
under open-circuit conditions at room temperature may be amorphous or crystalline, depending 
on the conditions of growth. Maintenance of an amorphous oxide structure over extremely long 
exposure times seems unlikely. The thickness of the oxide and its degree of crystallinity may 
vary spatially.[' ' I ]  The small degree of non-stoichiometry (in the form of oxygen vacancies [O,"] 
and Ti3+ interstitial ions [Ti"']) gives the oxide n-type semiconducting properties. Anodic 
polarization leads to oxide thickening and a decrease in the number density of defects. 
Amorphous films recrystallize to anatase over the potential range 4 to -7 V(SCE) and cracks and 
faults begin to appear in the The amount of water absorbed by the oxide, which 
generally leads to an improvement in passivity, does not increase with increasing applied 
potential. Polarization to cathodic potentials leads to a combination of reductive transformations 
within the oxide and the absorption of hydrogen once the potential is sufficiently negative of the 
flat-band and potential for surface degeneracy to be established. 

pH has no effect on oxide stability at potentials above -0.3 V(SCE). Under sufficiently 
acidic conditions, however, an active region and an active to passive transition are observed 
between --0.7 and -0.3 V(,SCE).[~'~] For natural corrosion conditions, the dissolution of the oxide 
film in acidic solutions is slow (-20 pdyear at pH < 0 and 45"C), and in solutions with pH > 1, 
extremely slow (-2 pdyear  at pH-1 and 45"C).[1141 Cathodic polarization in acidic solutions 
leads to the reductive dissolution of the oxide (Tiw [oxide] + Ti"' [solution]), a process 
which is accompanied by the absorption of hydrogen into the oxide. 

The oxide on titanium is highly impermeable, and, for hydrogen absorption to occur. it is 
necessary to induce, by cathodic polarization, redox transformations within the oxide or the 
opening of "hydrogen windows" at intermetallic sites. It is this need to reduce the oxide that 
accounts for the criterion of a threshold potential < -0.7 V. [1101 which has been demonstrated in 
long term hydrogen absorption measurements. 
sufficiently negative for redox transformations to occur, titanium hydrides are 
thermodynamically stable with respect to the metal and the passive film can only be considered 
as a transport barrier. Below this threshold potential, the rate of absorption of hydrogen 
by the metal is effectively independent of potential down to - -1.0 V(SCE). Indeed, there is a 
significant amount of evidence to claim that hydrogen is not trans orted through the oxide film 
at any significant rate until potentials < -1 -0 V(SCE) are achieved. 

Once the potential is I [Error! Rookniork not defined.] 

[1161118] 

The influence of the presence of a surface oxide on the absorption efficiency is 
remarkable. ['OSy '19, 120~121J221 The results of Okada [lo8] clearly suggest that any tendency for the 
Pd content in titanium alloys to accelerate hydrogen absorption will be suppressed when a 
passive oxide is present (ie. for pH 2 4). Tomari et al. concluded that the rate of hydrogen 
absorption was found to decrease parabolically with exposure time even under cathodically 
polarized conditions (equivalent to the presence of galvanic coupling to less noble metal such as 
carbon steel) when hydrogen absorption would be expected to be accelerated through a reduced 
oxide A parabolically decreasing rate of hydrogen absorption suggests that surface 
absorption sites are becoming saturated and that the rate of absorption will eventually become 
controlled by the rate of difhsive transport within the alloy. For Ti Grade 12 in which the 
hydrogen diffusive transport could be faster because of the presence in this alloy of Ni-stabilized 
P-phase and TizNi precipitates, the results of Kim and Oriani also showed a similar parabolic 
decrease in hydrogen absorption rate and the rate is almost independent of temperature in 
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saturated brines, [ll9? 1201 although according to Shoesmith and King [1241 the oxide films on Ti 
are highly defective, almost certainly a Grade 12 in the experiments of Kim and Oriani 

consequence of the corrosivity of the brines in which the high Mg2+ content allows only the 
formation of a defective oxide film. Further supporting evidence comes from observations made 
on titanium alloys covered by thermally grown oxides. The presence of such oxides has been 
shown to suppress hydrogen absorption in aggressive brine environments (6% NaC1) up to 
temperatures of about 120"C, [1211 and the hydrogen absorption observed in deaerated HCl (2 I 
pH 54;  50°C to 250°C) was completely stopped by aerated conditions. [1221 

[119, 1201 

Dry Oxidation ['O9] 

The rate of dry oxidation will be limited by mass transport through this growing metal 
oxide film. Both the conservative (parabolic approach) and liberal (logarithmic approach) predict 
the metal removal far less than the roughly 1,500 nm/year required to corrode through the 
approximately 15 mm thick drip shield in 10,000 years. A comparison of oxide thickness as 
calculated by the model assuming parabolic law with the measured values.[461 shows that dry 
oxidation is not a concern for titanium alloys under the repository condition.['091 

General Corrosion r w  

Aqueous general corrosion rates are calculated by using weight-loss data obtained at the 
LTCTF.L261 The long-term corrosion tests performed at the LTCTF employed creviced and 
uncreviced weight loss specimens. Both types of specimens were exposed to repository relevant 
environments for 1 year and 5 years (Ti Grade 16) and for 2.5 years (Ti Grade 7). The testing 
includes a wide range of plausible test media, including SDW, SCW, and SAW.[261 The SCW 
test medium is three orders of magnitude (1,000~) more concentrated in some species than J-13 
well water and is slightly alkaline (pH approximately 8). The SAW test medium is three orders 
of magnitude (1,000~) more concentrated in some species than 5-13 well water and is acidic (pH 
approximately 2.7). Two temperature levels (60°C and 9OOC) are included in this testing 
program. The general corrosion measurements and corrosion rate calculation are based upon 
ASTM G 1-90.['251 The corrosion rate data from weight loss specimens only is used to model the 
general corrosion rates on the inner surfaces of the dnp shield while the corrosion rate data from 
both weight loss and creviced specimens is used to represent the general corrosion rates on the 
outer surfaces of the drip shield. 

The general corrosion rates for Ti Grade 16 based on LTCTF 5-year weight loss 
specimens and crevice samples in SDW and SCW are shown in Figure 10 (a) and (b). The 5-year 
weight loss specimen data had a maximum value of about 58 d y r  with most of the other values 
under 20 nm/yr. The 5-year crevice specimen data shows a maximum value of about 77 nm/yr 
with most of the values below about 30 nm/yr. The median is at approximately 5 d y r  and 
lOnm/yr for weight loss specimens and crevice specimens, respectively. A more direct 
comparison of the 1-, 2 5 ,  and 5-year maximum corrosion rate data is presented in Figure 10 (c). 

The corrosion rate of titanium alloys decreases with time parabolically or obeys a power-law 
(e.g., Rate = A -  t"). The 2.5-year maximum corrosion rate, obtained from Ti Grade 7, is 
apparently lower than the 5-year corrosion rate, obtained from Ti Grade 16, fbrther confirming 
that the general corrosion resistance of Ti Grade 7 is superior to that of Ti Grade 16. Lastly, the 
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immersed in SSW, SAW, SCW, and SDW at 60°C and 90°C (in SSW also at 120°C) for 1 year 
and in SAW, SCW, and SDW at 60°C and 90°C for 5 years. No crevice corrosion attack was 
reported. The critical crevice corrosion temperature, defined as the temperature above which 
crevice corrosion can occur, may be determined experimentally as, when increasing temperature, 
the corrosion potential and threshold potential become equal. This critical temperature was not 
observed in the Lawrence Livermore National Laboratory cyclic polarization tests at 
temperatures up to 120"C, suggesting that Ti Grade 16 (Ti Grade 7) does not suffer from crevice 
corrosion in repository environments under seepage conditions. 

Influence of F l u ~ r i d d ' ~ ~ ~  

The presence of dissolved fluoride in a range of brine solutions can, under certain 
conditions, significantly increase the general corrosion rate of titanium alloys including Ti Grade 
7. The aggressiveness of fluoride in acidic solutions is well characterized.['271 The enhanced 
susceptibility of Ti to corrosion in environments containing fluoride, in particular, the acidic 
fluoride solutions, is generally attributed to the formation of complexes such as TiF2- and TiF63-, 

It was generally concluded that the which are soluble in electrolyte solutions. 
formation of HF at low pH was the key step causing film dissolution and the establishment of 
active conditions. 

