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Abstract 

Corrosion resistant materials are being considered for the metallic barrier of the 
Yucca Mountain Project's high-level radioactive waste disposal containers. High nickel 
alloys and titanium alloys have good corrosion resistance properties and are considered 
good candidates for the metallic barrier. The localized corrosion phenomena, pitting and 
crevice corrosion, are considered as potentially limiting for the barrier lifetime. 

An understanding of the mechanisms of localized corrosion and of how various 
parameters affect it will be necessary for adequate performance assessment of candidate 
container materials. Examples of some of the concerns involving localized corrosion are 
discussed. The effects of various parameters, such as temperature and concentration of 
haiide species, on localized corrosion are given. In addition concerns about aging of the 
protective oxide layer in the expected service temperature range (50 to 250°C) are 
presented. Also some mechanistic considerations of localized corrosion are given. 

Introduction 

The present philosophy of these working on the waste packages for the U.S. 
Depanment of Energy's Yucca Mountain Project is that there should be at least one metallic 
barrier between the high-level nuclear waste and the surrounding environment. The 
implementation of this philosophy could be as simple as a metallic container in which the 
waste is enclosed. More complex options, such as a multiple engineered-barrier system of 
which the metallic barrier is just one portion, are also being considered. 
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Corrosion-resistant materials are being considered for the metallic barrier. 
Extensive background information has been obtained on six candidate materials [ 1 ]. These 
are copper-based materials CDA 102 (oxygen free copper), CDA 613 (7% Al bronze), and 
CDA 715 (Cu-30Ni), and austenitic materials Types 304L and 316L stainless steel, and 
Alloy 825. This list of candidate materials is being periodically updated. In the current 
candidate list revision such high-performance materials as titanium alloys and nickel-
chromium-molybdenum alloys are being considered. 

Although many properties of the materials (such as phase stability, weldability, 
fabricability) need to be considered to determine their suitability as a metallic barrier, the 
emphasis of this paper is on the corrosion properties of the Ti and the Ni-Cr-Mo alloys. 
Although the expected environment in Yucca Mountain is moist air, it is possible that some 
containers will be contacted by aqueous solutions. The general corrosion resistance of both 
these alloy groups is excellent in this medium; therefore, emphasis is further limited to the 
localized corrosion resistance of these materials. Localized corrosion can result in rapid 
catastrophic failure of materials which exhibit good general corrosion resistance. In general 
the Ti and Ni-Cr-Mo alloys have excellent resistance to the localized corrosion phenomena 
of pitting and crevice corrosion. However, localized corrosion of these materials under 
expected repository conditions needs to be considered. 

Selected examples of the effects of various parameters on the localized corrosion of 
the Ti and Ni-Cr-Mo alloys are given. The parameters discussed are temperature, 
promoters, inhibitors, and gamma radiation. Due to limited space only illustrative 
examples are given. Also some mechanistic concerns are considered. 

Materials 

The materials considered are the corrosion-resistant nickel-chromium-molybdenum 
alloys and titanium alloys (Table 1). The Ni-Cr-Mo alloys have a high-nickel content (50 -
60 wt.%), which decreases susceptibility to stress corrosion cracking; a chromium content 
in the range 14 - 23 wt.%, which gives general corrosion resistance; and a molybdenum 
content in the range 8-17 wt.%, which gives localized corrosion resistance. 

The Ti alloys considered are commercially pure and low alloy content materials. Ti 
Grade 2 (CP grade) is the most widely used titanium material. Ti Grade 7 is a Ti-Pd(0.2) 
alloy that has significantly better localized corrosion resistance. Ti GraJc 12 is a Ti-
\'i(0.8)-Mo(0.3) alloy that has similar corrosion properties to Grade 7. The titanium alloys 
are less dense than the nickel alloys, which means less material by weight may be required. 
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Environment 

For geologic disposal the most aggressive media that are expected to contact the 
metallic barrier are aqueous solutions. Because of the unknown composition of the vadose 
water that might come into contact with the metallic barrier and possible concentrating 
effects, a wide range of solution compositions are being considered. Solutions range from 
dilute to highly concentrated aqueous solutions. 

