure of the material force repassivation to occur before available
oxidants are consumed (Bailey et al. 1996). One would conclude that the hydrogen absorption
stopped when crevices repassivated and that there was little influence of radiation on hydrogen
absorption.

A second fear with titanium and its alloys is that radiation could lead to the absorption of
hydrogen into the metal even under passive conditions, eventually rendering it susceptible to
hydrogen-induced cracking (HIC). Kim and Oriani (1997b) saw hydrogen absorption by Ti-12
whether or not their radiation field was present, Figure 10. In fact, the absorption rate was
slower when the radiation field was present, an observation they attributed to the more protective
quality (lower permeability) of the oxide grown in the presence of a radiation field. In these
experiments, ECORR remained at a remarkably low value; ~ -0.4V (vs SCE) in the absence of
radiation, and ~ -0.3 to -0.25V when it was present. Such values are indicative of the relatively
poor quality of the oxide, and suggest that the corrosion process is supported, at least in part, by
the reduction of protons, leading to hydrogen absorption. The initial hydrogen absorption rate is
significantly reduced after two years of exposure, irrespective of the presence or absence of the
radiation field. This could be attributed to either the thickening of the film and the improvement
in its protective quality with time, or to the saturation of available absorption sites on the alloy
surface. Irrespective of the mechanism, it is clear that the long term absorption rate will be
extremely slow, and the danger of HIC low.

At higher temperatures (250°C) in the less aggressive basaltic environment, Nelson et al. (1983)
determined a dose rate dependence (106 R/h to 104 R/h) for hydrogen absorption by Ti-2 and Ti-
12. Based on weight gain measurements, the rate of general corrosion of Ti-12 was found to be
independent of dose rate, whereas that of Ti-2 increased, though only by a factor of ~ 2 to 3 over
the range of dose rates tested. At the lower dose rates the amount of hydrogen absorbed was
greater for Ti-2 than for Ti-12, consistent with the higher corrosion rate. However, as the dose
rate increased, the amount of hydrogen absorbed increases more rapidly for Ti-12 than for Ti-2,
despite the fact the general corrosion rate for Ti-2 increased while that for Ti-12 did not. A
possible explanation for this difference between the two materials is that in Ti-12 the Ti2Ni
intermetallic particles known to be present in this material act as hydrogen absorption windows
in the otherwise impermeable oxide.

For Ti-12, the calculation of the amount of hydrogen that can be produced, assuming all the
oxide growth is due to reaction with water to form hydrogen, shows hydrogen absorption in
excess of this amount. This is clear evidence for the direct absorption of radiolytically-produced
hydrogen at these dose rates and temperatures. It is likely that this direct absorption process is
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facilitated by the presence of Ti2Ni intermetallics in the Ti-12. Figure 11 shows the amount of
hydrogen absorbed by Ti-12 in the experiments of Nelson et al. (1983). The horizontal line
represents the expected as-received hydrogen content for this material. A simple linear
extrapolation of the data at high dose rates indicates that, even at these high temperatures,
absorption of hydrogen , produced either radiolytically or by corrosion, should not be significant
for dose rates < 5 x 104 R/h. When comparing these results to those of Kim and Oriani, it should
be borne in mind that the later results were recorded in Mg2+-rich brines when the oxides appear
to be more defective than those formed in the basaltic environment used by Nelson et al. (1983).
Consequently, the low temperature absorption process observed by Kim and Oriani, even in the
absence of radiation, is unlikely in a less aggressive environment. The results of Ikeda et al.
support this conclusion, that as the temperature and dose rate are reduced, the absorption of
hydrogen under general passive corrosion conditions will cease. They saw no evidence for
absorption by either Ti-2 or Ti-12 after 5 years exposure to SCSSS at 100°C and 150°C at a dose
rate of 5 x 102 R/h (Ikeda et al. 1990a).

5. COMPARISON OF THE CORROSION PERFORMANCE OF
VARIOUS MATERIALS

To facilitate the comparison of the corrosion performance of the various materials in the presence
of gamma radiation, it is useful to consider the available information in various radiation dose
rate ranges. When categorized in this manner, the consequences of changes in waste package
design leading to changes in the radiation dose rate at the surface of the package can be more
readily assessed.