[128, 129, 1301 

The effects of fluoride on freshly polished specimens in acidic solutions can be 
significant. In a number of environment/temperature/pH conditions, investigators found a 
deleterious effect of fluoride ion on general corrosion rates and under some conditions on pitting 

condition of the passive film in resisting corrosion in neutral fluoride-containing solutions is 
demonstrated in many studies.['37' 1381 The fluoride addition (to synthetic saliva containing 0.2 
mom fluoride; pH = 6.5) had no effect on passivity if an oxide film had been pre-grown under 
natural corrosion conditions. It is concluded that the susceptibility of titanium to corrosion 
in F- was associated with defects and flaws in the oxide. Consistent with these observations of 
the corrosion resistance benefits gained by the pre-formation of a stable passive pre-film, 
excellent corrosion behavior has been observed on both uncreviced and creviced Ti Grade 16 and 
Ti Grade 7 specimens tested in the LTCTF even in SCW that contains 5,047 mg/L fluorides.['091 

It is strongly suggested that the influence of F-under passive conditions is likely via the 
same mechanism as that involved for Cl-, and requires that F- utilize defects within the oxide in 
order to initiate oxide breakdown rather than chemically-attacking the outer oxide surface.[1381 
The oxide defect density, determined from film capacitance measurements using Mott-Schottky 
plots, for films produced by ion-beam assisted sputtering deposition was found to have both a 
lower defect density and a lower passive current density than those of oxides grown under 
natural corrosion conditions in aqueous solutions,['391 consistent with the results of Blackwood et 
al. who also found a rate of dissolution dependent on defect density (e.g., degree of crystallinity) 
of the oxide film.r1141 The thermal treatments not only thicken the oxide film but also decrease 
the defect density in the film by a factor between 10' and lo4 compared to films grown in 
aqueous environments.['401 Since the kinetics of passive corrosion of titanium in neutral 
solutions are controlled by the migration of the predominant defect in the oxide (an oxygen 
vacancy, 0"") across the film, [14' ]  the increase in thickness and improvement in film properties 

resistance by using freshly polished specimens. 132, 133, 134, 13% 1361 The importance of the 
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would lead to a significant decrease in susceptibility to fluoride induced film breakdown and an 
independence of the passive corrosion rate on F- concentration. 

Under Yucca Mountain conditions an early period of ventilation will preserve dry 
oxidizing conditions and Ti Grade 7 dnp shield surface will be covered with an oxide grown 
relatively slowly under thermal conditions. Such a film is expected to have a low defect density 
and, hence, should be highly resistant to corrosion including that induced by reaction with F-. 
Moreover, the repository environment at Yucca Mountain contains lots of silica along with a 
variety of metal ions, which have the potential to consume F- ions, thereby suppressing the 
concentration fluoride. 

Effects of Bromide 

Bromide is present in Yucca Mountain ground waters but only in trace A 
number of authors have attempted to explain why pit initiation occurs in Br-, but not Cl-, 

It has been proposed that the enrichment of Br- on the surface at solutions. 
sites eventually developed into gits or formation of redox sites at which pit initiation 
occurred in Br- solutions l4 The breakdown sites were claimed to be associated with 
impurity inclusions containing A1 and Si or Fe 14*, 1491 or with areas where the oxide is thinner 
and more non-stoichiometric. 1491 While the function.of impurities in Ti remains to be fully 
understood, it can be concluded that their presence does not render Ti susceptible to localized 
corrosion at the corrosion potentials of -0.3 to +0.1 V(SCE) anticipated in the Yucca Mountain 
repository, Moreover, the effect of bromide becomes less significant in the presence of other 
anions, especially C1- and SO:-, presumably due to the competitive adsorption between the 
anions for surface binding sites. [1431 By displacing Br- from these sites both C1- and SO:- 
prevented the initiation of pits. Therefore, any possible tendency of Br- to initiate localized 
corrosion under Yucca Mountain conditions will be nullified. 

[116,117, 143, 144, 145, 1461 

MicrobiaZZy Influenced Corrosion (MIC) 

Literature reviews generally state that titanium alloys are immune to MIC due to the 
remarkable stability of the Ti02 passive film. ile titanium is susceptible to 
biofouling in seawater solutions, the biofilm does not compromise the integrity of the passive 
film and therefore, biofouled titanium maintains its resistance to localized corrosion processes. 
[1501 It has been reported that the production of nitrates, polythionates, thiosulfates, and oxygen 
associated with aerobic biologic activity does not significantly increase the corrosion rate of Ti 
alloys.[' '1 

[131, 150, 1511 m' 

Steep gradients in 0 2  and pH can exist within biofilms, which are typically aerobic and 
near neutral but acidic and low in 0 2  close to the metal surface.[901 Hydrogen peroxide has been 
detected in biofilms at millimolar levels, the amount of which is thought to be controlled by 
bacteria enzymes during the aerobic respiration process.[901 Hydrogen peroxide maintains a low 
pH (< 3) near the metal by oxidizing metal cations which then undergo hydrolysis. These 
chemical changes can lead to ennoblement (a shift of the corrosion potential to more positive 
values) of titanium by up to 500 mV. 1901 However, it is clear that for Ti Grade 7, the AE far 
exceeds 500 mV at low pH values.['091 Ennoblement can also lead to several beneficial effects 
including thickening of the passive film and a decrease in the number density of defects.[901 The 
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initiation of crevice corrosion under biofilms has never been observed for titanium. [1521 This can 
be attributed to the requirement for a temperature > 7OoC for crevice initiation, at which 
temperature microbial activity is severely suppressed.[1531 Lastly, microbial growth in the 
proposed repository will likely be limited by the availability of nutrients.[381 Therefore, MIC is 
not a likely degradation scenario for Ti alloys under the repository conditions.[1091 

Galvanic Coupling to Other Metals 

The coupling of Ti to active metals, such as Zn, Mg, Al, and carbon steel are well 
documented and have the potential to cause hydrogen absorption leading to the eventual 
embrittlement when the temperature is in excess of 8OoC. [1101 The coupling of Ti to less active 
materials such as A1 bronzes [1541 and Cu-Ni alloys can also lead to the enhanced corrosion of 
the coupled material. Although no conclusive evidence is available, it seems unlikely that these 
couples can achieve galvanic corrosion potentials sufficiently cathodic to induce significant 
hydrogen absorption by the Ti. 

According to Schutz, Ti should generally be the cathode in galvanic couples. r1561 Reclaru 
and Meyer have shown Ti to be the anode when in contact with a series of dental alloys, 
although the galvanic currents were extremely low. [1571 Wang et al. [lo21 reported that Ti Grade 2 
could form either the anode or cathode when coupled to various materials in hot (SOOC to 90°C) 
6% NaC1. Brass and alloy 600 were found to anodically polarize Ti, while 316 stainless steel 
and Monel could polarize Ti either anodically or cathodically depending on temperature and pH. 
However, the reliability of these last results is uncertain since it is not clear whether the 
pretreatment of the specimens used in the experiments caused their surface hydriding or not, or 
whether similarly polarized couples would be obtained for alternative geometries and coupled 
surface areas. 

What is clear from this discussion is that galvanic couples involving Ti and other passive 
materials are unlikely to lead to significant corrosion of either material. The prospect of a 
galvanic couple between the Ti Grade 7 drip shield and the Alloy 22 waste package leading to 
any significant damage of either material can be judged remote. 

Effects of Ca2' and Mg2+ 

The effect of Ca2' and/or Mg2+ on localized corrosion of titanium alloy is closely related 
to the oxide film. The oxide film on titanium is composed of an inner barrier layer, which acts as 
the primary passive oxide, and an outer more porous hydrated layer.['391 This is consistent with 
the more general understanding of the structure of oxide films on passive metals.[401 The growth 
of such films is achieved by the transport of anion vacancies, produced at the metal barrier layer 
interface and consumed at the barrier layer/porous layer interface, and cation vacancies formed at 
the barrier layer/porous layer interface and consumed at the metallbarrier layer.[401 Based on 
radiolabelling experiments,['581 anionic entities were shown to be the most mobile leading to 
growth predominantly at the metallbarrier layer interface. Growth at this interface would be 
expected to generate a purer oxide. Therefore, it is not surprising that anodically grown films on 
Ti incorporate few impurities into the barrier layer.['39' 1591 A s econd pertinent conclusion based 
on this understanding is that the breakdown of the barrier layer leading to localized corrosion of 
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Ti will involve anion transport processes. This interpretation is consistent with the general 
observation that it is anions such as Cl-, F-, and Br- (to a lesser degree) that lead to the initiation 
of localized corrosion on passive metals and alloys.[401 

Considerable evidence exists to show Ca" and/or Mg2+ cations are incorporated into the 
outer porous layer of the oxide films present on Ti and its alloys. These studies range from those 
primarily interested in the performance of Ti as a body-implant material [139,160, 161, 1621 to those in 
which Ti was tested for its durability under nuclear waste disposal 16431651 Such a 
process of cation incorporation would not be expected to lead to an increase in corrosion rate 
since it does not influence the barrier layer properties that control the corrosion rate. Also, if 
precipitated with insoluble anions (such as silicate), Caz+/Mg2' could lead to a decrease in 
corrosion rate by the sealing of the pores in the outer hydrated layer. If cations such as Ca2+/Mg2' 
are to accelerate passive corrosion then it is likely to be by their ability to hydrolize, thereby 
reducing the pH of the exposure environment. If the pH decrease is large enough, then the 
barrier/porous layer conversion could be accelerated and/or local defects in the. oxide activated 
leading to local film breakdown and the initiation of localized corrosion. 