The nuclear waste will significantly perturb the surrounding environment. Gamma 
radiation levels may be as high as 1 x 105 rads/h, and the decay heat of the waste will cause 
the temperature of the surrounding environment to rise. The temperatures of the metallic 
barriers are expected to be in the range 50 to 250"C during the containment period. The 
pressure will remain at slightly less than one atmosphere, with the boiling point of water at 
96CC. Corrosion concerns are considered over this entire temperature range, and the effects 
of gamma radiation on corrosion processes need to be considered also. 

The Effect of Promoters 

Promoters are necessary to cause pitting and crevice corrosion in aqueous 
solutions. The most widely studied promoters are the halide ions, although other species 
may increase the corrosion susceptibility of the titanium and the Ni-Cr-Mo alloys. Halide 
ions are generally thought to participate in crevice corrosion by acting as electrical 
conductors, aggressive species, and solvating ions. 

Both titanium and the nickel alloys are susceptible to pitting corrosion in halide ion 
solutions during anodic polarization. For titanium, pitting potentials vary significantly 
among halide ion solutions at room temperature [3]. Bromide and iodide solutions are the 
most aggressive, followed by chloride solutions. Fluoride solutions are the least 
aggressive halide solutions. In bromide and iodide ion solutions the pitting potentials are 
the lowest (1-3 V, SCE). In chloride ion solution the pitting potential is significantly 
higher (10 V, SCE). In fluoride ion solution, pitting is not observed up to 100 V, SCE. 
(It should be mentioned, however, that acid fluoride solutions will cause enhanced general 
corrosion [6]0 

Titanium and nickel alloys are also susceptible to crevice corrosion in halide ion 
solutions. For titanium in 1M solutions of NaBr, Nal, and NaCl at 150°C for 200 to 3<X) 
hr. all specimens showed similar crevice attack [3]. For sulfate solutions under similar 
conditions only half as many specimens were attacked. Note that these were autoclave 
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experiments in which the solutions were maintained in the liquid state. In the Yucca 
Mountain environment, such solutions would not exist at 150°C. 

Effect of Inhibitors 

The inhibition of localized corrosion (pitting and crevice), as is also true for general 
corrosion, results from the resistance to attack of the protective, adherent oxide films that 
grow on the Ti and the Ni-Cr-Mo alloys. In order to enhance the resistance to film attack, 
inhibitors can be added to solutions to facilitate film formation, and to thicken and densify 
the film. However, due to their high inherent resistance to localized corrosion in the 
absence of inhibitors, there have been few reported studies on the use of inhibitors to 
reduce the susceptibility to localized corrosion of the Ti and the Ni-Cr-Mo alloys. 

Oxyanions have been studied for their inhibiting effect on the pitting susceptibility 
of titanium in aqueous halide solutions. In aqueous halide solutions, sulphate (SO4-*) 
additions above a certain concentration were able to negate the effect of the halide ions in 
solution [4J. In a later study the effects of numerous oxyanions on the pitting susceptibility 
of Ti in sodium bromide (NaBr) solutions at room temperature and 200°C were studied [5]. 
The efficiency of the inhibition was found to decrease in the order SO42" > NO3- > QO42" 
> PO43- > CO32*. Anodic polarization studies revealed ranges of non-inhibitive, weak 
inhibitive, and strong inhibitive concentrations. Critical concentrations necessary for 
pitting inhibition ranged from 0.01 to 1 N. 

Although there have been only a few studies on the use of inhibitors for reducing Ti 
alloy susceptibility to localized corrosion, there has been more work on me use of 
inhibitors to reduce the susceptibility of Ti alloys to general corrosion. These inhibitors 
include multivalent and noble metal ions, mineral oxidizing species, and organic species. 
The organic species include both oxidizing compounds and complexing compounds. The 
subject of generalized corrosion inhibitors has recently been reviewed f6]. 