Before making this comparison, it is necessary to separate the exposure environments in which
data has been collected into three distinct categories, since the environment can have a very
drastic effect on corrosion performance and, hence, on the influence of radiation on that
performance. This is especially true for concentrated brine environments containing substantial
amounts of Mg2+. The hydrolysis of this cation leads to the aggressive acidic environments (pH
< 5 at room temperature and substantially lower at higher temperatures (<3 at 100°C)), and its
incorporation into corrosion product deposits (specifically those formed on iron and carbon
steels) increases their permeability and makes them non-protective. Even for passive oxides, the
presence of Mg2+ has a significant effect on the materials resistance to corrosion. Thus, as
discussed above, it causes a narrowing of the passive region on nickel alloys by reducing the
potential required for the onset of transpassive dissolution, thereby rendering them more
susceptible to local film breakdown events that could lead to pitting and crevice corrosion. On
titanium alloys, while not threatening the pitting and crevice corrosion resistance, the presence of
a substantial Mg2+ concentration leads to an almost linear film growth rate as opposed to
the expected parabolic or inverse logarithmic rate.

High concentrations of Mg2+ are very unlikely at Yucca Mountain even after extensive
groundwater concentration. Indeed, recently developed models for water evaporation indicate
that the groundwaters will remain K+ and Na- dominated after evaporation and that the
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concentration of Mg2+ may even decrease (Gordon and Pasupathi, private communication 1998).
Consequently, the corrosion behaviour observed in Mg2+- dominated brines, and the effects of
radiation on that behaviour, are of marginal value in determining waste package behaviour under
Yucca Mountain conditions.

Bearing in mind this discussion, the groundwaters in Table 1 can be separated into two distinct
categories:

(1) Environment A; brines containing high Mg2+ concentrations (Q-Brine, Brine A);
(2) Environment B; groundwaters with a low Mg2+ concentration (SCSSS, seawater, basalt,

tuff, granitic).

A third category, Environment C, will be considered for moist air and aerated steam conditions.
These conditions could prove to be the most representative for Yucca Mountain. For this
category, observations made in aerated steam at 250°C appear irrelevant since the repository will
not be sealed and the retention of steam within the drifts would not occur at this temperature.
Even observations made in aerated steam at 150°C would appear of marginal value, although
they are retained for the purposes of the present discussion. In this comparison, it is worth
bearing in mind that the majority of measurements have been made in the temperature range
90°C to 150°C, while corrosion at Yucca Mountain would be expected to occur at temperatures
of < 105°C.

(1) Environment A

Dose rates < 102 R/h

In the absence of irradiation, the general corrosion rates of iron and carbon steels are high, the
actual value depending on the specific environment and temperature, Table 2 and Figure 2.
Radiation causes a decrease in corrosion rate. This decrease appears to be attributable to a
radiation-induced crystallization of a more protective corrosion product deposit of magnetite.
The other corrosion allowance materials, Cu and Cu/Ni alloys, have not been studied in this
environment.

Of the corrosion resistant materials, stainless steels have not been tested. However, given that a
loss of general passivity is not observed until dose rates in the range 106 R/h to 107 R/h, it is safe
to assume their general corrosion rate will not be significantly affected. It would seem likely,
based on the general susceptibility of these materials to crevice corrosion and pitting in saline
environments that localized corrosion would initiate, irrespective of whether radiation was
present or not. However, at these low dose rates the concentration of radiolytically-produced
oxidants would be too low to significantly enhance the propagation of localized corrosion
processes.

For nickel alloys, C-4 being the only one tested, no enhancement of general corrosion rates and
no pitting or crevice corrosion was observed in this dose rate region, Table 4. Titanium and its
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alloys have not been tested at these low dose rates, but given the beneficial effects of radiation at
higher dose rates, it is safe to conclude that no radiation influence would be observed.

102 R/h < Dose Rate < 103 R/h

The ability of radiation to suppress the corrosion rate of carbon steels is maintained up to dose
rates of 103 R/h, Table 2 and Figure 2. Neither Cu or stainless steel have been tested in this
environment in this dose rate range. The general corrosion rate of 304L is unlikely to be
significantly affected ( the rate at 105 R/h was only 1 um/y) but no guarantee can be offered that
pitting and crevice corrosion would not occur irrespective of the presence of a radiation field.

For the nickel alloy (C-4), a clear effect of radiation on pitting and crevice corrosion was
observed in this dose rate range, Table 4. For the Ti-7 a very minor enhancement of the film
growth rate was observed at 103 R/h, but passivity was not threatened.

103 R/h < Dose Rate < 104 R/h

Whether or not radiation retains its ability to suppress the corrosion rate of carbon steels, as
observed at lower dose rates, is not known since tests were not conducted at these dose rates.
Somewhere between 103 R/h and 105 R/h this ability is lost, the rate at the higher dose rate being
~ 20 to 30 times greater than at the lower value.

For the passive materials, C-4 undergoes extensive pitting and crevice corrosion in this dose rate
range, Table 4, and is not a viable material. For the titanium alloys, the dose rates used in testing
bracket this range (103 R/h to 105 R/h). Even at the higher dose rate passivity is maintained,
confirming that, for dose rates up to 104 R/h, the only influence of radiation will be to accelerate
the film growth process to a minor degree.

