
I 

Koster [94] conducted SCC tests in aggressive chloride brines (some containing 

Mg and Ca) at 90, 170, and 200°C in the presence and absence of a gamma 

radiation field (lo5 rad/hr). They concluded that Ti Grade 7 was resistant to both 

localized corrosion and SCC in those environments. 

In test media relevant to the repository environments, SCC tests were conducted 

using U-bend (constant deflection) specimens of Ti Grades 7 and 12 [95]. The 

specimens were exposed for up to 4 years in SCW, SAW, and SDW solutions 

(Table 3). No SCC failure was observed in these tests [95]. However, in constant 

load tests where the specimens are loaded significantly above the yield strength, 

the SCC crack growth initiated in under 1-year of exposure [95]. 

Andresen, et al. [96] used compact tensile specimens in the as-received and 20% 

cold worked state. The specimens were loaded to 30 MPa& in the BSW-12 

solution (Table 3) at 110°C and subjected to very low cyclic loading (-0.001 Hz). 

Crack length versus time was monitored in-situ using a reversing DC potential 

drop technique. A typical result is shown in Figure 15. The loading 

characteristics were modified at several times through the addition of long hold 

times at the maximum stress intensity factor (ISmax) culminating with a very long 

hold time (-2000 hours) about 4100 hours into the test. The crack growth rate 

during this time was about 1.3x10-' m m / s  (-0.4 mm/yr). 
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(4 (b) 
FIGURE 16. (a) Variation of the Critical Stress Intensity Factor with Hydrogen Content for Ti Grade 

2: o - Slow Crack Growth (KJ; 0 - Fast Fracture (KH) [98]; (b) Schematic showing 
combinations of stress intensity factor and hydrogen concentration leading to fast 
fracture (KH) or slow crack growth (Ks), or to no failure [ I O I ] .  

Figure 16b [loll,  illustrates how such experiments can be used to identify the 

critical hydrogen content (Hc). Based on such measurements, values of Hc of 500 

to 800 pg/g (Ti Grade 2) and 400 to 600 pg/g (Ti Grade 12) have been determined 

[98,102]. 

Ikeda and Quinn reported that the Hc value for Ti Grade 16 is between 1000 and 

2000 pg/g [39,40]. . Since both Ti Grade 7 and Ti Grade 16 are virtually identical 

except for palladium content (Table 1) and are a-alloys containing minimal 

amounts of &phase, it is reasonable to expect that both alloys will exhibit very 

similar responses to applied stresses in acidic environments. Thus, the controlling 

factor in determining the Hc will be the solubility of the hydrogen in the alloy 

which increases with the Pd-content. This clearly suggests that the HIC behavior 

of Ti Grade 7 should be at least as good as that of Ti Grade 16 (Le. - 1000 pg/g). 

Ikeda et al. studied the HIC behavior of Ti Grade 16 in comparison with Ti 

Grades 2 and 12 [103, 1041 and concluded that the much higher Hc for Ti Grade 

16 is due to prevention of hydride formation by the higher solubility of hydrogen 

in Pd intermetallic particles. The authors stated that intermetallic particles do not 

act as hydrogen absorption windows but may promote proton discharge favoring 

hydrogen gas production. 
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An experimentally obtained critical hydrogen concentration for Ti Grade 24 is not 

available at this time. However, an approximate Hc value of this alloy can be 

inferred from the corrosion behavior of Ti Grade 5. Testing of Ti Grade 5 and its 

Pd-modified version, Ti Grade 24, showed that the addition of Pd improves the 

alloy’s corrosion resistance in a manner similar to that observed when Pd is added 

to the Ti Grade 2 alloy to produce Ti Grade 16 [20, 27, 1051. For Ti Grade 5, 

Hardie and Ouyang showed that the fracture toughness was not significantly 

altered until the hydrogen level in the alloy exceeded 200 pg/g [106]. For smooth 

tensile specimens, the authors showed that the reduction in area and elongation of 

Ti Grade 5 did not decrease until the hydrogen concentration reached about 1,500 

pg/g [ 1061. Addition of Pd to Ti Grade 5 (to produce Ti Grade 24) should lead to 

a higher value of Hc as it did for additions of Pd to Ti Grade 2 (to produce Ti 

Grades 7 and 16). However, considering the higher strength of Ti Grade 24 

compared to Ti Grades 7 and 16, the effect of Pd on Hc should not be as great. It 

can be estimated conservatively, based on the above analysis, that the Hc of Ti 

Grade 24 should be at least in the range of 400 - 600 pdg, if not higher. This 

estimated value of Hc is realistic and conservative. For instance, Kitayama et al. 

[lo51 evaluated the effect of Pd additions to Ti-6A1-4V (Ti Grade 5) and 

Ti-3A1-2.5V (Ti Grade 9) on their HIC behavior. By cathodically charging 

hydrogen to Pd-containing Ti-6A1-4V (an equivalent to Ti Grade 24) to 

approximately 1,000 and 1,100 ppm, the 0.2 percent proof stress was found to be 
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175 and 145 ksi, respectively [ 1051, suggesting that no degradation in mechanical 

properties occurred due to this hydrogen content. 