The fact that Ca" and Mg2+ containing environments do not result in localized corrosion 
is clearly demonstrated in the YMP cyclic polarization tests. [*09] Under test conditions as server 
as 8 M CaC12 and 100°C, Ti Grade 7 exhibited a well-defined passive region (passive current 
density below about 2 - 3 pMcm2) below about 1.5 V(SSC) with the AE (=E,,, - EcrjJ as high as 
3.0 V, as normally observed for titanium alloys. A review of corrosion rate measurements made 
on Ti Grade 2, Ti Grade 12 and Ti Grade 7 in geothermal brine environments containing up to 
28,800 mg/L of Ca" in 155,000 mg/L of C1- gave values of < l pdyea r  at 232°C. These 
results were supported by various field observations. No evidence for pitting or crevice corrosion 
of Ti Grade 7 was seen. [1671 Schutz and Grauman reported no crevice corrosion on Ti Grade 
7 in up to 44% MgC12 at 260"C, and for 50% MgC12 up to nearly 200°C. Similar observations 
were reported by Satoh et al. [821 who found no sign of crevice corrosion on Ti Grade 7 in boiling 
42% MgCl2. It can be concluded that the incorporation of Ca2"/Mg2' into the outer layers of the 
passive film is a consequence of the corrosion process rather than a stimulant for it. If this is so, 
in the absence of the radiation field one would expect the corrosion rate to be low. 

Effect of Gamma Radiolysis 

There are two possible processes by which gamma radiation (the only significant form of 
radiation that could penetrate the waste package wall) could influence the corrosion of passive 
materials such as Ti Grade 7: photocorrosion and water radiolysis. The adsorption of gamma rays 
by the passive film could lead to a photocorrosion process, providing the electromagnetic 
radiation possessed an energy higher than the band gap energy of the oxide. It is evident that 
photo-induced film growth leads to a decrease in defectiveness of the oxide 
photoinhibition of localized corrosion on materials such as Ni, Fe, Cu, Cu-Ni alloys and stainless 
steels. [401 A similar improvement in passive film properties was observed on Ti Grade 12 
exposed to gamma radiation in a concentrated brine similar in composition to those anticipated in 
Yucca Mountain.[' 1201 These last authors concluded that any photo-effect induced by gamma 
radiation is likely to be minor compared to the influence of the production of oxidants by water 

1701 and a 
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radiolysis. Consequently, the possible influence of gamma radiation on corrosion processes can 
appropriately be assessed in terms of the radiolytic effects only. 

The influence of radiation on stainless steels ['I93 I2OI and on Ti Grade 12 [171, 1721 can be 
simulated by the effects of chemically-added hydrogen peroxide. Therefore, radiolysis is a key 
process in determining corrosion behavior. The observed influence of H202 on the corrosion 
behavior of titanium is two-fold. First, its addition leads to an increase in corrosion potential 
and an improvement in passivity of the film. 1201 Secondly, at a sufficient concentration, it 
can lead to an increase in corrosion rate. [1199 I2O1 The increase in corrosion rate on introducing 
H202 was attributed to a reduction in the inner barrier layer thickness accompanied by the 
accumulation of the increased corrosion product in a thicker outer hydrated layer; i.e., an 
influence identical to that observed on UV-irradiation of the passive film,[176' 1771 consistent with 
the expectations of the point defect Based on these studies it would be judicious to 
assume that increased corrosion rates could be expected under hot alkaline conditions (pH > 
10.6) for peroxide concentrations >1 Om4 moVL. Below this concentration loss of passivity should 
be avoided, while any increase in passive corrosion rate would be expected to be small as 
observed for less alkaline conditions. 

Studies on the effects of gamma (y) radiolysis on corrosion of titanium alloys showed that 
the effects of radiolysis on corrosion of the drip shield material is insignificant. 176, 1771 It has 
been observed that even when exposed to a radiation field of lo5 rad/hr (lo3 Gy/hr) in salt brines 
containing aggressive oxidants, the corrosion rate of a titanium-palladium alloy after 610 days 
exposure stabilized at a rate of less than 1 d y r .  (The maximum radiation field for the drip 
shield is expected to be about lo2 Gykr). In the absence of the radiation field, the corrosion rate 
stabilized at about 0.1 d y r .  Gamma irradiation exposure experiments in aggressive MgClz 
brines showed, even at dose rates above 1,000 rad/hr, only a minor enhancement of film growth 
rates on Ti Grade 7 was observed and passivity was not threatened. [641 Based on these data, it is 
concluded that, even in aggressive MgCl2 brines, the radiation levels in the repository are not 
high enough to result in an enhancement of corrosion processes on Ti Grade 7. 

' 

The majority of the drip shieldwaste package surfaces will be exposed to a humid air 
atmosphere, not a fully immersed aqueous environment, making the radiolysis of humid air to 
produce HN03 an alternative source of oxidants. Unfortunately, no studies of the influence of 
moist air radiolysis on Ti or Ni alloys have been performed. However, studies on the more 
corrosion susceptible Cu and Cu-Ni alloys showed that the influence of moist air radiolysis 
became negligible around a dose rate of - lo4 Radhour, ['787 1791 the maximum achievable dose 
rate on the waste package. For dose rates in this range N fixation (to produce N20, N02, HN03) 
was observed in the gas phase without producing any significant effect on corrosion. It was 
estimated that the corrosion rate in the presence of radiolysis was - 1.5 times that in the absence 
of radiolysis. 

Stress Corrosion Cracking (SCC)'*'~ 

In general Ti Grade 7 is immune to SCC except in a few specific environments.[461 
However, SCC of the drip shield is possible under the applied stresses resulting fiom rockfall. [281 

On the other hand, SCC of the drip shield is of low consequence to repository performance 
because very little water transport can occur through cracks A repository environment is unique 
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in that, in the absence of disruptive events (e.g., rockfall, drift collapse, seismicity), there is no 
source of dynamic loading. Furthermore, in the repository, the Ti Grade 7 drip shields will be 
h l ly  stress-relief annealed before emplacement, meaning there will be no significant residual 
stress fields to drive SCC initiation and propagation. Therefore, the drip shield is generally not 
subject to SCC upon emplacement in the repository. 

However, the drip shields are potentially subject to SCC under the action of seismic- 
induced loading and rockfall. An analysis of the consequence of SCC of the drip shield 
indicates that stress corrosion cracks in passive alloys such as Ti Grade 7 tend to be very tight 
and could be plugged by corrosion products or mineral deposits and, thereby, preventing water 
transport. [281 As the crack grows through-wall, the tensile stresses normal to the crack walls are 
relieved, and the resulting crack faces continue to corrode by general corrosion. It is estimated 
that it would take approximately 3,400 years for the crack to fill with corrosion products. In the 
interim, there could be a small amount of water transport by surface diffusion (film flow) into the 
crack and through the drip shield. However, the heat differential across the drip shield wall will 
result in evaporation of the slowly flowing water and formation of a scale deposit (principally 
calcium carbonate-[calcite]) over the crack where it intersects the upper drip shield surface, as 
well as within the crack. It is estimated that SCC cracks are sealed in a few hundred years, at 
most, when water is allowed to flow through the cracks at the expected very low film-flow rate. 
If the cracks are bridged by water, the sealing process may take longer, but no flow occurs since 
the water is held by capillary forces. After crack plugging, there is effectively no solution flow 
through the crack region. Therefore, since the primary role of the drip shield is to keep water 
from contacting the waste package, SCC of the drip shield does not compromise its intended 
function. 