Dose Rates > 104R/h

A major increase in carbon steel corrosion rate (by a factor of 10 to 102) is observed at 105 R/h.
For the passive material, 304L stainless steel, general passivity does not appear to be lost until
the dose rate reaches 107 R/h, although the evidence is scanty. For the nickel alloy, extensive
pitting and crevice corrosion is observed at 105 R/h. For titanium (Ti-7) passivity is maintained
at 105 R/h although the rate of passive film growth could be an order of magnitude higher than at
103 R/h (but still only 0.4 jim/y). Film growth was also enhanced on Ti-12 and lead to a
suppression of hydrogen absorption. There was no evidence in extensive studies of Ti-12 at
105 R/h that the presence of the radiation field exacerbated the material's corrosion performance.
On the contrary, the properties of the passive film improved.

Figure 12 summarizes these observations as a function of radiation dose rate. In this figure, and
the similar ones for the other environments (below), the darker shaded areas represent regions
within which data exists, and the lighter shaded areas are conservative lower limits based on the
uncertainties in the tests conducted or the gaps in the data base.
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(2) Environment B

Dose Rates < 102 R/h

No influence of radiation on the corrosion behaviour of carbon steels was observed. For Cu no
specific tests have been conducted in this range, but, given the protective effect of higher dose
rates in the most saline environment in this category (SCSSS), it can be concluded that no
radiation-enhanced corrosion would be observed.

For the passive materials, no relevant measurements have been conducted. However, since these
environments are considerably less aggressive than those in Category A, no radiation effect is
anticipated. Of the passive materials, stainless steel would be the most susceptible to localized
corrosion. However, since experiments with a severe (extremely tight) crevice geometry
required dose rates > 102 R/h before any radiation effect was observed, it is reasonable to
conclude no radiation-induced localized corrosion will occur on any of the passive materials in
this dose rate range.

102 R/h < Dose Rate < 103 R/h

The radiation-enhancement of the general corrosion of carbon steel in saline environments (the
tests were done in seawater) appears to have a lower threshold of ~ 300 R/h. At this dose rate,
enhancement of the corrosion rate was marginal and maybe even insignificant. However, a clear
and obvious enhancement was observed at 103 R/h. One examination of the influence of
radiation on fatigue crack propagation showed no radiation enhancement.

A suppression of the corrosion rate of Cu has been observed in this dose rate range. Under
aerated and purged conditions the corrosion rates of Cu are high (in SCSSS at 150°C) in the
absence of radiation and suppressed by a factor of 4 to 5 at a dose rate of ~ 103 R/h. The most
likely explanation is a radiation-induced growth of a protective Cu2O film.

For 304L stainless steel, the propagation of crevice corrosion can be radiation-enhanced at
103 R/h, although the effect is transitory and extensive damage does not occur. There is a
suggestion that radiation can lead to the initiation of crevice corrosion at a dose rate as low as
2.8 x 102 R/h. The effect of radiation on nickel alloys has not been tested in these environments,
although no significant enhancement of the general corrosion rate of 625 was observed at much
higher dose rates. Given that the passive region for C-4 is not significantly narrowed in these
environments, as it is in Environment A, it is unlikely any radiation effect would be observed.

It is also extremely unlikely that dose rates in this range will adversely affect the corrosion
performance of titanium alloys. The evidence shows that a dose rate of 420 R/h suppresses the
propagation rate of crevice corrosion on Ti-2, Table 5, and a substantial amount of supporting
electrochemical evidence exists. No evidence for the direct absorption of radiolytically-formed
hydrogen by Ti-2 or Ti-12 exists at these dose rates, the threshold dose rate appearing to be much
higher.
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103 R/h < Dose Rate < 104 R/h

The influence of radiation on carbon steel is very marked, the corrosion rate being a factor of
> 20 times that in the absence of radiation (in seawater), Table 2. For Cu, the suppression of the
corrosion rate by radiation is observed for a dose rate as high as 2.7 x 103 R/h, but no information
for higher dose rates exists.

The propagation rate of crevice corrosion on 304L stainless steel could be significantly enhanced
in this dose rate region, since, while a transient enhancement is seen at 103 R/h, the enhancement
at 105 R/h is maintained. However, since the radiation enhancement factor between these two
dose rates is only a factor of two, the influence would be minor. Unfortunately, nickel alloys
have not been tested in these environments. For the titanium alloys, the ability of radiation to
suppress crevice corrosion (Ti-2) has been demonstrated at 104 R/h. The properties of the
material (impurity content, microstructure) are important in determining whether suppression
occurs or not. No direct absorption of radiolytically-formed hydrogen by either Ti-2 or Ti-12 has
been observed for dose rates < 104 R/h.

