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1.0. Introduction 

The Yucca Mountain Site Characterization Project (YMP) is evaluating materials from which to 

fabricate high-level nuclear waste containers (hereafter called waste packages) for the potential 

repository at Yucca Mountain, Nevada [MCC96]. Because of their very good corrosion 

resistance in aqueous environments titanium alloys are considered for container materials 

[MCC96]. Consideration of titanium alloys is understandable since about one-third (in 1978) of all 

titanium produced is used in applications where corrosion resistance is of primary importance 

[MIN78]. Consequently, there is considerable amount of data which demonstrates that titanium 

alloys, in general, but particularly the commercial purity and dilute a grades, are highly corrosion 

resistant [SCH86, FEL70, COV77].  

The highest resistance to corrosion and hydrogen embrittlement effects is found in commercial 

purity (C.P.), dilute c-grades of Ti (titanium content Ž 98.9 wt.%), and other titanium alloys with 

Pd additions. Titanium alloys commonly used in corrosion resistant equipment or proposed for 

this purpose are shown in Table 1.1. These alloys are different grades of C.P. titanium (Ti Gr I

4), cc-Ti with small Pd content (Ti Gr 7, 11, 16 and 17), the Ti-0.3%Mo-0.8%Ni alloy (Ti Gr 12), 

and other higher alloyed Ti alloys with Pd additions. (Note: Ti Gr 11 and 17 have the same Pd 

content as Ti Gr 7 and 16, respectively, but they have a lower impurity content and hence a 

higher cost. Ti Gr 7 is more commonly used than Ti Gr 11.) 

Both the titanium-palladium alloys and the Ti Gr 12 alloy are used in applications requiring better 

corrosion resistance than that of the C.P. titanium. Titanium-palladium alloys are used where 

the corrosive media is mildly reducing or fluctuates between oxidizing and reducing. The lower Pd 

addition alloys (Ti Gr 16 and 17) are not as corrosion resistant as the high Pd addition alloy (Ti 

Gr 7 and 11), however, Ti Gr 16 and 17 have significantly better corrosion resistance than C.P.  

titanium and is less costly than Ti Gr 7 [SCH93]. It should be noted that Ti Gr 16 is a new alloy 

and, therefore, limited amounts of information are available. Palladium additions are within the 

solid solution solubility limits in ox-Ti. The characteristics of good fabricability, weldability, and 

strength level are similar to those of corresponding unalloyed titanium grades [LAM90]. Ti Gr 12 

has better corrosion resistance and higher strength than those of C.P. titanium. However, the 

corrosion resistance is generally not as good as Ti Gr 7.
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This report will discuss the corrosion characteristics of Ti Gr 2, 7, 12, and 16. The more highly alloyed titanium alloys which were developed by adding a small Pd content to higher strength Ti alloys in order to give them better corrosion resistance will not be considered in this report.  These alloys are all two phase (oa and (3) alloys. The palladium addition while making these alloys more corrosion resistant does not give them the corrosion resistance of the single phase oc 
and near-ct (Ti Gr 12) alloys.



Table 1.1. Compositions of higher corrosion resistant titanium alloys. The alloys considered corrosion resistant are the commercial purity alloys, the palladium 
containing alloys, and Ti Grade 12. Compositions from reference ASTM B 265.

Pd Ni Mo At V Co Residuals, Residuals, 
max each max total

ASTM 
Designation 

Grade 1 

Grade 2 

Grade 3 

Grade 4 

Grade 7 

Grade 11 

Grade 12 

Grade 16 

Grade 17 

Grade 18 

Grade 20 

Grade 24 

Grade 25 

Grade 30 

Grade 31

C Fe H N 0 Ti 
(max) (max) (max) (max) (max) 

0.08 020 0.015 0.03 0.18 bal 

0.08 0.30 0.015 0.03 025 bal 

0.08 0.30 0.015 0.05 0.35 bal 

0.08 0.50 0.015 0.05 0.40 bal 

0.08 0.30 0.015 0.03 025 bal 

0.08 020 0.015 0.03 0.18 bal 

0.08 0.30 0.015 0.03 025 bal 

0.08 0.30 0.015 0.03 0.30 bal 

0.08 020 0.015 0.03 0.18 bal 

0.08 025 0.015 0.03 0.15 bal 

0.05 0.30 0.02 0.03 0.12 bal 

0.08 0.40 0.015 0.05 020 bal 

0.08 0.40 0.0125 0.05 020 bal 

0.08 0.30 0.015 0.03 025 bal 

0.08 0.30 0.015 0.05 0.35 bal

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

020- 0.1 
0.80 
0.20- 0.1 
0.80

0.12
025 
0.12
025 

0.6- 0.2
0.9 0.4 

0.04
0.08 
0,04
0.08 
0.04
0.08 
0.04
0.08 
0.04
0.08 
0,04- 0.3
0.08 0.8 
0.04
0.08 
0.04
0.08

2.5- 2.0
3.5 3.0 
3.0- 7.5
4.0 8.5 
5.5- 3.5
6.75 4.5 
5.5- 3.5
6.75 4.5

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4
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2.0 Physical Metallurgy and Microstructure 

2.1 Introduction 

Pure titanium is an allotropic element; that is, it has more than one crystallographic form. Above 
883°C it has a body-centered cubic (bcc) crystal structure, which is called the beta (l) phase.  
Below 883oc, it transforms to a hexagonal closed-packed (hcp) structure, which is call the alpha 
(ax) phase.  

Alloying elements can either stabilize the 03 or ca phase microstructure. Some az-phase 
stabilizers, which increase the temperature to which the ax phase is stable, are Al, Ga, Ge, Sn, 
C, 0, and N. Some P3-phase stabilizers, which stabilize the P-phase to lower temperatures, are Fe, Mn, Cr, Mo, and V. Substitutional elements generally tend to be 0-phase stabilizing. The P 
transus temperature is the lowest equilibrium temperature at which the aX or aX + 3 structure 
transforms to all j3 microstructure.  

Two groups of elements stabilize the f3 phase structure. The group of elements that are miscible 
in the 0 phase, including Mo, V, Ta, and Nb, are called the 0 isomorphous group. Elements in the 
other group promote the eutectoid reaction at temperatures as much as 3330C below the 03
transus temperature of unalloyed titanium. The eutectoid forming elements include Mn, Fe, Cr, 
Co, Ni, Cu, and Si.  

2.2 Phase Diagrams 

Three titanium alloys systems are considered: 1) commercially pure titanium (Ti Gr 2), 2) 
titanium with less than or equal to 0.2% Pd (Ti Gr 7 and 16), and 3) a dilute titanium alloy (Ti Gr 
12). All three systems are a or near-a Ti alloys.  

Ti Gr 7 and 16 are titanium alloys with a very small additions of palladium, 0.2 and 0.05 wt.% 
respectively. The phase diagram for the binary system Pd-Ti is shown in Fig. 2.1 [MAS90]. The maximum solubility of Pd in a titanium is about 2 wt.% at 5950C. As the temperature decreases 
from 5950C the solubility decreases. At 4000C the Pd solubility in a titanium is about 1 wt.%.  
At higher Pd concentrations there is a two-phase region of ax-Ti(Pd) and an intermetallic phase.  The intermetallic phase is either Ti4Pd or Ti2Pd; the existence of the latter phase is uncertain.



5

The nominal Pd concentrations of Ti Gr 7 and 16 are both well below the solubility limit at 4000C.  

The higher Pd content alloy (Ti Gr 7) was developed such that all the Pd remains in solid solution.  

Ti Gr 12 has small additions of Mo (0.3 wt.%) and Ni (0.8 wt.%). Nickel solubility in a titanium is 

small; less than 0.05 wt.% at 3000C. At temperatures below 765°C and nickel concentrations 
greater than 0.1 wt.%, an intermetallic phase Ti2Ni forms (Fig. 2.2) [MAS90]. The solubility of 

molybdenum in ax titanium is very small (below 0.lwt.%) at temperatures below 4001C. At 

higher molybdenum, concentrations there is a mixture of a(-Ti and fB(Mo,Ti) (Fig. 2.3) [MAS90].  
The Ti Gr 12 microstructure is a mixture of a-Ti, Ti2Ni intermetallic, and f3-Ti.  