It has also been shown experimentally that Hc increases markedly with 

temperature [98]. For Ti Grade 2 although the maximum critical stress intensity 

factor decreases from -50 MPdrn’” at 25°C to -40 MPalm’” at 95OC, at 95°C 

only slow crack growth was observed up to hydrogen concentrations of -2000 

pg/g, indicating an enhanced resistance to fast brittle fracture as the temperature is 

increased. A similar increase in resistance to brittle fracture was observed for Ti 

Grade 12 at 95’C, the maximum stress intensity factor decreasing from 

- 60MPa/m’/2 at 25°C to - 45 MPalm’”, while Hc increased to - lOOOpg/g [98]. 

Therefore, it can be assumed that failure is less likely at elevated temperature in 

part due to higher hydrogen solubility. 

Modeling of Drip Shield HIC 

A simple model has been developed to estimate the hydrogen content in titanium 

alloys due to passive corrosion [ 103, 1041 and has been used in several studies on 

HIC [107, 1081. In the model, the concentration of hydrogen in the metal, HA, 

can be calculated as a function of time and corrosion rate from the expression: 

HA = 4x106fhRuct[MTi(do - RUct)]-’ 
where 

HA = hydrogen content (pg/g) 
fh = fractional efficiency for hydrogen absorption = 0.015 
R,, = rate of general passive corrosion (mdyear) = 6 . 7 5 ~  1 Oe5 &year 
t = time in years 
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M T ~  = atomic mass of Ti = 47.9 
do = specimen thickness 

Using the maximum general corrosion rate from samples exposed for 5 years in 

the LTCTF [74], the hydrogen content in a 7.5 mm thick (half of the drip shield 

thickness) after 10,000 years can be estimated as: 

HA = 124 pg/g << Hc = 1,000 pLg/g 

The fractional hydrogen absorption efficiency (fh) used in the calculation (0.01 5) 

is similar to that obtained experimentally for Ti Grade 2 under an applied current 

density of 0.5 mA/cm2 at 25°C in sodium sulfate solutions (pH = 4) [45]. The 

electrode potential 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 [45]. This kind of low potential is extremely cathodic and well beyond 

that achievable by galvanic coupling to less noble metals (e.g., carbon steel). 

Furthermore, the model does not account for decreases in hydrogen absorption 

efficiency as the hydrogen content in the metal increases, or removal of hydrogen 

by removal of material by general corrosion. Therefore, the above calculated 124 

pg/g in 10,000 years represents the worst case scenario where the titanium alloy is 

galvanically coupled to a less noble metal (unlikely to occur) and no hydrogen 

removal processes are considered. On this basis, hydrogen embrittlement of the 

titanium drip shield is unlikely during the regulatory period. 
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RADIATION-ASSISTED DEGRADATION 

Studies on Ti Grades 2 and 7 in simulated gamma radiation environments showed 

no evidence of photo-induced corrosion [ 109, 1 10, 11 13. Photocorrosion leads to 

oxide thinning for pH I 3 but for pH > 3, to the accumulation of an outer layer of 

hydrated Ti02 [ 11 0, 11 11. According to the point defect model [ 1 121, thinning of 

the oxide would lead to an increase in passive corrosion rate. 

Photo-induced film growth leads to a decrease in defectiveness of the oxide [ 1 13, 

1141 and photoinhibition of localized corrosion on materials such as Ni, Fe, Cu, 

Cu-Ni alloys and stainless steels [112]. Similar improvements in passive film 

properties were observed on Ti Grade 12 exposed to gamma radiation in a 

concentrated brine similar in composition to those anticipated in Yucca Mountain 

[64, 651. 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 radiolysis. Therefore, the influence of gamma radiation on 

corrosion processes can be assessed by radiolytic effects only. Glass et a1 [ 115, 

1161, ‘on stainless steels, and Kim and Oriani [64, 651, on Ti Grade 12, have 

shown that radiolysis can be simulated by adding H202. The observed influences 

of H202 on the corrosion behavior of titanium are to increase corrosion potential 

[117] and, if at a sufficient concentration, corrosion rates [64, 651, the latter by 

reduction in the inner barrier layer thickness accompanied by the accumulation of 

the increased corrosion product in a thicker outer hydrated layer [ 11 81; i.e., an 
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effect similar to that observed by UV-irradiation of the passive film [ 1 10, 1 111 

consistent with the point defect model, [ 1 121. 

In general, no significant influence of gamma radiation was observed on a range 

of Ti alloys (including Ti Grades 2, 7, and 12) in a wide range of environments 

for temperatures up to 250°C [go]. Consistent with observations made in H202 

solutions, some film thickening was observed at higher dose rates (lo5 Radhour) 

and groundwater species, such as Mg2+, were incorporated into the outer regions 

of the passive film. This last observation is consistent with the expectations of the 

point defect model [ 1121. 

OTHER CONSIDERATIONS 

Effects of Bromide on Corrosion of Titanium 

A comparison of the pitting potentials measured in C1- solutions to those 

measured in 1.0 mol/L Br- shows that at high temperatures (1 120"C), pitting 

potentials in the two electrolytes are not radically different [89]. However, the 

radical improvement in pitting potentia1 observed for C1- solutions at lower 

temperatures are not observed in Br- solutions, pitting potentials in the range of 1 

to 2 V e c ~ )  being observed in the temperature range 25°C to 120°C [89]. 