Dose Rate > 104 R/h

Although untested at dose rates > 104 R/h in saline solutions, the rate of carbon steel corrosion
would be undoubtedly suffer extensive acceleration due to radiation if the trend established at
lower dose rates persisted. While the rates are much lower under less saline conditions, due to
the easier formation of protective corrosion product deposits, the enhancement due to a dose rate
of 105 R/h is still major ( a factor of ~ 30). For Cu and the Cu/Ni alloys, the radiation
enhancement factor in J-13 well water is minor (~ 2, Table 3) suggesting that the protective
effect noted at lower dose rates may not be totally overcome.

For the passive materials (625, Ti alloys) the general loss of passivity is still difficult to induce
for dose rates in the region of 105 R/h. Thus in irradiated J-13 well water no significant
acceleration of the general corrosion rate of 304L was observed up to 6 x 105 R/h. However a
dose rate of 105 R/h was sufficient to maintain the propagation of crevice corrosion on 304L. No
experiments have been conducted on the localized corrosion of the Ni alloys. However, by
analogy to the behaviour of stainless steel, it is possible that propagation of crevice corrosion
could be sustained by dose rates in the range of 105 R/h.

For the Ti alloys, the general corrosion rate of Ti-2 was increased by a factor of 2 to 3 over the
dose rate range 104 to 106, whereas that of Ti-12 was not. However, the direct absorption of
radiolytic hydrogen was observed for Ti-12 for dose rates > 5 x 104 R/h.

These observations are summarized in Figure 13.
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(3) Environment C

Dose Rates < 102R/h

For both carbon steels and Cu an enhancement of the corrosion rate was observed on exposure to
an air/steam mixture (150°C) irradiated at 102 R/h, Tables 2 and 3. For carbon steel the
enhancement was minor and no further enhancement was observed at a dose rate 10 times higher.
This clearly suggests any effect of radiation (up to at least 102 R/h) is marginal and probably
insignificant. For Cu, the enhancement in corrosion rate at this dose rate is significant (a factor
of 10, Table 3), but the influence on corrosion of the 90/10 Cu/Ni is not. This last observation is
more pertinent than those for Cu, since the Ni/Cu alloy Monel 400 has been considered as an
alternative corrosion allowance material for the waste package to be emplaced at Yucca
Mountain. Other experiments on Cu, 70/30 Cu/Ni and 7% Al-bronze in moist air showed a
radiation enhancement factor of 1.5 at 104 R/h, and no influence of radiation would, therefore, be
expected for dose rates < 102 R/h. No experiments in moist air or air/steam mixtures have been
conducted with radiation fields present for the passive materials.

102 R/h < Dose Rate < 103 R/h

In air/steam mixtures, a very minor influence of radiation on carbon steel corrosion rates is
observed, the corrosion rate increasing by less than a factor of two over the dose rate range 0 to
103 R/h . For Cu, the influence of radiation is more marked than for carbon steel as it was at
lower dose rates. For the 90/10 Cu/Ni the effect was insignificant.

103 R/h < Dose Rate < 104 R/h

No experiments were performed in this dose rate range on carbon steels. However, since the
corrosion rate enhancement by radiation is marginal over this dose rate range at the higher, more
aggressive temperature of 250°C, it is unlikely that any major radiation-induced enhancement of
the corrosion rate would be observed at the lower temperature. The first hint of a susceptibility
of Cu to radiation enhanced corrosion was observed, the rate at 104 R/h being ~1.5 times higher
than in the absence of radiation. The fixation of nitrogen in surface Cu(II) nitrate deposits was
not observed, an indication that ~ 104 R/h can be considered the threshold for any radiation
effect.

Dose Rates > 104 R/h

Only Cu, 90/10 Cu/Ni and 7% Al-bronze have been investigated at these dose rates in these
environments. In the presence of moist air at 7 x 104 R/h, the fixation of N as Cu(II) nitrates was
observed. Although no rates were given this is a clear indication that the potential for pitting
exists.

These observations are summarized in Figure 14.
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6. RADIOLYTICALLY-INFLUENCED CORROSION UNDER
YUCCA MOUNTAIN CONDITIONS

The influence of a gamma radiation field on waste package corrosion will differ depending on
whether the environment is dry, humid or wet. In the low humidity regime (RH < 50%), surface
oxidation of the metal package will occur by direct interaction with gaseous species, and the very
low concentration of gaseous radiolytic oxidants will not be expected to exert a significant
influence on an already slow process. For the intermediate humidity regime (50% < RH < 90%),
a very thin surface layer of water will exist on the metal surface, leading to significantly higher
corrosion rates. There is also a much greater likelihood that the rate will be influenced by trace
constituents in the gas, which can be concentrated in this thin water layer. For these conditions,
the radiolysis of dissolved air could lead to the fixation of N and the formation of acidic
conditions. Within the confined volume of this thin water layer significant acidity could be
generated. In the high humidity regime (RH > 90%), the corrosion behaviour will be that
expected in bulk aqueous conditions. The concentration of the radiolytic oxidants would be
diluted by the larger volumes of water available.

