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MATERIALS CONSIDERATIONS RELATIVE TO MULTIBARRIER 
WASTE ISOLATION 

H. E. McCoy and J. C. Griess 

ABSTRACT 

The environmental conditions associated with the storage 
of radioactive wastes are reviewed, and the corrosion of 
potential waste containment materials under these conditions 
is evaluated. The desired service life of about 1000 years 
is beyond the time period for which existing corrosion data 
can be extrapolated with certainty; however, titanium alloys 
seem to offer the most promise. The mechanical requirements 
for canisters and overpacks are considered and several 
candidate materials are selected. Designs for a canister and 
an overpack have been developed, and these are used to estimate 
the costs for three possible materials of construction. 

INTRODUCTION 

In the multibarrier waste isolation concept, the waste is protected 
by several layers of encapsulating materials to minimize the risk of 
waste being distributed into the natural geological environment. These 
various layers are illustrated schematically in Fig. 1. The innermost 
component is the waste, but typically the waste will be present as 
oxides in some encapsulating medium such as concrete, glass, or 
synthetic rock. The next layer is a canister, generally considered to 
be a metal can in which the waste has been placed and sealed. The next 
layer is the overpack; it is simply a second canister used to supplement 
the protectiveness of the first canister. Outside the canister is a 
sleeve or "crucible" which separates the waste package from the geo-
logical formation. The sleeve may serve to bear some of the lithostatic 
stress, to keep corrosive fluids away from the canister and overpack, 
and to make the canister retrievable. Since the geological formation 
rouat be disturbed to insert the sleeve, some material (called backfill) 
will be placed in the gap between the geological formation and the 
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Fig. 1. Schematic of multibarrier system. 

sleeve. The backfill material will obviously influence heat transfer 
from the canister, and there are numerous proposals for adding materials 
to the backfill to influence the composition of fluids entering and 
leaving the support sleeve and to tie up radionuclides in the event of 
failure of the other barriers. 

It is desirable that the proposed multibarrier system remain intact 
for 600-1000 years. After this time, the levels of radioactive species 
will be low enough to preclude concern over breach of the canister and 
release of the contents into the geological formation. (However, 
efforts are being made to obtain a waste form which leaches very slowly 
in expected geological environments so that the occasional breach of a 
canister would not be catastrophic.) The selection of materials would 
be relatively easy if it were known that the environment would remain 
dry. However, the presence of at least some water is almost assured in 
most storage environments, and the complications of the presence of 
reactive aqueous solutions must be considered. The selection of materials 
under these conditions is much more difficult. 
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The present report Is a result of a very short-term study of the 
effects of wet environments on the multibarrier concept. Only the 
portions of this study dealing with corrosion and mechanical consider-
ations are included. 

CORROSION CONSIDERATIONS 

Environmental Conditions 

Nuclear waste repositories may be located in various geological 
formations with differing environmental conditions. Bedded or domal 
salt formations have received the greatest attention in this country, 
whereas in Sweden granitic formations are preferred for repositories. 
In addition, shale, tuff, basalt, and clays are also under consideration 
both in this country and in others. Bedded and docal salt crystals both 
contain inclusions of brine, although the former contains more than the 
latter. These brine inclusions are rich in magnesium; Jenks1 showed 
that the magnesium concentration in the inclusions in bedded salt from 
mines in Lyons and Hutchinson, Kansas, is 2.12 mol Mg/£. Similar 
magnesium concentrations will likely exist in inclusions in other salt 
deposits. In the presence of a temperature gradient, these brine 
inclusions normally move up the thermal gradient and, under some con-
ceivable conditions, could contact the overpack and canister materials. 
Furthermore, as Jenks points out, loss of water from these brines results 
in precipitation of sodium chloride with a corresponding enrichment of 
the magnesium concentration. This type of brine represents a corrosive 
medium that is likely to become even more corrosive as a result of 
radiolysis and hydrolysis of magnesium chloride at high temperatures. 
On the other hand, if a salt mine is flooded, the result will be a 
saturated brine containing much less magnesium chloride than the brine 
inclusions and having a somewhat lower corrosivity. 

The ground waters present in a number of different geological 
formations have been analyzed in the Uranium Exploration Program, and we 
have obtained a summary of these results.2 While analyses were made for 
many different ions, only the ones expected to be important from a 
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corrosion standpoint are listed in Table 1. It is evident that in any 
type of formation the ionic concentrations vary over wide ranges. The 
standard deviations are such that, for an assessment of this type, all 
waters shown in Table 1 may be considered the same. Although dissolved 
oxygen concentrations were not reported, it is likely that oxygen is 
totally absent. In fact, analysis of ground water samples in Swedish 
granite show that oxygen is below the limit of detection and that low 
levels of hydrogen sulfide are present.3 However, when a repository is 
open, air will be present. From a corrosion standpoint, the most 
aggressive ion is the chloride ion, particularly when the pH of the 
solution is low. Fortunately, the pH of most ground waters is near 
neutral, but when such solutions are heated, hydrolysis of magnesium and 
possible calcium ions produces acid. The carbonate and bicarbonate 
ions, however, provide a buffering capacity that depends on their 
concentrations. If these ground waters are concentrated by evaporation, 
their composition approaches that of the brine inclusions and they would 
be expected to have similar corrosivities. On concentration at high 
temperatures calcium sulfate would precipitate; for example, at 200°C 
the solubility of calcium sulfate in 1 M NaCl is only 630 ppm in contrast 
to the 4030 ppm at 40°C.k 

Jenks5 has discussed the products likely to be formed as a result 
of radiolysis of brine solutions. These include H2, O2, H2O2, and 
possibly CIO3 and Br03. Thus, the brines and ground waters that are 
generally reducing in the absence of radiation may acquire an oxidizing 
character as a result of radiolysis. It is interesting to note that in 
Sweden the effect of radiolysis will be almost nil because of the thick-
ness of the canister walls and the age of the waste when placed in the 
repository; high level wastes and spent fuels will be at least 40 years 
old at the time of emplacement in the granite.6-7 

Two backfills considered for sleeve emplacement are bentonite 
and calcium oxide, both possibly mix̂ .d with sand. Bentonite 
absorbs water and swells in the process, and as a result it will pre-
sumably plug cracks in the geologic formation and prevent water from 
reaching the sleeve. It also is capable of absorbing radioactive ions 
that, in the event of canister failure, might be leached from the waste. 