2.3 Bulk Microstructure 

The bulk microstructure of a-Ti alloys is dependent on heat treatment and working of the 
material [BOY85]. The a alloys (Ti Gr 2, 7, and 16) consist of equiaxed a grains after 

annealing cold-worked alloys above the recrystallization temperature range. The microstructure 

is hexagonal closed packed (hcp) below 8900C and body centered cubic (bcc) above about 9130C.  

The transition temperature is influenced by amounts and kinds of impurity elements present.  
Elongated a grains result from unidirectional working of the metal and are commonly found in 

longitudinal sections of rolled or extruded alloys.  

Generally, two types of a, primary a and secondary a or transformed P3, are present in 
titanium alloys [BOY85]. Primary a is that a which persists through heat treatment and cold 
working. Secondary a is that a produced by transformation of P3 with cooling. This can result 

from cooling from above the P transus or aging of nonequilibrium P. The oa in these areas has a 

unique appearance and may be acicular or lamellar, platelike, serrated, or Widmanstatten 
[BOY85].  

The microstructure of titanium alloys is influenced by heat treatment and processing history 
[BOY85]. With increasing cooling rate, the spacing of the lamellar a (or martensite, depending on 

the alloy and cooling rate) becomes finer. With increasing forging or heat-treatment temperature, 
the amount of transformed PB increases until the forging or heat-treatment temperature is above 
the lB transus, at which point the structure is 100% transformed PB. Sufficient working of the 

cast Widmanstatten structure at a temperature below the P transus causes recrystallization of 

the lamellar structure to a more equiaxed structure. Sufficient working and proper heat 

treatment can produce a completely equiaxed crystal structure.
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Acicular or lamellar a is the most common transformation product formed from 13 during cooling 
[BOY85]. It results from nucleation and growth occurring on specific crystallographic planes of the prior 13 matrix. Precipitation normally occurs on multiple variants or orientations of this family of habit planes. A 'colony' is a packet or cluster of acicular a grains aligned in the same 
orientation. When correlating this type of microstructure with properties such as fatigue or fracture toughness, colony size is an important microstructural feature. The multiple orientations of a have a basket weave appearance characteristic of a Widmanstatten structure. A singular 
orientation results from lamellar a forming from small 13 grains.  

Other a microstructures can occur, depending on nucleation conditions [BOY85]. Long grains of 
a that are produced along preferred planes in the 13 matrix take on a platelike appearance.  
Grains of irregular size and with jagged boundaries, called 'serrated ax' are also possible.  

The microstructures of Ti Gr 7 and 16 are the same as for equivalent grades of unalloyed 
titanium, since only small amounts of a soluble palladium are added to make these Ti-Pd alloys.  
Titanium-palladium intermetallic compounds capable of being formed in this system have not been 
reported to occur in Ti Gr 7 and 16 with normal heat treatments. Transformation temperatures 
for these alloys are expected to be similar to those of unalloyed titanium.  

The microstructure of Ti Gr 12 consists of equiaxed a grains with 10 -15% (by volume) of 13 
phase located primarily along grain boundaries and at grain boundary triple points. The intermetallic compound Ti2Ni is observed at a f3 interfaces and within the 13 phase. The Ti2Ni 
phase forms through the eutectoid reaction 

13 --->+ Ti2Ni [I] 

Acicular a microstructures are found primarily in welds or heat affected zone [MOL83J.  

Unless heat treatments are performed in an inert atmosphere, oxygen and nitrogen will react with titanium and form a hard brittle layer referred to as an 'a case' [BOY85J. (Oxygen and 
nitrogen are both a stabilizers.) This 'a case' must be removed before the part is put into 
service.

3.0 Tensile and Physical Properties

S. .. .. . ."..........::..... ......." - •: ? • 'Z - "• , -.. . .' ,L ;: .. ..........
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The tensile requirements of some commercially available titanium alloys at room temperature 
and 300°C are shown in Table 3.1. There are significant increases in yield strength and ultimate 
tensile strength as the impurity content, particularly that of oxygen and iron, increases.  
Similarly, intentional alloying additions produce significant strength increases. The small alloying 
additions in Ti Gr 12 result in a significant strengthening of the titanium by introducing a small 
amount of f3 phase to the microstructure, and by solid solution strengthening. However, the small 
Pd additions in Ti Gr 7 and 16 do not significantly change the mechanical properties in comparison 
to Ti Gr 2, an alloy with a similar amount of impurities.  

One disadvantage of titanium and its alloys is that their strength decreases rather rapidly with 
increasing temperature (Fig. 3.1). This is due to the strong temperature dependence of interstitial 
solute strengthening mechanisms. The yield and ultimate tensile strength values for Ti Gr 12 
always remain higher relative to unalloyed Ti Gr 2 and Ti-Pd (Ti Gr 7).



Table 3.1. Tensile requirements for corrosion resistant titanium alloys. Data taken from ASTM B 265.  
A STM Tensile Strength Yield Strength, 0.2% offset Elongation in Bend Test Designation 

50rmm .. minimum .minimummaiu 

ksi MPa ksi MPa ksi MPa min. % Under 1.8 mm in 1.8 to 4.75 mm in thicliness thickness 
Grade 1 35 240 25 170 45 310 24 31T 41t 
Grade 2 50 345 40 275 65 450 20 4 T 5T Grade 3 65 450 55 380 80 550 18 4 T 5T Grade 4 80 550 70 483 95 655 15 5T 6T Grade 7 50 345 40 275 65 450 20 4 T 5T Grade 1 35 240 25 170 45 310 24 3 T 4 T Grade 12 70 483 50 345 - -- 18 4 T 5T Grade 16 50 345 40 275 65 450 2) 4 T 4 T Grade 17 35 240 25 170 45 310 24 3 T 4 T Grade 18 90 620 70 483 - - 15 5T 6T Grade 20 115 793 110 759 -- 15 6T 6T 

Grade 24 130 895 120 828 - - 10 
Grade 25 130 895 120 828 - - 10 
Grade 30 50 345 40 275 - - 20 4 T 5T Grade 31 65 450 55 380 - - 18 4 T 5T
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Allowable stress values from the ASME pressure vessel code for titanium alloys also decrease 

as a function of increasing temperature (Table 3.2) [COV89]. The allowable stress for Ti Gr 12 
are higher at all temperatures than are those for Ti Gr 2 (unalloyed Ti) and Ti Gr 7 (Ti
0.2%Pd). At 260'C (500'F), the design stress for Ti Gr 12 is 70% greater than that of either Ti 

Gr 2 or 7.

Table 3.2. Design stresses (ksi) for titanium plateab [COV89].  

For metal Gr 2 Gr 3 Gr 7 Gr 12 
temperatures not (Ti-50A) (Ti-0.2Pd) (Ti-0.3Mo-0.8Ni) 

exceeding 
(1C) 

38 12.5 16.3 12.5 17.5 

93 10.9 10.9 16.4 

149 9.0 11.7 9.0 14.2 

204 7.7 7.7 12.5 

260 6.6 6.6 11A 

316 5.7 6.0 5.7 
a - ASME Section VIII, Division 1 - Pressure Vessels 
b - Design stresses for Ti Gr 16 should be similar to Ti Gr 2 and 7, since this property is a 
function of impurity content.

The physical properties of titanium and its alloys must be considered when designing or 
fabricating equipment from these materials (Table 3.3) [SCH86]. Titanium alloys have densities 
slightly over half those of iron or copper-based alloys. The modulus of elasticity of titanium is 

also about half that of steel. Specific heat and thermal conductivity are similar to those of 
stainless steel. Titanium has a relatively high electrical resistivity and low thermal expansion 

coefficient.

-- .11 ....... OMM- . . .................



10

Table 3.3. Physical properties of some titanium alloys [SCH86].  

Property Titanium Alloy 

Gr I Gr 2 Gr 3 Gr 12 
Density (g/cm 3) 4.54 4.54 4.54 4.55 
Melting point (°C) 1660 1678 1660 
Beta transus (°C) 883 913 921 885 
Specific heat (joules/g/oC) 0.51 0.52 0.52 0.54 
Thermal Conductivity (W/m .OK) 15.6 16.4 16.4 19.0 
Coefficient of expansion (10-6/oC) 9.0 9.0 9.0 9.0 
Electrical resistivity (gohmecm) 56 56 57 52 
Modulus of elasticity ( 103 MPa) 103 103 103 103 
Poisson ratio 0.34 0.34 0.34 0.34 
Note: Ti Gr 7 and 16 should have similar properties to Ti Gr 2, since these properties are 
primarily dependent on impurity content. The exception may be electrical resistivity.  