Effect of Elevated Temperature on Susceptibility 

Susceptibility of materials to pitting and crevice corrosion generally increases with 
increasing temperature. The reasons for the increased rates are not well understood. An 
indication of a material's susceptibility to pitting and crevice corrosion in a particular 
solution is given by criu'cal pitting and crevice corrosion temperatures, respectively. The 



critical crevice and pitting temperatures are defined as the temperatures above which the 
phenomenon will occur within a specified time period in a specific solution. 

In an oxidizing solution of NaCl-HCl (pH 2 and 24300 ppm CI'), Alloys C-22 and 
C-276 show superior crevice corrosion and pitting resistance in comparison to other nickel 
and iron base alloys [7]. Alloy C-22 has the highest critical pitting (>150°C) and crevice 
corrosion (102°C) temperatures. Alloy C-276 has the next highest resistance, with critical 
pitting and crevice corrosion temperatures of 150 and 80°C respectively. The least resistant 
alloys are Alloy 825 and Type 316 SS, both having significantly lower pitting (25 and 
20°C) and critical crevice corrosion (both £-5°C) temperatures. Alloy 625 had intermediate 
resistance as indicated by its critical pitting (90°C) and crevice corrosion (50°C) 
temperatures. 

Another indicator of a material's possible susceptibility to pitting corrosion is its 
critical potential for pitting. The lower the critical potential for pitting, the greater is the 
susceptibility to pitting and crevice corrosion. With all other parameters considered equal, 
increasing the solution temperature decreases the critical potential for pitting for titanium 
[51. In particular, the pitting potential in chloride solutions is affected significantly by 
temperature. It decreases by approximately 9 V upon increasing the solution temperature 
from RT to 150°C. In contrast, the potential in bromide solution is only slightly affected by 
solution temperature. It decreases by less than 1 V upon increasing solution temperature 
from RT to 250°C. 

Effect of Gamma Radiation 

Studies of the effect of gamma radiation (1.5 x 105 rad/h ( 1 3 7Cs)) on the general 
corrosion of Ti Grade-12 in brine solution at 25 and 108°C indicate an enhancement of the 
protective nature of the oxide film formed [8,9]. Gamma irradiation of the brine produced 
a more protective oxide layer (the anatase form of TiOa) with fewer defects than the oxide 
layer grown under identical conditions but without gamma radiation. Oxide layers grown 
without gamma radiation are primarily the rutile form of TiCb. Oxide layers were also 
found to be thicker when grown under gamma radiation. The enhanced protective nature of 
ihe oxide formed in gamma irradiated brine was believed to be due to the interaction, of the 
brine radiolysis products (primarily H2O2) with the growing oxide film. (Similar results 
were obtained for oxide layers formed on Types 304L and 316L stainless steel in irradiated 
aqueous solutions [10].) 
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The enhanced protective nature of the oxide layer grown in gamma-irradiated brine 
was exhibited in several ways. (1) There was less hydrogen uptake by the specimens than 
by those exposed to the brine without gamma irradiation. It was suggested that this could 
be due either to the nature of the oxide or to formation of radiolysis products that may 
compete with hydrogen reduction as the cathodic reaction. (2) The open circuit potential of 
the irradiated specimens was more noble (0.1 V) than that of specimens with oxide layers 
formed without gamma irradiation. (3) A lower-current anodic polarization curve was 
observed for the radiation-affected oxide than for the oxide developed without gamma 
irradiation. In addition in 1M KBr solution the pitting potential was higher in a gamma 
irradiated solution than in a solution not subject to gamma irradiation. 

Mechanistic Considerations 

The mechanisms of pitting and crevice corrosion are not completely understood, 
and may be different for various alloys groups and for different environmental conditions 
[11,12]. In order to predict the possible occurrence and extent of these localized corrosion 
phenomena, a more thorough understanding of the processes occurring is necessary. 