Hydrogen-Induced Cracking (HIC) r 1 w  

For titanium alloys, alloying elements capable of catalyzing proton reduction may also 
catalyze hydrogen absorption.[611 Intermetallic particles formed due to alloying on the alloy 
surface, if not covered by a passive film, could act as “hydrogen windows” in the oxide. Under 
these circumstances, transformation of the redox properties of the passive oxide (on cathodic 
polarization beyond a threshold potential) may not be a necessary prerequisite for hydrogen 
absorption, which could, therefore, occur at potentials more positive than the threshold potential. 
Ni, Pd, Ru, key alloying elements in a-Ti alloys, are known to not only facilitate proton 
reduction but also possess a significant solubility for hydrogen.[’”] 

Hc is the hydrogen concentration above which slow crack growth is not observed and 
only fast crack growth occurs. This does not necessarily mean that failure by fast crack growth is 
inevitable at this hydrogen content, but that the possibility of fast failure increases once this 
critical value is surpassed. Assuming failure occurs immediately when Hc is reached is to ignore 
crack growth kinetics to be conservative. When the hydrogen concentration is below Hc and the 
metal is stressed at slow strain rates, plastic collapse is observed without the occurrence of fast 
unstable fracture because plastic deformation prevents the attainment of a sufficiently high stress 
state. As-received materials, containing 20 to 50 pg/g of hydrogen, are very tough, and under 
high stress, fail by ductile overload. This ductile tearing is also observed during slow crack 
growth. Providing that other factors, such as the occurrence of P-phase and fabrication texture, 
remain substantially the same (i.e. equivalent orientations are compared for different plates), Hc 
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depends on the strength of the material. Consequently, Hc can be viewed as a property that 
defines a material's susceptibility to failure by hydrogen-induced cracking (HIC). 
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Figure 12. Variation of the critical stress intensity factor with hydrogen content for Ti 
Grade 2 (transverse-longitudinal [T-L] orientation): o - slow crack growth 
(K,); 0 - fast fracture (KH) (a)['821 and schematic showing the combinations 
of stress intensity factor and hydrogen concentration leading either to fast 
crack growth (brittle failures, KH), slow crack growth (K,) due to either 
sustained load cracking or ductile rupture, or to no failure (b).[1521 

Based on the effect of palladium on hydrogen absorption and microstructure of titanium 
alloys, it has been concluded that the hydrogen induced cracking behavior of Ti Grade 7 should 
be at least as good as, if not superior to, that of Ti Grade 16 (Le., Hc approximately 
1,000 lg/g).[1801 Choosing the Hc as 1,000 pg/g for Ti Grade 7, which was obtained for Ti 
Grade 16 [979 981 is not only appropriate but also sufficiently conservative. 

The experimentally obtained critical hydrogen concentration for Ti Grade 24 is not 
available at this time. However, the comparative corrosion behavior of Ti Grade24 and an 
approximate HC value of this alloy can be estimated based on the available information on other 
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titanium alloys (e.g., Ti Grade 5) ,  and based on the relationship between Ti Grades 2, 16 and 7 as 
shown in Figure 9. The Hc for Ti Grade 5 was obtained as 200 pg/g with precracked specimens. 
[1841 A modest improvement, considering the demonstrated benefit of palladium, to 600 pg/g, if 
not higher, is not an unreasonable HC value for Ti Grade 24. However, considering the higher 
strength of Ti Grade 24 than Ti Grade 16 and Ti Grade 7, it can be estimated conservatively, 
based on the above analysis, that the HC of Ti Grade24 is at least in the range of 400 to 
600 pg/g, if not higher. This estimated value of Hc is realistic and conservative. For instance, 
Kitayama et al. evaluated the effect of palladium addition to Ti-6A1-4V (Ti Grade 5) and Ti-3A1- 
2.5V (Ti Grade 9) on their hydrogen induced cracking behavior. By cathodically charging 
hydrogen to palladium-containing Ti-6A1-4V (an equivalent to Ti Grade 24) to approximately 
1,000 ppm, the 0.2 percent proof stress was found to be about 175 k ~ i , [ ' ' ~ ~  which was similar to 
ASTM specifications for the minimum 0.2 percent proof stress for Ti Grade 24.[761 This suggests 
that no degradation in mechanical properties was observed. 

Shoesmith et al. developed a method to estimate the hydrogen content in titanium alloys 
due to passive dissolution. r1861 The details of the approach can be found in Hydrogen Induced 
Cracking ofDrip ShieZd [1801 and the work performed by Greene et Applying the method 
using the 5-year corrosion rate data [Io9] and a hydrogen absorption efficiency fraction of 
0.015,[1081 the hydrogen content in Ti Grade 7 due to passive dissolution over a time span of 
10,000 years can be estimated as: 

where HA is the hydrogen concentration in the metal absorbed during the passive dissolution. 

The hydrogen induced cracking model developed in Hydrogen Induced Cracking of Drip 
Shield ["01 is based on the assumption that both the hydrogen generation and diffusion rates are 
constant. A literature review shows that both of these assumptions are conservative. A 
considerable amount of literature exists to show that the rate of hydrogen absorption decays 
following a parabolic relationship. It should be noted that the fractional hydrogen absorption 
efficiency v h )  used in the calculation (0.015) is similar to that Okada obtained experimentally for 
Ti Grade 2 under constant applied current conditions with an applied current of 0.5 mA/cm2 at 
25°C in sodium sulfate solutions (PH of 4).['08] The electrode potential achieved during these 
experiments was -1.14 V(SCE), about -0.5 V more negative than the threshold value of -0.6 
V(SCE) for significant hydrogen absorption. ['''I This low potential is not likely to be achieved by 
galvanic coupling of titanium alloys to less noble metals (e.g., carbon steel). Therefore, the 
above calculated 124 pg/g in 10,000years has included the worst case scenario when the 
titanium alloys are galvanically coupled to less noble metals, although this is not likely to occur 
in the repository. 

6. CONCLUDING REMARKS 

The degradation processes and modeling for evaluating long-term performance of the 
waste package and drip shield materials in the U.S. Yucca Mountain repository are reviewed in 
this paper. Models for the degradation of the Alloy 22 waste package outer barrier and the drip 
shield by general and localized corrosion, SCC and HIC under the expected repository exposure 
conditions were presented. Other factors, such as the effects of microbial activities, gamma 
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radiation, and halides, that may or may not influence the performance of the waste package and 
drip shield materials are also reviewed. The waste package and drip shield will experience a 
range of exposure conditions and degradation modes that together will determine their overall 
performance. Based on extensive literature data and project modeling work with appropriate 
conservatism, it can be confidently concluded that there will be sufficient safety margins for the 
selected materials and designs to perform their functions during the regulatory period of 10,000 
years in the U.S. Yucca Mountain repository. 
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Abstract 

The safe disposal of radioactive waste requires that the waste be isolated from the 
environment until radioactive decay has reduced its toxicity to innocuous levels for plants, 
animals, and humans. All of the countries currently studying the options for disposing of high- 
level nuclear waste (HLW) have selected deep geologic formations to be the primary barrier for 
accomplishing this isolation. In U.S.A., the Nuclear Waste Policy Act of 1982 (as amended in 
1987) designated Yucca Mountain in Nevada as the potential site to be characterized for high- 
level nuclear waste (HLW) disposal. Long-term containment of waste and subsequent slow 
release of radionuclides into the geosphere will rely on a system of natural and engineered 
barriers including a robust waste containment design. The waste package design consists of a 
highly corrosion resistant Ni-based Alloy 22 cylindrical barrier surrounding a Type 3 16 stainless 
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steel inner structural vessel. The waste package is covered by a mailbox-shaped drip shield 
composed primarily of Ti Grade 7 with Ti Grade 24 structural support members. The U.S. Yucca 
Mountain Project has been studying and modeling the degradation issues of the relevant 
materials for some 20 years. 

This paper reviews the state-of-the-art understanding of the degradation processes based 
on the past 20 years studies on Yucca Mountain Project (YMP) materials degradation issues with 
focus on interaction between the in-drift environmental conditions and long-term materials 
degradation of waste packages and drip shields within the repository system during the 10,000 
years regulatory period. This paper provides an overview of the current understanding of the 
likely degradation behavior of the waste package and drip shield in the repository after the 
permanent closure of the facility. The degradation scenario discussed in this paper include aging 
and phase instability, dry oxidation, general and localized corrosion, stress corrosion cracking 
and hydrogen induced cracking of Alloy 22 and titanium alloys. The effects of microbial activity 
and radiation on degradation of Alloy 22 and titanium alloys are also discussed. Further, for 
titanium alloys, the effects of fluorides, bromides, calcium ions, and galvanic coupling to less 
noble metals are flu-ther considered. It is concluded that, as far as materials degradation is 
concerned, the materials and design adopted in the U.S. Yucca Mountain Project will provide 
sufficient safety margins within the 10,000-years regulatory period. 

Keywords: Nuclear waste repository, Yucca Mountain Project, Alloy 22, Titanium alloys, 
Corrosion, Materials degradation. 

1. INTRODUCTION 

Radioactive materials are extensively used in a variety of applications such as medical, 
weapons, and power generation. Once these materials loose their commercial value, they are 
considered radioactive waste. Broadly, the nuclear wastes can be separated into defense (e.g. 
weapons) and civilian (e.g. power, medical).['] The safe disposal of radioactive waste requires 
that the waste be isolated from the environment until radioactive decay has reduced its toxicity to 
innocuous levels for plants, animals, and humans. One type of nuclear waste, denoted high-level 
waste (HLW), contains the highest concentration of radiotoxic and heat-generating species. 
Because of this factor, the qnost stringent standards for disposing of radioactive wastes are being 
placed worldwide on HLW, and the majority of the radioactive waste management effort is being 
directed toward the HLW issues. One of the most common types of HLW is the spent fuel (SF) 
from commercial nuclear reactors for power generation. 