A number of authors have attempted to explain why pit initiation occurs in Br-, 

but not Cl-, solutions [60, 61,119, 120, 121, 1221. Perhaps surface sites enriched 

in Br- eventually develop into pits [121] or redox sites form at which pit initiation 
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occurs [119, 1221. Breakdown sites are thought to be associated with impurity 

inclusions [123, 124, 1251 or with areas where the oxide is thnner and more non- 

stoichiometric [ 1191. It can be safely concluded that impurities do not render Ti 

susceptible to localized corrosion at the corrosion potentials (-0.3 to +0.1 V ~ C E , )  

anticipated in the Yucca Mountain repository, particularly in view of the fact that 

the effect of Br- becomes less significant in the presence of other anions, 

especially Cl- and SO?- [ 1 191. 

Microbially Influenced Corrosion 

Microbially influenced corrosion (MIC) is the change in the corrosion rate of an 

industrial alloy by the presence and activity of microorganisms either due to the 

direct impact of microorganisms on the anodic or cathodic kinetics of the alloy, or 

indirectly by chemical effects on the surrounding solution [ 1261. Corrosion 

handbooks and literature reviews generally state that titanium alloys are immune 

to MIC [72, 127, 1281 due to the stability of the Ti02 passive film. While 

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 [ 271. 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 [72]. 
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Steep gradients in 0 2  and pH can exist within biofilms, whch are typically 

aerobic and near neutral but acidic and low in 0 2  close to the metal surface [32]. 

Hydrogen peroxide has been detected in biofilms at millimolar levels [32]. 

Hydrogen peroxide maintains a low pH (< 3) near the metal by oxidizing metal 

cations which then undergo hydrolysis. These chemical changes can lead to 

enoblement (a shift of the corrosion potential to more positive values) of titanium 

by up to 500 mV [32]. It is clear from Figure 14 that AE far exceeds 500 mV at 

low pH values @e., localized corrosion will not initiate). Enoblement can also be 

beneficial by thickening of the passive film and decreasing the number density of 

defects [32]. According to Shoesmith et al. [ loll ,  the initiation of crevice 

corrosion under biofilms has never been observed for titanium. This can be 

attributed to the requirement for a temperature > 70°C for crevice initiation, at 

which temperature microbial activity is severely suppressed [ 1291. Lastly, 

microbial growth in the proposed repository will likely be limited by the 

availability of nutrients [ 1301. 

Galvanic Coupling to Other Metals 

The coupling of Ti to active metals could cause hydrogen absorption and eventual 

embrittlement when the temperature is > 80°C [52]. The coupling of Ti to less 

active materials [ 13 1 , 1321 can also lead to the enhanced corrosion of the coupled 

material. It is unlikely that galvanic corrosion potentials can be sufficiently 

cathodic to induce significant hydrogen absorption by Ti alloys. 
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According to Schutz [133], Ti should generally be the cathode in galvanic 

couples, but Reclaru and Meyer [134] have shown Ti to be the anode when in 

contact with a series of dental alloys, although the galvanic currents were 

extremely low. Wang et al. [44] reported that Ti Grade 2 could form either the 

anode or cathode when coupled to various materials in hot (5OOC to 90°C) 6% 

NaC1. Brass and Alloy 600 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 surface hydriding or not, or whether similarly polarized 

couples would be obtained for alternative geometries and coupled surface areas. 

, 

From this discussion, 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 is remote. 

Effects of CaClz and MnClz 

The general corrosion rates of Ti Grade 7 in Ca2', Fe3+ and Mg2+ containing 

environments at elevated temperatures are generally reported as negligible [52]. 

Considerable evidence exists to show Ca2' and/or Mg2+ cations are incorporated 

into the outer layer of the oxide film. These studies range from those primarily 

interested in the performance of Ti as a body-implant material [117, 135, 136, 
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1371 to those in which Ti was tested for its durability under nuclear waste disposal 

conditions [94, 138, 1391. The incorporation of Ca2'/Mg2' into the outer layers of 

the passive film is a consequence of the corrosion process not a stimulant for it. 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 Ca2' 

in 155,000 mg/L of C1' gave values of < l pdyr  at 232OC [ 1401. No evidence for 

pitting or crevice corrosion of Ti Grade 7 was seen [93]. Schutz and Grauman 

[141] reported no crevice corrosion on Ti Grade 7 in up to 44% MgC12 at 26OoC, 

and for 50% MgC12 up to nearly 200°C. Similar observations were reported by 

Satoh et al. [24] who found no sign of crevice corrosion on Ti Grade 7 in boiling 

42% MgC12. 

CONCLUDING REMARKS 

The metallurgy of titanium alloys was reviewed with particular emphasis on Ti 

Grades 7 and 24 (the materials used in fabrication of the drip shields). It was 

concluded that aging and phase instability will have an insignificant effect on drip 

shield performance in the repository. The effect of alloying elements, particularly 

the platinum group metals such as Pd, on degradation of Ti alloys was reviewed. 