The estimated dose rate at the surface of the waste package (assuming the reference design and
10-year cooled fuel) will be ~ 150 R/h (Pasupathi, private communication, 1998). For the
purposes of the present discussion this is taken as the dose rate on emplacement of the package in
the waste repository. This radiation field will decay quite quickly, Figure 15, yielding a dose rate
of 7.52 R/h after 100 years and 0.081 R/h after 300 years. Also shown in Figure 15 is the
radiation dose rate as a function of time at the surface of an alternative dual wall package design
with thinner walls fabricated from a titanium alloy and C-22. For this alternative the comparable
dose rates will be 3570 R/h (10 years), 243 R/h (100 years) and 2.575 R/h (300 years).

For the reference design, the calculated waste package temperature-time cooling curves shows
that an initial dry out period will exist. This period will be between - 1 0 0 years and > 1000
years, depending on the package and its location in the repository. Thus, even for the shortest
dry out period, the radiation field at the surface of the package after - 1 0 0 years represents that
prevailing when the waste package first encounters sustainable wet conditions, whether these be
moist air in the absence of groundwater drips, or aqueous solutions, in the presence of drips. If it
is assumed that the alternative waste package design, with a combination of Ti and C-22 walls,
will not cool any faster, then the dose rate at 100 years can again be taken as the threshold value
for the potential onset of radiation-enhanced corrosion processes. This is obviously a very
conservative assumption, since cooling would be expected to be much slower for this design.

Since Mg2+ enriched contact waters will not arise, the two environments most pertinent to Yucca
Mountain conditions will be Environment C (moist aerated conditions) and Environment B
(aqueous saline conditions). In the latter case, the salinity would arise due to the evaporative
process occurring over a sequence of wetting/drying cycles. In Figures 12 to 14 vertical lines
have been added to indicate the dose rates at the surface of the waste packages for both designs.
For the reference design, A and A1 show the dose rates on emplacement and after 100 years,
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respectively. The lines B and B1 show the equivalent dose rates calculated for the alternative
Ti/C-22 design.

For the reference package design subject to moist aerated conditions, Figure 14, the relevant dose
rates are those represented by lines A and A1. It is clear that neither the carbon steel nor the
alternative Cu/Ni corrosion allowance material (assuming Monel 400 would exhibit similar
behaviour to the other Cu/Ni alloys) will be subject to radiation-enhanced corrosion if
incorporated into the reference waste package design. Unfortunately, no investigations of the
radiation sensitivity of the Ti and C-22 proposed for the alternative package design have been
performed under moist aerated conditions. However, no sensitivity to radiation effects is
anticipated. The conditions capable of sustaining localized corrosion of these materials would
not be present in the absence of drips. The major fear for Ti alloys would be the possibility of
the direct absorption of radiolytically-produced hydrogen by alloys such as Ti-12, Ti-16
(0.06% Pd) and Ti-7 (0.2% Pd). This process was not observed under fully immersed conditions
for dose rates < 5 x 104 R/h compared to the expected dose rate at 100 years of 2.43 x 102 R/h.

For fully immersed conditions and the reference package design, Figure 13, neither the carbon
steel or the C-22 (which would not be exposed until periods well beyond the first 100 years)
would be subject to radiation-enhanced corrosion. For the alternative design, neither the C-22 or
Ti, whichever is the outer barrier of the dual wall design, should be subject to radiation-
enhanced corrosion. With Ti as the outer wall, there is no doubt since a solid database exists
upon which to make this claim. With C-22 on the outside, a very minor amount of radiation-
induced corrosion damage could occur, but only if the waste package is immediately wetted and
the C-22 performs no better than 304L stainless steel. The latter is a very pessimistic
assumption. Since the C-22/Ti alternative design is a thinner walled package it is likely that
higher surface temperatures will be sustained for longer periods and the moisture required for
radiation-induced corrosion will not contact the package for much longer than 100 years.
Consequently, the radiation dose rate will have decayed to well below the threshold required for
radiation assisted corrosion to occur.

7. SUMMARY

(1) Iron and Carbon Steels

For aqueous environments with low salinity and low magnesium content, the influence on
the corrosion rate of even high radiation dose rates (105 R/h) is marginal. In the presence
of reasonable chloride concentrations (e.g., seawater), the influence is more marked, but
insignificant for dose rates < 3 x 102 R/h. In aggressive Mg2+-rich brines, in which the
formation of protective corrosion product deposits is impeded, high dose rates (105 R/h)
lead to major increases in corrosion rates. For gamma dose rates in the range 10 to 103

R/h, the corrosion rate is decreased, apparently due to the ability of the radiation field to
induce the crystallization of protective iron oxide deposits. In air/steam mixtures, very
high temperatures (>150°C) are required before any significant influence of radiation is
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observed. At temperatures of 250°C, modest dose rates of 102 R/h can accelerate
corrosion.

