




.. 
.... , 

3 3679 00056 1987 

CORROSION RESISTANCE OF CAST IRONS 
AND TITANIUM ALLOYS AS REFERENCE 
ENGINEERED METAL BARRIERS FOR USE 
IN BASALT GEOLOGIC STORAGE: A 
LITERATURE ASSESSMENT 

L. A. Charlot 
R. E. Westennan 

July 1981 

Prepared for 
Rockwell International 
Rockwell Hanford Operations 
under a Related Service Agreement 
with the U.S. Department of Energy 
under Contract DE-AC06-76RLO 1830 

Pacific Northwest Laboratory 
Richland, Washington 99352 

PNL-3569 
UC-70 





• 

.. 

SUMMARY 

A survey and assessment of the literature on the corrosion resistance of 
cast irons and low-alloy titanium are presented. Selected engineering proper
ties of cast iron and titanium are briefly described; however, the corrosion 
resistance of cast iron and titanium in a~eous solutions or in soils and their 
use in a basalt repository are emphasized. 

In evaluating the potential use of cast iron and titanium as structural 
barrier materials for long-lived nuclear waste packages, it is assumed that 
titanium has the general corrosion resistance to be used in relatively thin 
cross sections whereas the cost and availability of cast iron allows its use 
even in very thick cross sections. Based on this assumption, the survey showed 
that: 

• The uniform corrosion of low-alloy titanium in a basalt environment 
is expected to be extremely low. A linear extrapolation of general 
corrosion rates with an added corrosion allowance suggests that a 
3.2- to 6.4-mm (0.13- to 0.25 ... in.) thick wall may have a life of 
1000 yr. This is a conservative estimate since corrosion rates are 
expected to be logarithmic (that is, the corrosion rate decreases 
with time) rather than linear as used in the extrapolation. 

• Pitting and crevice corrosion are not likely corrosion modes in 
basalt ground waters. It is also unlikely that stress corrosion 
cracking (SCC) will occur in the commercially pure (CP) titanium 
alloy or in palladiumor molybdenum-alloyed titanium materials. 

• Low-alloy cast irons may be used as barrier metals if the environment 
surrounding the metal keeps the alloy in the passive range. The 
solubility of the corrosion product and the semipermeable nature of 
the oxide film allow significant uniform corrosion over long time 
periods. A linear extrapolation of high-temperature corrosion rates 
on carbon steels and corrosion rates of cast irons in soils gives an 
estimated metal penetration of 51 to 64 mm (2 to 2.5 in.) after 
1000 yr. A corrosion allowance of 3 to 5 times that suggests that 
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an acceptable cast iron wall may be from 178 to 305 mm (7 to 12 in.) 
thick. This is a conservative estimate because it does not take into 
account the decreasing rate of attack of the metal that is expected 
as the corrosion product thickness increases • 

• Although they cannot be fully assessed, pitting and crevice corrosion 
should not affect cast iron due to the ground-water chemistry of 
basalt. Since cast irons are not known to stress crack, see or 
hydrogen stress cracking should not occur in a basalt repository. 
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INTRODUCTION 

The use of metallic barriers between a radioactive nuclear waste form and 
the host basalt rock is being considered by the Basalt Waste Isolation Project 
at Rockwell Hanford Operations (RHO) to limit the release of radionuclides to 
the biosphere. To be effective over an extremely long service life, the metal 
barriers must be selected to withstand degradation from mechanical (fracture), 
chemical-mechanical (stress corrosion or corrosion fatigue), and chemical 
(corrosion) processes. The integrity of the waste package should be assured 
for approximately 1000 yr;(l) therefore, because of the elevated temperatures 
expected in a commercial waste repository (to ~523K), this criterion requires 
substantial extrapolation of current engineering and experience data as well 
as some insight into the behavior of the candidate barrier materials in a given 
geologic repository environment. 

The purpose of this review is to assess the corrosion resistance of cast 
irons and titanium alloys in aqueous environments and to estimate the long-term 
corrosion behavior of each metal in a basalt repository. The review does not 
consider the actual conceptual design of the metal engineered barrier; but gen
eral data on chemical, mechanical, and physical properties of cast iron and 
titanium alloys are included. 

Some assumptions have been made in this report concerning the data that 
were reviewed; they are summarized below and are expanded in more detail later 
in the report. 

• Because of the good corrosion resistance of titanium in oxidizing 
environments, it can potentially be used as a metal barrier in thin 
sections. Low-alloy titanium is already a leading candidate in one 
Swedish concept for waste storage, (2) and an assessment of its use 
in a granitic repository has been made.(3) 

• Using cast irons as barrier materials offers the benefits of low 
cost, availability, ease of fabrication, and some favorable mechan
ical property advantages--that is, immunity to the delayed cracking 
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problem found in titanium(3) and certain high-alloy steels.(4) 
Thick sections of cast iron would be used to accommodate the poten
tial metal loss due to corrosion processes. 

• The mechanical integrity of the metal barrier should be maintained 
although some degradation of the metal with subsequent change in 
physical and mechanical properties could be allowed over the 1000-yr 
package life. 

• The waste package would be stored in a deep basalt formation about 
1000 m (3280 ft) deep. The Grande Ronde basalt ground water chem
istry has been determined(S) and was considered in this review. 

The following literature was searched for relevant data on the corrosion 
resistance of cast irons and titanium alloys in aqueous environments: 

• Metal Abstracts - 1966 to date 
• National Aeronautics and Space Adminstration - 1970 to date 
• National Technical Information Service - 1970 to date 
• Corrosion Abstracts - 1966 to date. 
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LITERATURE BACKGROUND 

A few of the engineering properties that make low-alloy cast irons and 
titanium alloys attractive candidates as engineered barrier materials are 
described in this section, and the corrosion resistance of these metals in 
aqueous environments is discussed. 

ENGINEERING PROPERTIES 

This document provides background information on the chemical, mechanical, 
and physical properties of cast iron and low-alloy titanium. Comments have 
been included on composition, general corrosion resistance, short-term mechan
ical properties, thermal conductivity, and weldability. 

Cast Irons 

Specific engineering properties of cast irons are described in detail in 
various handbooks and other references. (6-11) In this section general state

ments are presented concerning some of the compositional/chemical, mechanical, 
and physical properties of cast irons. 

Composition/Chemical Properties 

Cast iron is basically an iron-carbon alloy with minor additions of sili
con, manganese, and phosphorus. The principal constituent found in cast irons 
that is not found in steels is carbon in the form of graphite, and the form of 
carbon/graphite in the cast matrix determines the type of iron. Flake graphite 

occurs in gray irons; carbon bound as cementite (Fe3C) occurs in white irons; 
and nodular (spheroidal) graphite occurs in ductile irons. Ferrite in cast 
irons is essentially a single-phase solid solution of silicon in alpha (body
centered-cubic or BCC) iron. Pearlite consists of alternating lamellae of 
ferrite and cementite. The composition of typical cast irons is presented in 
Table 1. The more ductile alloys contain nodular graphite, and the brittle 
irons contain graphite in flake form. 

Generally, ductile and gray irons of the same matrix composition will show 

similar corrosion behavior. In aqueous environments the graphite in the iron 
matrix is cathodic and is generally not chemically attacked (corroded). 
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TABLE 1. Canpositional Range for Cast Iron All oys 

Microstructure combine~ 
Type of Graphite Total Carbon, a) 
Metal Form Matrix Carbon, % % Si, % Mn, % / S, % P, % 

White Iron None Pearl ite + 1.7 to 3.0 All 0.8 to 1.3 0.4 <0.15 <0.5 
Carbide 

Gray Iron Fl ake Pearlite 2.7 to 4.0 <0.9 0.5 to 3.3 0.3 to 1.0 <0.15 <1.4 

Nodu 1 ar( a) Nodules Pearl ite 3.3 to 3.9 <0.9 1.6 to 2.5 0.4 <0.01 . <0.1 
Graphite or Ferrite 
Iron 

Blackheart Nodul es Ferrite 2.0 to 2.7 None 0.8 to 1. 2 0.1 to 0.6 <0.15 <0.2 
Malleable 
Iron 

Whiteheart Nodules Pearlite 3.3 to 3.9 0.12 0.1 to 0.8 0.1 to 0.5 <0.4 <0.1 
Malleable 
Iron 

(a) 0 to 1.5% nickel; 0.04 to 0.10% magnesium. 



Pearlitic gray irons tend to form better passive films than ferritic irons. A 
passive film is a corrosion product layer that suppresses or eliminates the 
corrosion reaction. The cementite phase in a cast iron is electronegative 
(cathodic) with respect to ferrite, and it would not generally be attacked in 
an aqueous environment. The presence of cementite in ferritic cast iron could 
help to suppress general corrosion of the alloy by the process of anodic pas
sivation. Alloying gray irons with phosphorus, copper, or chromium in small 
quantities improves their corrosion resistance in acidic solutions. 