There is strong evidence that Pd accumulates on the surface of Ti-Pd alloys 

during corrosion in acidic solutions. Pd can act as a catalyst for proton reduction 

leading to the possibility of enhancement of hydrogen absorption. The effects of 

Ni and Fe additions on hydrogen absorption were also reviewed. 
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The properties of the passive film formed on Ti alloys were reviewed. Anodic 

polarization leads to oxide thickening and a decrease in the number density of 

defects. In the temperature range of 50°C to 70"C, a breakdowdrecrystallization 

process to yield anatasehtile occurs accompanied by the absorption of water, 

which generally leads to an improvement in passivity. Defective surface oxide 

films can enhance hydrogen absorption and corrosion in fluoride-containing 

solutions. 

General corrosion, localized corrosion (crevice corrosion and pitting), stress 

corrosion cracking (SCC), and hydrogen induced cracking (HIC) were reviewed 

for the relevant titanium alloys (Ti Grades 7, 12, and 16) under repository 

exposure conditions. General corrosion rates calculated from weight-loss data of 

Ti Grade 16 exposed for up to 5 years in repository relevant environments were 

found to be very low. It was found that the crevice corrosion resistance of Ti 

alloys improves according to the sequence Ti Grade 2 << Ti Grade 12 < Ti Grade 

16, and the crevice propagation rate and extent decreased by orders of magnitude 

through this series. Pitting potentials at room temperature for Ti alloys are in 

excess of 7 V, and even for temperatures greater than 150°C are in the region of 

2 V. Both pitting and crevice corrosion can be considered extremely remote 

possibilities under Yucca Mountain conditions. 

Most titanium alloys, including Grades 2, 7, and 12, exhibit high resistance to 

SCC in a variety of exposure environments regardless of applied stress, 
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metallurgical condition, or exposure temperature. However, Ti Grade 7 has been 

observed to undergo SCC in tests in concentrated repository relevant solutions. It 

is hypothesized that difficulties associated with initiating SCC in Ti alloys (e.g., 

pre-cracking must be initiated in the testing solution) and the ease with which 

they repassivate may account for SCC being rarely observed. 

Titanium and its alloys may be susceptible to HIC when the exposure temperature 

exceeds 80°C and the pH is below 3 or above 12. However, HIC will not occur 

until the hydrogen concentration in the metal reaches a threshold value (Hc). At 

room temperature, Hc values of 500 to 800 pg/g (Ti Grade 2), 400 to 600 pg/g (Ti 

Grade 12), and 1000 to 2000 pg/g (Ti Grade 16) have been determined. It was 

shown that Hc rises markedly with temperature. The increase in Hc of Ti Grade 

16 over Ti Grades 2 and 12 is most likely due to the addition of palladium. 

Gamma radiation could influence the corrosion of passive materials such as Ti 

Grade 7 by photocorrosion and/or water radiolysis. Studies on Ti Grade 2 and 

Grade 7 in simulated gamma radiation environments showed no evidence of 

photocorrosion. No significant influence of water radiolysis due to gamma 

radiation has been observed on a range of Ti alloys (including Ti Grades 2, 7, and 

12) studied in a wide range of environments (including aggressive Mg-containing 

brines) for temperatures up to 250°C. In fact, gamma radiation was shown to 

reduce the number of defects in the oxide and to inhibit hydrogen absorption. 
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The effects of fluoride, bromide, and divalent chloride salts were summarized. 

The presence of dissolved fluoride in brine solutions can significantly increase the 

general corrosion rate of titanium alloys with defective oxide films. However, if 

the passive film has a sufficiently low defect density, fluoride ions have little 

effect. While bromide ions do have a significant effect on the repassivation 

potentials of Ti alloys at high temperatures, their presence will not render Ti 

Grade 7 susceptible to localized corrosion under repository exposure conditions. 

The influence of Br- is further suppressed when other ions such as C1- and SO:' 

are present. The effects of divalent chloride salts on the general corrosion 

characteristics of Ti alloys was found to be insignificant. 

Finally microbially influenced corrosion (MIC) of Ti alloys was reviewed. It was 

concluded that although biofouling has been observed on Ti alloys, the biofilm 

does not compromise the integrity of the passive film and or its resistance to 

localized breakdown. The formation of hydrogen peroxide from biogenic activity 

would lead to several beneficial effects including thickening of the passive film 

and a decrease in the number density of defects. 
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ABSTRACT 

Titanium alloy degradation modes are reviewed in relation to their performance in 

repository environments. General corrosion, localized corrosion, stress corrosion 

cracking, hydrogen induced cracking, microbially influenced corrosion, and 

radiation-assisted corrosion of Ti alloys are considered. With respect to the Ti 

Grade 7 drip shields selected for emplacement in the repository at Yucca 

Mountain, general corrosion, hydrogen induced cracking, and radiation-assisted 

corrosion will not lead to failure within the 10,000 year regulatory period; stress 

corrosion cracking (in the absence of disruptive events) is of no consequence to 

barrier performance; and localized corrosion and microbially influenced corrosion 



are not expected to occur. To facilitate the discussion, Ti Grades 2, 5, 7, 9, 11 , 

12, 16, 17, 18, and 24 are included in this review. 