(2) Copper and Copper/Nickel Alloys

Except for air/steam conditions at very high temperatures (150°C and 250°C), radiation
has little effect on the corrosion of copper and copper alloys for dose rates < 103 R/h. The
radiolysis of moist vapour has only a very marginal effect on the corrosion rates of
copper and copper alloys at a dose rate of 104 R/h, increasing them by about a factor of
1.5. This indicates that, for lower dose rates, the effect will be negligible. In aqueous
solutions no significant increase in corrosion rates was observed even at dose rates as
high as 105 R/h, although no experiments have been conducted in the extremely
aggressive Mg2+-rich brines. At lower dose rates, radiation suppresses aqueous corrosion
rates even in saline solutions, apparently by improving the protective qualities of Cu2O
films, possibly by a photo-induced film growth process.

(3) Stainless Steels

Although the presence of a radiation field drives the corrosion potential of stainless steels
to a positive value, it does not lead to a significant increase in general corrosion rate.
Radiation appears to inhibit the initiation of pits, but its influence on crevice corrosion is
more ambiguous. Dose rates as low as 2.8 x 102 R/h may be sufficient to initiate crevice
corrosion providing the geometry of the crevice is such that a large supporting coupled
cathodic area is available. However, propagation is limited for dose rates < 103 R/h and
only at 105 R/h has a radiolytically-supported crevice corrosion process been observed. A
combination of sensitization, creviced geometry and a high dose rate (> 10s R/h) are
required before any influence of radiation on SCC can be expected.

(4) Nickel Alloys

As for stainless steels, the presence of a radiation field exerts little observable influence
on the general corrosion rate of these materials, and very aggressive environments (Mg2+-
rich brines) and extremely high dose rates (>105 R/h) are necessary for significant
general corrosion rates to be observed. Many of the general corrosion rates reported for
C-4 are of dubious value, since localized corrosion, in the form of pitting and crevice
corrosion, was also occurring. Pitting and crevice corrosion were observed at 103 R/h but
not 102 R/h in Q-Brines. These observations clearly locate the threshold for the
radiolytically-induced initiation of localized corrosion somewhere between these two
dose rates.

Electrochemical experiments have shown that the corrosivity of the Mg2+-rich brines (i.e.,
their ability to establish low pH values at higher temperatures) is more important than
radiation in inducing localized corrosion. For less acidic saline solutions the dose rate
threshold for radiation-induced localized corrosion would be expected to be much higher
than the 102 R/h to 103 R/h observed in Q-Brines.
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(5) Titanium and Titanium Alloys

Of all the passive materials, these alloys have the best resistance to radiation effects.
General corrosion rates are very low, again with the possible exception of Ti-2 in Mg2+-
rich brine at high temperatures. Even for these conditions, radiation generally improves
corrosion resistance by stimulating the growth of thicker and more protective oxides. The
very good pitting resistance of the Ti alloys is not affected by radiation, and even at
relatively low dose rates (4.5 x 102 R/h), radiation inhibits the initiation and promotes the
repassivation of crevices. The ability to stimulate localized corrosion, observed for 304L
stainless steel, is not observed for Ti-2, Ti-12 and Ti-7.

The possibility of hydrogen absorption under passive conditions is present for Ti-12, but
is not attributable to a radiation effect. Again, the predominant effect seems to be the
poor quality of the passive film in Mg2+-rich brine. A dose rate sensitivity for hydrogen
absorption by Ti-12 has been observed, but only at the extreme temperature of 250°C and
for dose rates > 5 x 104 R/h. For lower temperatures and/or less aggressive saline
conditions, there is no evidence for hydrogen absorption due to the presence of a
radiation field.

(6) Radiolytically-Influenced Corrosion under Yucca Mountain Conditions

Assuming a minimum dry out period at the surface of the waste package of at least 100
years, neither the reference waste package design (carbon steel over C-22) or the
alternative package design (C-22 over Ti or vice versa) would be subject to radiation-
influenced corrosion. For the reference design even immediate wetting of the waste
package would not lead to radiation effects. For the alternative design, if Ti were on the
outside immediate wetting would have no adverse effects. If C-22 were on the outside a
minor amount of corrosion damage could be sustained if immediate wetting occurred.
This is very unlikely since it assumes that C-22 will be no more resistant to localized
corrosion than 304L stainless steel.
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TABLE 1