Several observations which may have implications for mechanistic understanding of 
localized corrosion phenomena are as follows: 1) Recent studies have suggested that 
pitting may proceed through competition of localized breakdown and repassivation 
processes. 2) The order of aggressiveness of halide ions for pitting attack in aqueous 
solution is reversed for titanium and stainless alloys. 3) Halogen gas formation is observed 
during anodic polarization of titanium alloys [3]. 

Recent experimental studies on iron base alloys indicate that pitting corrosion may 
proceed through repeated competing steps of localized breakdown and repassivation [13-
18]. Experimental evidence was obtained from the study of anodic polarization curves in 
the passive potential range. In the passive region no observable pitting is seen because of 
the fast repassivation rate. It is suggested that above the electrochemical pitting potential, 
the repassivation rate is not sufficient to prevent macroscopic pitting from being observed. 

Evidence for the occurrence of pitting below the electrochemical pitting potential 
was obtained from noise analysis of anodic polarization curves. The noise observed is in 
the form of current fluctuations and is believed to be caused by localized breakdown and 
repassivation of the passive film. The pit growth and repassivation rates both increase with 
increasing potential. However, the frequency of the noise events does not increase with 
increasing potential in the passive region (14]. This suggests that pit growth at poten:ials 
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greater than the pitting potential might not be explained simply by an increase in the number 
of pit nuclei with an increase in the potential [14]. 

In support of the interpretation of the noise signal in the anodic polarization spectra 
as being due to pitting phenomena, it was found that the presence of an aggressive ion 
species was necessary for the occurrence of current spikes [13]. In borate buffer solutions 
Fe-Cr alloys were tested with and without the addition of 0.1 M NaCl. No detectable 
current fluctuations were observed in solutions without the chloride addition. Chlorides 
were also necessary for the occurrence of pitting. 

It was also found that higher electrochemical pitting potentials are associated with 
faster repassivation rates [14]. In comparing Type 304 SS with Fe-Cr-Si-B amorphous 
stainless alloy, a higher pitting potential was found for the amorphous alloy, which also 
had a faster pit repassivation rate. The faster repassivation rate was associated with faster 
deposition of Cr ions in solution onto the non-crystalline substrate. 

The change in the order of the aggressiveness of the halide ion for localized 
corrosion of titanium and stainless alloys suggests that at least partially different 
mechanisms are operative for the diffetcnt alluy families. The order of aggressiveness for 
titanium alloys is bromide and iodide most aggressive, chloride next most aggressive, and 
fluoride least aggressive [3]. For stainless alloys the order of aggressiveness is reversed 
and decreases with increasing size of the halide ion. Another indication of differing 
mechanisms for localized corrosion of titanium and stainless alloys is the observation of 
halogen gas evolution during localized corrosion of titanium. This oxidation of the halide 
ions indicates that they are consumed by the localized corrosion reaction or possibiy a side 
reaction. 

Oxide Layer Concerns 

The excellent corrosion resistance of the Ti and Ni-Cr-Mo alloys results from the 
formation of protective oxide layers that are stable, adherent, and continuous. For the N'i-
Cr-Mo alloys the oxide layers are primarily Cr203, and for the Ti alloys the oxide layers are 
primarily TiCh. Differences in corrosion resistances within an alloy family indicate, 
however, that there are structural and/or compositional differences in oxide layers within 
alloy families. For instance increasing the Mo concentration of Ni-Cr-Mo alloys increases 
their localized corrosion resistance. The reason for this enhanced performance due to Mo 
concentration is not completely understood. 
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Titanium metal is extremely reactive towards oxygen, with a free energy of 
formation of the oxide of -203.8 kcal/mol [19]. The oxide films will form spontaneously 
and instantaneously when titanium metal surfaces are exposed to air and/or moisture [20]. 
In addition, a damaged oxide layer can readily reheal itself if at least traces (that is, pans per 
million) of oxygen or water (moisture) are present in the environment [20]. 