The low-alloy gray irons are resistant to corrosion in dilute alkali solu
tions. In more concentrated, high-temperature caustic solutions, 3 to 12% 
chromium is added to impart corrosion resistance. Salts hydrolyzing to acids 
tend to attack gray irons; salts hydrolyzing to alkalis do not significantly 
corrode gray irons. In concentrated acid solutions, considerable alloying is 
done to effect corrosion resistance. For example, Duriron® (17% silicon) and 
Durachlor® (3.5% molybdenum) resist boiling mineral acids; alloys containing 
20 to 35% chromium resist hot alkali and oxidizing acids; and alloys containing 
>18% nickel are resistant in most aggressive aqueous environments. 

High-temperature corrosion (oxidation) of cast irons in air or steam can 
cause dimensional changes (growth) of the metal as well as scaling. Growth 
involves both structural changes in the casting and internal oxidation, which 
generally occur at temperatures above about 723K (450°C) as shown in Table 2. 
Alloying with chromium, molybdenum, vanadium, or silicon (4 to 8%) normally 
retards or stops growth by providing protection against internal oxidation. 

Mechanical Properties 

Tensile strength is frequently used in specifying the grade of a cast 
iron. As can be seen from Table 3, the tensile strength of gray iron without 
heat treatment is generally less than 345 MN/m2 (50,000 psi). When higher 
strengths are required, chromium, nickel, molybdenum, or copper can be added to 
the gray iron. Alloying to improve strength may also require special heat 

®Trade names of the Duriron Company, Dayton, Ohio. 
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TABLE 2. 

Temperature, 

°c DUration 

400 64 weeks 

450 64 weeks 

In air 

427 49 weeks 

Super-
heated 
Steam 

Effect of (prolonged Exposure in Air and Superheated Steam on 
Cast Iron a) 

Initial Tensile Strength, Gral Iron 
199 239-278 278 

MN/m2 (ton/in.2) (12.9) (15.5 to 18.0) (18.0 or more) 

Growth,(b) % Ni I Nil Ni I 
Sea ling, g/dm2 0.25 0.2 0.19 
Loss of strength,(e) % Ni I Ni I Ni I 

Growth, % 0.32 0.21 0.13 
(0.30-0.33) (0.05-0.31) (0.02-0.26) 

Scaling, g/di 0.45 0.37 0.35 

Loss of strength, (c) % 13.4 7.0 3.6 

(-10.3 to -16.5) (+7.3 to -13.3) (+8.9 to -12.1) 

Loss of hardness, (c) % 16.0 to 19.0 Nil to 26.8 Nil to 30.4 

Growth, % 0.079 0.0017 0.0033 
(0.25-0.134) (-0.0017 to +0.01) (-0.0017 to +0.01) 

Sea 1 i ng, g/dm2 0.532 0.086 0.052 
Loss of strength,(e) % 3.3 gain 3.75 loss 0.63 low 

(-4.0 to +10.7) (-11.26 to 11.93) (-13.4 to +9.81) 
Change of hardness,(e)' % No change No change No change 

(a) Reference 6, p. 257; Reference 7, p. 793, discusses high-temperature corrosion of cast iron in detail. 
(b) Changes of less than 7.0% in tensile strength and 0.02% in growth are unlikely to be significant. 
(c) At room temperature after exposure. 

Nodular Iron 
Pearlitie Ferritie 

724-755 434 
(46.9-48.9) (28.1) 

Nil Nil 
0.12 0.12 

Nil Nil 

0.02-0.03 0.01 

0.23 0.21 
2.5 7.0 

(0.7-4.3) 
No change No change 

-0.01 -0.2 

0.055 0.09 

1.3-13.0 0-0.4 

No change No change 



TABLE 3. Short-Term Tensile Properties of Cast Irons(a) 

Proportional 
Tensile Limit 

Strength Proof (0.01%) 
in Stresfe~ Stress Deviation Total Plastic 
Portion~ b (0.1%~, from Eo, Strain 

T~~e of Iron MN/m MN/m MN/m2 at Fail ure 
Gray--Grade 10 154 100 39 0.45 to 0.60 
Gray--Grade 12 185 120 51 0.33 to 0.53 
Gray--Grade 14 216 141 60 0.22 to 0.47 
Gray--Grade 17 263 171 to 193 73 0.38 
Gray--Grade 20 309 201 85 0.28 
Gray--Grade 23 355 232 to 270 97 0.25 
Gray--Grade 26 402 261 111 0.28 
Whiteheart Malleable 309 to 371 179 to 196 97 to 198 Elongation % 

4 to 8 
Blackheart Malleable 278 to 340 170 to 216 130 to 161 6 to 14 min 

Pearlitic Malleable 432 to 510 264 to 318 159 to 192 6 to 4 min 
Nodular Pearlitic 494 to 726 309 to 386 185 to 232 7 to 2 

SNG 
Nodular Ferritic 417 261 182 12 

SNG 27/12 
Nodular Ferritic 371 224 168 17 

SNG 24/17 

(a) Reference 6, p. 477; additional detailed mechanical property data can be found in 
References 8, 9, and 11. 

Young's 
Modulus, 

GN/m2 

76 to 103 
83 to 110 
97 to 120 

110 to 131 
117 to 145 
124 to 152 
124 to 152 

176 
145 to 179 
145 to 186 

172 
145 to 186 
169 to 176 

169 

169 

(b) The tensile strength is that obtained in a standard 30-mm (1.2-in.) as-cast test bar of the 
grade quoted for gray iron. If the stressed portion is of much heavier section, the 
tensile strength may be much lower and the maximum design stress will be correspondingly 
lower in accordance with the criteria given. 



treatments. Ductile irons are heat treated to develop a specific microstruc
ture with fully annealed irons having a tensile strength of about 414 MN/m2 
(60,000 psi). Generally, tensile strength is greater in pearlitic irons than 
in ferriticirons. 

The endurance limit--that is, the limit to which the material can with
stand repeated stressing (fatigue) without fracturing--increases with the ten
sile strength of the material and decreases with the presence of notches or 
stress concentration. Gray irons generally have a lower endurance limit than 
ductile irons, but they are not affected by the presence of notches to the same 
extent as ductile irons. 

Flake graphite inclusions are a source of stress concentration in gray 
irons because of their lenticular shape. This stress concentration effect 
reduces the ductility of gray iron to very low levels, and ductility is gener
ally not reported for these materials. The ductile irons, having a spheroidal 
distribution of graphite in the matrix, do not show the same effect of stress 
concentration and, therefore, demonstrate ductile behavior. The ductile prop
erty of cast irons is evident in their impact resistance: Gray irons normally 
show low impact resistance whereas ductile irons will show improved toughness. 

High-temperature strength is influenced by the stability of the micro
structure of the alloy at the use temperature. The ability of iron to maintain 
a load for long periods of time at elevated temperature is indicated by its 
creep strength. Although the creep strength of low-alloy cast iron is poor, 
it can be significantly improved by alloying. The creep strengths of several 
irons are shown in Figure 1, and the permissible service stress at 623 and 673K 
is shown in Table 4 for several alloys. 

Physical Properties 

The damping capacity of a material is a measure of its ability to absorb 
vibrational energy. The flake graphitic structure of gray irons tends to give 
better damping properties than the spheroidal graphitic ductile irons. Gener
ally the damping capacity is greater in lower strength irons. Figure 2 sche
matically compares this property for cast and wrought irons. 
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FIGURE 1. Comparative Creep Strengths at 810K for Four Cast Irons 
(Reference 9) 

The thermal conductivity of cast iron is partly dependent on its struc
ture. Pearlite and cementite phases have a low thermal conductivity whereas 
graphite has a high thermal conductivity. Therefore, gray irons will generally 
show better thermal conductivity than other types of cast iron. Table 5 lists 
some values of thermal conductivity for gray iron, nodular iron, and steels at 
373 and 673K (100 and 400°C). 

Gray, ductile, and malleable cast irons may be fusion welded provided that 
suitable precautions are taken; these precautions are summarized in a review 
of cast iron welding by Pearce.(12) In stress-bearing welds, strength and 
weld integrity are the most important requirements. The main difficulties in 
fusion welding gray irons (flake graphite structure) are a hard or unmachinable 
weld zone--due to the redistribution of carbon to the heat-affected zone--and 
cracking--due to the increased hardness and an inability to accommodate shrink 
stresses. Ductile (nodular) irons are more readily welded than gray irons due 
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Type of I ron 

TABLE 4. Service Stress of Cast Irons at High Temperatures(a) 

Stress at 623K, 
MN/m2 

Gray--Grade 10 to 12 

Gray--Grade 14 to 17 

Gray--Grade 20 to 26 

Whiteheart Malleable 

Blackheart Malleable 

Pearlitic Malleable 

Nodular Pearlitic 

Nodular Ferritic 

(a) Reference 6, p. 480. 