4.0 Weldability and Weldment Corrosion 

Titanium alloys are readily weldable with processes that exclude interstitial contaminants such 
as C, 02, H2, and N2 from the fusion and heat-affected zones of the weldment. These 
processes include gas-tungsten-arc welding (GTAW), gas-metal-arc welding (GMAW), 

.resistance, plasma, inertia (friction), pressure, and electron beam welding methods [SCH86].  

The use of inert-gas shielding during welding is essential due to the high affinity of titanium for 
oxygen, nitrogen, carbon, and hydrogen. These elements dissolve interstitially and can result in 
severe embrittlement when present in relatively small quantities. Therefore, additional inert gas 
shielding must be provided during welding to protect those parts close to the molten pool. Good 
techniques for inert gas shielding of welds, which involve use of trailing shields as well as shielding 
of the root surfaces of the weldment, have been developed. Use of these techniques, together 
with careful procedures to exclude all moisture, dirt and other foreign matter from the weld area, 
assure good welds [COV89].
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Proper attention to the details described above results in weld properties equivalent to those of 

the base metal. Contamination of welds results in loss of ductility and toughness, as well as 

degraded corrosion resistance.  

Weldments of Ti Gr 1-4, Gr 7, and Gr 12 generally exhibit corrosion resistance similar to that of 

their unwelded, wrought counterparts. Therefore, titanium alloy wetdments and associated heat
affected zones generally do not experience corrosion limitations in welded components when 

normal passive conditions prevail for the base metal. However, under marginal or active 

conditions (for corrosion rates >_ 0.10 mm/yr or 4 mils/yr) weldments may experience 

accelerated corrosion attack relative to the base metal, depending on alloy composition. The 
increasing impurity (iron, sulfur, oxygen) content associated with the coarse, transformed-J3 

microstructure of weldments appears to be a factor.  

5.0 Corrosive Environment Considerations 

This section is concerned with the aqueous phase corrosion of the titanium alloys. This includes 

corrosion that can occur in bulk aqueous phases and also corrosion that occurs in thin water films 

present on surfaces under high relative humidities. The potential repository at Yucca Mountain is 

in the unsaturated zone, that is, it is located above the water table, and therefore, the maximum 

expected water vapor pressure is ambient pressure. For clean surfaces significant water film 

formation is limited to temperatures at or below the ambient boiling point of unconstrained water.  

Crevices and hygroscopic salts will raise the temperatures at which water film formation on the 

waste package is possible.  

The liquid water that does come in contact with the waste containers is expected to have a low 
ionic content (sulfate, chloride, carbonate), a near neutral to moderately elevated pH, and to be 

oxidizing. However, bounding aqueous solution compositions are also considered for credible water 
contact scenarios. These are: concentrated solutions, because of evaporation or boiling; low pH 

solutions because of microbial activity; and high pH solutions because of cementitious material in 

the repository.  

Various thermal loading scenarios have been considered for the repository with maximum 

container temperatures not expected to exceed 250-3000C. Since the repository site will be at 
atmospheric pressure aqueous corrosion phenomena will be limited to temperatures which are 

determined by the hygroscopic salts present. For instance, saturated NaCI solutions have a
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boiling point of about 1090C, and CaCl2 solutions can have boiling points of up to at least 1500C.  
The possibility of galvanic coupling of the titanium alloys to other materials is also considered 
because of the potential use of multiple metallic barriers.  

6.0 Oxide Film 

6.1 Film Composition and Structure 

The excellent corrosion resistance of titanium alloys results from the formation of a very stable, 
continuous, highly adherent, and protective oxide film. Because titanium metal itself is highly 
reactive and has an extremely high affinity for oxygen, these beneficial surface oxide films form 
spontaneously and instantly when fresh metal is exposed to air and/or moisture. In fact, a 
damaged oxide film can generally reheal itself instantaneously if at least a few parts per million 
of oxygen or water (moisture) are present in the environment. However, anhydrous conditions in 
the absence of a source of oxygen may result in titanium corrosion, because the protective film 
may not be regenerated if damaged.  

The nature, composition, and thickness of the protective surface oxides that form on titanium 
alloys depends on environmental conditions, and this in turn significantly affects the material's corrosion resistance. According to Tomashov et al. [TOM82] film composition varies from TiO 2 at the surface, through T1203 below the surface, to TiO at the metal interface. High 
temperature oxidation tends to promote the formation of the chemically-resistant, highlycrystalline form of TiO2, known as mrutile". Lower temperature oxidation often result in 
formation of the anatase form of TiO2, or a mixture of rutile and anatase. Although these 
naturally-formed films are typically less than 10 nm [AND64] thick and are invisible to the naked 
eye, they are extremely resistant to degradation. However strongly oxidizing solutions, such as 
immersion in concentrated HNO 3, will accelerate their growth.  

Oxides formed on Ti alloys in aqueous environments at elevated temperatures (950C) are amorphous [MAT84J. The oxide consists of an outer layer of 1102 and a few atomic layers of 
suboxide (Ti20 3) next to the oxide/metal interface. The structure of the oxide was not 
significantly influenced by the oxygen content (saturated or deoxygenated) or NaCl content (0 or 1 wt.%). In neutral water, the outer oxide layer was anhydrous, that is, T102. This was 
thought to be significant since hydrated titanium oxide is slightly soluble in acid solutions, whereas 
anhydrous oxide is not. It was concluded that the anhydrous oxide is more corrosion-resistant.



13

In water-saturated bentonite at 950C, the constituents of montmorillonite (the main component of 
bentonite) are embedded within the oxide layer. X-ray photoelectron spectroscopy analysis 
indicates that the simple oxides of the constituent species (Si4+, A13+, and Mg2+) are present in 
the oxide. These species appear to be primarily in the outer layers of the oxide and their 
concentrations decrease as the metal oxide layer is approached. No difference between the 
oxide structure formed on Ti and Ti-0.2%Pd could be detected.  

In contrast to their behavior in neutral aqueous solutions, the oxide layer composition is affected 
by minor alloying elements when the material is immersed in acid solutions. For Ti-0.2%Pd, there 
is an enrichment of the more noble Pd metal in the oxide layer caused by dissolution of titanium 
atoms. The effect of the enrichment in Pd is to increase the ability of the alloy to repassivate.  
A similar effect has been suggest for titanium alloyed with small amounts of nickel. However the 
role nickel in enhancing the corrosion resistance of Ti-0,8%Ni-O.3%Mo (Ti Gr 12) is the subject of 
some debate.  

It is agreed 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 alloys, where 
nickel is present as Ti2Ni, one mechanism is that the cathodic hydrogen evolution reaction 
proceeds on Ti2Ni particles at the surface [TOM82]. This cathodic reaction causes passivation 

by enhancing the passivating anodic current The other mechanism suggests that nickel dissolves 
from the Ti2Ni particles and is subsequently redeposited as metallic nickel on the titanium surface 

[SED72]. It is suggested that Ni atoms are then stabilized in the passive film due to a strongly
bound surface complex involving coordination of the Ni atoms by surrounding titanium oxide 
species. X-ray photoelectron spectroscopy of surfaces of dilute Ti-Ni alloys, after corrosion in 
acid sulfate solutions, indicate that the oxide film is enriched in nickel, which is in the zero 
oxidation state [PET80]. It has also been suggested that the passivation of Ti Gr 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 nickel as Ni atoms 
[MCK84].  