Environmental conditions influence the nature, composition, and thickness of the 
surface oxide layers that form on titanium alloys [20]. In high temperature oxidation the 
oxide layer tends to be the crystalline form of TKD2 known as rutile. In low temperature 
oxidation the oxide layer tends to the anatase form of Ti02, or a mixture of anatase and 
rutile. In addition, titanium in gamma irradiated aqueous solutions forms anatase, while 
without gamma radiation rutile is the predominant form. Studies have indicated that the 
anatase form is more protective than the rutile [8,9], 

The rutile form of TiOa is thermodynamically more stable than the anatase 
form [21 ]. Therefore the anatase form should transform to the rutile form; however, the 
rate of transformation is dependent on the oxide properties. The rate of transformation is 
controlled by the nature and amount of impurities which determine the defect structure of 
the T1O2 [21]. The impurities of primary concern are the oxygen vacancies or interstitials. 
Oxygen vacancies are thought to accelerate and the interstitials are thought to inhibit the 
transformation. 

The rate of transformation of the anatase form to the rutile form of TiC>2 is 
accelerated in hydrogen-reducing atmospheres, with the rate increasing with increasinj 
hydrogen concentrations [21]. It was suggested that the acceleration of the transformation 
could be due to the formation of a second phase as well as to the formation of oxygen 
vacancies. A second phase was observed; however, it was stated that this does not 
preclude coexistence of oxygen vacancies, or the possibility that the second phase 
formation could be due to the foimation of the oxygen vacancies. 

During high temperature aging in water-saturated bentonite, it has been reported that 
an initially formed amorphous oxide transformed to a crystalline oxide [22], Analysis of 
the oxide film formed on Ti and Ti Grade-7 indicated that an amorphous oxide formed 
initially at 95°C. Analysis of the oxide layer after three to six years of aging at 95°C 
indicated that the oxide layer had transformed from the amorphous phase to a crystalline 
form. The crystalline form was found to be less corrosion resistant. It was suggested that 
this was due to the short diffusion path for the ions in grain boundaries, which were 
formed during crystalli7?tion. It should be mentioned, however, that montmorillonite - the 
main constituent in bentonite - is absorbed in the Ti02 formed on these samples. It might 
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be expected that the absorbed constituents would influence the crystaH'.nity of the oxide 
layer. 

Progress in 'he mechanistic understanding of oxide layer g.owth and destruction is 
being made by considering the oxide layer as a semiconducting material, with significantly 
different electronic and structural properties from the underlying metallic material's 
properties [23, 24]. The growth of oxide layers requires ionic and electronic transport 
current through the layer [25]. Mechanisms of localized corrosion phenomena also require 
electronic transport current through the oxide layer. Electronic transport is influenced by 
the type of semiconducting oxide formed. Most often oxide layers formed as a result of 
corrosion are either n-type or p-type semiconductors, which is an indication of whether 
electronic current is carried by electrons or holes. Titanium oxide layers are n-type 
semiconductors. The type of semiconductor form can be influenced by the incorporation cf 
minority species into the oxide layer. That is, minority alloy species may significantly 
affect the oxide layer properties. 

The effect of small alloy additions on the corrosion susceptibility of some metal 
systems has been documented. Small additions of iron have been shown to enhance the 
corrosion resistance of high copper Cu-Ni alloys [26, 27], Indeed, there are commercially 
available alloys with iron additions, such as Cu-Ni(10)-Fe(1.5), and Cu-Ni(30)-Fe(0.5). 
It is known that the iron must be finely dispersed in order to be effective in enhancing the 
corrosion resistance of the alloy. However if small micro-precipitates of iron are present 
the corrosion increases. The iron is not only incorporated into the protective oxide film; it 
also has the effect of causing more nickel to be incorporated into the oxide. For ?.!l-jys with 
nickel content > 15%, iron also has the effect of increasing the free corrosion potential. A 
complete understanding of the mechanism responsible for the iron and nickel incorporation 
into the oxide film does not exist. 