GROUND WATER COMPOSITIONS IN WHICH THE INFLUENCE

OF RADIATION HAS BEEN INVESTIGATED

Ion

Na+

K+

Mg2+

Ca2+

Sr2"

cr
so4

2-
r

HCO3
B f

r
BO3

pH

Q-Brine(1)

7,100
31,800
91,900

-
—

29,730
14,400

—
—
—
-
-
—

4.9 0.2

Brine A(2)

42,000
30,000
35,000

600
5

190,000
3,500

10
700
400
-
-

1200
6.5

scsss(3)

5,050
50
16

15,000
20

34,260
790
-
10
-
-
-
-

7.0

Seawater(2)

10,600
380
1270
400
13

18,980
884
0.05
146
65
-
—
—

8.1

Basalt(4)

250
1.9
0.4
1.3
-

148
108
-
70
-
37
-
-

9-10

Tutf5)

44
5

1.9
12.5

-
6.9
19
—

125
-

2.2
9.6
-

7.6

Granitic(6)

106
-

6.1
20
-

35.5
24
-

244
—
1.9
-
-

9.4

(1) Smailos et al. 1991
(2) Molecke et al. 1982
(3) Shoesmith et al. 1995
(4) Nelson etal. 1995
(5) Glass et al. 1986
(6) Marsh and Taylor 1988
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TABLE2

SUMMARY OF RADIATION EFFECTS ON THE CORROSION RATE

OF IRONS. CARBON STEELS, AND LOW ALLOY STEELS

Radiation
Dose Rate
(R/h)

0
10
102

103

104

105

106

Corrosion Rate (^irn.y ')

(i)

Granitic

(90%)0.1

3

(i)
Synthetic
Seawater

(90%)

6

- 1 0
- 5 0

- 1 3 0

(2)
Brine A

2-22

-2 -22

60-175

(2)
Brine A

20-50

20-50
20-50

(3)
Q-Brine

(90°C)

25-80

- 2 0
- 25-30

500-800

(4)
Basaltic

(250°C)

1-8

8-30

(5)
Air/Steam

(150°C)

0.05-0.1

0.08-0.2
0.09-0.15

(5)
Air/Steam

(250°C)

0.03-0.6

3-5
7-10
7-10

(1) Marsh and Taylor 1988
(2) Westerman et al. 1983
(3) Smailos et al. 1991
(4) Westerman et al. 1982
(5) Brehm et al. 1990
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TABLE3

SUMMARY OF RADIATION EFFECTS ON THE CORROSION OF

COPPER AND COPPER ALLOYS

Radiation
Dose
RateR/h

0

10
102

103

104

105

106

Corrosion Rate *(^m/y)

(i)
J-13

A~2
B~l
C~2

(2)
[C11=
1500 mg/g

Decreased

(3)

scsss
(150°C)

250
(purged)
770
(aerated)

60
(purged)
200
(aerated)

(4)
J-13

(95°C)

1—2

2-2.3

(4)
Wet
Steam
(95°C)

A~4
C-5.5

(4)
Wet
Steam
(150°C)

A-0.5
C-1.2

(5)
Air/Steam

(150°C)

A-1.2
D~l

A~10
D~l
A~12
D~l

(5)
Air/Steam

(250°C)

A-22
D~8

A~70
D~80
A-100
D~10

A-200
D-100

0)
Air/Vapour

(95°C)

A4
B1.8
C5.6

(i)
Air/Vapour

(150°C)

A 0.8
B0.36
C0.9

* - unless otherwise noted, the rates are for Cu
A-Cu
B - 7% Al-bronze
C - C u / N i - 70/30
D-Cu/Ni-90/10

(1) Yunker 1990; Yunker and Glass 1986
(2) Simpson 1984
(3)KingandLitkel987
(4) Kass 1990
(5) Brehm 1990
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TABLE 4

SUMMARY OF THE RADIATION EFFECTS ON THE CORROSION RATES

OF PASSIVE MATERIALS

Alloy

625(1)

625(1)

C-4(2)

Ti-2(3)

Ti-12(3)

Ti_7(4)

Ti-12(1)

Ti-12(1)

Ti-2(5)

Environment

Brine A
Seawater
Q-Brine

Basaltic
Basaltic
Q-Brine

Seawater
Brine A
SCSSS

T
(°C)
90
90
90

250
250
90

90
90

100-150

Dose Rate
(R/h)

107

107

0
102

103

104

105

106

106

0
105

107

107

4.5*102

Corrosion Rate
(Hm/y)

2
2

0.1
0.05
0.4*
0.4*
3.5*
0.5
0.3
0.1
0.7
2

20
<0.2

*— May not represent general corrosion since localized corrosion is also occurring.