Short-term tensile 
Stress to rupture in 100,000 h 
Short-term tensile 
Stress to rupture in 100,000 h 
Total creep for 100,000 h, 0.1% 
Short-term tensile 
Stress to rupture in 100,000 h 
Stress to rupture in 100,000 h 
Total creep for 100,000 h, 0.2% 
Stress to rupture in 100,000 h 
Creep rate for 1000 h, 0.1% 
Stress to rupture in 100,000 h 
Stress to rupture in 100,000 h 
Short-term tensile 
Short-term 0.1% proof 
Total creep for 100,000 h, 0.1% 
Stress to rupture in 100,000 h 
Short-term tensile 
Total creep for 100,000 h, 0.1% 

154 to 185 
93 to 108 

216 to 259 
139 to 154 

77 
309 to 386 

263 
139 to 216 

31 to 46 
139 

247 
309 to 386 
(917) 687 
(537) 474 
108 to 139 
185 to 216 

77 to 93 

Stress at 673K, 
MN/m2 

(154 to 185) 170 
62 

216 to 259 
93 
28 

293 to 355 
124 to 170 

77 to 154 
15 to 19 
77 to 93 

83 
154 

201 to 232 
556 
436 

31 to 46 
108 to 124 
59 to 100 
15 to 23 
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FIGURE 2. Damping Diagram for Steel, Ductile Iron, and Gray Iron 
(Reference 7, p. 738) 

to better ductility and impact resistance, which allows some forgiveness in the 
shrink stresses developed in the weld zone. However, the redistribution of 
carbon in these alloys can form martensite or carbides that increase the hard
ness of the weld zone, thereby increasing the potential for cracking. 

Titanium Alloys 

As in the preceding section on cast irons, only selected properties of 
titanium alloys are presented; and they are discussed in general terms. Sev
eral references(13,14,15) can supply specific data. 

Composition/Chemical Properties 

Pure or low-alloy titanium is a hexagonal close-packed (HCP) metal at 
temperatures to about 1153K. Above this temperature, the HCP alpha phase 
changes to a BCC beta phase. Alloying titanium with various metals yields a 
family of stable alloys that can be all alpha, alpha and beta, or all beta. 
Corrosion resistance and mechanical properties will be affected by the dominant 
phases in the alloy and its crystallographic texture. 
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TABLE 5. Thermal Conductivity of Cast Iron and Steel(a) 

Thermal Thermal 
Mean Conductivity, Mean Conductivity, 

Material Tem(!erature! 
High Carbon 100 
High Carbon 100 
High Carbon(b) 100 
High Carbon 100 

Normal Gray: 
Pearlite(c) 100 
Annealed Ferritic(c) 100 

Low 5il icon: 
Perl it 90 

100 
White Iron 25 
Blackheart Malleable(d) 100 
Ferritic 100 
Pearl iti c 100 
Whiteheart Malleable(e) 100 
Pure Iron 100 
5teel 100 

100 
100 

Reference 6, p. 131. ( a) 
(b) 
(c) 
(d) 

0.16% chromium; 0.31% molybdenum. 
0.14% chromium. 

DC W/m-DC Tem(!erature! DC W/m-oC 
59 400 47 
59 400 46 
57 400 42 
56 400 47 

49 400 40 
53 400 44 

57 430 47 
65 400 45 
32 
63 400 58 
49 400 46 
44 400 41 
48 400 44 
69 400 49 
51 400 43 
48 400 41 
45 400 37 

(e) 

B5310: 1958 Amendment 1 1962 gives 0.12 to 0.15 cal/cm-s-oc; falls with increasing 
temperature. 
B5309: 1958 Amendment 2 1962 gives 0.11 to 0.15 cal/cm-s-oC; increases with total carbon but 
decreases with temperature. 
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Titanium is a reactive metal that can dissolve and retain large amounts 
of oxygen, hydrogen, and carbon. These elements can cause interstitial hard
ening, which increases the alloy strength, decreases its ductility, and can 
lead to embrittlement. However, the corrosion resistance of the metal is 
extremely good in most environments because of a thin passive oxide film (Ti02) 
that forms on the base metal and protects it. Only when the passive film is 
degraded will accelerated corrosion occur. Titanium does not generally possess 
good corrosion resistance in low pH reducing environments or in hot concen
trated chloride solutions, and pitting or crevice corrosion results in these 
environments. Under these conditions the commercial alloys normally show a 
breakdown of the passive film at temperatures greater than 373K, but additions 
of nickel or palladium to the alloy will increase the breakdown temperature and 
give improved resistance to both pitting and crevice attack. 

The high-temperature oxidation of titanium in air or steam generally fol
lows parabolic kinetics (metal loss proportional to time to the one-half power) 
with the protective Ti02 film protecting the metal. Oxidation rates at 

-3 temperatures less than 673K are generally less than 2.5 x 10 mm/yr 
(0.1 mi1/yr). 

Mechanical Properties 

Titanium alloys have excellent strength-to-weight ratios; but the tensile 
strength of pure titanium is low, typically less than 241 MN/m2 (35,000 psi). 
The tensile strength in commercially pure (CP) alloys is somewhat higher due to 
iron and oxygen impurities in the metal. Table 6 lists some of the short-term 
properties of several low-alloy alpha alloys. The increased strength obtained 
by selective alloying or interstitial hardening causes a reduction in ductility 
as well as some compromise in other alloy properties. For example, alloying 
titanium can lead to materials with improved mechanical properties, but they 
may exhibit an increased susceptibility to stress corrosion cracking (SCC). 
The Ti-<0.8 Ni alloys were developed to resist pitting corrosion but were found 
to suffer edge cracking when formed into strip material.(15) 
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TABLE 6. Short-Term Mechanical Properties of Titanium Alloys(a) 

Mechanical Pro~erties(b) 
Yield Tensil e 

UNS(C) %(d) 
Strength, Str~ngth, Elongation Hardness, 

Alloy" Grade Can~os it ion! Conditi on MN/m2 (ksi) MN/m (ksi) in2in.,% HB 
Commercially Pure 1 R50250 0.20 Fe; Annealed 241 (35) 331 (48) 30 120 

0.18 0 

Commercially Pure 2 R50400 0.30 Fe; Annealed 345 ( 50) 434 (63 ) 28 200 
0.25 0 

Ti-Pd 7 R52400 0.30 Fe; Anneal ed 345 ( 50) 434 (63 ) 28 200 
........ 0.25 0; 
+::0 0.12 to 0.25 Pd 

Ti-6 Al-4 V 5 R56400 5.5 to 5.6 A1; Annealed 924 (134) 993 (144) 14 330 
0.40 Fe; 
0.20 0; 

3.5 to 4.5 V 

L-ow-A110y 12 0.2 to 0.4 Mo; Annealed 448 (65) 517 (75) 25 
0.6 to 0.9 Ni 

(a) Reference 16. 
(b) Room temperature properties. 
(c) UNS = unified alloy numbering system. 
(d) Single values are the maximum canposition values. 
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The creep strength of titanium is reasonably good up to about 873K but 
decreases rapidly at higher temperatures. The creep strength can be improved 
by "beta" processing (forging, rolling, or heat treating above the beta transus 
followed by a solution anneal) or by adding silicon to the alloy. Typical 
creep strengths for CP alloys are shown in Figure 3. 

Physical Properties 

The physical properties of CP titanium alloys (or near-alpha alloys) do 
not differ significantly from one another. The thermal conductivity at 373K 
is about 21 W/m-oC for titanium compared to 56 W/m-oC for carbon steel. 

Machining CP titanium is similar to machining austenitic stainless steel 
(SS); however, machining becomes more difficult as the metal is more highly 
alloyed. Welding titanium by gas tungsten or gas metal arc methods will, with 
some care, give strong, ductile, and corrosion-resistant welds having proper
ties comparable to the parent metal. When iron is present from 0.05 to 0.2 
weight percent (wt%), the ductility and forming characteristics of the weld are 
improved; however, the increased iron content decreases the corrosion resis
tance of the weld when it is exposed to hot acidic solutions.(15) 

UNIFORM CORROSION 

Aqueous corrosion is an electrochemical process where oxidation occurs at 
the anode of an electrochemical cell and reduction occurs at the cathode. For 
example: 

* -Fe ~ Fe + 2e 
+ -2H + 2e --- H2 or 

02 + 2H20 + 4e- --- 40H-

(anodic reaction) 
(cathodic reaction) 
(cathodic reaction). 

For iron the Fe* ion is not stable in solution and will react with oxygen 
or water to form magnetite (Fe304), hematite (Fe203), or other stable, soluble 
ionic species. The equilibrium between the metal and its corrosion products in 
an aqueous media can then be thermodynamically described by potential-pH dia
grams such as those shown in Figure 4 for iron and titanium. The Pourbaix dia
grams show regions where chemical stability can be expected. Standard 
texts(17,18,19) describe the construction, application, and limitation of the 
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diagrams. Several diagrams have been included in this paper to describe the 
corrosion process in terms of thermodynamic regions of active corrosion, pas
sivation, and immunity. 

Uniform metal penetration by corrosion processes can be severe in low
alloy carbon steels or cast irons, but it may not be a primary metal degrada
tion phenomena in titanium alloys. The rate of uniform corrosion is expressed 
in terms of metal penetration--mils per year (mpy)--or weight change--mg/dm2/ 
day (mdd). 