Table 1. The composition of ground water In various geologic formations'1 

Constituent 

trecanbrian granite Tuff U 1 0 ) 6 Clay <143)b Shale ( 93 ) h 

Constituent Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD 

Calcium 5 . 0 94.0 40 .0 19.0 0 .3 72.0 18.0 15.0 1 .0 618.0 109.0 132.0 3 .0 466.0 248.0 114.0 

Magnesium 1 .0 70.0 26.0 13.0 <0 .1 39.0 6 .0 5 . 0 0 .2 219.0 31.0 41.0 0 .3 329.0 57.0 68.0 

Chlorine <10.0 15.0 13.0 2 .0 22.0 5310.0 727.0 854.0 <10.0 935.0 81.0 127.0 

Sulfate <5.0 48.0 23.0 9 .0 <5.0 75.0 16.0 17.0 15.0 1420.0 197.0 235.0 15.0 5370.0 744.0 1020.0 

Alkalinity0 10.0 410.0 157.0 98.0 24.0 370.0 110.0 59.0 68.0 990.0 286.0 137.0 76.0 764.0 303.0 112.0 

pH 4 .4 10 .1 6 .9 4 . 1 9 .8 7 . 1 3.7 8 .9 7.5 6 .0 10 .1 7 .4 

Concentrations in ppm. 
Number by type of formation is the number of different water samples analyzed. 

£ Sun of CO3 and HCO3 ions. 
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Natural bentonlte usually contains some absorbed carbonate that produces 
a slightly alkaline environment (pH of 7.5-9.0) when slurried with pure 
water. Calcium oxide consumes water by forming calcium hydroxide, which 
has a moderate solubility in water and creates a strongly alkaline 
solution (pH of VL3). 

In this assessment it is assumed that the maximum canister or 
overpack temperature will be 250°C for high level wastes, 100°C for 
spent-fuel elements, and even lower for other waste forms. Claiborne 
et al.8 have calculated^ overpack and canister temperatures as a function 
of time under a wide range of conditions in salt. 

General Comments About Corrosion 

Any practical metallic overpack or canister material, with the 
possible exception of copper, will be thermodynamically unstable in the 
ground waters of geological formations and will ultimately convert to 
stable compounds, usually oxides. Thus, estimating how long a metal 
will last in a geological formation becomes a problem of kinetics. 
Those metals and alloys that corrode slowly usually rely on protective 
corrosion product films that are thermodynamically stable and through 
which ions from the metal and/or the environment can migrate to produce 
corrosion at a low rate. Films of this type may be damaged by mechanical 
means, in which case high corrosion rates prevail until the film is reestab-
lished, or by the development of stresses within the film that lead to 
cracking or spalling. Given sufficient time, all practical metallic 
canister and overpack materials will fail; the only question remaining 
is how long before the canister will be breached. 

Failures produced by corrosion are seldom caused by uniform attack, 
even though many corrosion extrapolations are based on weight-change 
data and on the assumption that the attack is uniform over the exposed 
surface area. Practical experience with metals has shown that failures 
are almost always caused by highly localized forms of attack such as 
pitting, crevice corrosion, stress corrosion cracking, intergranular 
attack, embrittlement due to corrosion-product hydrogen entering the 
metal, or corrosion fatigue. The following is a very brief discussion 
of these forms of attack as related to metallic corrosion in geological 
formations. 
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Pitting 

Pitting represents a form of localized attack in which the diameter 
of the pit is less than the depth of penetration. Although a number of 
ions are capable of causing pits in susceptible materials, chloride ions 
are the most common. Pitting is an autocatalytic process; that is, the 
initial corrosion products produce accelerated attack. Consequently, 
pitting is much less likely to occur in flowing systems, which sweep out 
corrosion products, than in stagnant ones. For example, austenitic 
stainless steel pumps show no pitting during the operation of seawater 
desalting plant s but pit severely during downtimes if left in contact 
with sea water. In addition, pitting is associated with a particular 
electrochemical potential of the metal; below this potential pitting 
will not occur. The potential at which pitting occurs is temperature 
dependent, usually decreasing as the temperature increases. In view of 
the facts that the water in geological formations contains chloride 
ions, that the canister and overpack materials may be in contact with 
stagnant solutions, and that radiation can increase the oxidizing 
potential of the solution, pitting of canister and overpack materials 
must be considered as a possible .means of breaching waste packages. 

Crevice corrosion 

As the name implies, crevice corrosion is corrosion that occurs 
within crevice regions, where the ratio of the volume of solution to the 
metal surface area is small and where mixing of the solution in the 
crevice with the bulk solution is restricted. Initially, the concen-
tration of oxidizing species is the same in the confines of the crevice 
and in the bulk solution, and the potential of the metal is the same on 
all surfaces. However, because the total quantity of oxidizing agent in 
the crevice solution is very small and is consumed rapidly, the potential 
of the metal within the crevice soon drops and an occluded electro-
chemical cell is formed. The oxidation ct metal atoms to ions in the 
crevice (anode) is balanced by reduction of the oxidizing agent in the 
bulk solution on the freely exposed surfaces (cathode). Under the 
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influence of the electric field, anions migrate into the crevice and 
cations migrate to the bulk solution to maintain charge balance. 
Hydrolysis of the cations in the crevice region produces an acid envi-
ronment which further accelerates corrosion until a steady-state envi-
ronment is achieved in the crevice. 

Thus, crevice attack should not occur in completely deaerated 
ground waters, but when the water is exposed to air, attack is likely 
with many materials. In a repository where a high radiation field 
exists at least initially, crevice corrosion would not be expected 
because oxidizing radicals and compounds should be produced continuously 
both in the bulk solution and within the crevice. However, as the 
gamma-emitting radioisotopes decay, crevice corrosion would be more 
likely if air were still in the repository. 