. 

All countries currently studying the options for disposing of HLW have selected deep 
geologic formations to be the primary barrier for accomplishing the isolation. It is postulated 
that by the own nature of these geological sites, the waste will be contained for long times, 
without spreading, for example, through water flow. Most of the repository designs also plan to 
delay the release of radionuclides to the environment by the construction of engineered barrier 
systems (EBS) between the waste and the geologic formation. The principal engineered 
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subsequent slow release of radionuclides into the geosphere relies on a system of natural and 
engineered barriers including a robust waste containment design. The waste package (WP) 
design consists of a highly corrosion resistant Ni-based Alloy 22 cylindrical barrier surrounding 
a Type 316 stainless steel inner structural vessel.16] The waste package is covered by a mailbox- 
shaped drip shield (DS) composed predominantly of Ti Grade 7 with Ti Grade 24 (or Ti Grade 
29) structural support members.[61 The Ti Grade 7 drip shield provides defense in depth, because 
the waste package and drip shield do not have common failure modes, lending a further safety 
margin to the repository design. The minimum target lifetime for containment of HLW, without 
exceeding a regulatory specified individual dose rate at the site boundary, is 10,000 years.[61 
Over the years, numerous studies have been performed to evaluate the susceptibility to stress 
corrosion cracking, general, localized, galvanic and microbially influenced corrosion for Alloy 

and Ti Grade 7.[8, 9, 16, 17] A s far as the YMP modeling work is 
concerned, the extremely long time of application makes it difficult, if not impossible, to validate 
the models in the usual way (e.g., by comparison of model predicted values with those observed 
experimentally for the whole range of time).['81 Consequently, the developed models are 
validated by validating the input parameter values used and comparing these parameters and 
model predictions to available peer reviewed and qualified project data. 

22 [7, 8, 9, 10, 11, 12, 13, 14, 151 

The purpose of this paper is to review the state-of-the-art in the studies of interaction 
between the in-drift environmental conditions and materials performance and materials 
degradation issues in the U.S. Yucca Mountain Project regarding the long-term performance of 
waste packages and drip shields within the repository system for the regulatory period. This 
paper provides a overview of the current understanding of the likely behavior of the waste 
package and drip shield in the repository after the permanent closure of the facility. 

2. EXPECTED IN-DRIFT ENVIRONMENTAL CONDITIONS 

In-Drift Temperature and Humidity History"91 

The current Yucca Mountain Project ( Y M P )  design enables the repository to operate in 
three temperature regimes: (1) the Dryout Regime, (2)  the Transition Regime, and (3) the Low- 
Temperature Regime.[ 19] 

Drift walls will first be dried by ventilation air during the pre-closure period. During 
post-closure, heat generated by radioactive decay will eventually increase the temperature of 
waste package, drip shield, and drift wall above the boiling point of water. In this dryout regime, 
since no significant seepage is expected, no aqueous phase corrosion due to seepage is expected. 
Calcium chloride type brines could be possible and predicted to occur in this regime, but they 
only occur in the host rock when temperature is above boiling point and seepage into the drift is 
prevented by the vaporization barrier effect. However, depending on the surface temperature and 
relative humidity conditions, the existence of liquid-phase water on the waste package or drip 
shield is possible due to the presence of a dust or salt deposit. In the presence of such a deposit, 
a thin-film liquid phase can be established at a higher temperature and lower relative humidity 
than otherwise possible. Thus, formation of deliquescent brines in the absence of seepage may 
occur. Corrosion of the waste package and drip shield should be considered in the context of 
these solutions. 
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Figures 2 shows a representative time-temperature and time-relative humidity profile for 
a variety of waste packages (located near the center of the repository) in the three operational 
regimes and thennohydrologic variables for the “hottest” waste package in the low-probability 
seismic collapsed drift scenario based on the current design.[’g1 

[ZO, 211 Relation of In-Drft Chemistry to Corrosion Testing Environments 

Earlier corrosion test studies on YMP focused on the carbonate type brine, based on 
reasoning that sodium carbonate type waters, as typified by 5-13 well water from the saturated 
zone near Yucca Mountain, were the expected types of water at the repository.[221 A later study 
[231 showed that evaporative concentration of a water based on a reported analysis of a pore water 
from Yucca Mountain resulted in a calcium chloride type brine.[241 Geochemical literature[251 
establishes the three types of brines that result from the evaporative concentration of dilute 
natural waters at the earth’s surface: (1) calcium chloride brine, (2) carbonate brine, and (3) 
sulfate brine. It is important to note that the compositions of brines are dependent on relative 
humidity, and the dominant ions in solution can and do change as a function of relative humidity. 

The range of environments have been projected to form within the repository due to 
water seepage.12’] The conditional probability (if seepage occurs at the drift crown for any 
particular location) that a water in a particular bin will form is also For each bin, 
the associated brine and test solution in which corrosion testing was conducted are listed.[211 In 
terms of brine type the drift crown brines are predominantly the alkaline carbonate brines, 
although carbonate may not be a dominant component except at higher relative humidities. The 
composition of each bin water as a h c t i o n  of temperature and relative humidity is also 
documented.[20’ 211 In addition to the seepage water brine types, the deliquescence of dust 
deposited on the waste packages and drip shields is another means by which brines can form on 
these engineered barrier system components. The associated brine types due to deliquescence of 
dust and the corresponding aqueous corrosion test solutions are also documented. [211 

Table 1 shows the composition of some of the solutions used for corrosion testing.[261 
These solutions were developed based on the evaporative concentration of a carbonate-based 

6/46 



water with a composition based on J-13 well water, which is a saturated zone water near Yucca 
Mountain. The solutions represent various stages of evaporative concentration of this type of 
water. These aqueous solution compositions are concentrated to about 10 times (for SDW) to 
over 45,000 times (for SSW and BSW) to simulate evaporative concentration of the water upon 
contacting the waste package or the drip shield. NaCl test solutions were also used where NaCl 
concentrations varied from 0.5 to 4.0 molar; CaC12 and CaC12 + Ca(N03)2 test solutions were also 
used with CaCl2 concentrations up to 9 molar. In all cases, the NO3- component is the most 
soluble species and would dominate the solution composition at the deliquescent relative 
humidity or eutectic point of a mineral assemblage at elevated temperatures. 

Corrosion test solutions employed at LTCTF corresponding to calcium chloride type of 
brine include calcium chloride, calcium chloride plus calcium nitrate, the simulated saturated 
water (SSW), and sodium chloride aqueous solutions. The SSW and sodium chloride test 
solutions simulate the moderate relative humidity scenario where calcium is a minor component 
in the aqueous solution. 

Corrosion test solutions corresponding to carbonate type of brine include the simulated 
dilute water (SDW), simulated concentrated water (SCW), basic saturated water (BSW), and 
under certain circumstances, the SSW and simulated acidic water (SAW). The BSW test solution 
is a highly concentrated alkaline solution and could be expected under repository conditions 
where temperatures could be at its measured boiling point of nominally 112°C to 1 13°C or where 
the relative humidity is nominally 70 to 75 percent. The SCW test solution is a moderately 
concentrated alkaline solution; solutions in this concentration range could be expected to form 
for relative humidity in the range of 90 to 95 percent. The SDW test solution is a dilute alkaline 
solution; solutions in this concentration range could be expected to form for high relative 
humidity (greater than 99 percent). These may have characteristics of solutions at the drift wall, 
that is, typical of seepage waters. Under conditions of extreme evaporative concentration 
(i.e., low relative humidity) the carbonate brine would evolve into a Cl--NO3- brine with low 
carbonate content. The SSW test solution has characteristics of this type of brine. Likewise the 
SAW test solution has characteristics of low carbonate brine and would have characteristics of 
solutions in equilibrium with relative humidity of nominally 90percent. The calcium and 
magnesium content of the SAW test solution tends to make it more able to sustain lower pHs due 
to the hydrolysis properties of these cations. 