Cast Irons 

The uniform corrosion of cast irons in an aqueous system is comparable to 
the corrosion of iron or low-alloy carbon steels except that the graphite con
tent in the cast irons will change the corrosion rate due to the formation of 
a graphite-rust layer between the metal and the environment. The areas of 
active corrosion or passivation shown in Figure 4 hold for the cast irons as 
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for any low-alloy carbon steel. Much of the literature that was reviewed con
siders the use of cast iron in pipeline service. These corrosion data are 
relevant to soil (underground) corrosion but are limited in that the effect of 
temperature on the uniform corrosior.process is generally not considered. Cast 
irons are used in low-temperature boiler service; and data from this use will 
allow some insight into the effect of temperature, particularly when compared 
to low-alloy carbon steel corrosion data. A problem with using corrosion data 
from boiler service is that the chemistry of the high-temperature water is 
generally controlled to keep the carbon steels within the passive region of the 
Pourbaix diagram. 

$oi1 (Underground) Corrosion 

The corrosion resistance of cast iron pipelines can be attributed to: 
1) the heavy wall of the pipe, 2) the graphite and in some gray irons a 
phosphorus intermetal1ic phase that helps to form a corrosion product coating, 
and 3) the use of insulated short section pipes in actual service. Gray irons 
that have a flake graphitic structure tend to lose strength and become suscep
tible to mechanical failure after graPhitization(a) of the pipe takes place. 
Ductile cast iron generally has twice the initial strength of gray iron for a 
given thickness and shows less strength loss due to uniform or localized 
corrosion.(20) 

The major parameters dictating soil corrosion of metals are pH, electro
lyte concentration, moisture content, and soil resistivity. The most corrosive 
soils are those having large concentrations of soluble salts such as sulfates, 
chlorides, and bicarbonates; low resistivity; and either a very acid or very 
alkaline PH.(21,22) The National Bureau of Standards (NBS) has determined the 
corrosion behavior of ferrous pipe materials buried in soil environments over a 
30-yr period.(23,24) One of their basic conclusions--that ductile cast iron 
and carbon steel "may corrode at nearly the same rate when buried in some soil 
environments ••• ,11(23)--has been subject to criticism(20,25) because of the 

analysis of the pitting attack and the choice of soil (most of the test beds 

(a) Graphitization is a process of selective corrosion of gray irons where the 
iron or corrosion products are lost from the structure leaving the 
graphite in place. 
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consisted of very aggressive media). Whether the analysis is correct or not 
does not change the observation that ferrous metal test pipes failed by a 
localized corrosion process and not by uniform corrosion.(21) These results 
will be described in a later section on pitting corrosion. 

In Table 7 the weight loss of carbon steel, malleable iron, and gray iron 
is shown for several soils of differing resistivity. It is difficult to estab
lish a "typical" soil corrosion rate from these data since the maximum change 
in rate is about a factor of 16 for malleable iron in the various soils. For 
a given soil, the change is a factor of about 10 between gray and malleable 
irons. In underground service gray irons are generally considered to have 
better corrosion resistance than either ductile iron or carbon steels, (26) but 
ductile irons have a greater resistance to localized attack than gray irons.(27) 

Figure 5 shows that there is little difference in the corrosion behavior 
of gray cast irons fabricated by sand casting or spin casting, although the 
spun cast irons consistently show slightly lower weight loss. The sand cast 
pipe had a pear1itic/flake graphite structure while the spun cast pipe had a 
ferritic/fine flake graphite structure. If the rates shown in Figure 5 are 
compared to those in Table 7, one again sees the problem in arriving at a typ
ical corrosion rate for cast irons in soil environments. 

TABLE 7. 

Metal 
Steel 
Malleable Iron 
Gray Iron 

Comparative Corrosion Rate~ Qf Ferrous Metals 
in Soil After 10-yr Burialt a) 

60 
6.8 

16.8 
8.9 

263 
15.8 
14.0 
14.0 

Corrosion Rates, mg/dm2-day 
Soil Resistivity, n/cm 

408 1270 11,400 
14.1 9.7 3.2 
11.7 

26.2 
0.9 

12.6 
0.9 

3.7 

(a) Reference 6, p. 320. 
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Natural and Sea-Water Corrosion 

Pure water does react slowly with cast irons to evolve hydrogen and form 
generally protective, passive oxide surface films. Dissolved salts in neutral 
waters can act to either accelerate general corrosion or to protect cast irons 
by passivation. Chromates, nitrites, nitrates, and permanganates are all oxi
dizing salts that tend to passivate metals in near-neutral pH solutions; how
ever, these same salts will tend to accelerate uniform corrosion in acid pH 
solutions.(l7) Well-aerated, neutral solutions of chloride and sulfate salts 
act to accelerate both uniform and localized corrosion of cast irons with the 
average uniform corrosion rate ranging from 1 to 5 mpy in static or quiet 
waters.(l2) 

The corrosion rates of several cast alloys in sea water are compared in 
Table 8. In fresh water the deposition of calcium carbonate on cast irons can 
act as a physical barrier between the metal and the environment. The formation 
of the carbonate layer is dependent on the excess carbon dioxide in the waters. 
Generally so-called hard waters show a tendency to deposit the carbonate and in 
doing so are not particularly corrosive to cast irons.(28) 

Boiler Water Corrosion 

In high-temperature (above 473K) water systems, cast iron or cast steel 
is primarily used for specialized process equipment such as erosion-resistant 
impellers or large pump housings. Consequently, corrosion data are limited and 
usually specific to a particular phenomena such as cavitation-erosion. At 
lower temperatures (323 to 373K) cast irons have been used in radiators or cen
tral heating boilers. 

McEnaney and Smith(29) have studied the corrosion of a gray cast iron in 
neutral pH (6.0 to 7.7), low-oxygen «l.O-ppm) water containing about 70-ppm 
chloride and 3D-ppm sulfate ion. The cast iron formed a passive film that grew 
by a parabolic rate; the overall reaction was: 3Fe + 4H20 ----Fe304 + H2• 

Figure 6 is an Arrhenius plot of the corrosion of carbon steel in high
temperature alkaline solutions and includes McEnaney's cast iron corrosion rate 
data. The graph indicates that the corrosion mechanism over the temperature 
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TABLE 8. Corrosion Rates for Cast Iron Exposed in Sea Water in Various Tests(a) 

Metal 
Steel 

Gray Iron 

White Iron 

Malleable Iron 

Pearlitic Nodular 
Graphite Iron 

Ferritic Nodular 
Graphite Iron 

Emsworth, U.K., 
for 2 yr 

12 

16 

Corrosion Rates, mg/dm2-day(b) 
Cuxhaven, 
Germany Laboratory, Laboratory,(c) 
for 6 mo for 380 days for 220 days 

44 24 18 

17 17 

10 

21 16 

6 

9 

9 

14 

5 

(a) Reference 6, p. 316. 
(b) Except where noted. 
(c) Artificial sea water. 
(d) Rate of pitting = 100 mg/dm2-day = 0.020 in./yr = 508 ~m/yr. 

Harbor Island, 
USA, for 3 yr 
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range is essentially the same for both metals. In a separate study,(30) the 
protective film on the cast iron was identified as a combination of green 
rust(a) and Fe304. 

(a) Green rust is an intermediate oxide between iron and magnetite that can be 
schematically shown by: 

where GR = green rust. 

Fe304 

Fe-FeOH+ < t 
GR 
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Oxygen was shown to change the composition of the passive film during the 
corrosion of iron at 323K. In the deoxygenated system «0.06-ppm 0) only green 
rust and Fe304 formed, giving the corrosion rate shown in Figure 6. At higher 
oxygen levels the film was composed ofa combination of iron oxides (see 
Table 9). The corresponding rate data for the film growth were found to be 
proportional to the oxygen content: about 2.0 to 2.6 x 10-8 g/cm2_s per ppm 
O2. An oxygen dependence for mild steel in 298K 6.4 pH water is 1.9 x 
10-8 g/cm2-s per ppm O2. (32) 

Comparisons of film composition, corrosion rate, and influence of oxygen 
on the uniform corrosion of cast iron and mild or low-alloy steel allow some 
confidence in applying the high-temperature aqueous corrosion data for low
alloy steels (where there are considerable data) to the corrosion of cast irons 
(where there are relatively limited data). In high-temperature water (473 to 
573K) irons tend to form only two stable oxides--Fe203 and Fe304--according to 
the Pourbaix diagram for iron-water at 473K, (33) see Figure 7. It can readily 
be seen that as the oxidant level in the water is increased, the electrochemi
cal potential also increases in a direction favoring passivation 

TABLE 9. Composition of Scales Formed on Cast Iron After 6 h 
at 323K as a Function of Oxygen Concentration(a) 

Oxygen 
Concentrati on, Green 

ppm Rust 
0.10(6) + 

0.60 + 

1.10 + 

1.65 + 

2.00 + 

3.00 + 

3.95 + 

(a) Reference 31. 
(b) Scale formed after 

Fe~ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

78 h. 
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'Y-FeOOH 
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a.-FeOOH 

trace 
trace 
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of iron by Fe203• "Neutral water conditioning" is a method where either gase
ous oxygen or hydrogen peroxide is added to neutral high-purity boiler water to 

help protect carbon steels. Table 10 shows the corrosion behavior of carbon 

steel in flowing high-temperature water at various oxygen levels. The tempera
ture effect is not consistent with an Arrhenius relation for any oxygen level, 

and the greater corrosion resistance is at higher oxygen levels. Instead of 

raising the anodic potential to protect the iron, passivation can be maintained 
in deoxygenated solutions if the pH is maintained between 7 and 12. In the 
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TABLE 10. Corrosion Rate Behavior of Carbon Stre1 in 
Neutral pH Feedwater Flow at 1.8 m/s a 