Stress corrosion cracking 

Stress corrosion cracking is a highly localized form of attack that 
occurs as a result of a combined tensile stress and a specific envi-
ronment. The tensile stress may be either applied or residual, and 
cracks may progress across grains or may follow a path between grains. 
Almost all alloys and metals show susceptibility to this form of attack 
in some range of environmental stress conditions. True stress corrosion 
cracks (in contrast to hydrogen embrittlement) can be stopped by cathp-
dically polarizing the material to a sufficiently low potential. A 
recently developed technique of straining the test material at a very 
slow, constant rate in the corrosive environment until failure occurs 
has shown some materials to be susceptible to cracking in environments 
that were formerly believed to be innocuous. This technique has come 
into widespread use because the susceptibility of a material to cracking 
can usually be demonstrated in short times. Methods formerly used 
involved long times and many specimens, and, frequently, only a fraction 
of them developed cracks. 

Since the overpack and canister materials will have residual 
stresses and since slight instabilities in the geological formations can 
apply additional tensile stresses, stress corrosion cracking in reposi-
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tories is a distinct possibility. The chemical species in the ground 
waters and oxidizing potential of the water must be considered when 
examining materials for cracking susceptibility. 

Intergranular corrosion 

Boundaries between metal grains are regions of disorder and impurity 
segregation; accordingly, in some cases, the grain-boundary material is 
preferentially attacked. Thus, serious structural damage to a metal can 
occur with a minimum amount of metal being oxidized. Whether or not a 
metal is susceptible to intergranular attack usually depends on the 
microstructure of the alloy, and this is affected by the heat treatment. 
Heat treatments characteristically involve relatively short thermal 
exposures at high temperatures, but it has been recognized in recent 
years that microstructural changes can be produced at much lower tempera-
tures over long periods. This is particularly so if the process follows 
upon some other treatment such as welding or cold-working the material. 
This point could be of importance with materials in repositories where 
these materials surrounding high level wastes will be at appreciable 
temperatures for very long times. 

Hydrogen embrittlement 

Corrosion in aqueous solutions is an electrochemical process 
involving oxidation of the metal at the anode and reduction of some 
species at the cathode. Since all aqueous solutions contain hydrogen 
ions, the reduction of hydrogen ions to hydrogen atoms (most of which 
recombine to form molecular hydrogen) usually constitutes a part of or 
even the entire cathodic process. With some metals, the atomic hydrogen 
cathodically formed on the surface enters the metal. If the amount that 
enters the metal exceeds its solubility in the metal, a discrete hydride 
phase, which is usually brittle, forms. Hydrogen dissolved in a metal 
migrates to regions of high tensile stress, and, when it reaches some 
critical concentration at these locations, brittle fracture often 
results. Metals show varying degrees of susceptibility to hydrogen 
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embrittlement; for example, titanium and zirconium and their alloys are 
particularly susceptible whereas the austenitic stainless steels are 
essentially immune. Embrittlement of overpack and canister materials 
represents a possible means of failure and must be considered in the 
selection of materials for packaging wastes. 

Corrosion fatigue 

Corrosion fatigue results from the combined action of cyclic 
stresses and a corrosion environment. Since canisters and overpacks 
will not likely be subjected to cyclic stresses in a repository, this 
mode of failure seems improbable and will not be discussed further. 

Corrosion Experience in Chloride Environments 

As indicated earlier, the water in all geological formations 
contains some chloride ions, and the presence of these ions (and others) 
must be taken into account when the behavior of metals in repositories 
is considered. Two areas of technology in which the behavior of materials V 
in high temperature chloride solutions has been studied are the desalting 
of sea water in distillation plants and the utilization of hot geothermal 
brines for electric power production. Chloride concentrations in the 
latter case can range up Co 155,000 ppm, whereas in the former case, 
concentrations seldom exceed 38,000 ppm. The temperature of some of the 
geothermal brines exceeds 300°C, but most brines are at lower tempera-
tures. Temperatures are less than 200°C in desalting plants. The 
hypersaline brines contain many different metallic chlorides (FeCl2, 
MnCl2, CaCl2, KC1, and others) and usually have high concentrations of 
dissolved silica. These brines are completely free of oxygen and 
usually contain low levels of hydrogen sulfide. On the other hand, sea 
water is largely sodium chloride with low levels of magnesiio and 
calcium chlorides. Surface sea water is saturated with air and is 
deoxygenated before introduction into desalting plants to reduce its 
c'orrosiv,ity>. Except in rare cases it is free of hydrogen sulfide. 
-J. r -In̂ a'ddi'tion to the: previous sources, general experience gained' in 

^MsV.andftoi^-weli technology and in normal sea water provides information 
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about the general behavior of materials in chloride-containing solutions. 
Based on information obtained from the above sources and from personal 
experience, some comments about the behavior of different classes of 
materials in chloride-containing environments are given below. These 
are of necessity brief and represent personal judgments about the 
usefulness of materials in waste repositories. They are predicated on 
the behavior of materials in aqueous chloride solutions and on the 
assumption that exposure times will be at least several hundred years. 

Stainless steels 

The austenitic stainless steels are subject to pitting, crevice 
corrosion, and stress corrosion cracking in chloride solutions, particu-
larly when oxidizing species are in the solution. Addition of molybdenum 
to these alloys reduces but does not eliminate their susceptibility to 
these forms of attack. The ferritic stainless steels tend to be more 
susceptible to pitting and have poorer general corrosion resistance than 
the austenitic stainless steels. An exception is the recently developed 
class of ferritic stainless steels with high chromium concentrations 
(usually >20%) that seems to behave significantly better than the 
austenitic stainless steel in chloride solutions both in terms of 
pitting and cracking resistance. Experience with these latter steels, 
however, has been very limited. Duplex austenitic-ferritic stainless 
steels appear to offer little improvement from a corrosion standpoint, 
but, again, experience with these materials is limited. Martensitic 
stainless steels have generally less corrosion resistance than either 
the austenitic or ferritic stainless steels and are subject to hydrogen 
embrittlecent. From the standpoint of chloride-induced corrosion, 
stainless steels, with the possible exception of some high chromium 
ferritic steels, do not seem to be appropriate materials in repositories 
except perhaps as a canister surrounded by some other resistant over-
pack. 