Keywords: Titanium alloys, Repository environments, Palladium, Passive film, 

Hydrogen induced cracking, General corrosion, Localized corrosion, Stress 

corrosion cracking. 

INTRODUCTION 

The Nuclear Waste Policy Act of 1982 as amended in 1987 designated Yucca 

Mountain as the site to be characterized for high-level nuclear waste (HLW) 

disposal [l]. Long-term containment of the waste and subsequent slow release of 

radionuclides from the Engineered Barrier System (EBS) into the geosphere will 

rely on a system of natural and engineered barriers including a robust waste 

containment design. During the Site Recommendation (SR) phase of the Project, a 

container design using a highly corrosion resistant Ni-based Alloy 22 cylindrical 

barrier surrounding a 316 stainless steel inner structural container was adopted 

[2]. The waste package is covered by a self-supported mailbox-shaped drip shield 

(DS) composed predominantly of Ti Grade 7 with Ti Grade 24 structural support 

members [2]. The Ti drip shield protects the waste package against rock fall and 

limits the contact of the waste form to dripping water. The minimum target for 

isolation of HLW without exceeding a regulatory specified individual dose rate at 

the site boundary is 10,000 years [3]. Numerous studies have been performed to 
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evaluate the susceptibility to stress corrosion cracking, general, localized, 

galvanic and microbially influenced corrosion for Alloy 22 [4, 5, 6, 7, 8, 9, 10, 

111 and Ti Grade 7 [5,6, 12, 13, 141. 

The purpose of this work is to review the corrosion performance of Ti Grade 7 

and other relevant titanium alloys under repository conditions. A brief review of 

the background of titanium alloys, hydrogen absorption and the properties of 

passive film on titanium alloys will be given as the basis of the discussion. Next, 

the key corrosion processes that could occur will be addressed individually. 

Finally, the expected corrosion performance of these alloys under the specific 

environmental conditions anticipated at Yucca Mountain will be considered. 

METALLURGICAL ASPECTS OF TITANIUM ALLOYS 

Pure titanium is an allotropic element, existing in more than one crystallographic 

form [15]. Above 883°C it has the body-centered cubic (bcc) crystal structure, 

known as the beta (0) phase. Below 883"C, it transforms to the hexagonal close- 

packed (hcp) alpha (a) phase. The chemical compositions and mechanical 

properties, per ASTM B 265-02 [16], of the several titanium alloys are shown in 

Table 1 and Table 2. Ti Grades 2, 7, 12, and 16 are a-alloys while Ti Grades 5 

and 24 are a-U-p alloys. Ti Grade 7 contains a slightly higher wt % of palladium 

(0.12 - 0.25 wt%) than Ti Grade 16 (0.04 - 0.08 wt%). The ASTM B 265-02 

specified mechanical properties are identical for Ti Grades 2, 7, and 16; and Ti 



Grades 5 and 24; and Ti Grades 9 and 18. The relationships of interest between 

titanium alloys are schematically shown in Figure 1. 

i 0.04 - 0.08 Pd 1 1 0.04-0.08Pd / 
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FIGURE 1. Schematic of the relationship between the relevant titanium alloys. Alloys 
grouped by the dotted lines have the same mechanical properties 
regardless of chemical composition. 

Table 1. ASTM Specifications for chemical composition requirements (wt %) for relevant 
titanium alloys in this review (ASTM 2002) 

* UNS R56320 requires lower N, C, 0 and H. 
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Table 2. ASTM Specifications for mechanical properties of relevant titanium alloys in this 
review (ASTM 2002) 

The solubility of hydrogen in a-titanium at room temperature is very low (on the 

order of 20 to 150 ppm) [17]. Once the hydrogen solubility is exceeded, brittle 

titanium hydride precipitates can form leading to hydrogen embrittlement. At high 

stress intensities, hydrogen-assisted localized plasticity at the crack tip (i.e., 

hydrogen enhanced dislocation flow) can occur [ 181. The effects of hydrogen on 

mechanical properties will be referred to generically as hydrogen induced 

cracking (HIC). Hydrogen solubility in the @-phase is greater than in the a!-phase 

(> 9000 ppm) [17] resulting in strong effects of microstructure on HIC in near-a! 

(containing small amounts of 0) and a!-@ alloys. Alloys with continuous @-phases 

provide fast diffusion paths for hydrogen and are more susceptible to HIC than 

alloys with continuous a-phase [ 191. 

EFFECTS OF ALLOYING ELEMENTS 

One purpose of adding alloying elements to titanium is to enhance corrosion 

resistance in reducing acids. This is particularly true for alloying with platinum 
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group metals (PGMs) [20, 211. PGMs are characterized by very low hydrogen 

overpotential and accelerated hydrogen ion reduction kinetics in acid solutions 

[22]. This results in a reduced cathodic Tafel slope and depolarization of the 

cathodic hydrogen reduction process. 