System and Corrosion Rate, mg/dm2-mo 
Temperature, Oxygen Content, pp6 

°c <1 3 15 to 30 200{6} 2000{6} 

Simulated 

38 154 116 18.5 1.2 
66 291 188 16.9 0.1 
93 322 284 16.5 2.2 

121 173 284 8.5 4.3 

149 240 208 4.4 3.3 
177 224 207 0.1 2.9 
204 132 164 8.4 3.8 

In-Plant 
49 30.5 

82 5.0 
132 8.9 

(a) Reference 34. 
(b) With stoichiometric (=02/8) hydrogen. 

former case, passivation occurs due to formation of Fe203 film; but in the lat

ter case, passivation occurs due to Fe j04 or a duplex layer of Fe203 depending 
on the oxygen content in the water.(34 

Pearl and Wozadlo(35) found that the corrosion rates of carbon steels were 
initially fast but decreased to a linear growth rate of about 4 mg/dm2-mo in 
558K high-purity neutral water containing about 20-ppm O. As the oxygen con
tent was lowered to 0.2 to 1.2 ppm, the passive film still gave protection but 
the growth rate was about the same. Mild steels exposed to high-temperature 
alkaline solutions were found to corrode at rates considerably higher than 
Pearl's data.(36) Figure 8 shows the effect of sodium hydroxide concentration 

on the corrosion rate of mild steel and the temperature dependence of the 
corrosion reaction. The corrosion of the steel in high pH, alkaline solutions 
is near the active corrosion area shown in Figure 7. 
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The high-temperature aqueous corrosion of carbon steels has been summa
rized in a number of papers.(17,37,38) The uniform corrosion of a carbon steel 

depends on the stability of the passive layer and the relative solubility of 
the iron oxide film. If the chemistry of the environment can be maintained to 
give a pH and potential that puts the metal in the passive area of the Pourbaix 
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diagram, then the corrosion of the metal will follow parabolic or slow linear 
kinetics. If the high-temperature chemistry changes to give oxygen concentra
tion cells, highly acidic or highly basic conditions, or chloride and sulfate 
impurities in the vicinity of the metal, ttle probability for pitting or other 
nonuniform attack increases. In oxygenated systems the purity of the water 
becomes important in limiting localized corrosion so that in some cases it is 

better to remove the oxygen and increase the pH rather than remove the 
impurities • 

Titanium Alloys 

The corrosion of titanium in aqueous systems occurs by the reaction of 
water with metal to form rutile and hydrogen: 

(1) 

The titanium oxide forms on the metal surface and is extremely protective, 
accounting for the broad region of corrosion passivity shown in the Pourbaix 
diagram in Figure 4. The growth of the oxide film on titanium follows a para
bolic rate law up to about 773K.(39) In high-temperature (573 to 623K) deion
ized water, Cox(40) found only a 0.3- to 0.5-~m thick oxide film on titanium 

after several hundred days of exposure. In simulated pressurized water reactor 
(PWR) environments (573 to 613K, O.Ol-ppm O2, alkaline pH), the weight change on 
titanium samples exposed 2500 h was only 10-2 mdd or about 3 x 10-3 mpy.(41) 

The very effective passive layer on titanium can be lost in low pH reduc
ing solutions that cause general dissolution of the metal [to the soluble 
Ti(III) ion(42)J or in halide or sulfate solutions that promote localized film 
breakdown. The film may be very protective, however, in environments of rela

tively high chloride content and at moderate temperatures. The NBS(43) 

included CP titanium in their field tests of the soil corrosion of metals and 

found no corrosion of titanium that had been buried for 8 yr, even in clay 
soils containing 3500-ppm Cl ion at pH 4. In corrosion tests in 3 wt% NaCl 

aerated and deaerated solutions, the metal penetration amounted to only 
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0.01 mpy at 333K and 0.12 mpy at 473K.(44) In more concentrated chloride solu
tions, the corrosion rates increased depending on the oxygen content and the 
titanium alloy. Table 11 is taken from the recent literature and shows uniform 
corrosion rates for CP Ti, Ti-grade 12, and Ti-Pd alloys. 

PITTING AND CREVICE CORROSION 

Both pitting and crevice corrosion are localized forms of attack to metals 
that are generally accelerated by chemical and electrochemical processes dif
fering from the bulk environment-metal interactions. Crevice attack is found 
in areas where the access of the bulk environment is limited, such as under 
bolts or between mated flanges. Pitting occurs at the free surface, but it is 
initiated by some artifact in the metal or some change in the local environ
ment. In both phenomena the chemistry of the pit or crevice area becomes 
acidic, and the corrosion process is generally accelerated. Pitting requires 

TABLE 11. Effect of Oxygen and Temperature 9n the Uniform 
Corrosion Rate of Titanium Alloys~a) 

Effect of Temperature in Deoxygenated Brine 

Alloy 
Ti-SOA 
Ti-Grade 12 
Ti-Pd 

Corrosion Rate, ~m/yr 
343K (70bC) 423K (iSObC) S23K (2S0bC) 

<0.06 2.6 14 
<0.07 0.9 3.2 
<0.09 0.3 2.4 

Effect of Dissolved Oxygen at S23K (2S00C) 

Alloy 
Ti-SOA 
Ti-Grade 12 
Ti-Pd 

Corrosion 
Sea Water 

O-ppm O2 SOO-ppm O2 
11.7 16.2 
1.10 0.60 
1.14 0.62 

(a) Reference 45. 
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Rate, llm/yr 
Brine A 

O-ppm O2 4S0-ppm O2 
14 3200 
3.2 1.8 

2.4 0.4 
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higher anodic potentials for initiation and will have high current densities 
compared with crevice attack. The localized attack of cast irons and titanium 
alloys under pitting and crevice corrosion is discussed in the following 
sections. 

Cast Irons 

There are many examples in the literature that show that the failure of 
ferrous pipe is not by uniform corrosion but by a combination of localized 
attack (generally in the form of pits) and a mechanical overload. The NBS has 
examined cases of underground pipe failures where, for example: 

• A 0.15-m (6-in.) diameter cast pipe suffered mechanical overload 
failure because nonuniform corrosion penetrated about 10% of the pipe 
cross section. Examination of the pipe showed that the ferrite phase 
in a pearlite/ferritic matrix was preferentially corroded. (46) 

• A 0.10-m (4-in.) diameter gray cast iron gas main failed mechanically 
due to a crack starting at the bottom surface where graphitization 
consumed about 25% of the wall.(47) 

• A O.25-m (10-in.) diameter gray cast iron pipe gas main failed 
because of a combination of graphitization, preferential ferrite 
attack, and poor initial microstructure. (48) 

Localized corrosion leading to failure of ferrous metal in the unstressed 
state requires that several electrochemical conditions be met prior to the 
accelerated corrosion process. The passive oxide film is generally lost so 
that a pit can be initiated at the free metal surface or that the attack can be 
accelerated in creviced areas. Halides, particularly chloride, in solution are 
well known for their deleterious effect on the passive film(49,50) and subse
quent localized attack. In Figure 9--the Pourbaix diagram for iron in a 
chloride solution--the conditions for "imperfect" passivity of the oxide are 
shown at point 2 (pH = 8), which leads to pitting and at point 1 (pH = 8), 
where crevice corrosion can occur. The high anodic potential required for pit
ting attack compared to the crevice attack is shown in this figure. 
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Once pitting is initiated, the potential decreases and the rate or extent 
of attack becomes dependent on the chemistry in the pit. The chemistry of pit
ting corrosion in carbon steel has been discussed by Wranglen.(51,52) The 

corroding metal in the pit and in the creviced area is in an acidic environment 
compared with the bulk solution. Figure 10 schematically shows the many reac
tions that can occur in ferrous metals. 

In addition to the chemistry of the environment acting on the localized 
corrosion process, the microstructure of the ferrous alloy also becomes impor
tant in dictating the initial local cathodic/anodic reactions on the metal sur
face. For example, the graphite in cast irons will be cathodic to ferrite. 
The effect of the pearlite-ferrite-graphite structures on pitting attack has 
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not been studied; however, there are failure cases of cast irons(47,48) and 
cast steels(52) that have been attributed to preferential attack of ferrite. 
Some studies on carbon steels(53) have shown that structural changes in pearl
ite lead to preferential attack of carbide or ferrite depending on pH, anodic 
potential, and the anions present in solution. Wranglen(52) compared the pit
ting corrosion of conventional (ingot) cast steel to a "concast'l (continuously 

cast) steel and found that active sulfide inclusions (MnS) in the concast steel 
accounted for an increase in pitting in these steels. When the sulfides are 
made inactive by heat treating to form (MnFe)S or tied to calcium in the alloy, 
there appears to be no difference in the pitting resistance of ingot or concast 

s tee 1 • 

Pitting or crevice attack can be stopped by "heal ing" the pit and return
ing the metal to a passive state.(54) The dependence of localized corrosion 

on pit/crevice chemistry and bulk solution chemistry as well as on the micro
structural features of the metal makes the prediction and extrapolation of 
localized corrosion very difficult. 