The role of the minority alloying-element nickel in enhancing the crevice corrosion 
resistance of Ti Grade-12 is the subject of some debate. It is acknowledged that nickel is 
involved in passivation of the alloy, and that the nickel is somehow present in the passive 
film. Two mechanisms have been proposed. In dilute Ti-Ni, nickel is present as Ti2Ni. 
One mechanism that has been suggested is that the cathodic hydrogen evolution reaction 
proceeds on Ti2Ni panicles at the surface [28], The other mechanism suggested that nickel 
dissolves from the Ti2Ni particles and is subsequently electrodeposited as metallic nickel on 
the u'tanium surface [29]. It has been suggested that Ni° is stabilized in the passive film due 
to a strongly bonded surface complex involving coordination of the Ni° by surrounding 
titanium oxide species. X-ray photoelectron spectroscopy of surfaces of dilute Ti-Ni 
alloys, after corrosion in acid sulphate solutions, indicated that the oxide film was enriched 
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in nickel, which was in the zero oxidatior state [30]. It has also been suggested that the 
passivation of Ti Grade-12 during crevice corrosion is not simply due to enhancement of 
the hydrogen reduction reaction, but rather that nucleation and growth of a protective 
surface layer that incorporates nic'ce' as Ni° are also involved [31]. 

Summary 

Some aspects of the localized corrosion of titanium alloys and nickel-chrome-
molybdenum alloys have been presented. Areas of possible concern known from previous 
experience have been documented. However it should be mentioned that actual Yucri 
Mountain service conditions have not been studied previously. For example most previous 
high temperature studies were performed under pressure, but the expected conditions at the 
repository arc for a pressure of less than one atmosphere. Concerns about the phase 
stability of the oxide layer at elevated temperatures were also discussed. Some mechanistic 
considerations of localized corrosion phenomena were also discussed. 
•This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. 
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C 
(mas) 

Ni Cr MH Fc C u 1' 
(max I 

Si 
(maxl 

S 
(max) 

Mn 
(max) 

W oilier 

625 
(N06625) 

0.10 bal 
(62) 

20.0-
23.0 

8.0-
10.0 

5.0 
(max) 

0.015 0.5 0.015 0.50 - Cb + Ta: 3.15-4.15 
Al: 0.40 (max) 
Ti: 0.40 (max) 

C-276 
(N10276) 

0.02 bal 
(57) 

14.5-
16.5 

15.0-
17.0 

4.0-
7.0 

0.030 0.08 0.03 1.0 3.0-
4.5 

Co: 2.5 (max) 
V: 0.35 (max) 

C-4 
(N06455) 

0.015 bal 
(53) 

14.0-
18.0 

14.0-
17.0 

3.0 
(max) 

0.04 0.08 0.03 1.0 Co: 2.0 (max) 
Ti: 0.70 (max) 

C-22 
(N06022) 

0.015 bal 
(56) 

20.0-
22.5 

12.5-
14.5 

2.0-
6.0 

0.02 0.08 0.02 0.50 2 .5 -
3.5 

Co: 2.5 (max) 
V: 0.35 (max) 

C Fc H Mo N Ni 0 Pd Ti 

Unalloyed Ti 
ASTM Grade 2 
(R50400) 

0.10 
(max) 

0.30 
(max) 

0.015 
(max) 

- 0.03 
(max) 

- 0.25 
(max) 

- bal 

Ti-Ni(0.8)-Mo(0.3) 
ASTM Grade 12 
(R53400) 

0.08 
(max) 

0.30 
(max) 

0.015 
(max) 

0.2-
0.4 

0.03 
(max) 

0.6-
0.9 

0.25 
(max) 

-- bal 

Ti-Pd(0.2) 
ASTM Grade 7 
(R52400) 

0.10 
(max) 

0.30 
(max) 

0.015 
(max) 

0.03 
(max) 

0.25 
(max) 

0.12-
0.25 

bal 