6.2 Pourbaix Diagram 

The Pourbaix (potential-pH) diagram is useful in understanding the corrosion behavior of titanium 
by recognizing the conditions under which the oxide film is thermodynamically stable. Lee [LEE81]



has constructed potential - pH diagrams for titanium in water at temperatures from 25 to 3000C.  
The Pourbaix diagrams for the Ti-H 20 system at 25, 150, and 300'C are shown in Fig. 6.1.  
These diagrams show the wide regime over which the passive TiO 2 film is predicted to be stable, 
based on thermodynamic considerations. Oxide stability over the full pH scale is indicated over a 
wide range of highly oxidizing to mildly reducing potentials, whereas oxide film breakdown and the 
resultant corrosion of titanium occurs under reducing acidic conditions. At temperatures higher than 1500C, strong alkaline (> pH 15) solutions tend to dissolve Ti02, forming the acid oxy-anion 
of titanium (HTiO 3-). The stable domain of HTiO3- is expanded as the temperature increases.  
Thus, a region of dissolution of titanium in alkaline solutions is expected at higher temperatures.  
The standard electrode potential for the Ti-Ti++ reaction is -1.628 V at 251C and becomes more 
negative with increasing temperature to a value of -1.665 at 3000C. It was observed that the 
stability of titanium and its oxides in acidic solution increases with increasing temperature, but 
their stability is decreased in alkaline solutions at higher temperatures. According to the 
Pourbaix diagram, neutral or slightly alkaline water at higher temperatures should not affect the 
TiO 2 film.  

7.0 General Corrosion Resistance 

In 1978 it was estimated that about one-third of all titanium produced is used in applications 
where corrosion resistance is of primary importance [MIN78]. Consequently there are data which 
demonstrate that titanium alloys, in general, but particularly the commercial purity and dilute ct 
Ti grades, are highly corrosion resistant [FEI70, COV77].  

Titanium retains its corrosion resistance to 3150C or more. At higher temperatures, the film is 
destroyed because oxygen diffuses into the base metal, greatly lowering corrosion resistance.  
Although the TiO2 film is highly corrosion resistant, it will be attacked by a few substances, 
including hot concentrated HCO, H2SO4, NaOH, and HF.  

General corrosion rates that have been reported in near-neutral aqueous solutions indicate that 
very low corrosion rates would be expected after the initial formation of the protective oxide film.  
At 950C, the oxide layer was 60A after 10 days, however, based on tests of 6 month duration, 
the long-term growth is expected to follow a logarithmic law, which as given by:

y = 8.7 + 3.65 In (t)

14
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";c where t is time in seconds, and y is the oxide thickness in A. Oxygen (saturated and 
deoxygenated) and NaCI (0 or 1%) concentration did not significantly affect the growth rate.  

.rE 

'o. In water-saturated bentonite at 800C the film growth rate was logarithmic and given by: 
•CE 

pc y = 5.5 In (t).  

nc The relationship was based on exposures from 4 months to 2 years. However, longer exposure 
periods (years) indicate that the rate increases with time; this increase is thought to be due to 

-e) the crystallization of the initially amorphous oxide layer, which allows easier ionic transport along 
s. grain boundaries [MAT90]. There was no significant difference in the corrosion rates for Ti and 
)rr Ti-0.2%Pd.  

ItE 

3. The environment in which the oxide layer is formed significantly affects its corrosion resistance 
3 [BRA80]. Oxide layers formed in different environments at 250C were subsequently immersed in 
h) 6N H2SO 4. The potential of the specimens was monitored as a function of time. For all 
hi specimens, the potential decreased and eventually reached a stable value at about -0.65 V(SCE).  

This was thought to be due to a reduction of the oxide layer. Those specimens with oxide layers 
I I formed with both oxygen and water present showed the most resistance to reduction processes.  
)r• Oxide layers formed in dry air had a factor of 3 or 4 less resistance.  

'SA more corrosion-resistant oxide layer was found to be formed by thermal oxidation than by 
either anodization or pickling [SCH81]. Better corrosion resistance was found for thermally 

X oxidized (677°C, 1 minute) specimens in solutions of less than 0.8 % HCI for 100 hr exposures.  
s For 300 hr exposures thermal oxide stability is seen only for solution up to 0.5% HCI. Thermal 

oxide films are also very tenacious in simple acid pickling solutions, whereas anodized films can 
!o rapidly be removed by the acid pickle. In general, thermal oxide films must be sandblasted or 
th processed in a caustic descaling bath to effect removal.  

el An enhanced short term benefit for thermal oxidation of Ti Gr 7 and 12 was also found for 
sl resistance to corrosion in the 0.8 HCl solutions [SCH81]. The benefit did not extend to longer 

times (100 hr exposures). However, the corrosion resistance of Ti Gr 7 and 12 was still better 
ir than that of Ti Gr 2 with or without the thermal oxide.  

a The thermal oxide layer on pure titanium enhanced its resistance to crevice corrosion and 
e hydrogen embrittlement [SCH81]. Thermal oxidation can offer significant improvement in crevice

............
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Irf proceed autocatalytically within the crevice. Studies have determined that pH values as low as e 0 to 1 may develop within active crevices [GRI68, MCK84]. The hydrogen produced as a 
n cathodic by-product either recombines to form hydrogen gas molecules, which evolve from 

crevices, or is absorbed by interior crevice surfaces forming hydride layers.  
1c 
ca Initiation and propagation of titanium alloy crevice corrosion is significantly influenced by at temperature, solution chemistry / pH, the physical nature of the crevice, titanium alloy 

composition, metal surface condition, and metal potential. The following sections discuss the 
effects of each of these factors.  

9.1 Temperature 

er Titanium susceptibility to crevice corrosion generally increases with increasing temperature 
[GR1681 provided other conditions are favorable for it to occur. Figure 9.1 shows susceptibility of three titanium alloys to crevice corrosion with increasing temperature and decreasing pH in a 
saturated NaCI solutions [SCH85]. Unalloyed titanium (Ti Gr 2) becomes susceptible at 
temperatures greater than 700C at low to moderate pH values. At temperatures greater than T 80-850C it is susceptible to crevice corrosion in near neutral solutions. T"i Gr 12 becomes m susceptible above 750C, however relatively low pH's are required for crevice corrosion initiation.  
For temperatures below 1000C, pH levels must be below 2.5 in order for crevice corrosion to 

-h occur. Ti Gr 7 is the least susceptible to crevice corrosion. The minimum temperature for 
crevice corrosion susceptibility is similar to Ti Gr 12, however, much lower pH level are necessary to cause crevice corrosion. For temperature below 1000C, pH levels must be less than 
1 for crevice corrosion to occur on Ti Gr 7.  

9.2 Solution Chemistry / pH 

Titanium is known to be susceptible to crevice corrosion in chloride, bromide, iodide, fluoride, and 
sulfate solutions. All other conditions considered equal, the threshold for crevice corrosion in fluoride-rich solutions occurs at lower temperatures and higher pH than for the chloride, bromide, 
iodide, and sulfate solutions [SCH92aJ. Crevice corrosion threshold levels of chloride 
concentration are between 100 and 1,000 ppm, depending on temperature, pH, and the cathodic 
depolarizers present. Pure sulfate solutions tend to be more benign, with crevice attack occurring 
at higher sulfate concentrations (>1%) and temperatures (>820C) [SCH87j. In general, crevice 
attack increases with increasing halide concentration, although some studies indicate a decreased 
susceptibility in the 1 to 2 M halide range.
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Non-oxidizing cations that hydrolyze to form HCI at high concentrations and temperatures may 
aggravate localized attack. Salts of cations such as Mg+2, Ca+2, Zn+2, and AI+3 may 
aggravate crevice corrosion, while salts of cations such as Na+, K+, and NH4+ will not [SMA81].  

In addition, these hydrolyzable salt solutions can produce a special form of localized corrosion on 
titanium alloys that resembles crevice corrosion except that initiation may occur in the absence 
of normal crevices [SCH87].  

Cathodic depolarizers, such as dissolved oxidizing species and H+ ions, dramatically stimulate 
crevice corrosion initiation and propagation. The critical pH value at which crevice attack occurs 
varies among the commercial titanium alloys. In hot NaCI-based brines, critical pH levels can 
vary between 0.7 and 10.5 (Table 9.1), with the best resistance to crevice corrosion shown by 
the Ti-Pd alloys.  

Table 9.1. Critical pH values for crevice corrosion of titanium alloys in hot (> 90°C) NaCI brines 
[SCH87].  