From the very extensive data gathered by the NBS, an expression for the 

maximum pit depth(P) in mils has been empirically developed for ferrous metals 
in soils of different resistivity and pH: 

where p = soil resistivity in ohm-cm 

6 = time in years 

A = exposed surface area in ft2 

Ka, a = material-dependent factors 
n = 1/6, 1/3, 1/2, or 2/3 for soils that are well aerated, fairly 

well aerated, poorly aerated, or poorly aerated with soluble 
corrosion products, respectively 

Kn = 170, 222, or 355 for soils that are well aerated, fairly well 
aerated, or poorly aerated, respectively. 
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The material parameters for wrought iron, steel, and cast iron are given 
in Table 12, which essentially shows that cast iron pipe suffers greater pit 
depth for larger exposed areas than steel pipe but that as the areas become 
smaller the maximum pit depth becomes comparable. 

Even with the formalism attempted in Equation (2), determination of the 
material parameter is subject to considerable scatter so that no generaliza
tions should be made. It seems to be a more common approach to quantify pit
ting corrosion statistically, expressing maximum pit depth as a function of the 
probability of finding any given pit depth on a certain area of meta1.(55) 
Comparisons such as those shown in Table 13 are then considered more reliable; 
however, even this approach can lead to questionable conclusions. Crews(25) 
suggests that the service life of ductile iron can be 11 times greater than 
steel pipe in representative soils. Fu11er(20) shows (see Figure 11) the rela
tion between gray and ductile iron. Although ductile pipe is more resistant to 
pitting than gray pipe, the resistance is not necessarily improved by a factor 
of 11. 

If uniform corrosion protection is lost, then localized forms of chemical 
attack can degrade the metal. The loss of passivity of the oxide on iron 
occurs in halide solutions and has been extensively studied. (49,50) Generally 
passive film breakdown does not occur until the chloride concentration reaches 
about 10-3 M (37 ppm). (50) The passive films formed in high-temperature 
waters apparently do not suffer breakdown at this level since neither 
McEnaney(29,31) or Mann(30) reported significant pitting on ferrous alloys in 

chloride-containing environments. 

TABLE 12. Values of the Material Parameters Used 
in Equation (2) 

Parameter Wrought Iron 

Ka 1.00 
a 0.13 

35 

Steel 
1.06 
0.16 

Cast Iron 
1.40 
0.22 



w 
0'1 

TABLE 13. Long-Term Soil Corrosion Comparison for 6-in. Pipe(a) 

Mean weigot)LOSS, 
mdd(b 

Mean Maximvm)Pitting, 
m~y\C 

Mean Loss in Burst 
Strength, % 

Soil Ex~osure! y"r Ductile Iron Gray" Iron Ductile Iron Gray" Iron Ductile Iron Gray" Iron 

Cinders 3.7 12.2 10.6 35 35 <10 20 

5.9 15.9 16.0 32 32 <10 30 
7.9 12.5 13.8 27 28 <10 31 

9.4 10.6 11.7 18 22 <10 27 

13.5 9.3 11.3 11 20 <15 40 

A 1 ka 1 i 3.7 7.2 5.4 22 16 <10 10 

6.0 4.3 3.2 13 10 <10 10 
8.0 3.2 2.3 10 14 <10 24 

9.9 2.3 1.6 10 9 <15 42 
12.0 2.6 2.2 8 10 <15 41 

14.0 2.4 1.9 9 13 <9 39 

Element, % 
Ty"~e of Iron Carbon Sil icon Sulfur Manganese Phosphorus Magnesium 

Ductil e 3.40 2.40 0.01 0.30 0.05 0.04 

Gray 3.40 1.50 0.08 0.50 0.60 

( a) Ref erence 11. 
(b) mdd = mg/dm2-day. 
(c) mpy = mils per year . 
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Titan i urn Alloys 

There are several reviews describing both pitting(56~57) and crevice 

corrosion(58~59) of titanium. The resistance of titanium in chloride solutions 

can be shown as a combination of chloride concentration and temperature, see 
Figure 12. According to this diagram, titanium should be resistant to pitting 
or crevice attack at ambient temperature in solutions of relatively high 
chloride content. As the temperature is increased, the probability for pitting 
and crevice attack increases. Beck(56) states that pitting of titanium occurs 
only in halide solutions and that corrosion can take place at ambient tempera
ture depending on the anodic potential. The anodic potential at ambient 
temperature is about 8 V standard calomel electrode (SeE), which falls to about 
1 V seE at 473K. In bromide and iodide solutions, the potential is fairly con
stant with temperature at about 1 V seE. 
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The passive film breakdown potentials must be exceeded to initiate pitting 
attack; but, once an active corrosion reaction starts, the pitting potential 
will decrease to some critical value and further reduction in the potential can 
stop the pitting attack. Crevice corrosion can be initiated and continued at 
low anodic or cathodic potential. 

Pitting or crevice attack is environment specific. The effect of environ
ment on localized corrosion of titanium is summarized below. 

• An increase in temperature will increase the probability for pitting 
and crevice attack, but the halide content of the solution will dic
tate the maximum use temperature of a specific titanium alloy. Cre
vice attack has not been seen at temperatures less than 373K 
(l000C). (58) 

• Pitting corrosion on titanium occurs in halide environments; crevice 
corrosion is known to occur in both halide and sulfate environments. 

• Decreasing the pH of the solution will tend to increase pitting and 
crevice attack; and increasing the pH above 8 will suppress attack, 
even at temperatures to 423K (250°C). (59) Figure 12 shows the effect 
of pH, chloride content, and temperature on crevice corrosion. 
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• Chloride concentrations up to 1 wt% may be tolerated by CP titanium 
at temperatures up to 513K. 

• The effect of oxygen on pitting and crevice attack is not well 
defined. Takamura(60) compared the corrosion resistance of CP 
titanium and a Ti-O.2 Pd alloy in concentrated chloride solutions and 
found that the amount of oxygen in the creviced areas in CP titanium 
resulted in corrosion in that area. The corrosion resistance of the 

• creviced Ti-Pd alloy was not lost in a low-oxygen chloride solution. 

• 

The corrosion resistance in the Pd alloy case was not attributed to 
the passive Ti02 film but to the accumulation of palladium at the 
surface, which developed a cathodic (protective) potential. (61) 
Charlot(44) exposed CP titanium to a deoxygenated, 473K, 3.4 wt% 
NaCl solution and saw no evidence of either pitting or crevice 
attack. Braithwaite et al., (45) suggested from polarization data on 
CP Ti-grade 12 and Ti-O.2 Pd alloys in 513K sea water that the effect 
of oxygen on crevice corrosion reactions (i.e., anodic dissolution 
and the chloride reaction) would be small. Oxygen acts to repair 
defects in the passive oxide layer. No pitting or crevice attack was 
found on samples exposed in 522K sea water or brine under either oxi
dizing or deoxidizing conditions. 

• Impurities on the titanium surface, iron in particular, have been 
found to enhance pitting attack. (62) 

STRESS CORROSION CRACKING 

Ferrous metals and titanium alloys can suffer failure by SCC when sub
jected to a combination of certain environments and mechanical tensile stress. 
One school of thought holds that SCC is due to the accelerated dissolution of 
metal at the crack tip. Cathodic polarization of the metal would help arrest 
the crack growth in this case. Hydrogen stress cracking is attributed to 
hydrogen atoms entering the metal at the crack tip, causing local embrittlement 
and subsequent crack growth. In this case, cathodic polarization worsens the 
situation and anodic polarization would help arrest crack growth. In many 
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metal failures it is difficult to separate hydrogen stress cracking from envi
ronmental stress cracking. Corrosion fatigue is a failure mode that combines 
the action of environment and stress. In corrosion fatigue the stress is 
cyclic rather than static; and when failures occur, they are generally at much 
lower stress levels than required in stress corrosion processes. 

Cast Irons 

Cast irons are generally not subject to SCC, and many of the failures of 
cast pipe in service have been attributed to either uniform or localized corro
sion that reduced the structural integrity of the pipe to the point where fail
ure occurred by mechanical overload.(21) In one case where a pipe was found 
to leak through a number of small cracks, it could not be determined whether 
the residual stress and corrosion caused the crack or if the cracks were 
already there causing the corrosion. (21) 

Carbon steels do stress crack in a variety of environments depending on 
their yield strength and the tensile stresses imposed on them. The stress 
cracking of low-alloy steels has been reviewed elsewhere. (63,64) General 

observations made in these reviews for four specific aqueous environments are 
summarized below. 