1. Moleckeetal. 1982
2. Smailosetal. 1991
3. Nelson et al. 1983
4. Smailosetal. 1987
5. Ikedaetal. 1990a
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TABLE5

CREVICE CORROSION DATA FOR GRADE-2 TITANIUM AT 100 ± 5°C USING

ARTIFICIALLY CREVICED COUPONS. THE RADIATION DOSE RATE FOR

IRRADIATED COUPONS WAS 420 ± 20 R/h gKEDA et al. 1990a)

Conditions

Unirradiated
1.5 wt. %

NaCl

Irradiated
5.9 wt. %

NaCl

Irradiated

Irradiated
SCSSS Slurry

Exposure Time
(h)

857

864

2304

23360

Crevice Corrosion Rate

g/(m2-a)
1000
270
1200
340
1100
910

98
300
230
130
120
180

26
31
47
30
71
74

38

(urn-a"1)*
220
60

250
75

260
200

(Average) 180 + 90

22
67
52
28
16
41

(Average) 38 ± 19

5.7
6.7
11
6.6
16
17

(Average) 10 ± 5
8.5

* Average values quoted with the standard deviation as the error
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FIGURE 1: General Corrosion Rates of Forged 0.2% Steel in Deaerated Synthetic
Seawater at 90°C With and Without Radiation (from Marsh and Taylor 1988)
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FIGURE 2: Average General Corrosion Rates of Unalloyed Steels in Q-Brine at 90°C
With and Without y-Radiation (Smailos et al. 1991)
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FIGURE 3: Effect of a y-Radiation Field on ECORR for Copper in Deaerated SCSSS at 150°C
(1 Gy = 102R); (King and Litke 1987)
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FIGURE 4: Anodic Polarization Curves for 316L Stainless Steel in 0.018 mol/L NaCl
(s 100 x J-13 Well Water Concentration) With (o) and Without (•) Radiation
(3.3 x 106 R/h); ECORR and Ep are the Corrosion Potential and Pitting
Potential, Respectively (* With Irradiation) (Glass et al. 1986)
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FIGURE 5: Variation of the Crevice Current and Crevice Potential With Time for 304L
Austenitic Stainless Steel in 10 jag/g Cl" Solution at 30°C
(Worthington et al. 1993)
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FIGURE 6: General Corrosion Rates for Hastelloy C-4 and Ti 99.8 Pd in Q-Brines at
90°C With and Without Radiation (1 Gy = 102 R); (Smailos and Koster 1987)
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FIGURE 7: Change in Oxide Film Thickness on Ti-12 With Time in Brine A at
108°C With (1.5 x 105 R/h) and Without Radiation (Kim and Oriani 1997b)
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FIGURE 8: Effect of Radiation (~ 104 R/h) on the Crevice Corrosion Behaviour of Ti-2
(Containing a Low Concentration of Fe and Ni Impurities) in 027 mol/L
NaCl at 150°C; (a) Variation of the Crevice Current; (b) Variation of the Crevice
Potential (Ikeda et al. 1990a)
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FIGURE 9: Crevice Current and Crevice Potential for Ti-2 (Containing Fe and Ni Impurities)
as a Function of Time in 0.27 mol/L NaCl at 150°C With (~ 104 R/h) and
Without Radiation (Ikeda et al. 1990a)
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FIGURE 10: Amount of Hydrogen Absorbed by Ti-12 as a Function of Time of Exposure
to Brine A at Two Temperatures With (1.5 x 105 R/h) and Without Radiation
(Kim and Oriani 1997b)
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FIGURE 11: Amount of Hydrogen Absorbed by Ti-12 at 250°C in a Basaltic Environment as a
Function of Radiation Dose Rate (Plotted from the Data of Nelson et al. 1983)
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FIGURE 12: The Influence of Radiation Dose Rate on the Corrosion of Various Candidate
Materials for the Fabrication of High Level Nuclear Waste Packages in
Environment A-Brines Containing High Mg2+ Concentrations (Q-Brine, Brine A
in Table l ) , ( lGy/hslO 2R/h)
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FIGURE 13: The Influence of Radiation Dose Rate on the Corrosion of Various Candidate
Materials for the Fabrication of High Level Nuclear Waste Packages in
Environment B-Groundwaters With a Low Mg2+ Concentration (SCSSS, Seawater,
Basalt, Tuff in Table 1), (1 Gy/h = 102 R/h)
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FIGURE 14: The Influence of Radiation Dose Rate on the Corrosion of Various Candidate
Materials for the Fabrication of High Level Nuclear Waste Packages in
Environment C -Moist Air and Aerated Steam, (1 Gy/h = 102 R/h)
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FIGURE 15: Radiation Rates (R/h) Calculated for the Surface of the Reference Waste Package
(C22/A516) and the Alternative Design of Waste Container (Ti/C22) as a
Function of Time of Emplacement of the Package in the Yucca Mountain
Repository
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