Corrosion test solutions corresponding to sulfate type of brine include the SAW, SSW, 
and sodium chloride. This type of brine has near neutral to slightly acidic pH and as noted above 
magnesium is not expected to be present in seepage waters to any significant extent. The SAW 
test solutions have characteristics of solutions in equilibrium with nominally 90 percent relative 
humidity. The SSW has characteristics of water that have undergone evaporative concentration 
to the extent that sulfate precipitates out of solution (this is for the magnesium free situation). 
Sodium chloride test solutions simulate the scenario where C1- is the dominant anion under 
moderate relative humidity conditions. 
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evaporation if the drip shield were to fail. The potential modes of attack in these concentrated 
brines include uniform general corrosion, localized corrosion, stress corrosion cracking (SCC), 
hydrogen induced cracking (HIC) and other forms of degradation. Under the repository 
environmental conditions, microbially influenced corrosion (MIC) and radiation-assisted 
corrosion may also occur. It should be noted that not every degradation mode represented in 
Figure 4 may occur on either the waste package or the drip shield in the repository. For instance, 
the drip shield material (Ti Grade 7) is not subject to localized corrosion or MIC). In addition to 

these scenarios, other possible events that could lead to failure include seismic and volcanic 
activity. These scenarios are not discussed in this paper but examined elsewhere.[359 361 

4. DEGRADATION OF WASTE PACKAGE OUTER BARRIER MATERIAL 

Aging and Phase Stability of Alloy 22[371 

Alloy 22 is a metastable austenitic alloy, where secondary complex phases can be 
precipitated at high temperature. These intermetallic phases (P, 0, and p) are rich in those 
elements responsible for the exceptional corrosion resistance of Alloy 22. Therefore, 
precipitation of these phases may cause depletion of the passivating elements in close proximity 
to the precipitates. Such depleted, localized areas may be more susceptible to corrosion than 
areas where no precipitation has occurred. Furthermore, these precipitates may deteriorate the 
mechanical properties of the alloy. In addition to the higher temperature complex phases, long- 
range ordering can occur at somewhat lower temperatures and could potentially negatively affect 
the SCC susceptibility. 

The YMP studies by using multicomponent phase diagrams and time-temperature- 
transformation diagrams together with experimental kinetic measurements as well as calculations 
of the rate at which deleterious phases (precipitates and long-range ordering) form at time- 
temperature combinations relevant to the repository show insignificant precipitation and 
long-range ordering for the Alloy 22 under both mill-annealed and as-welded conditions during 
the 10,000-year simulation period, as long as the temperature is kept below 200°C (or 300°C for 
shorter times).[371 The study conservatively assumes that the precipitation mechanisms that 
operate at higher temperatures also operated at much lower temperatures, and that the phases 
seen at the higher temperatures are also stable at the lower temperatures. Information fiom 
josephinite, a material that has been proposed as a natural analog for Alloy 22, shows the 
stability of metallic phases after exposure over millions of years. This is hlly consistent with 
model predictions and experimental observations of no low-temperature mechanism with rates 
significantly greater than those predicted at lower temperatures. This observation provides 
confidence in the implicit assumption that the high-temperature mechanisms used to extrapolate 
kinetics are the same as those that occur at lower temperatures (approaching expected repository 
conditions). 

The YMP model predictions and extrapolation of higher temperature results to lower 
temperatures show that formation of tetrahedrally close packed or ordered phases in Alloy 22 
base metal and annealed welds will not occur during the repository period of 10,000years. 
Further, analysis shows that tetrahedrally close packed and long-range ordering phases would not 
form even for the unlikely case of early steady-state drift collapse (acting like backfill), where 
the waste package temperature could potentially increase to peak temperatures of about 300"C, 
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but for only relatively short time, decades to centuries. On this basis, neither the waste package 
outer barrier base metal nor weld metal are subject to enhanced degradation due to the effects of 
thermal aging.[381 Therefore, this process is excluded from the total system performance 
assessment (TSPA) modeling in YMP. 

Structure and Properties of the Passive Film on Alloy 2zr3'] 

The low general corrosion rates and localized corrosion resistance of Alloy 22 depends 
on the long-term stability of a thin but adherent passive film. The assive film formed under 
aqueous condition has a stratified structure of at least two layers. E9, 40, 411 e passive film 
consists of an inner layer of oxide which acts as a barrier layer to corrosion and an outer layer of 
hydroxide or oxyhydroxide, which plays the role of an exchange layer.[411 In general, the 
chemical composition and thickness of passive films depend on the nature of the metal, the H of 
the electrolyte in which the metal is passivated, and the electrochemical potential.[397 40, For 
nickel, which can passivate in solutions over a wide range of pH, the passive film is generally 
composed of Ni2+ cations with an inner layer of NiO and an outer layer of Ni(OH)2.r411 The 
barrier layers on Fe-Cr and Ni-Cr alloys are primarily chromium oxide (Cr203), but typically 
contain significant amounts of other metal species, such as Ni2+, Fe2+ , and Fe3+ ions.[421 Passive 
films are generally not electronic conductors, but rather semiconductors or insulators. The 
passive film on chromium containing alloys is normally n-type in electronic character because 
the dominant defect in the film is either a cation interstitial or an oxygen vacancy, both of which 
are formally positively charged.[431 

The passive film formed on nickel can be crystalline, [411 with the size and shape of the 
crystallites changing with applied potential. The passive oxide film formed on chromium can 
have a structure with oxide nanocrystals cemented together by the chromium hydroxide outer 
layer, yielding an extremely protective passive film. [411 

7 

the inner barrier layer of the passive film forms 
by generation of oxygen vacancies at the metal-film interface, balanced in the steady state by 
dissolution of the barrier layer at the barrier layer-outer layer interface. The outer layer forms 
via the hydrolysis and precipitation of cations transmitted through the barrier layer or by 
hydrolytic restructuring of the barrier layer-outer layer interface. While both layers may 
incorporate alloying elements from the alloy substrate, only the outer layer incorporates species 
from the solution. The barrier layer grows into the substrate, whereas the outer layer grows 
outwards into the solution.[39' 407 411 Thus, while the growth of the inner barrier layer is due to the 
generation of oxygen vacancies at the metal-barrier layer interface, the growth of the outer layer 
is commonly due to the transmission of cations through the barrier layer, either through cation 
vacancies or as cation interstitials, and their eventual emission at the barrier layer-outer layer 
interface. The outer layer may also form via hydrolytic restructuring of the barrier layer at the 
barrier layer-outer layer interface. 

[39,40, 411 As summarized in the literature, 

[39,40,41] 

Mo reduces the rate of anodic dissolution in the active state.[411 Mo atoms tend to locate 
preferentially at local defects on the surface, which normally act as dissolution sites, and may 
decrease the dissolution rate by strengthening metal-metal bonds.[411 Mo also counteracts the 
deleterious effect of deleterious species, such as sulfur, which can cause grain-boundary attack. 
Molybdenum bonds to sulfur and then dissolves mitigating the detrimental effects of sulfur.[ 411 
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The point defect model (PDM) has been shown to account for the impact of Mo on the 
pitting resistance of 18Cr-8Ni stainless steels.[433 Highly oxidized Mo ions present 
substitutionally in the inner barrier layer form immobile, positively charged centers. Substitution 
of Mo6+ into a chromium cation vacancy produces an immobile species with an effective +3 
charge. These immobile species interact electrostatically with the mobile, negatively charged 
cation vacancies (with an effective -3 charge), the condensation of which at the metal-film 
interface is responsible for passivity breakdown.r39' 403 This solute-vacancy interaction reduces the 
free cation vacancy concentration and diffusivity, which results in a positive shift in the 
breakdown voltage and a lengthening of the induction time for passive film breakdown to 

Dry Oxidation [381 

Dry oxidation of the waste package outer barrier occurs at any relative humidity below 
that at which a stable water film capable of supporting corrosion reactions is formed. Dry 
oxidation results in the formation of an adherent, protective oxide film of uniform thickness. 
The rate of dry oxidation is generally limited by mass transport. Measurements of the thickness 
of the Alloy 22 oxide film exposed to air at 550°C showed that the oxide film approaches a 
limiting thickness of about 0.025 to 0.050 pm (25 to 50 nm) after about one-year of exposure. 
Dry oxidation is traditionally described by a parabolic rate law with an Arrhenius temperature 
dependence:[441 

where x is the oxide thickness at time t ,  E, is the activation energy, Tis the absolute temperature 
in Kelvin, and R is the universal gas constant. A bounding analysis of the data for dry oxidation 
of several alloys presented by Welsch et al.[451 leads to estimates of A and E, of 18 mm/s*'* and - 
239 kJ/mol, respectively. For a temperature of 550"C, an oxide thickness of about 0.26 mm is 
predicted after an exposure of 10,000 years. Clearly dry oxidation is not a performance limiting 
process in the repository. 

General Corrosion r381 

As the thermal heat output from the radioactive waste decays with time, concentrated 
brines could form on the waste package surface either from evaporative concentration of dust 
leachates or, in case the drip shield is breached, the seepage water. In either case, hygroscopic 
salts may form on the waste package surface due to evaporative concentration of the leachate or 
the seepage water, Such hygroscopic salts enable aqueous solutions to exist as thin water films 
at relative humidity values below 100 percent.[461 Creviced geometries could form between the 
waste package surface and structural components or mineral deposits from evaporative 
concentration processes. For this reason, the general corrosion and localized corrosion models 
are based for the most part on data from creviced specimens. 