• aqueous chloride environments - Stress cracking of low-alloy steels 
in aqueous chloride environments is dependent on the yield strength 
of the alloy. At strengths less than about 689 MN/m2 (100,000 psi) 
the steels are resistant to stress cracking; but as the strength of 
the material increases, so does the probability of stress cracking. 
Raising the chloride concentration in solution or increasing the 
temperature appears to have little effect on the SCC susceptibility 
as indicated by the environmental stress intensity factor;(a) how
ever, an increase in either temperature or chloride concentration 
will accelerate crack growth. Highly acidic pH solutions accelerate 

(a) The stress intensity factor is a value of the plane strain stress that 
will produce crack propagation by SCC of a given material in a given 
environment. It is derived from fracture mechanics principles. 
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SCC, but highly basic solutions restrict or stop crack initiation and 
propagation. Figure 13 shows the effect of pH on the stress intensity 
factor for a typical low-alloy steel. There is a substantial literature 
showing that SCC in chloride solutions is due to hydrogen embrittlement. 

• nitrate solutions - Stress cracking of mild steels in nitrate solu
tions is dependent on the carbon content in the alloy. Generally the 
lower the carbon level, the greater the susceptibility. It has been 
shown that steels with pearlitic or spheroidized structure are more 
resistant to cracking. Very dilute nitrate solutions can cause 
cracking (640-ppm nitrate as NH4N03) in mild steel at ambient 
temperature. An increase in either nitrate concentration or tempera
ture decreases the resistance of the alloy to SCC. 

• sodium hydroxide solutions - Stress cracking of steels in sodium 
hydroxide solutions (caustic cracking) is known to occur at tempera
tures from 373 to 623K. The lowest NaOH concentration causing SCC 
failures is about 5 wt%. Caustic cracking is generally accelerated 
by small amounts of oxygen; but, as the oxygen content increases, the 
susceptibility of the metal to cracking decreases. Silicates, sul
fates, and carbonates tend to inhibit caustic cracking of low-alloy 
steels. 

• carbonate solutions - Stress cracking of medium-strength low-alloy 
steels (689 to 1034 MN/m2) in carbonate solutions occurs within a 
limited range of electrochemical potential. A mild steel showed 
failure in an ammonium carbonate solution of pH between 8 and 10 at 
potentials between -450 and -625 mV SCE. As the temperature was 
increased, the potential susceptibility band narrowed.(65) Gener
ally, low-alloy steels will be resistant in carbonate solutions; but 
when concentration, temperature, and potential conditions are right, 
carbon steels can SCC. 

Titanium Alloys 

The SCC resistance of CP or low-alloy alpha titanium in aqueous solutions 
is generally considered excellent. Stress cracking of titanium has been a 
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problem when the strengths of the alloy had to be improved by element addition 
or heat treatments. Table 14 shows the relative susceptibility of several 
titanium alloys in a saltwater environment. 

Solutions containing halides have shown a tendency to accelerate see in 
susceptible alloys or to induce see susceptibility in alloys normally immune 
in distilled water. There are a number of reviews discussing the stress corro
sion of titanium.(66-70) The comments listed below are specific to the ep 

• titanium or low-alloy alpha materials in an aqueous environment. 

• 

• Oxygen, iron, and aluminum have been singled out for their adverse 
effect on the see resistance of titanium. Oxygen and iron are diffi
cult to remove from unalloyed titanium and exist as major impurities 
in the metal. Aluminum is the most prominent alloying element in 
titanium, and the Ti-6 Al-4 V alloy is probably the most widely used. 
As oxygen is increased in the ep grades of titanium, the resistance 
to SCC decreases.(7l) CP Ti-50 A is essentially immune to SCC 
whereas Ti-75 A and Ti-lOO A are considered moderately susceptible.(72) 
Table 15 shows the loss of sce resistance in unalloyed titanium as 
the oxygen content exceeds about 0.2 wt%. 

• The relative SCC susceptibility of the alpha alloys is determined by 
a combination of their strength and stable microstructure. The iron 
impurity in most titanium alloys can cause an "omega" phase to form 
that promotes SCC susceptibility.(6?) This phase is dependent on 
the thermal history of the alloy and/or any residual beta (Bee phase) 
in the alpha (HCP) structure. 

• Aqueous see of titanium generally occurs in susceptible alloys having 
a pre-existing crack-like flaw. Prenotch or precrack specimens are 
normally used to evaluate the susceptibility of an alloy. The pas
sive Ti02 film insulates and protects the metal from the environment, 
preventing crack initiation and growth. However, when either the 
environment (hot brine or low pH, halide solutions) or stress level 
prevents passivation, see failure can occur. The mechanisms for 

crack propagation include the role of both hydrogen and chloride 
ions. 

43 



TABLE 14. Stress Corrosion SusceptibilitY)Of Titanium 
Alloys in 3.5% NaCl Solutions{a 

Test solution: 

Test temperature: 

Spec imen type: 

Failure time: 

Type of cracking: 

Alloys that are sensitive: 

Alloys that are not sensitive: 

(a) Reference 69. 

3.5%(N~Cl solution pH 8 or synthetic sea 
salt b) 

ambient 

cantilever beam, notched, and with and without 
crack initiated at base of notch by fatigue 

less than 1 h at critical load 

intergranular and transgranular 

unalloyed RS-70 (annealed)(C) 
Ti-7 Al-2 Cb-1 Ta (annealed) 
Ti-7 Al-3 Cb (annealed) 
Ti-6 Al-2.5 Sn (annealed) 
Ti-S Al-2.S Sn (annealed 
Ti-6 Al-3 Cb-2 Sn (annealed) 
Ti-7 Al-3 Cb-2 Sn (annealed) 
Ti-8 Al-3 Cb-3 Sn (annealed) 
Ti-8 Mn (annealed) 
Ti-8 Al-l Mo-l V (slightly) (annealed) 
Ti-6 Al-4 V (very slightly) (annealed) 
Ti-6.5 Al-S Zr-l V (aged at 11000F) 
Ti-6 Al-4 V-I Sn (aged at 11000F) 
Ti-6 Al-6 V-2.5 Sn (aged at 9000F) 
Ti-6 Al-2 Mo (aged at 11000F) 
Ti-7 Al-3 Mo (annealed) 
Ti-13 V-II Cr-3 Al (annealed) 

Ti-6S A (annealed) 
Ti-6 Al-4 V (annealed and annealed and aged) 
Ti-7 Al-2.5 Mo (annealed) 
Ti-6 Al-2 Mo (annealed) 
Ti-6 Al-2 Sn-l Mo-l V (annealed) 
Ti-6.S Al-S Zr-l V (annealed) 
Ti-6 Al-2 Sn-l Mo-3 V (annealed) 
Ti-S Al-2 Sn-2 Mo-2 V (annealed) 
Ti-6 Al-2 Cb-l Ta-O.8 Mo (annealed) 
Ti-4 Al-3 Mo-l V (age hardened) 
Ti-13 V-II Cr-3 Al (age hardened) 

(b) ASTM Specifications for Substitute Ocean Water (0 1141-52). 
(c) RS-70 alloy is comparable to commercial Ti-Grade 2. 
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TABLE 15. Effect of Oxygen on tbe)Aqueous Stress 
Corrosion of Titaniumta 

Failure Stress-Intensity 
K2 ksi \firi. . 

ComEosition In Air In Sea Water 
Ti -0.060% 0 (b) 52.9 51.4 
Ti-0.20% O(b) 72.3 68.0 
Ti -0.40% 0 ( b ) 90.3 53.3(c) 

Ti-0.40% 0 + 1.0% Mo(b) 99.4 62.5(c) 

Ti-6% Al-4% V-0.08% O(c) 93 88 
Ti-6% Al-4% V-0.18% O(c) 92 60(d) 

(a) Reference 72. 
(b) Annealed: 13000F, 7 h, vacuum cooled. 
(c) Fracture texture showed stress corrosion. 
(d) Annealed: 14500F, 8 h, furnace cooled. 

Ratio of 
Seawater Test 
to Air Test 

0.97 
0.94 
0.59 
0.63 

0.95 
0.65 

Hydrogen is known to play an active role in SCC. Apart from that role, 
hydrogen readily reacts with titanium to form a stable hydride phase that in 
turn affects the impact properties of the alloy. Figure 14 shows this effect 
for unalloyed titanium and the Ti-6 Al-4 V alloy. Hydrogen embrittlement 
becomes more severe with increased hydrogen content, increased strain rate, 
decreased temperature (over a narrow range), and in notched or precracked metal 
parts. While the titanium matrix can accept and tolerate certain levels of 
hydrogen without embrittlement, temperature and stress gradients in the metal 
can redistribute the hydride phase leading to delayed fracture. 
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CORROSION RESISTANCE OF REFERENCE METALS IN A 
BASALT ENVIRONMENT 

THE BASALT ENVIRONMENT 

Any waste package that is stored and sealed in an underground repository 
will be subject to the local chemistry of the geology changed somewhat by the 
heat and radiation generated by the waste form contained within the package. 

- In a basalt repository, one would expect a continual but slow movement of 
ground water as an aqueous phase through the site. The chemistry of the ground 
water is important when either experimentally assessing the suitability of 
candidate barrier metals or trying to relate literature data to the probable 
barrier metal-environment interactions. An analysis of the Grande Ronde basalt 
flow ground water is shown in Table 16. 