Iron and low alloy steels 

These materials show generally poor resistance to aqueous solutions, 
particularly in the presence of oxygen. The rate of attack general&y; . 
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increases as the salt content of the solution increases (taking into 
account the decrease in oxygen solubility with increased solute content) 
and as the temperature is raised. Increasing the pH of the solution 
decreases the corrosion rate. Even though certain low alloy steels are 
more resistant than iron or carbon steel, they are not sufficiently 
resistant to be used in contact with ground waters unless the thickness 
of the steel containment is so great that complete reaction of the 
volume of solution arriving at the surface will not consume an appre-
ciable volume of the wall. Even in this case localized attack may lead 
to failure. In general, these materials cannot be considered satis-
factory for very long-term use as canisters or overpacks in repositories 
unless they are kept dry. Even in the presence of only water vapor, the 
rate of oxidation may be greater than can be tolerated for long-term 
storage of nuclear wastes. 

Aluminum alloys 

Aluminum alloys pit in stagnant natural waters, and some of the 
high strength alloys are subject to stress corrosion cracking. The 
presence of heavy metal ions in solutions, even at trace levels, greatly 
increases pitting. At high temperatures (>150°C) in pure water, the 
oxidation rates of most alloys are excessive and would be even greater 
in salt solutions. For these and other reasons, aluminum alloys appear 
to be of no value for either canisters or overpacks in waste repositories. 

Copper alloys 

Copper alloys (including brasses, bronzes, and the cupronickels) 
are used extensively in marine environments. While corrosion rates are 
low in ambient sea water, the rates are measurable and generally increase 
as the temperature increases. In the complete absence of oxidizing 
agents (usually oxygen), corrosion rates are very low and increase in 
direct proportion to the concentration of the oxidizing agent, up to a 
certain level. In short-term tests in deaerated 1 M sodium chloride 
solution, these materials corrode at about 50 pm/year at 150°C,9 rates 
which seem high for repository use. In addition,'corrosion rates 
increase in the presence of low levels of hydrogen sulfide. 
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In Sweden, plans call for scoring spent-fuel elements in pure 
copper canisters with 20-cm- (8-in.-) thick walls.7 The spent-fuel 
elements will be at least AO years old when placed in granite reposi-
tories, and the maximum temperature will be 80cC. Because of Che age of 
the fuel and the thickness of the container walls, essentially no 
radiolysis of surrounding aqueous solutions will occur. The canisters 
will be backfilled with pure bentonite, which will restrict access of 
water to the canister. The consensus of a panel of Swedish corrosion 
experts is that the copper will provide complete containment of radio-
isotopes for hundreds of thousands of years. Obviously, this estimate 
is based on a very limited access of water to the canister and the very 
thick walls of the canister. If the repository ground water or surface 
waters had freer access to the canisters or if the temperatures were 
higher„ much shorter lifetimes would surely have been estimated. 
Obviously, copper and its alloys will find some use in repositories, but 
the conditions under which they can be used must be carefully specified. 

Nickel-base alloys 

The nickel-base alloys that are considered for saline environments 
are Monel 400, the Hastelloy alloys (particularly C-276 and G), Inconel 
600, and Inconel 625. In deaerated saline solutions between 100 and 
150°C, Monel 400 corrodes at rates in excess of 50 iim/year, whereas 
Hastelloy C-276 and Inconel 600 show negligible weight losses. However, 
the latter alloy demonstrates a tendency toward crevice corrosion.9 In 
hypersaline geothermal brines at 105°C, all of the above-mentioned 
materials (Inconel 600 was not tested) showed essentially no attack 
during 15-day tests except Monel (70 pm/year).10 At 1C5°C there was no 
evidence of crevice corrosion, but at the higher temperature Hastelloy G 
showed slight evidence of crevice attack. It is generally recognized 
that molybdenum reduces the susceptibility to crevice corrosion and 
pitting, and this is demonstrated in the above results for crevice 
corrosion. Inconel 625 (9% Mo) and Hastelloy C-276 (15% Mo) are less 
likely to undergo crevice attack than Hastelloy G (6% Mo) and Inconel 600 
(0% Mo). In some saline environments containing high oxygen concentra-
tions, however, pitting of Hastelloy C-276 has been reported.11 
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In deep, sour gas and oil wells where the aqueous solutions contain 
salt, hydrogen sulfide, and carbon dioxide and the temperatures are 
200-260°C, certain Hastelloy alloys appear to have adequate corrosion 
resistance, but, unless the materials are cold worked, they have inade-
quate strength for well applications. However, it has recently been 
found that after cold working and aging for even short times at tempera-
tures as low as those in the wells most of these materials become highly 
susceptible to stress corrosion cracking in the well waters.12 Annealed 
materials show no effect of aging for periods as long as a year. 
Ordering reactions in the cold-worked materials appear to be responsible 
for the change in susceptibility to cracking. The ordering is inhibited 
by iron; at a minimum iron concentration of 15-16%, ordering is suppressed 
and cold-worked materials are not susceptible to cracking. Among the 
Hastelloys, alloy G approximates this iron concentration and is the 
preferred material for use in the wells. Whether the cracking of these 
susceptible alloys is limited to acidic, deep-well environments has not 
yet been established. If it is, using a backfill of quick lime would 
make these materials acceptable for use in repositories. Thus, nickel 
alloys could be potentially useful in repositories, particularly at low 
temperatures, but extensive long-term testing is needed to qualify them 

as materials for canisters or overpacks for either spent-fuel elements 
or high level wastes. 

Zirconium alloys 

These materials have outstanding corrosion resistance to all forms 
of aqueous salt solutions and to most acids and bases as well. However, 
these materials are subject to hydrogen embrittlement and stress corrosion 
cracking in some environments. For example, Zircaloy cladding on light-
water reactor fuel elements corrodes at very low rates in pure water. 
Some hydrogen is absorbed, but it is not sufficient during the relatively 
short life of the fuel elements in the reactor to produce embrittlement. 
Corrosion of a zirconium overpack in an aqueous salt solution, particu-
larly in the absence of an oxidizing agent, would produce hydrogen, some 
of which would enter the metal. The solubility of hydrogjgji in zirconium 
and its alloys is greater the higher the temperature, and if zirconium 
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Is saturated (or nearly so) with hydrogen at high temperature, an 
embrittling hydride phase will form on cooling. If the entire exposure 
is at a low enough temperature (probably <100°C), where the diffusion 
rate in the metal is extremely low, embrittlement is unlikely for 
periods of years, but it is difficult to estimate what might happen over 
centuries. 