Alloy Maximum pH at which attack occurs 

Ti-6AI-4V 10-10.5 

C.P. Titanium / Ti-3AI-2.5V 9.5-10 

Ti-0.3 Mo - 0.8 Mo (Ti Gr 12) 2.5 

Ti - 6 Al - 2 Sn -4 Zr - 4 Mo 2 

Ti- 3 Al- 8 V - 6 Cr -4 Zr- 4 Mo 1 

Ti - (0.04-0.25)Pd 0.7-0.8

Other cathodic depolarizing species such as dissolved oxygen, Fe+3, Cu+2, Ni+2, and Ti+4 

(see Table 9.2 for a more complete list) also enhance titanium's susceptibility to crevice 

corrosion. (Note this is in contrast to general corrosion where these oxidizing species tend to 

inhibit corrosion.) Oxygen is an effective accelerator of crevice corrosion even at concentrations 

of the order of tenths of a ppm. Although oxygen may only carry 15 to 30 percent of the total 

crevice corrosion current, it is essential for sustained crevice attack [IKE9O]. Therefore 

deaerated solutions, devoid of any oxidizing species, will not cause significant crevice corrosion.  

A list of oxidizing anionic species which may diffuse into crevices and inhibit attack in halide

containing solutions is shown in Table 9.2.
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Table 9.2. Dissolved oxidizing species which may accelerate or inhibit crevice corrosion of 
titanium in hot halide solutions [SCH87].  

Accelerate Attack Inhibit Attack 
Fe+3, Cu+2, Ni+2, Ti+4, Ce+4, Sn+4, OC[', C103", C104-2, NO3-, Cr20 7-2, 
V02+, Te+4,6, Se+4,6 , Hg+4 , Pt+2,4, M00 4-2, Mn0 4-2 , S20 3-2, VO4-3, 
Pa+2, Ru+3, I1+3, Rh+3, Au+3, 02, C12 V03", 103, W04

9.4 Physical characteristic of a susceptible crevice 

Initiation of crevice corrosion on titanium alloys requires tight, deep crevices. Although the 
required physical dimensions do vary, typical conditions for aggressive attack are a crevice gap 
(or width) less than 15 gim and a crevice depth greater than 1 cm. Extremely tight (less than 
0.5 gim) crevices (usually formed with sealants and gaskets against metal surfaces) result in 
greater susceptibility to attack under less aggressive pH/temperature conditions.  

Titanium metal-to-metal crevices are generally much less susceptible to attack than gasket-to
metal crevices due to their inherently larger crevice gaps (typically greater than 10 Jim).  
Crevices created between two dissimilar titanium alloys have the crevice corrosion resistance of 
the more noble alloy because of the galvanically induced anodic protection. In addition, crevices 
formed between titanium and a number of dissimilar metals may also resist crevice corrosion 
while for other metals no such protection results (Table 9.3).
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Table 9.3. Influence of dissimilar metal crevice members on the crevice corrosion resistance of 
CP titanium in hot chloride brines [SCH92a].  

Inhibit attack No inhibition 

Precious metals (Pt, Pd, Ru, Ir, Rh) Aluminum alloys 
Copper alloys (brass and bronzes) Zinc 
Cu-Ni alloys Silver 
Ni alloys (Monel, 625, C-276) Niobium 
Ni-stainless steels (304, 316) Molybdenum 
Magnesium Tin 
Gold* Lead 

* not effective in hot CI2 saturated brines 

Severe crevice corrosion may also occur under adherent deposits or scales on titanium metal 
surfaces [SCH92a]. Chloride, sulfate, and siliceous scales can support acidic-reducing conditions 
(favorable for crevice corrosion) within deposit-metal scales. In contrast, alkaline salt deposits 
such as carbonates will not support crevice attack. Scales containing significant amounts of 
oxidizing compounds, such as iron oxides, also inhibit crevice corrosion by passivating creviced 
metal surfaces.  

9.5 Alloy Composition 

Titanium alloys that are resistant to corrosion in hot reducing acids are also resistant to crevice 
corrosion attack. Alloying additions (> 0.04 wt.%) of platinum-group metal (Pt, Pd, Ru, and Ir) to 
practically any titanium alloy significantly enhance crevice corrosion resistance [SCH92a].  
Alloys with Pd additions include titanium grades 7,11, 16, 17, and 18. Nickel additions greater 
than 0.5 wt.% (as in Ti Gr 12) also increase titanium's crevice corrosion resistance to higher 
temperatures and lower pHs, relative to unalloyed titanium. Table 9.4 [SCH92a] and Figure 9.1 
show that the crevice corrosion resistance of Ti Gr 7, 12, 16, and 18 is enhanced relative to 
unalloyed titanium.  

Itoh et al [IT0891 demostrated the superior crevice corrosion resistance of Ti Gr 7 and Gr 12 
relative to C.P. titanium (Ti Gr 3). Testing was conducted in boiling 20% NaCl and crevices 
were formed with a Teflon grooved ring. Ti Gr 3 was susceptible to crevice corrosion at pH 6



Hydrogen embrittlement of titanium alloys is of concern when the long-term integrity of titanium is a consideration [BRA80]. The susceptibility of all the a-Ti alloys to hydrogen embrittlement is 
a concern [MCK85]. Although a-T1 alloys might be expected to suffer from embrittlement by 
hydrogen when gaseou-Iy charged (at high temperatures) to high hydrogen levels [WIL62], the 
examination of titanium tubes removed from a steam condenser after more than 10 years of 
operation with an impressed current for cathodic protection suggests that titanium is very 
resistant to this form of deterioration under normal operating conditions, even in polluted sea 
water [COV76b].  

The discussion of the participation of hydrogen in stress corrosion cracking (SCC) will be presented in Section 12.0. The present section is limited to a discussion of bulk hydride formation.  
However, some information presented may be useful in understanding hydrogen involvement in 
SCC.  

11.1 Mechanism 

Two types of hydrogen embrittlement have been proposed [WIL62]: impact embrittlement and lowstrain-rate embrittlement. Impact embrittlement due to hydrogen is observed in the a-Ti alloys.  
The loss of ductility results from the presence of a brittle hydride phase in the alloy. Impact 
embrittlement becomes more severe with increased hydrogen content, increased strain rate, 
decreased temperature, and the presence of notches. At room temperature severe 
embrittlement can result from as little as 150 ppm hydrogen in notched specimens of unalloyed titanium. The a-Ti alloys are the most susceptible to impact embrittlement, but sufficient 
hydrogen content can result in impact embrittlement of f3 - and ca / c3- Ti alloys.  

Low-strain-rate embrittlement by hydrogen has been reported most often in a / f3 Ti alloys, but 
a-Ti alloys and A3-Ti alloys are also vulnerable [WIL62J. Susceptibility increases with increasing 
hydrogen content and decreasing strain rate. A region of maximum susceptibility exists near 
room temperature, with the region becoming broader with increasing hydrogen content. It should 
be noted that there is no low-strain-rate embrittlement at high strain rates, which distinguishes it 
from impact embrittlement.  

Both types of embrittlement are thought to result from a decrease in solubility of hydrogen in 
titanium alloys with decreasing temperature [WlL62]. The difference in behavior between the 
type of embrittlement is related to differences in the kinetics of titanium hydride precipitation.

26
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11.2 Physical Properties 

In c -Ti and a-Ti alloys the solubility of hydrogen is low; being about 20-200 ppm at room 

temperature [PAT74]. Dilation of the a titanium lattice by absorbed hydrogen has been 

determined by x-ray lattice spacing measurement. At higher hydrogen concentrations, titanium 
hydride formation occurs. The hydride, or 8 phase, is a stable ordered compound with 
composition range TiH1.53 to TilH1.99. The regions of a and 5 phases stability are shown in the 

titanium-hydrogen phase diagram (Fig. 11.1) [MAS90]. Note the increase in hydrogen solubility 

with increasing temperature. Determination of the hydrogen solubility in titanium is difficult 

because it is dependent on hydrogen pressure, stress, alloy composition, purity, and deformation 

[PAT74].  

Titanium hydride has a CaF2 crystal structure which consists of a face centered cubic 

arrangement of Ti ions with the hydrogen atoms located at the tetrahedral interstices. The 

lattice parameter of the fcc hydride phase is such that it has about 23 percent greater specific 

volume than a titanium. This large misfit results in non-coherent plate-shaped hydrides. A 

number of habit planes have been reported for titanium hydrides all of which correspond to 

possible slip or twinning planes in the alpha titanium lattice.  