• 

Oxygen content and solution pH are two important parameters when consider
ing the passive nature of oxide films on metals, particularly for cast irons. 
The analysis in Table 16 shows no oxygen content; it is generally accepted that 
in a sealed deep basalt repository the oxygen content will be reduced to very 
low levels (to an oxygen activity approximately comparable to the Ni/NiO 
equilibrium). The bulk solution pH in the Grande Ronde waters is about 9.9 at 
298K, but the repository pH will be dictated by the carbonate-bicarbonate
silica reactions at the temperatures developed near the waste package (that is, 
a pH of 7.5 at 473K). The choice of backfill may also affect the solution 
chemistry near the waste package. 

If the high-temperature potential-pH diagrams (Figure 7 for iron-water and 
Figure 4 for titanium-water) are compared, it can be seen that the pH of the 
Grande Ronde water chemistry puts these metals in the passive corrosion area. 
If the passive layer remains protective, metal loss will be by slow uniform 
corrosion. The reasonably low levels of chloride, fluoride, and sulfate ions 
in the ground water suggest that the Grande Ronde will be a fairly nonaggres
sive environment from a metals corrosion view although there may be some con-
cern about whether the fluoride ion will contribute to nonuniform corrosion. 
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TABLE 16. Comparison of Actual and Synthetif ~rande Ronde 
Ground-Water Compositions at 298K a 

Actual Actual Synthetic 
Chemical Composition, compos~tjon, Composition, (b) 
SQecies mg/l eQm c mg/l 

Na+ 250 10.875 263 
K+ 1.9 0.049 1.9 
Ca+2 1.3 0.065 1.3 
Mg+2 0.04 0.033 0.04 
Total Cation 11.022 
Equivalence 

CO-2 3 . 27 0.897 27 

HCO; 70 1.152 70 

OH- 1.4 0.083 1.4 
H SiO-(e) 
3 4 103 1.080 103 

Cl- 148 4.174 148 
SO-2 

4 108 2.249 109 

F- 37 1.947 37 
Total Anion 11.582 
Equivalence 

(a) Reference 5. 
(b) This composition conforms to a solution pH of ~9.92. 
(c) epm = equivalents per million. 
(d) Based on an epm of 3.212. 
(e) Based on a total dissolved Si02 content of 121 mg/l. 
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Synthetic 
Composition, (b) 

eQm 
11.430 
0.049 
0.065 
0.033 

11.577 

0.897(d) 

1.152(d) 

0.083(d) 
1.080( d) 

4.167 
2.260 

1. 950 
11.589 
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ASSESSMENT OF CAST IRONS IN A BASALT ENVIRONMENT 

When low-alloy cast irons are used as a metal barrier, they must be used 
in relatively thick sections to account for the corrosion allowance that must 
be applied. Availability, cost, and fabricability are among those features of 
cast irons that might make their use potentially acceptable in a basalt reposi
tory. The corrosion data found in the literature were not entirely suitable 
for recommending one grade or type of cast iron over another. Comparisons were 

~ generally made betweeen gray cast irons (flake graphites) and ductile irons 
(nodular graphites). It would seem reasonable that the metal barrier should 
have the degree of strength, ductility, and impact resistance afforded by the 
nodular irons. 

It became apparent that elevated temperature aqueous corrosion data do not 
exist in the literature for cast irons; corrosion data for carbon steels at 
high temperature were taken from the literature and reported in this document. 
The carbon or low-alloy steel data can, however, be applied to the high
temperature corrosion of cast irons with some confidence because of the general 
agreement in corrosion mechanisms and in some cases corrosion rates in the 
temperature regime of 323 to 573K. 

The uniform corrosion rate that might be expected in 523K basalt ground 
water will probably fall within the parabolic rates extrapolated from 
McEnaney 1 s(29) data on gray cast iron, the linear rate after the passive f}lm 
has formed on mild steels in alkaline hydroxides,(36) and the linear rate of 
carbon steels in neutral pH, high-purity, deoxygenated flow water.(34) 

Table 17 compares an estimated metal penetration after 500 and 1000 yr from 
these data and shows the average uniform corrosion rates of cast iron in a 
medium-resistivity soil. 

If the usual corrosion allowance of a factor of five were applied, the 
cast iron barrier should be between 0.18 and 0.33 mm (7 and 13 in.) thick to 
last 1000 yr. Corrosion allowances are normally applied to account for the 

• loss in strength as the metal is affected by the environment. A factor of five 
allowance may be too high in the engineered barrier design; if so, a lesser 
wall thickness could be used. 
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TABLE 17. Estimated Uniform Metal Penetration in Cast Iron and Carbon Steel 

Reference Rate Law Tem~erature2 K Environment 
Penetrationa mm 
500 yr 10 a yr 

29 Parabo1ic(a) 523 pH 7 to 8 H2O 28 38 
36 Linear(b) 523 13% NaOH 20 38 
34 Linear(b) 523 Neutral H2O 33 66 
22 Linear(c) Ambient Soil 25 51 

(a) The weight change used in determining this rate expression comprises both 
the iron lost to the environment and iron left on the metal as corrosion 
product. 

(b) The corrosion rate based on weight gain (corrosion product growth) after 
the initial rapid corrosion. The data do not consider metal lost to the 
system due to the solubility of the corrosion film. 

(c) Desca1ed weight loss data after 10 yr underground. 

Failure of cast iron pipes in a soil (underground) medium is generally 
dictated by localized rather than uniform corrosion; and the more aggressive 
soils are those containing high oxygen, chloride, and sulfate concentrations. 
In the basalt environment the oxygen will be low, but both chloride and sulfate 
concentrations are about at the level where passive film breakdown might occur. 
McEnaney(31) did not see pitting in tests with solutions containing about the 
same level of chloride and sulfate as the basalt ground water, and localized 
corrosion was not reported in the high-temperature data on the corrosion of 
low-alloy carbon steel.(37) If pitting should occur on the cast iron barrier, 
it would be expected to be no worse than the average pit depths reported for 
cast iron in soils. For example, gray irons, which have poorer resistance to 
localized corrosion than nodular irons, that were exposed in a clay soil for 
11 yr showed maximum pit depths of 3.0 mm (117 mil). It is tempting to assume 
a pit growth rate of 1 mpy and to extrapolate this to 1000 yr showing, in this 
case, that pitting is no worse than uniform corrosion. It should be remem
bered, however, that pitting can be accelerated or stopped by the local chem
istry around the metal and that such extrapolations will be guesses at best. 
We would expect that localized corrosion in the basalt ground waters will not 
be worse than uniform corrosion. 
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Low-alloy cast irons should not be susceptible to SCC or hydrogen stress 
cracking. The normal strength of these materials is below the strength levels 
in ferrous metals known to ~ail by a SCC mechanism. If cracking should occur 
in cast irons, it will probably be the result of mechanical overload failure 
resulting from a uniform corrosion that reduces the cross section of the load
supporting metal or from a lack of impact resistance. 

ASSESSMENT OF TITANIUM ALLOYS IN A BASALT ENVIRONMENT 

Provided that the strength requirements for the engineered barrier allows 
the use of low-alloy titanium metals, they would be acceptable as candidate 
alloys based on their corrosion resistance. The literature assessment by 
Pettersson(3) and the experimental work of Braithwaite(45) show that commercial 
titanium, Ti-grade 12, or Ti-2 Pd alloys could be effective long-lived 
barriers. 

In a basalt environment the corrosion of titanium should be in the passive 
region. Uniform corrosion is expected to be very low, averaging less than 
0.004 mpy based on high-temperature alkaline water data. If deoxygenated sea 
water or 3 wt% NaCl solution data are used, uniform corrosion rates will prob
ably average less than 0.1 mpy. We would expect the corrosion rates to be 
closer to the 0.004-mpy rate. If these two rates are arbitrarily averaged and 
linear growth over 1000 yr at temperature is assumed, only about 50 mils of the 
metal would be corroded. If a corrosion factor of five is applied, a 0.25-in. 
thick titanium barrier would be required to protect the waste form. 

Localized corrosion in the form of pitting and crevice attack is not con
sidered to be an active form of corrosion to Ti alloys in the basalt environ
ment. At the high pH level of the basalt ground water, the concentration of 
chloride (the most active species causing pitting and crevice attack) needed 
to initiate pitting attack (affect passivation) is greater than 1 wt% for CP 
titanium alloy at T >2000C; Braithwaite(45) has shown the considerable pitting 
resistance of the Ti-2 Pd or Ti-grade 12 alloys in high-temperature brine 
solutions. 
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The low-oxygen CP titanium alloys offer excellent SCC resistance in aque
ous environments. A stress cracking failure mode for the low-alloy titanium 
metals is not expected in the basalt environment. Hydrogen stress cracking, 
w:1ere the environment supplies hydrogen to the metal, is also not anticipated 
as long as the metal remains in the passive state. The embrittlement of tita
nium alloys by internal hydrogen (i.e., the redistribution of hydrogen in some 
stress state causing delayed failure) is a potential problem, but it is beyond 
the scope of this review. Delayed failure is known to occur in titanium, par
ticularly in the alpha-beta alloys. 
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