Enrichment of Alloying Elements on Titanium Surface 

For Ti Grade 12 (alloyed with Ni and Mo), Ti Grades 7 and 16 (alloyed with Pd), 

and Ti-Ru alloys, it has been proposed that corrosion in acidic environments leads 

to the release and redeposition of alloying elements to produce sites that act as 

proton reduction catalysts [23, 24, 25, 26, 27, 28, 291. Depolarization of proton 

reduction at these sites shifts the alloy potential to more positive values thereby 

promoting passivity. For Ti Grade 12, another explanation has been proposed, 

TizNi intermetallics act as catalytic cathodes galvanically-coupled to the 

surrounding Ti a-grains [30, 311. This is supported by evidence of Ni2+ in 

solution during passive corrosion. For Pd-containing alloys, either metal 

dissolution or oxide growth could lead to Pd enrichment on the surface, and to 

ennoblement (Figure 3) [32]. Evidence for accumulation of Pd on the surface 

during corrosion in acid solutions is indisputable [33]. Whether this is due to the 

redeposition of dissolved Pd2+ or the accumulation of Pd after preferential 

dissolution of Ti [33, 341 is unclear. 
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behavior observed on noble metals such as Pd [36]. Schutz and Xiao [27] made 

similar observations on Ti Grade 2 compared to Ti Grades 7 and 16. The Tafel 

slope for Ti Grade 16 (100 mV-’) was larger than that obtained for Ti Grade 7 

(80 mV-’) indicating that the ability to catalyze proton reduction decreases as the 

Pd content of the alloy decreases. These results are consistent with those of 

Fukuzuka et al. [42], who showed enhanced proton reduction was possible at 

lower potentials on Pd-containing alloys than on Ti Grade 2. This indicates that 

redox transformations in the oxide are not a prerequisite for proton reduction. A 

possible explanation is proton reduction can occur on intermetallic precipitates 

rich in noble metal content which can function as “hydrogen windows” in the 

oxide [32]. This process depends on the catalytic properties of the cathodic sites, 

however, the alloying elements added, Ni, Pd, Ru, are known to facilitate proton 

reduction [36] and have significant solubilities for hydrogen. 

Effects of Palladium and Other Alloying Additions on Hydrogen Absorption 

If a coherent layer of Ti02 exist over intermetallic precipitates, the precipitates 

may act as “hydrogen windows” in the oxide [32]. Under these circumstances, 

transformation of the redox properties of the passive oxide (on cathodic 

polarization) may not be a necessary prerequisite for hydrogen absorption, which 

could, therefore, occur at potentials more positive than -0.6V. For the Pd- 

containing alloys, the amount of &phase is negligible and intermetallic particles, 
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when present, appear inert to corrosion [37, 381. Under acidic conditions, the rate 

and efficiency of hydrogen absorption increases with increasing Pd content, 

though, in the absence of any apparent separation of the Pd into discrete 

intermetallics, the mechanism of absorption remains unclear. Presumably, the 

discharge step and the subsequent H absorption step occur at the atomic level. 

Since absorption can occur for E > -0.6 V, redox transformations within the oxide 

do not appear to be a prerequisite. 

For Ti Grade 16, Ikeda and Quinn [39, 401 found that H absorption is not 

observed for applied potentials as low as -1.0 V, despite the presence of a large 

number of randomly dispersed intermetallic particles. Although the material 

investigated contained a substantial amount of Fe (as an impurity), intermetallic 

particles were apparently inert to corrosion in acidic solutions (which Ti,Fe 

particles are not), indicating that Pd cosegregated to yield TiPdFe particles. 

Hydrogen absorption may not have been observed because the experiments were 

conducted in neutral solutions where a passive oxide, impermeable to hydrogen 

(see below), may have been present on the particles. 

Experimental evidence for the enhancement of hydrogen absorption due to Pd 

addition is not conclusive. Alloying Pd with titanium might promote hydrogen 

absorption [41], however other investigators showed that Ti-Pd alloys are not 

sensitive to hydrogen absorption [42,43]. Fukuzuka et al. [42] demonstrated that, 
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while the hydrogen absorption efficiency of Ti-Pd alloys increased with Pd 

content in deaerated HC1, both the corrosion rate and hydrogen absorption 

efficiency decreased when the HC1 was aerated. This influence of aeration was 

attributed to the ennoblement of the corrosion potential due to the addition of Pd, 

and to the low over-voltage of Pd for oxygen reduction. 

The intermetallic compound Ti2Ni has been shown to be the active cathode in Ti 

Grade 12 (Figure 5a) [30]. Since the solubility of hydrogen in TizNi, and to a 

lesser degree the @-phase, is substantially higher than in the a-phase, their 

presence in Ti Grade-12 would enhance hydrogen absorption. An additional 

feature of Ti Grade-12 is the location of the @-phase as ligaments along the a-Ti 

grain boundaries [30]. This geometry, coupled with the higher diffusion rate of H 

in @-phase [44] would facilitate the transport of hydrogen into the alloy. 

Both Ni- and Pt-coated titanium electrodes readily absorb hydrogen for pH < 3 

with efficiencies up to 60% in acidic solutions at 25"C, Figure 5b [45]. At 4OoC, 

the absorption efficiency rose to over 80%. While these results indicate that Ni or 

Pd (expected to behave like Pt) deposits in active crevices have a major effect on 

hydrogen absorption, they do not represent the expected behavior under non- 

creviced conditions. Figure 5b shows a strong influence of pH on the absorption 

efficiency, suggesting that a stable passive film severely retards hydrogen 
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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 under repository conditions. 