In P3 titanium, hydrogen solubility is considerably larger than it is in a titanium [PAT74]. For 

instance, more than 4000 ppm hydrogen are soluble in Ti-18Mo at room temperature. The body 

centered cubic lattice of the Ti-18Mo is expanded by 15% with the addition of 9000 ppm of 

hydrogen. Hydride formation in f3-Ti alloys is not seen because at hydrogen concentrations 

above 104 ppm catastrophic failure occurs without the precipitation of hydrides.  

Hydrogen diffusivity in a titanium is of the order of 10-10 to 10-11 cm2/sec at 50'C. In the 

temperature range 25-1 001C the diffusivity of hydrogen in a titanium has been reported to be 

[PAT74]: 

D = 6 x 10-2 exp (-14,400 ± 800 cal / RT) cm2 / s.  

A determination of the diffusivity in the temperature range 610 - 900"C gives a similar 

expression [PAP68]:



D = 3.0 x 10-2 exp (-14,700 ± 650 cal /RT) cm2 / s.  

A slightly different expression for the diffusivity which was determined in the temperature range 
500 - 824°C is given by [WAS54]: 

D = 1.8 x 10-2 exp (-12,350 cal ± cal / RT) cm2 / s.  

11.3 Effect of the Surface Layer on Hydrogen Uptake 

The surface layer present on titanium greatly influences the rate of hydrogen uptake by titanium 
[TOM82]. The oxide layer provides a barrier to hydrogen uptake. For cathodic charging at low 
currents (2000 A/m2) polished specimens which were exposed to air prior to charging had a 
greater resistance to hydrogen uptake than those which were not exposed to air prior to 
charging. However this difference decreased with time and with increasing current density. This 
was due to the destruction of the protective oxide layer that formed upon exposure to air.  

Surface preparation prior to oxidation also significantly influences the rate of hydrogen uptake 
[TOM82]. Etching of previous polished specimens prior to oxidation decreases the amount of 
hydrogen uptake by a factor of 10 at a charging current of 3000 Amps / m2 after 5 hrs.  

11.4 Effect of pH on Hydrogen Uptake 

During cathodic polarization of a titanium at charging currents of 1.0 mA / cm2, hydrogen 
absorption significantly decreases with increasing pH [PAT74]. For solutions of pH 0.3 and 1.3, 
the initial linear absorption rate becomes parabolic with increasing charging time. For solutions of 
pH 3.0, 4.6, and 7.3, decreasing linear rates of absorption were observed with increasing pH. For 
solutions of pH 10.3 and 14.0, no hydrogen absorption was detected. Similar results have been 
reported at higher charging currents (100 mA / cm2) [TOM82].  

The rate-determining step in the hydrogen evolution reaction is believed to be electrochemical 
desorption [THO701. Therefore, the number of adsorbed hydrogen atoms is expected to decrease 
with increasing pH producing a decrease of the amount of hydrogen absorbed. The minute 
amounts of hydrogen absorbed during charging in solutions of high pH may be explained by the 
stability of the oxide film [PAT74]. In the higher pH region a stable oxide film is expected to be

28
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present on titanium. This oxide film may act as a barrier to hydrogen absorption. In addition, 
there is a change in the discharge step of the hydrogen evolution reaction as.pH increases. It 
changes from H30+ + e- = Hads + H20 to H20 + e- = Hads + OH'. This may affect the surface 
coverage of hydrogen atoms and thus the kinetics of hydrogen absorption.  

11.5 Galvanic Coupling 

In addition to gaseous hydrogen charging and electrochemical (cathodic) hydrogen charging, 
hydrogen absorption by titanium can be caused by galvanic coupling of titanium to a less noble 
material. Titanium galvanically coupled to aluminum in several aqueous electrolytes absorbs 
hydrogen, with the formation of surface hydrides [CHA68]. The electrolytes in the aqueous 
solutions were H2S04 (pH 3.1), NH4OH (pH 9.7), and 3.4 wt% NaCI (pH 6.7). Hydrogen 
absorption occurred most readily in the acid solution. Surface preparation also significantly 
affected hydrogen uptake. Vapor blasted specimens offered the least resistance to hydrogen 
absorption, while etched specimens offered the most resistance.  

Stressed specimens (U-bends) of titanium did not fail when galvanically coupled to aluminum in 
acid, basic, and salt solutions for 93 days [CHA68]. The stressed regions of the specimens 
absorbed more hydrogen than the unstressed regions. The hydride platelets which formed in the 
stressed region of the U-bends were oriented perpendicular to the tensile stress axis in the tension 
side, and they were oriented parallel to the stress axis in the compression side. This mode of 
precipitation is favored because the hydride is less dense than titanium.  

A comprehensive study of cracking of both Ti Gr 2 and Gr 12 has been conducted by Clarke et 
al. [CLA86]. Using slow strain rate tests it was observed that the resistance to crack 
propagation of both grades is excellent in 3.5 % NaCI solution. However, the resistance of Ti Gr 
12 breaks down under appropriate combinations of temperature and cathodic polarization. High 
cathodic polarization (to potentials below about -730mv (SHE)) and temperatures above 15011C 
are necessary to induce hydride cracking in Ti Gr 12. At most pH values, the free corrosion 
potential of titanium is well above the potential for hydrogen evolution and, hence, hydriding would 
not normally be expected to occur without a significant amount of cathodic polarization, unless 
the conditions become highly acidic or basic.  

The decisive factor for the occurence of hydrogen embrittlement at lower temperatures is 
whether or not hydrogen is taken up by the metal. This will depend not only upon the generation
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13.0 Galvanic Corrosion 

Titanium, provided it is in its normal passive state, is usually the cathode when galvanically 
coupled to most commercial structural alloys in service, that is, its corrosion potential is noble 
relative to most other alloys. For instance, the galvanic series in flowing sea water is shown in 
Table 13:1. Note that titanium's electrode potential is similar to or less noble than passive 
stainless steel and some nickel-base alloys (e.g. Alloy C and Monel 400). Alloy C is an early 
version of Alloy C-276. (Note Alloy C-22 is similar to Alloy C-276 under many conditions 
[GDO91], however, it does have a higher Cr content which may give it a different electrode 
potential.) Roy [ROY97] has determined that in several deaerated sodium chloride brine solutions 
(2.5 < pH < 10.5) Ti Gr 12 is less noble thatn Alloy C-22 by nominally 0.15 V. It should be noted 
that a materials position in a galvanic series is dependent on many variables. The composition of 
the solutions being one of the most important. Because of these small potential differences 
between titanium and these alloys negligible galvanic interactions might be expected provided 
passive conditions exist.
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Table 13.1. Galvanic series in sea water flowing at 4 m/sec at 24 0C 
[COT57].

Material

Graphite 
Platinum 
Zirconium 
316 Stainless Steel (passive) 
304 Stainless Steel (passive) 
Monel 400 (70Ni-3OCu) 
Alloy C 
Titanium 
Silver 
410 Stainless Steel (passive) 
316 Stainless Steel (active) 
Nickel 
430 Stainless Steel (passive) 
CDA 715 (70Cu-3ONi) 
CDA 706 (90Cu-IONi) 
CDA 442 (admiralty brass) 
G Bronze 
CDA 687 (aluminum brass) 
Copper 
Alloy 464 (naval rolled brass) 
410 Stainless Steel (active) 
304 Stainless Steel (active) 
430 Stainless Steel (active) 
Carbon steel 
Cast iron 
Aluminum 3003-H 
Zinc

When titanium is galvanically coupled to a more active metal, anodic attack of the active metal 
occurs and hydrogen charging of titanium may occur. The rates of the reactions depend on 
several factors, including the relative cathode to anode areas, temperature, concentration of 
cathodic depolarizer (e.g. 02 and H+), solution flow velocity, and solution chemistry [SCH86].  
Under appropriate conditions, active metals may include carbon steels, aluminum, zinc, copper 
alloys, or stainless steels which are active or pitting. In ambient sea water the corrosion rates of 
various copper alloys can be accelerated by up to factors of 5-10 when coupled to titanium (Fig.  
13.1). In addition high aqueous flow rates tend to accelerate galvanic copper alloy corrosion 
[SCH86].