Zirconium is subject to stress corrosion cracking in low tempera-
ture chloride solutions if its potential is raised above the open-
circuit value.13 Either an applied current from an external source or 
coupling to a sufficiently noble metal can polarize zirconium into the 
cracking potential range. Therefore, care must be taken to prevent 
galvanic coupling with such metals. Jenks14 points out that the canister 
containing the spent Zircaloy clad fuel elements may be such a material; 
therefore, in the event of canister failure and entry of salt solutions 
into the canister, cracking of the fuel cladding is a distinct possi-
bility . 

Titanium alloys 

Like zirconium alloys, these materials are highly resistant to 
chloride salt solutions, but their resistance is much less than that of 
the zirconium alloys in strongly acidic or basic solutions. Titanium 
alloys, as well as pure titanium, are also subject to hydrogen embrittle-
ment. Generally, titanium alloys have poorer corrosion resistance in 
aqueous solutions and are more likely to crack than commercially pure 
titanium. For this reason, most of the rest of this discussion is 
concerned with pure titanium and one alloy designated TiCode-12 (0.3% Mo, 
0.8% Ni, bal Ti). 

Tests in different saline environments have shown that titanium 
corrodes at almost imperceptibly low rates at temperatures up to at 
least 250°C. After a few hundred hours at 250-300°C titanium develops a 
blue interference film which hardly changes with continued exposures of 
many thousands of hours. In addition, the pitting potential of titanium 
in chloride solutions is relatively high so that pitting is not encoun-
tered in salt water regardless of the oxygen concentration' or tempera-
ture. Moreover, statically stressed titanium has not shown a suscep-
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tlbillty to cracking in salt solutions under any tests conducted to this 
time. Precracked specimens will show crack growth in chloride solutions 
if stress intensities at the tip of preformed cracks are sufficiently 
high. 

Titanium is subject to crevice corrosion in salt solutions at 
temperatures of 125cC15 and higher, but alloying with low levels of 
palladium (0.2%) or low concentrations of molybdenum and nickel (TiCode-12) 
appears to eliminate the crevice problem without adversely affecting 
general corrosion resistance.16 However, slow strain rate stress 
corrosion tests in saline solutions have given an indication that there 
may be some embrittlement in the immediate vicinity of the surface.16 

This point needs much more extensive investigation. 
Titanium has been selected by Swedish authorities as the material 

for the outside of canisters for high level wastes.7 The titanium wall 
will be 6 mm thick over a minimum of 100 mm of lead. Not only does the 
lead provide containment in the event of localized failure of the 
titanium, it also reduces very significantly the radiolysis of the 
ground water. In the case of titanium, however, the products of radio-
lysis of water may improve, rather than harm, the corrosion resistance 
of titanium. The lead-titanium canisters with vitrified waste will be 
deposited in vertically drilled holes in the granite and will be back-
filled with a bentonite-sand mixture. The maximum temperature on the ' 
canister surface will not exceed 80°C. A group of experts from the 
Swedish Corrosion Institute predicts a very low general corrosion rate 
for titanium (0.2 um/year) and notes that pitting and crevice corrosion 
are unlikely.7 They further state that "the risk of delayed fracture, 
due to hydrogen uptake, is considered small but cannot be completely 
excluded at the present state of knowledge. For this reason, the 
titanium sheath cannot absolutely be guaranteed an appreciable lifetime." 
They further concluded that in the event of failure of the titanium, it 
would take (conservatively) 4500 years to penetrate the 100-mm thickness 
of lead. In total, a titanium canister with a lead lining was estimated 
to have a life of at least thousands of years. One member of the group, 
however, believed that the life of the canister could only be guaranteed 
"for some hundred years." 
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Tests at Sandia16 In concentrated brines at temperatures up to 
250°C, both with and without high oxygen concentrations and even in the 
presence of an intense gamma source, have shown that TiCode-12 corroded 
at rates even lower than experienced with commercial-purity titanium. 
Based on their results, the invsstigators at Sandia have, as those in 
Sweden, arrived at the conclusion that titanium (TiCode-12) has the best 
chance of any practical material for remaining intact in waste reposi-
tories. 

Nonmetalllc materials 

Although most metals and alloys are not thermodynamically stable in 
geological formation, certain ceramics are stable, and attack of these 
materials depends on dissolution in contrast to oxidation. Tests have 
been conducted on sintered alumina in Sweden and the results are prom-
ising.7 A class of materials worthy of consideration is the polymer 
concretes, although the behavior of polymers and water associated with 
concrete in radiation fields may preclude their use. Such materials, 
however, have shown almost total immunity in hypersaline brines up to 
177°C for times in excess of two years.17 Ceramic materials in general 
suffer from lack of ductility. Therefore, the possibility of failure 
during encapsulating and handling is significant, and additionally 
slight shifts in the repository formation over the decades or centuries 
could also fracture the canister. 

In addition to ceramics, graphite offers a high degree of resistance 
to chemical attack, and if, for example, pyrolytic graphite could be 
deposited on metal canisters or overpacks, it should provide a high 
degree of protection to the underlying metal. In the case of low level 
wastes where maximum temperatures would be less than 120cC, solid 
elemental sulfur, which is inert in many environments, could prove 
useful. It could be cast around metallic overpacks, or it could be used 
to fill canisters containing spent-fuel elements. In the latter case it 
should provide a high degree c.Z' protection to the fuel elements in the 
event of canister failure. 

None of the materials referred to in this section, except aluminum 
oxide, has received much attention to this time, but future considerations 
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of these materials may show that they can be useful in the disposal of 
nuclear wastes. 