The most common impurity in titanium alloys is Fe. Watanabe et al. [47] showed 

that when the concentration of Fe was in excess of the -0.03 wt.% solubility limit, 

precipitation of Ti,Fe particles occurred. Ti,Fe would be expected to behave in a 

manner similar to that observed for TizNi in Ti Grade 12. Studies of the influence 

of Fe on corrosion and hydrogen absorption of Ti have yielded conflicting results 

[48, 49, 501, likely due to variations in the distribution of Fe within the metal 

matrix. While the intermetallic Ti,Fe has been shown to be a hydrogen absorber, 

it is difficult to activate for hydrogen storage [51] and could actually impede 

hydrogen absorption despite acting as a H+ reduction catalyst. According to Wu 

[51], the hydride formed on this intermetallic possesses less lattice distortion than 

that formed on a-Ti, which would retard the diffusion of hydrogen. Similar 

speculations have been offered by Schutz et al. [50]. Such mechanistic features 

could lead to decreased H absorption with increasing Fe content. 

From these results it is clear that the Ni and Fe distribution can have a significant 

influence on the corrosion behavior of Ti Grade 12 (containing both Ni and Fe) 

and Ti Grade 2 (contaminated with Fe) and their ability to absorb hydrogen. It is 
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The passive oxide grown under open-circuit conditions at room temperature may 

be amorphous or crystalline, depending on the conditions of growth. The 

thickness of the oxide and its degree of crystallinity may vary spatially [53], and a 

small degree of non-stoichiometry (in the form of oxygen vacancies and Ti3+ 

interstitial ions) 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 oxide [54]. The 

amount of water absorbed by the oxide, which generally leads to an improvement 

in passivity, does not increase with increasing applied potential. Below -- 

1.0 V(SCE), hydrogen evolution occurs and the formation of surface hydrides is 

observed. Measurements of the amount of hydrogen absorbed suggest a threshold 

potential of --0.6 V above which no hydrogen absorption occurs. 

Effect of Temperature 

The effect of temperature on passive films is similar to that of potential. A similar 

breakdowdrecrystallization process to yield anatasehtile occurs in the 

temperature range 50°C to 70"C, but in contrast to the effect of potential, is 

accompanied by the absorption of water. Above -7O"C, the rate of film 

thickening increases as observed at high potentials, but the amount of absorbed 

water also increases markedly. Subsequent examination at room temperature in 
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NaBr solutions shows this absorption of water improves the passivity of the oxide 

as indicated by a marked increase in pitting potential [55]. 

Effect of pH 

pH has no effect on oxide stability at potentials above-0.3 V(SCE). Under 

sufficiently acidic conditions an active region and an active to passive transition 

are observed between --0.7 and -0.3 V(SCE) [56]. In chloride solutions at room 

temperature, a pH between 1 and 0 is required before active conditions can be 

established [57]. For a temperature of 70”C, a pH < 1 is required. For natural 

corrosion conditions, the dissolution of the oxide film in acidic solutions is slow 

(-20 p d y r  at pH < 0 and 45”C), and in solutions of pH > 1, extremely slow 

(-2 pm/yr at pH-1 and 45°C) [58]. Cathodic polarization in acidic solutions leads 

to the reductive dissolution of the oxide [59], a process which is accompanied by 

the absorption of hydrogen into the oxide. 

The Role of Passive Film in Retarding Hydrogen Absorption 

For H absorption to occur it is necessary to have cathodic polarization, redox 

transformations within the oxide or “hydrogen windows” at intermetallic sites. 

The need for hydrogen to penetrate the oxide accounts for the existence of a 

threshold potential (< -0.7 V [52]) as demonstrated in long term hydrogen 

absorption measurements by Murai et al. (Figure 7) [35]. Once the potential is 

sufficiently negative for redox transformations to occur, titanium hydrides are 

thermodynamically stable with respect to the metal [60,61]. Below this threshold 
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potential, the rate of absorption of hydrogen by the metal is effectively 

independent of potential down to - - ~ . ~ V ( S C E )  as shown in Figure 7. No 

significant hydrogen transport through the oxide film occurs until potentials is 

below -1 .O V(SCE) [52,62]. 

1 

Applied Potential lV.vs SCEl 

FIGURE 7. The Hydrogen Absorption Rate as a Function of Applied Potential Measured 
on Ti Grade 2 Electrodes in Flowing Artificial Seawater with a Flow Velocity of 
2.0 ms-’ at 30°C [35]. 

A stable passive oxide opposes any tendency for Pd to accelerate hydrogen 

absorption [45]. The rate of hydrogen absorption decreases parabolically with 

exposure time even under cathodic polarization when hydrogen absorption would 

be expected to be accelerated [63, 64, 651. The parabolic dependence suggests 
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that surface absorption sites are becoming saturated and the rate of absorption 

becomes controlled by the rate of diffusive transport, a very slow process for a- 

alloys (Ti Grades 2, 7, and 16). This is true even for Ti Grade 12 which is 

expected to be more prone to hydrogen absorption because of the presence of Ni- 

stabilized &phase and TiZNi precipitates, both of which support proton reduction 

and have a high solubility for hydrogen [64, 651. Other investigations have shown 

that thermally grown oxides suppress hydrogen absorption in aggressive brine 

environments (6% NaC1) up to about 120°C [66] and hydrogen absorption 

observed in deaerated HC1 (2 I pH I 4; 50°C to 250°C) was completely stopped 

by aerated conditions [ 671. 