Steady State Electrode Potential 
(Volts vs. Saturated Calomel Electrode) 

0.25 
0.15 

-0.04 
-0.05 
-0.08 
-0.08 
-0.08 
-0.10 
-0.13 
-0.15 
-0.18 
-0.20 
-0.22 
-0.25 
-0.28 
-0.29 
-0.31 
-0.32 
-0.36 
-0.40 
-0.52 
-0.53 
-0.57 
-0.61 
-0.61 
-0.79 
-1.03



Gases such as C12, Br2, and 02 may also be produces in measurable amounts. If the gas-vapor 
phase contains N2, H2, C02, Br2, C12, and 02, then irradiation may produce some HCI, HBr, 
HNO 3, CO, 03, NH3, and various nitrogen oxides as products. The formation of these species is 
dependent on many factors including temperature, radiation dose rate, the amount of water 
present, and the ease of removal of the gases from solution.  

Titanium alloys, in general, tend to perform well in oxidizing environments. Radiation tends to 
increase the number of oxidizing species in an environment. Corrosion testing of titanium under 
irradation should, however, be investigated.  

15.0 Additional Corrosion Studies of Titanium 

Smailos et al. [SMA87] studied the corrosion susceptibility of Ti-0.2%Pd and Alloy C-4 (a Ni-Cr
Mo alloy) in deaerated salt solutions at temperatures up to 1700C and durations of up to 500 
days (Table 15.1). Under none of the test conditions was Ti-0.2%Pd susceptible to crevice 
corrosion. However, Alloy C-4 was susceptible to crevice corrosion under certain conditions.  
General corrosion rates of both alloys were comparable.  

Gegner and Wilson [GEG59] compared the corrosion resistance of unalloyed titanium with 
unalloyed zirconium, Monel, and Alloy C-276 in various chloride salt solutions (Table 15.2). In each 
case titanium had better corrosion resistance than the other materials tested.  

The corrosion performance of Ti Gr 7 and 12 in various environments not covered elsewhere in 
this report is given in Appendix A. The corrosion performance of commercial puritey Ti in 
various environments not covered elsewhere in this report is given in Appendix B.
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Table 15.1. Crevice and genral corrosion of 
solution [SMA87].

Ti-0.2%Pd and Alloy C-4 in a deaerated brine

Material Crevice Type Surface Temperature / Maximum Crevice Radiation 
Condition Time Corrosion Depth 

(Aim) 

Ti - 0.2%Pd Metal/lPTFE As received 900C / 582 d no attack No 

Metal/Metal As received 900C / 489 d no attack No 
"*170°C/286 d no attack No 

Metal/Metal Polished 900C / 266 d no attack No 
170 0C 1266 d no attack No 

Alloy C-4 Metal/PTFE As received 900C / 582 d 250 No 

Metal/Metal As received 900C / 489 d 70 No 
170TC / 286 d non-uniform corrosion; No 

black corrosion 
product 

Metal/Metal Polished 900C / 266 d 20 No 
170 0C 1266 d No 

Material Temperature (0C) Exposure time (d) Weight loss (g/m) Corrosion rate 
(g.m/a) 

Ti-0.2%Pd 90 559 1.2±0.07 0.17±0.03 

170 529 0.46±0.07 0.07±0.03 

200 540 0.97±0.07 0.14±0.03 

Alloy C-4 90 559 0.26±0.07 0.02±0.02 

170 368 1.48±0.07 0.17±0.02 

200 540 2.69±0.07 0.21±0.02
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Table 15.2. Exposures of various metals to salt solutions [GEG59].  
Environment Temp (°C) Duration Ti Zr Monet Aloy C 

(days) 
Sea water 24 160 0.003 0.01 4 sat'd w/ CO 
Sea water; 24 212 nil 0.05 172,5 very high velocity 
Sat'd NaCI brine; 57 125 nil 0.001 0.086 nil pH 10.4 
Sard NaCI Brine 21 208 nil 0.004 0.66 nil 
Sat'd NaCI Brine 60 169 0.0006 0.007 0.056 0.0026 
Sat'd KCI Brine 60 183 0.0002 0.009 0.026 0.002 
Satd NaCI brine 71 163 nil 0.01 0.046 0.02 
20% NaCI brine; 74 73 0.01 195,8 >901 12; 0 pH 2.0-4.5 

1) Specimens were completely consumed during the test.  2) One of two duplicate specimens was lost.  
3) Shallow or slight pitting attack.  
4) Moderate pitting attack.  
5) Severe pitting attack.  
6) Slight attack under spacer.  
7) Moderate attack under spacer.  
8) Sever attack under spacer.  
9) One of two specimens suffered severe pitting and under-spacer attack.  

16.0 CONCLUSIONS 

Of the materials reviewed, commercially pure titanium, Ti Gr 2, is the most susceptible to 
crevice corrosion. Ti Gr 7, 12, and 16 are likely to be very resistant to crevice corrosion under the current expected Yucca Mountain repository conditions. Although Grade 7 has the greatest 
resistance to crevice corrosion it is also the most expensive.  

Although the possibility of SLC exists, it has not yet been observed in a Ti alloys. For hydride 
precipitation to occur at temperatures in excess of 100°C, the hydrogen concentration would 
need to be relatively high, much higher than the maximum amount of hydrogen allowed during the 
manufacture of a Ti alloys (0.015 wt%).
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A large amount of SCC data accumulated at SNL and BNL for the WIPP program and by the 
Canadian Waste Management Program on titanium grades 2 and 12 indicates that there is no 
SCC at naturally occurring potentials in various brines.  

Hydride induced cracking of titanium is a possibility and, therefore, further investigation of this 
phenomenon under credible repository conditions is warranted.  

One disadvantage of titanium and its alloys is that their strengths decrease rather rapidly with 
increasing temperature. This is due to the strong temperature dependence of interstitial solute 
strengthening mechanisms.  

Ti Gr 7, 12 and 16 are recommended for further consideration as candidate materials for high 
level nuclear waste packages due to their ver good corrosion resistance under pausible repository 
conditions.  
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Appendix A. Corrosion Data for Titanium Alloys Grade 7 and 12 [GRA95]. Data is a 
compilation from numerous published sources [GRA95]. Data does not indicate if other 
forms of corrosion such as localized corrosion had occurred. Duration of testing is not 
stated. Bold entries indicate species that are components of the naturally occurring waters 
at Yucca Mountain.  

Medium Alloy Concentration Temperature Corrosion 
(%) (°C) Rate (mm/yr)

Acetic acid + 5% formic 
acid 

Ammonium hydroxide 

Aluminum chloride 

Ammonium chloride 

Aqua regia 

Calcium chloride 

Chlorine, wet 

Chromic acid 

Citric acid 

Ferric chloride 

Formic acid 

Hydrochloric acid, 
deaerated

Gr 12 

Gr 12 

Gr 12 
Gr7 
Gr7 

Gr 12 

Gr7 
Gr 12 

Gr 7 
Gr 7 

Gr7 

Gr7 

Gr7 
Gr 12 

Gr7 
Gr 12 
Gr7 

Gr7 
Gr 12 
Gr7 

Gr 12 
Gr7 

Gr7 
Gr 7 
Gr7

58.  

30 

10 
10 
25 

10 

3:1 
3:1 

62 
73

10 

50 
50 

10 
10 
30 

45 
45,50 

50 
90 
90 

3 
5 
10

Boiling 

Boiling 

Boiling 
100 
100 

boiling 

Boiling 
Boiling 

150 
177 

25 

Boiling 

Boiling 
Boiling 

Boiling 
Boiling 
Boiling 

Boiling 
Boiling 
Boiling 
Boiling 
Boiling 

82 
82 
82

nil 

nil 

nil 
<0.025 

0.025 

nil 

1.12 
0.61 

nil 
nil 

nil 

nil 

0.025 
0.013 

nil 
nil 
nil 

nil 
nil 

0.01 
0.56 
0.056 

0.013 
0.051 
0.419



47

Hydrochloric acid Gr 7 0.5 Boiling nil 
Gr 7 1.0 Boiling 0.008 
Gr 7 1.5 Boiling 0.03 
Gr 7 5.0 Boiling 0.23 

Gr 12 0.5 Boiling nil 
Gr 12 1.0 Boiling 0.04 
Gr 12 1.5 Boiling 0.25 

Hydrochloric acid, Gr 7 1-15 25 <0.025 
hydrogen saturated Gr 7 20 25 0.102 

Gr 7 5 70 0.076 
Gr 7 10 70 0.178 
Gr 7 15 70 0.33 
Gr 7 3 190 0.025 
Gr 7 5 190 0.102 
Gr 7 10 190 8.9 