Estimation of Long-Term Corrosion Damage 

Predictions of the life of a metallic material in a corrosive 
environmen . ised on test data of shorter duration than the desired 
service liej have obvious uncertainties, and the degree of uncertainty 
increases rapidly as the length of the extrapolation increases. In the 
case of waste repositories this is true for a number of reasons, some of 
which are discussed below. Corrosion involves a heterogeneous reaction 
between a metal and a solution, and the kinetics of this type of reaction 
are much less reproducible than for homogeneous solution reactions. 
Furthermore, localized types of corrosion are highly stochastic processes; 
for example, predicting wheu, where, or if a pit or a crack will develop 
in a given time on a given piece of metal is usually not possible. 

When one uses short-term data to predict long-term corrosion 
behavior, it is assumed that the mechanism of corrosion is known and 
that no new processes will develop during the time of the prediction. 
Inherent in this assumption is the belief that all corrosion failure 
modes and their causes are known and understood. How lack of such 
knowledge can lead to incorrect assumptions, and consequently to erroneous 
predictions, is illustrated by the disagreement of predictions and 
experiences with water-cooled nuclear power reactors. After many 
extensive corrosion investigations and numerous evaluations and assess-
ments of these data by corrosion experts, it was concluded that type 304 
stainless steel would be satisfactory for use in boiling water reactors 
(BWRs) for design lifetimes of 30-40 years. The environment is extremely 
pure water containing 0.2 ppm oxygen at temperatures only slightly above 
300°C. Even so, stress corrosion cracks in heat-affected zones of welds 
began to appear after only a few years, a period slightly longer than 
had been covered by laboratory experiments. After the fact, laboratory 
tests showed that this environment can indeed produce cracks in sen-
sitized type 304 stainless steel. In BWRs, cracks have been observed in 
the heat-affected zones of only a very small fraction of sensitized 
-welds, illustrating the stochastic nature of localized attack. 
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Similarly unpredicated from the available test data was the cracking 
of Inconel 600 steam generator tubes in pressurized water reactors 
(PWRs) and the denting problems commonly associated with such steam 
generators. Based on the experiences with water-cooled power reactors 
to this time, one must allow for the possibility of yet other unknown or 
unsuspected types of corrosion during the lifetime of these reactors. 
Fortunately, most corrosion failures in nuclear reactors do not endanger 
the outside environment and, while troublesome and costly, they can 
usually be repaired. 

Examples of other only recently discovered phenomena that influence 
corrosion are the apparent ordering reactions that occur in cold-worked 
nickel alloys,12 low temperature sensitization (LTS) of some/stainless 
steels, 1 8 - 1 9 and the stress corrosion cracking of zirconium and its 
alloys in pure nitric acid. 2 0 It would be naive indeed to believe that 
no new means of corrosion failures will be identified in the future. 
Therefore, the ability to predict corrosion behavior over times signifi-
cantly greater than those covered by experiment or experience must be 
regarded as poor at best, and for extremely long times, such as centuries, 
the predictions are open to serious question. 

In addition to unknown or unsuspected forms of corrosion, traces of 
substances in ground waters may be much more important for very long-
term exposures than for shorter tests. Also, over centuries, the 
composition of ground water may change, and presently absent corrosive 
substances may enter the water and contact the canister and overpack 
materials. 

Backfill materials are designed to limit the access of solutions to 
the waste packages and, to the extent that they keep solutions from the 
metals, they may decrease the probability of corrosion failure. Based 
on examinations of metal artifacts which have withstood centuries of 
weathering, it can be assumed that most, if not all, materials considered 
for overpacks or canisters would likely experience very low uniform 
corrosion rates in pure water vapor. However, contamination of water 
vapor by other volatile substances in the repository may greatly change 
the corrosive character of the vapor. It was noted during crushing of 
salt from a New Mexico mine that a distinct odor of hydrogen-sulfide 
exis ted21 and the presence of hydrogen sulfide would adversely affect1 >' 
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gas-phase corrosion. In addition, Casteels et al. 2 2 noted that volatile 
components in Belgian clays produced pits and subsurface attack on a 
number of materials at quite low temperatures. Thus, even if the back-
fills keep all aqueous solutions from reaching the overpack and canisters, 
localized failures are still a distinct possibility. 

Based on existing short-term data, the material that appears to 
have the best chance of surviving repository environments is titanium or 
TiCode-12. However, it should be recognized that less than 50 years ago 
metallic titanium was a laboratory curiosity and that, even today, its 
use in chemical environments is very limited. Similar statements could 
be made about the other promising materials that seem to offer the best 
corrosion resistance in repository environments (e.g., nickel alloys and 
zirconium). 

In view of the above considerations, we consider it unreasonable to 
conclude categorically that titanium, copper, or, indeed, any engineering 
metal or alloy, will remain unbreached in a repository for periods of 
time even as short as 50-100 years, let alone for 1000 years. Even if 
it is agreed that the probability of any one container remaining intact 
is high, the probability of at least one failure among a large number of 
canisters in a repository must also be considered high. Furthermore, 
because of the uncertainties, an estimation of when first failures might 
be expected cannot be made with any degree of confidence. 

It should be recognized that most of the above discussion concerns 
the localized breaching of the containment metal, not the oxidation of 
the bulk of the metal. Breaching would most likely occur through a fine 
crack or small pit so that by far the largest part of the containment 
will effectively prevent dispersion of the waste. How fast radioactive 
materials would reach the geological formation through such an orifice 
and how fast they would move through the formation obviously depend on 
many factors, none of which is considered in this paper. 

All of the failure modes considered have been related to metals and 
alloys. Ceramic materials are not subject to these types of failures, 
and they are thermodynamically stable in repository environments. They 
do have obvious disadvantages from an engineering standpoint, but 
perhaps.their use should be more thoroughly explored than it appears, to 
have:been up to.this time. 



21 

MECHANICAL CONSIDERATIONS 

Requirements 

The waste storage application requires materials that can isolate 
waste from the environment for approximately 1000 years. In the multi-
barrier approach, materials are needed for the canister, the overpack, 
and the support sleeve. Chemical compatibility is a key concern in the 
selection of these materials, and this subject was dealt with in the 
previous section. However, in addition to these chemical factors, there 
are a number of mechanical factors which affect material selection, and 
these will be discussed briefly for the canister, overpack, and support 
sleeve. 