The general corrosion model for the Alloy 22 waste package outer barrier uses a rate 
distribution determined from weight-loss measurements of Alloy 22 crevice specimens that were 
exposed for over 5 years in a wide range of multi-ionic solutions at the project's Long Term 
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The coefficients values and their f l  standard deviation in Eq. 2 and Eq. 3 were 
determined to be: a, =214.089 f 46.880, a, =-3.696 f 0.476, a2 =25.284 f 5.641, a3 =- 

= 749.745 f 95.491. 
252.181 f 53.912, and (I, = 1.414 f 0.547 and bo =22.589 f 24.1 13, bl = 33.748 f 5.180, and b~ 

The corrosion otential (Ecorr) of Alloy 22 was found to increase over time in agreement 
data with immersion times of 328 days and longer P with other studies.[50' 51 Therefore, only 

were used to develop the model. The functional form used to represent is shown below: 

E,.,, =c, + c , T + c , ~ H + c , [ C Z - ] + C ,  log ~ [ [;;) 

The coefficients values and their A1 standard deviation in Eq. 4 were determined to be: 
C, ~558 .283  f 36.156, c1 =0.677 f 0.413, c;! =-65.338 f 2.456, C, =-7.616 f 1.581, and 
c, = 37.077 f 2.443. 

The effect of pH of crevice corrosion initiation temperature is shown in Figure 6 for 10 
molal (m, moleskg water) chloride ion solutions. At pH 7 and low nitrate ion concentration (0.5 
m) shown in Figure 6(a), crevice corrosion can initiate at temperatures as low as 50"C, although 
initiation is improbable. The median estimate is about 80°C. For a higher nitrate ion 
concentration (2.5 m) shown in Figure 6(b), crevice corrosion is not likely to initiate even at 
temperatures as high as 120°C. At pH 3 and low nitrate ion concentration (0.5 m) shown in 
Figure 6(c), localized corrosion can initiate at ambient temperatures. For a higher nitrate ion 
concentration (5 m) shown in Figure 6(d), crevice corrosion can initiate at temperatures as low as 
9O"C, although initiation is improbable. The median estimate is about 110°C. 

Stress Corrosion Cracking (scc)[~'' 

SCC occurs when an appropriate combination of material susceptibility, tensile stress, 
and environment is present.14] In case of Alloy 22 waste package outer barrier, SCC will 
possibly occurs in the regions around the closure welds because the residual stress in the area 
cannot be relieved by processes such as bulk annealing, the latter may possibly damage the waste 
form. The residual stresses in all other areas of the drip shield and waste package outer barrier 
can be fully stress relieved. The effect of rockfall on the waste package is excluded from 
consideration because of the protection provided by the drip shield. 

The YMP waste package outer barrier SCC model, which is based on the 
slip-dissolution mechanism, [56, 571 assumes that crack growth can initiate at any surface defect 
(e.g., a grain boundary junction, scratch, and flaws introduced by the welding process) that can 
generate a positive stress intensity factor. A threshold stress, below which SCC will not initiate 
on a "smooth" surface,[461 of 90% of the yield strength is used for initiation of these types of 
cracks. 
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The slip dissolution model is used to calculate the crack propagation rate, V, as a fwnction 
of the local exposure environment (represented by parameter n for the repassivation rate at the 
crack tip) and the stress intensity factor, KI: 

V = A(K,jF 

where Vis in m m / s  and KI in MPa (m)’”. This equation is also used to develop a threshold stress 
intensity factor, K~SCC, defined as the KI which results in a crack growth rate equal to the general 
corrosion rate. Parameters 2 and ii in the above equation are related to the repassivation rate, n, 
as follows: 

2 = 7.8~10-~  n3.6 (4.1~10-l~ >” 

The hoop stress, which drives radially-oriented cracks, is the dominant stress component 
in the waste package closure weld region. The hoop stress (in MPa) as a function of depth (x in 
mm) is given by a third order polynomial equation of the form: [281 

a(x)=A, + A ,  . x + A 2  o x 2  + A 3  ex3 

The hoop stress state was also determined to vary with angle (8) around the 
circumference of the waste package closure-lid welds (8 = 0 point arbitrarily chosen) according 
to the following fimctional form: [281 

o ( x , ~ ) =  a(x)- (17.236893)~(1 -cos(8)) (Eq. 9) 

Based on the angular stress variation in Eq. 9, the stress intensity factor variation with 
angle (KJ is given by [281 

where Thck is the lid thickness and KI(x) is the median stress intensity factor profile shown in 
Figure 7. 

The uncertainty in the stress and stress intensity factor profiles is introduced through a 
scaling factor, z. The scaling factor is sampled from a truncated (at i-3 standard deviations) 
normal distribution with a mean of zero and a standard deviation of 5 percent of the yield 
strength at 200°C (285 MPa).[281 
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absence of the formation of hydride phases. Hydrogen-induced cracking results from the 
combined action of hydrogen and residual or sustained applied tensile stresses. 

The extremely low corrosion rates exhibited by nickel alloys are not sufficient to 
generate enough hydrogen to cause hydrogen-induced cracking.[461 Fully annealed nickel-base 
alloys, such as Alloy 22, are essentially immune to hydrogen-induced cracking.[461 For instance, 
Ni-Cr-Mo alloys with compositions and properties similar to Alloy 22 such as Alloys C-276, C- 
4, and Alloy 625 maintain their resistance to hydrogen-induced cracking even when heavily cold 
worked to yield strengths in excess of 1,240 MPa (1 80 k ~ i ) . [ ~ ~ ]  Cold-worked Ni-Cr-Mo alloys are 
not susceptible to hydrogen-induced cracking unless they are galvanically coupled to a less noble 
material (or subjected to imposed cathodic current) and strained beyond yield.[479 601 The further 
improvement in resistance to HIC of Alloy 22 by annealing is at the cost of reduction in strength. 
However, the structural requirements of the waste packages at the Yucca Mountain project are 
such that strengthening of the alloys is not required,[471 since the structural requirements for the 
waste package are satisfied by the Type 316 stainless steel inner shell. 

Aging of Ni-Cr-Mo alloys at temperatures around 500°C can lead to ordering or 
grain-boundary segregation of deleterious elements such as phosphorous and sulfur, which may 
increase susceptibility to hydrogen-induced cracking.[461 However, Asphahani tested cold worked 
(60percent cold swaged) and aged (500°C for 100 hours) samples of Alloy C-276 at applied 
stresses up to 92% of yield and cathodic current densities of 40 mA/cm2. No influence on HIC 
was found.[601 

Therefore, the scenario that the waste package outer barrier material fails due to the 
uptake of hydrogen and the formation of metal hydrides that may mechanically weaken the waste 
packages can be ruled 

Effects of Gamma Radiolysis 

The effects of radiation on waste package materials corrosion differ depending on the 
amount of liquid present on their surfaces (ie., humid air or aqueous conditions). Under humid 
air conditions, a thin film of liquid that may contain trace constituents (e.g., dissolved gases) 
forms. Irradiation of these films could lead to acidic conditions and to enhanced corrosion. 
Under aqueous conditions, anodic shifts in the open-circuit potential of stainless steel in gamma 
irradiated solutions due to the formation of hydrogen peroxide have been experimentally 
observed.[61’ 629 631 N ote that Glass et al. [621 and Kim [631 worked on stainless steels, rather than 
Alloy 22, the latter being significantly more corrosion resistant. Although there is little 
information available in the literature on the effects of radiation on Alloy22, some data are 
available on the corrosion of Alloy C-4, which is compositionally similar to Alloy 22. Gamma 
irradiation in aggressive MgC12 brines showed that below approximately 100 rad/hr, irradiation 
has no observable influence on the corrosion behavior of Alloy C-4. No enhancement of general 
corrosion and no pitting or crevice corrosion are observed in the material at these dose rates. [641 

Calculations of the expected radiation levels at the surface of the waste package have 
been performed. [651 For a bounding case waste package containing 21 PWR spent nuclear he1 
assemblies (80 GWd/MTU bumup and 5-year decay), the maximum surface radiation level was 
calculated to be about 1,170 rad/hr at the outer surface of the waste package shell and 1,650 
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rad/hr at the bottom lid of the These values are at the time of emplacement. During the 
ventilation period of 50 years, no aqueous or humid air environment and therefore, no radiolysis 
is expected. After 50 years, the maximum surface radiation level decreases to levels of less than 
100 rad/hr for the outer surface and 80 rad/hr for the bottom lid and decrease steadily with time. 
[651 Note that these are bounding radiation levels for the highest burnup spent nuclear fuel and 
are well below the levels at which some effect of radiation has been observed. Therefore, the 
effects of radiolysis on corrosion performance of Alloy 22 will not be significant under 
repository relevant conditions. 