Hydrochloric acid, Gr 7 3, 5 190 0.127 
oxygen saturated Gr 7 10 190 9.3 

Hydrochloric acid, Gr 7 3,5 190 <0.03 
chlorine saturated Gr 7 10 190 29.0 

Hydrochloric acid, Gr 7 1,5 70 <0.03 
aerated Gr 7 10 70 0.05 

Gr 7 15 70 0.15 

Hydrchloric acid + Gr 7 19 82 0.49 
4%FeCI3 + 4% MgC12 

Hydrchloric acid + Gr 7 19 82 0.46 
4%FeCI 3 + 4% MgC92, 
chlorine saturated 

Hydrochloric acid 
+ 5 g/1 FeC13  Gr 7 10 Boiling 0.279 
+ 16 g/1 FeC13  Gr 7 10 Boiling 0.076 
+ 16 g/1 CuCl2  Gr 7 10 Boiling 0.127 

Hydrochloric acid 
+ 2 g/1FeC13  Gr 12 4.2 91 0.058 
+ 0.1% FeC13  Gr 7 5 Boiling 0.013 
+ 0.1% FeC13  Gr 12 5 Boiling 0.020 

Hydrochloric acid + Gr 7 18 77 nil 
18% H 3PO4 + 5% 
HNO 3



Hydrogen peroxide 
pH I 
pH 4 
pH I 
pH 4 
+ 500 ppm Ca2 +, pH 
+ 500 ppm Ca2+, pH

1 
1

Hydrogen peroxide, pH 
I + 5% NaC1 

Magnesium chloride 

Oxalic acid 

Phosphoric acid, 
naturally aerated 

Sodium fluoride 

pH 7 

Sodium sulfate, pH 1 

Sulfarnic acid
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Gr7 
Gr7 
Gr7 
Gr7 
Gr7 
Gr7 

Gr 7

Gr 7 

Gr7 

Gr12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr7 
Gr7 
Gr7 
Gr7 
Gr7 
Gr7 
Gr 7 
Gr 7 
Gr7 

Gr 12 

Gr 7 

Gr 7 

Gr 12 
Gr7

5 
5 
5 
5 
5 

20 

20

Saturated 

1 .  

25 
30 
45 
8 
13 
15 
5 
7 

0.5 
1.0 
40 
60 
15 
23 
8 
15 
0.5 
1.0 
5.0 

1 
1 

10 

10 
10

23 
23 
66 
66 
66 
66 

66

Boiling 

Boiling 

25 
25 
25 
52 
52 
52 
66 
66 

Boiling 
Boiling 

25 
25 
52 
52 
66 
66 

Boiling 
Boiling 
Boiling 

Boiling 
Boiling 

Boiling 

Boiling 
Boiling

0.062 
0.010 
0.127 
0.046 

nil 
0.76 

0.008 

nil 

1.14 

0.019 
0.056 
0.157 
0.02 
0.066 
0.52 
0.038 
0.15 
0.071 
0.14 
0.008 
0.07 
0.036 
0.15 
0.076 
0.104 
0.050 
0.107 
0.228 

0.001 
0.002 

nil 

11.6 
0.37



Sulfuric acid, naturally 
aerated 

Sulfuric acid, nitrogen 
saturated 

Sulfuric acid, oxygen 
saturated 

Sulfuric acid, chlorine 
saturated 

Sulfuric acid, nitrogen 
saturated 

Sulfuric acid, aerated 

Sulfuric acid + 5 g/l 
Fe2 (SO 4 )3 

Sulfuric acid + 16 g/l 
Fe2(SO4)3 

Sulfuric acid + 16 g/l 
Fe2 (SO 4)3 

Sulfuric acid + 15% 
CuSO 4 

Sulfuric acid + 1% 
CuSO4 

Sulfuric acid + 100 ppm 
Cu2+ + 1% thiourea 
(deaerated)
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Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr 12 
Gr7 
Gr 7 

Gr 12 

Gr 7 
Gr 7 
Gr7 
Gr7 

Gr7 

Gr7 
Gr7 

Gr7 
Gr7 

Gr7 
Gr7 

Gr7 

Gr7 

Gr 7 

Gr7 

Gr7 

Gr7 
Gr 12

9 
9.5 
10 
3.5 

3.75 
2.75 
3.0 

0.75 
1.0 
1.0 
2.0 
1.0 

5 
10 
1,5 
10 

1-10 

10 
20 

10 
40 

10 
40 

10 

10 

20 

15 

30 

1 
1

24 
24 
24 
52 
52 
66 
66 

Boiling 
Boiling 

204 
204 
204 

70 
70 
190 
190 

190 

190 
190 

25 
25 

70 
70 

Boiling 

Boiling 

Boiling 

Boiling 

Boiling 

100 
100

0.003 
0.006 
0.38 
0.013 
1.73 
0.015 
1.65 
0.003 
0.91 
0.005 

nil 
0.91 

0.15 
0.25 
0.13 
1.50 

0.13 

0.051 
0.38 

0.025 
0.23 

0.10 
0.94 

0.178 

<0.03 

0.15 

0.64 

1.75 

nil 
0.23
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Sulfuric acid + 1000 Gr 7 15 49 0.015 
ppm C1-
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Appendix B. Corrosion Data for Unalloyed Titanium [GRA95]. Data is a compilation 
from numerous published sources [GRA95]. Data does not indicate if other forms of 
corrosion such as localized corrosion had occurred. Duration of testing is not stated.  
Entries are limited to corrosion of components of the naturally occuring components at 
Yucca Mountain and major elements of candidate materials.  
Medium Concentration Temperature Corrosion 

(%) (OC) Rate (mmlyr) 
Calcium carbonate saturated boiling nil

Calcium chloride 

Calcium hydroxide 

Copper nitrate 

Copper sulfate 

Copper sulfate + 
2%H2SO4 

Cupric carbonated + 
cupric hydroxide 

Cupric chloride 

Cuprous chloride 

Ferric chloride 

Ferric chloride 

Ferric sulfate 

Ferrous chloride + 
0.5%Hcl

5 
10 
20 
55 
60 
62 
73 

saturated 
saturated 

saturated 

50 

saturated 

saturated 

20 
40 
55 

50 

10-20 
1-30 

10-40 
1-30 
50 

10 

10 

30

100 
100 
100 
104 
149 
154 
175 

room 
boiling 

room 

boiling 

room 

ambient 

boiling 
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Ferrous sulfate saturated room nil 

Fluorosilicic acid 10 room 47.5 

Hydrofluoric 1 26 127 

Hydrofluori-nitric acid 5 25 452 
vol% HF - 35 vol% 35 571 
HNO3 

Magnesium chloride 5-20 100 <0.010 

Magnesium hydroxide saturated room nil 

Magnesium sulfate saturated room nil 

Nickel chloride 5 100 0.004 
20 100 0.003 

Nickel nitrate 50 room nil 

Potassium chloride saturated room nil 
saturated 60 nil 

Potassium hydroxide 50 29 0.010 
10 boiling <0.127 
25 boiling 0.305 

Potassium sulfate 10 room nil 

Seawater 24 nil 

Seawater, 4.5 yr test ambient nil 

Sodium carbonate 25 boiling nil 

Sodium chloride saturated room nil 
pH 7 23 boiling nil 
pH 1.5 23 boiling nil 
pH 1.2 23 boiling 0.71 
pH 1.2; some dissolved 23 boiling nil 
chlorine 

Sodium fluoride saturated room 0.008 
pH 7 1 boiling 0.001 
pH 10 1 boiling 0.001 
pH 7 1 204 0.000



Sodium nitrate 

Sodium silicate 

Sodium sulfate

saturated 

25 

10-20 
saturated

Steam + air

room 

boiling 

boiling 
room 

82
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nil 

nil 

nil 
nil 

nil
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Fig. 2.3 Molybdenum-titanium phase diagram [MAS90].
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Fig. 3.1 Minimum tensile strength of low-strength titanium alloys [LAM90].
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Fig. 9.1 Temperature - pH limits for crevice corrosion of titanium allys in 
NaCl brines [SCH85]
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