The waste canister must be fabricated, filled with waste, sealed, 
inspected, and transported to a repository. Filling the canister with 
waste and subsequent operations involve radioactive material and must be 
carried out remotely. Thus, it must be possible to fabricate the 
material used for the canister by simple and reliable techniques. 
Obviously, the material must be available in quantities needed for a 
viable waste storage program, and its cost must not be excessive. For 
safe shipment, the canister will likely need to meet most of the require-
ments established for nuclear shipping casks. 2 3 Specifically, these 
requirements are that the cask (a) remain leak-tight during a 9-m 
(30-ft) drop onto a nonyielding surface, (b) resist puncture when 
dropped 1 m (40 in.) onto a rigid stud, (c) remain leak-tight during a 
fire involving 800 cC for 30 min, and (d) survive immersion in water for 
8 h. Although the canister will be contained in a cask meeting these 
requirements during shipping, it is desirable that the canister itself 
meet most of the above requirements. Otherwise, it would be necessary 
to replace any canister involved in an accident for fear of loss of 
integrity. The accidental fire survival requirement is quite extreme 
because it requires that the canister material survive 800°C for a short 
time; also, the increase in temperature would result in the gas pressure 
in the canister increasing by a factor of almost 4. Once the canister 
is in place in the repository,.the surface temperature will riin in the 
range of 100-300°Cv These temperatures are modest and will be of concern 
primarily because of- their possible effects on corrosion rather' than 
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their effects on mechanical strength or ductility. Stresses in the 
canister can have an important effect on corrosion if the mechanism is 
stress assisted. Initially, stresses will arise from processing steps 
such as casting or melting waste in a canister or welding. The process-
ing steps should be selected such that they result in a canister as 
stress-free as possible. Lithostatic forces associated with the burial 
medium can develop with time, and these will be shared by the canister, 
overpack, and support sleeve. It is most probable that the accidental 
fire condition will impose the most severe strength requirement. 

The mechanical requirements of an overpack are very similar to 
those of a canister. Since the waste will not be loaded directly into 
the overpack, the overpack will not be subjected to any abuses associated 
with the loading process. However, if the overpack is to be useful, it 
must be fabricated and attached to the canister in su;h a way that it is 
a reliable part of the whole system. It is an error to assume that the 
overpack can be a flimsy covering over the canister since the overpack 
must be handled and welded remotely. In fact, if the diameter of the 
canister is about 61 cm (2 ft), the thickness of the overpack must be 
at least 6.25-12.5 mm in.) to facilitate handling. During trans-
portation and storage at the repository, the mcchanical requirements of 
the overpack are about the same as those of the canister. And, after 
burial, the stringent corrosion requirements shift from the canister to 
the overpack. Of course, the canister must have sufficient corrosion 
resistance to accommodate a leak in the overpack and the intrusion of a 
conductive corrosive liquid in the annular space between the canister 
and the overpack. Thus, the simplified view is that the overpack must 
be basically another canister and that each vessel must possess suffi-
cient integrity to function alone. 

The support sleeve is necessary for retrievability in salt. In its 
proposed configuration it will also be helpful in resisting lithostatic 
forces. It will help prevent ground water from reaching the overpack 
and the canister but will retard egress of any water entering from 
flooding, above the sleeve. The support sleeve only need last during the 
period in which waste must be retriev M.e, and the consequences of 
failure after this period are not nearly so significant as those due to 
the failure, of the.canister and the overpack. The. physical geometry of. 
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the support sleeve 1s quite simple and lends itself to bonding or 
coextruding a more corrosion-resistant material on the outside of a 
strong steel core. 

Potential Materials 

A discussion of potential materials can be more meaningful if some 
specific configuration is considered. The system detailed in Figs. 2-3 
is not optimized but is used simply to illustrate some of the fabrica-
tion details which will arise. The basic canister geometry consists of 
a pipe section about 61 cm (2 ft) in diameter by 3 m (10 ft) long with 
pipe caps welded on each end. The top of the canister has fittings 
(a) to allow remote handling, (b) to facilitate filling the canister 
with waste and making a final closure weld, (c) to provide an attachment 
flange for an overpack, and (d) to allow leak checking and controlled 
gas backfilling of the canister and overpack. The overpack consists of 
a slightly larger [66-cm- (26-in.-) diam] pipe and pipe caps. 

In seeking materials to construct the canister, the overpack, and 
the support sleeve, the prime candidates are metallic materials presently 
in use. However, there are also numerous nonmetallic materials in 

ORNL-OWG 8 0 - 7 5 9 6 

<o) CANISTER BEFORE FILLING 
f| (b> CANISTER FILLED AND TOP WITH HANDLING HOOK 

AND OVERFACK FLANGE ATTACHMENT IN PLACE 
(c) CANISTER WITH OVERPACK IN PLACE 

Fig. 2.. Several views of canister. 
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common use today, and these will be commented on after discussion of the 
metallic materials. Some typical alloys with pertinent data are presented 
in Table 2. Carbon steel has the unique position of being the cheapest, 
the most available, and the most commonly used of the materials listed. 
The specific carbon steel recommended is A333, GR 6 pipe costing about 
$0.30/kg ($0.14/lb). In a dry environment, this material is the logical 
choice, and one would not need to proceed further. However, carbon 
steels do not possess adequate corrosion resistance in wet environments. 
Another common though considerably more expensive iron-base alloy is 
type 304L stainless steel. This alloy is readily fabricated and is in 
common use. This material carries with it the negative factors of 
(a) costing about seven times more than carbon steel, (b) containing 
significant amounts of chromium and nickel — both strategic elements, 
and (c) being susceptible to stress corrosion cracking and pitting in 
wet chloride environments containing oxygen. Nickel-base alloys have 
been shown through years of service to be relatively resistant to 
chloride cracking, and one of the simplest and most used nickel-base 
alloys is Inconel 600. This alloy is easily fabricated, has years of 
service'.experience behind it, and is readily available. Although it is' 



Table 2. Potential materials with pertinent properties 

Yield stress Density Cost Factor 

Alloy" (MPa) (psi) (g/cm3) (lb/in.3) ($/kg) ($/lb) ($/linear in./lbs force) 