The Role of The Passive Film In Resisting Fluoride-Enhanced Corrosion 

The aggressiveness of fluoride in acidic solutions is well characterized [68]. 

Wilhelmsen and Grande [69] confirmed direct incorporation of F- into the passive 

film only occurred under acidic conditions. A combination of a significant F- 

concentration (> 500 pdg) and a low pH is critical for the loss of passivity [70, 

711. Brossia et al. [72], who used freshly polished specimens observed significant 

passive current density increases on Ti Grade 7 in 1 M NaCl (95°C) for fluoride 

concentrations 110  mg/L. In contrast, Lorenzo de Melo and Cortizo [73] showed 

that fluoride additions (to a pH = 6.5 solution) had no effect on passivity if an 

oxide film had been pregrown. They concluded that the susceptibility of titanium 

to corrosion in F- was associated with defects and flaws in the oxide [73]. 

17 



Consistent with these observations, excellent corrosion behavior has been 

observed on both uncreviced and creviced Ti Grade 16 and Ti Grade 7 specimens 

with pregrown films (in ambient air) tested in the LTCTF [74]. Corrosion rates 

observed in LTCTF test solutions, including SCW which contained -lOOOX 5-13 

ionic concentration with -1,619 mg/L F-, 5,047 mg/L Cl-, and a pH of -8-10, 

were not high enough to cause failure by general corrosion within the 10,000 year 

regulatory time period. 

The above discussion suggests that, similar to Cf, F- utilizes defects within the 

oxide in order to initiate oxide breakdown rather than chemically-attacking the 

outer oxide surface. Pan et al. [75] and Blackwood et al. [58] concluded that films 

with lower defect density had lower dissolution rates. Choi et al. [76] have shown 

that thermal treatments not only thicken the oxide film but also decrease the 

defect density in the film by a factor between lo2 and lo4 compared to films 

grown in aqueous environments. Since, according to Hurlen and Hjornkol [77], 

the kinetics of passive corrosion of titanium in neutral solutions are controlled by 

the migration of defects across the oxide film, an increase in thickness and 

decrease in defect density would lead to a significant decrease in susceptibility to 

fluoride induced film breakdown. 

GENERAL CORROSION 

Vapor-Phase Corrosion 
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The oxide film on Ti provides an excellent barrier to corrosive attack by most 

gases in wet and dry conditions, including 0 2 ,  N2, dry HC1, S02, NH3,  HCN, C02, 

Si 

DH 

CO and H2S [52]. Dry air conditions are most relevant to the repository since 

0 7100 27 (60 "C) 27 (60 "C) 27 (60 "C) 
49 (90 "C) 49 (90 "C) 49 (90 "C) 
9.8 - 10.2 9.8 - 10.2 2.7 7 >I2 

when the temperature is high the relative humidity will be low. For Ti alloys, 

logarithmic growth kinetics are expected for temperatures < 4OO0C [78]. The 

corrosion performance of Ti Grades 2 and 7 has been investigated in clay and 

moist clay atmospheres at 90 and 170°C for exposure periods up to 6 years [79, 

80, 811. No measurable differences in performance were observed between these 

alloys even in the presence of a radiation field (1 03Gyh 4 0%) [82]. 

Long-Term Aqueous Corrosion Tests 

The general corrosion (GC) rates of Ti Grade 16 calculated from weight-loss data 

in SAW, SCW and SDW at 60 and 90°C for up to 5 years have been obtained at 
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Shoesmith et al. [87] showed that the crevice propagation rate and the extent of 

crevice propagation decrease by orders of magnitude going from Ti Grade 2 to Ti 

Grade 12 to Ti Grade 16. 

Pitting 

Pitting of titanium has been studied in some detail [88, 891 and reviewed [32]. 

Commercially pure titanium (Ti Grade 2) is extremely resistant to pitting due to 

the excellent properties of the passive Ti02 film under oxidizing conditions. 

Pitting potentials at room temperature are in excess of 7V,  and even for 

temperatures greater than 150°C are in the region of 2 V [32]. 

Ti alloys have the potential for formation of intermetallic precipitates which could 

provide sites for pit initiation, or for the stabilization of an a@ phase structure 

leading to inhomogeneities in the passive film and an increased susceptibility to 

film breakdown. However, additions of Ni and Mo (Ti Grade 12) and Pd (Ti 

Grades 7 and 16) do not adversely affect the pitting potential. These 

observations, and the influence of the impurity Fe, are summarized in Figure 12. 

The pitting potential is shown to be normally distributed around a conservatively 

low mean value of -7 V [55]. The horizontal arrow represents the small influence 

of chloride concentration. This figure was constructed for a temperature of 

-100°C and pitting potentials would be expected to be higher at lower 

temperatures [ 881. The range of corrosion potentials achievable under repository 

conditions is approximately that shown, and one can be confident that pitting of 
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