Effect of Microbial A ~ t i v i d ~ ~ ]  

MIC is the contribution to the corrosion rate of a metal or alloy by the presence or 
activity, or both, of Microorganisms can affect the corrosion behavior of an 
alloy either by acting directly on the metal or through their metabolic products. For example, 
some types of aerobic bacteria may produce sulfuric acid by oxidizing reduced forms of sulfur 
(elemental, sulfide, sulfite), and certain fungi transform organic matter into organic acids.[661 The 
waste package outer barrier is potentially subject to microbially influenced corrosion (MIC 
when the relative humidity at the waste package surface is equal to or greater than 90 percent. 
671 The effect of MIC is represented by an enhancement to the abiotic general corrosion rate [381 

It has been observed that nickel-based alloys such as Alloy 22 are relatively resistant to MIC. i681 

[ 3 8  

There are no standard tests designed specifically to investigate the susceptibility of an 
engineering alloy to MIC.[691 One commonly used type of evaluation to determine the MIC factor 
is to test the alloy of interest in situ (field) using the same variables as for the intended 
application. However, testing in the laboratory with live organisms can provide more controlled 
conditions of various environmental variables, and sterile controls can be incorporated to better 
assess MIC-specific effects.r701 This approach was used in the YMP to evaluate the 
microbiological processes on general corrosion of the waste package outer barrier, with the effect 
of MIC being described as: 

cRMIC = c R ~ t  . f M I C  

where CRMIC is the general corrosion rate in the presence of microorganisms, CR,, is the general 
corrosion rate of the alloy in the absence of MIC, and f M l c  is the MIC factor. IffMlc is greater 
than 1, there is an enhancement of the corrosion rate of the alloy as a consequence of the 
presence or activity of microorganisms. The project results obtained with polarization resistance 
measurements showed that MIC can enhance corrosion rates of Alloy 22 by a factor of at most 
two. It is assumed that the MIC factor f j Ic  is uniformly distributed between 1 and 2, and that this 
distribution is totally due to uncertainty.[681 

Other environmental factors that could affect bacterial growth include temperature and 
radiation. These factors, however, are closely coupled to relative humidity; as temperature and 
radiation decrease in the repository, relative humidity is predicted to increase. At the same time, 
while there are some types of microorganisms that can survive elevated temperatures (less than 
or equal to 120°C) and high radiation doses, if there is no available water, then bacterial activity 
is completely prevented. Thus, because water availability is the primary limiting factor and this 
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factor is coupled to other less critical limiting factors, water availability (as expressed by relative 
humidity) was used as the primary gauge of microbial activity. 

Effects of Fluoride and Bromide Ions 

The effect of fluoride (F') and bromide (Br') ions on the corrosion behavior of Alloy 22 
has not been as extensively investigated as the effect of chloride (CI-) ions.[7" 729 731 Th ere is no 
significant difference in passive current densities for Alloy 22 in 1 M NaCl (pH 6) and 1 M NaF 
(PH 9) at 5OoC but the breakdown potential in NaF was found significantly lower in NaF, 
presumably due to the difference in the pH of the electrolytes. The specimens did not suffer 
either pitting or crevice corrosion in either electrolytes even after polarization to potentials 
higher than 800 m V p c ~ . [ ~ ' ]  Although F- was found not to be an inhibitor for crevice corrosion of 
Alloy 22 in 95'C NaCl,r731 no pitting or crevice corrosion was observed on Alloy 22 in 1 M NaF 
at pHs 6, 7.3 and 9 under both mill annealed and thermally aged conditions, the latter was 
performed to create conditions of full aging with TCP phases (10 h at 760°C) and long range 
ordering (LRO or 1000 h at 538°C).[721 

In cyclic potentiodynamic polarization (CPP) tests carried out in 1 M NaCl and 1 M 
NaBr solutions at 50"C, a slightly higher repassivation potential was reported for MA Alloy 22 
in the bromide solution than in the chloride solution although both solutions had a similar pH of 
approximately 6. [741 Under these tested conditions, neither pitting nor crevice corrosion was 
observed. 

Corrosion Underneath Deliquescent Brines P O ,  751 

At a given surface temperature, the existence of liquid water on the waste package 
surface depends upon the hygroscopic nature of any salt and mineral deposits on the surface. In 
the presence of such deposits, a thin liquid-phase surface brine film can be established at a higher 
temperature and lower relative humidity than otherwise possible. The chemistry-temperature- 
relative humidity stability range of this liquid phase brine film is modeled in the YMP.r211 

Environmental thermogravimetric analysis has also been used to study the corrosion of 
waste package material (Alloy 22) underneath deliquescent brines, and the evolution of acid gas 
due to the thermal decomposition of those brines.[*'] The subsequent weight loss is due to 
chemical transformations that are occurring in the aqueous solutions due to volatilization of HC1. 
The accompanying pH increase causes precipitation of calcium containing species with the loss 
of the aqueous phase. Because of its lower corrosion resistance, Alloy 825 (UNS N08825) was 
tested in parallel to provide insight into localized modes of attack that might occur under 
deliquescent brine films. While substantial attack on Alloy 825 is evident, Alloy22 has been 
shown to be resistant to localized attack under aggressive CaC12-type deliquescent brines at 
150°C and 22.5 percent relative humidity, suggesting there is no evidence of localized corrosion 
of Alloy 22 due to deliquescence.[751 

5. DEGRADATION OF DRIP SHIELD MATERIALS 

Drip shields will be installed over the waste packages prior to repository closure. Before 
failure, the drip shields divert any moisture that might seep from the drift walls around the waste 
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conditions in reducing acids, this intermetallic acts as the cathode galvanically coupled to the 
alpha titanium matrix, and would be expected to be the site of hydrogen absorption into the alloy. 
Since the solubility of hydrogen in TizNi, and to a lesser degree the @-phase (also stabilized by 
the Ni content of the alloy), will be substantially higher than in the a-phase, their presence in Ti 
Grade 12 would be expected to enhance hydrogen absorption into the titanium matrix. An 
additional feature of Ti Grade12 is the location of the @-phase as ligaments along the a-Ti grain 
boundaries.["] This geometry, coupled with the higher diffusion rate of H in @phase, reported to 
be -lo5 times higher than that in the a-phase, ['''I would facilitate the transport of hydrogen into 
the bulk alloy. 

The most common impurity in titanium alloys which could potentially exert an influence 
on hydrogen absorption is Fe. When the concentration of Fe was in excess of the -0.03 wt.% 
solubility limit, the precipitation of Ti,Fe particles occurred.['031 Ti,Fe would be expected to 
behave in a manner similar to that observed for Ti2Ni in Ti Grade 12. Studies of the influence of 
Fe on the corrosion of, and hydrogen absorption by, Ti have been undertaken with conflicting 
results. Of particular interest in the present context is the ability of Fe-containing ,B- 
phase and intermetallic particles to absorb hydrogen. It is likely that many of the inconsistencies 
for the influence of Fe on Ti corrosion can be attributed to variations in its distribution within the 
metal matrix. While the intermetallic Ti,Fe has been shown to be a hydrogen absorber, it is 
claimed that it is difficult to activate for hydrogen  tora age.["^] Hence, despite its presence at 
higher Fe contents, it could actually impede hydrogen absorption despite acting as a H+ reduction 
catalyst. According to Wu, ['07] the hydride formed on this intermetallic possesses less lattice 
distortion than that formed on a-Ti, a feature claimed to retard the difhsion of hydrogen. 
Similar speculations have been offered by Schutz et al.. [Io6] Such mechanistic features could lead 
to decreased H absorption with increasing Fe content. 

It is likely, however, that absorbed hydrogen would remain localized at the intermetallic 
site unless the predominantly a-phase alloy contains P-phase ligaments that enhance transport of 
hydrogen into the bulk of the alloy. In the absence of these transport pathways the intermetallic 
particles may become saturated in hydrogen, a condition for which the efficiency of fix-ther 
hydrogen absorption approaches to zero. 

It should be pointed out that the hydrogen absorption efficiencies of Reference [lo81 
were measured under extremely aggressive cathodic conditions that cannot exist under natural 
corrosion conditions in the Yucca Mountain repository. For instance, the applied current 
densities used by Okada ['08] are 2 500pA/cm2 compared to a value of 1.45 nA/cm2 calculated as 
the current which would flow at the general corfosion rate of 50 d y e a r  (the 50th percentile 
value of general corrosion rates measured for Ti Grade 16 in the LTCTF at LLNL.['09] Such 
small corrosion rates can only occur under good passive conditions and hence at potentials very 
much more positive than those enforced galvanostatically in Okada's experiments. Thus, it is 
extremely unlikely that, in the absence of acidified crevices, significant hydrogen absorption will 
occur at the corrosion rates and environment pH values expected for repository conditions. 

Passive Film on Titanium Alloys 

The excellent corrosion resistance of titanium and its alloys results from the formation of 
very stable, continuous, highly adherent, and protective oxide films.[' lo] The passive oxide grown 
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