Carbon steel, A333, 
GR6 241 35,000 7.87 0.284 0.66 0.30 2.4 

Austenitic stainless 
steel, type 304L 207 30,000 8.03 0.290 4.41 2.00 19.3 

Inconel 600 207 30,000 8.42 0.304 13.22 6.00 60.8 
Inconel 718 1103 160,000 8.20 0.296 24.23 11.00 20.4 

6061-T6 aluminum 276 40,000 2.72 0.098 2.75 1.25 3.1 

Copper 69 10,000 8.89 0.321 4.41 2.00 64.2 

TiCode-12 titanium 345 50,000 4.52 0.163 22.03 10.00 32.6 

^Nominal compositions (wt %): 
Carbon steel, Fe-1.0Mn-0.25Si-0.30 C, 
Type 304L, Fe-19Cr-10Ni-0.03 max C, 
Inconel 600, Ni-15.5Cr-8Fe-0.15C max, 
Inconel 718, Ni-19Cr-18.5Fe-0.5Al-0.9Ti-3.0Mo-5.13Cb + Ta, 
6061 Al, Al-lMg-0.6Si-0.25Cu-0.25Cr, 
Copper, Cu-0.04 0, 
TiCode-12, Ti-0.75Ni-0.3Mo-0.3Fe max-0.25 0 max. 
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more resistant to chloride cracking than type 304L stainless steel, 
experience has shown that the alloy will crack in certain aqueous 
environments. The cost of this alloy is a factor of 20 times that of 
carbon steel. Nickel has been alloyed heavily to obtain alloys strength-
ened by the dispersion of intermetallic compounds of the type Ni3 (Al, 
Ti, Cb, and Ta). These compounds are very brittle and fabrication 
becomes very difficult and costly. About the most complex nickel-base 
alloy that is still fabricated by reasonable techniques is Inconel 718. 
Although the strength of this alloy is higher than that of carbon steel 
by a factor of about 5, the cost is higher by a factor of 37. The 
corrosion experience with Inconel 718 is limited, and the improvement 
over Inconel 600 is likely modest. 

As discussed in the last section, the corrosion of copper and 
aluminum in a wet environment is prohibitive for the desired service 
life. Aluminum alloys have a further limitation in that they melt at 
about 650°C and a canister made of this material would melt during the 
proposed transportation accident exposure of 30 min at 800°C. Aluminum 
and copper alloys are readily fabricated and can be welded reliably 
although they are more difficult to weld than the simple iron- and 
nickel-base alloys. Aluminum has good strength at the proposed storage 
temperatures of 100-300°C, but copper is quite weak at the higher 
temperature. 

As discussed in the previous section, titanium has the best corrosion 
resistance of all the alloys evaluated. The use of titanium for struc-
tural applications is reasonably new but gaining in acceptance, particu-
larly in applications where the strength to weight ratio is important. 
Techniques for reliable fabrication and welding are available although 
they are more costly than those for common iron- and nickel-base alloys. 
The main shortcomings involve high cost and possible embrittlement by 
hydrogen produced by corrosion reactions. 

Although the strength design requirements for canisters, overpacks, 
and support sleeves have not been fixed, the last column in Table 2 
compares the metals on the basis of the material cost per linear inch of 
vessel per pound force imposed. This parameter takes into account the 
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material cost, density, and yield stress. It is desirable that this 
parameter be as low as possible. Note that on this basis the cost of 
carbon steel would be the least and copper would be the greatest. 

The direct cost of the pipe and end caps used to make a canister or 
overpack is far from being the total cost since some of the fabrication 
steps are rather costly and almost independent of the material costs. 
Rough estimates were made of the cost to fabricate the canister shown in 
Figs. 2-3 (excluding the overpack). The estimated unit costs when 
making 1000 canisters of carbon steel, type 304L stainless steel, and 
Inconel 600 were $1660, 3980, and 11,280, respectively. The direct 
costs per pound of pipe of the three materials were $0.30, 2.00, and 
6.00, respectively. 

Years of exposure to the wet corrosive environment will tend to 
form oxides of the metallic materials given in Table 2, so an obvious 
conclusion is that the vessels be made of oxides. In our present 
concepts in which the canisters must be filled, sealed, transported, and 
stored, none of the oxides have sufficient toughness to withstand the 
handling. Thus, oxides (and ceramics in general) cannot be seriously 
considered for canister and overpack construction, except in a con-
figuration in which they are mechanically supported and protected by 
metals. Ceramics might also conceivably be used for support sleeves. 
Poor toughness and low shear strength are the primary negative factors. 
Plastics and polymers currently available do not have sufficient resis-
tance to deterioration under the radiation fields and service' tempera-
tures proposed. However, new developments are being made rapidly in 
this class of materials, and their use should not be precluded. 

The entire field of coatings has received little attention. 
Although coatings are often viewed skeptically as being represented by 
the peeling chromium-plated bumper, coatings are used satisfactorily in 
many important applications. For example, in the gaseous diffusion 
(enrichment) industry, nickel-plated steel is the primary structural 
material. Also, light-water reactor vessels are constructed of low 
alloy steel with the entire inner surface coated with weld-overlaid 
stainless steel. It is possible that there are numerous combinations of 
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substrate and coating materials which could reduce the cost of canisters, 
overpacks, and particularly support sleeves. However, such cost optimi-
zation is difficult with the large number of variables presently being 
considered. 

CONCLUSIONS 

A careful consideration of the corrosion mechanisms operable in wet 
geological environments has revealed the complexities of corrosion under 
these conditions. There are many potential forms of corrosion which are 
localized in nature and extremely difficult to extrapolate to the times 
of interest for waste storage. Titanium appears to be the most corrosion-
resistant material, but its potential embrittlement due to hydrogen 
absorption during corrosion could be a severe limitation. On the basis 
of mechanical considerations, canisters can be fabricated from a number 
of materials. However, the costs of completed canisters will likely 
vary by factors of up to 50, depending on the material selected. 
Considerable work needs to be done to clarify the strength, temperature, 
and code requirements for canisters. 
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