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A. INTRODUCTION

This chapter provides an overview of materials failures and leaks of high-level radioactive weapons
waste in welded, mostly 3,800,000-L (1,000,000-gal) carbon steel tanks at the Hanford, Washington,
site. Newer, improved double-shell tanks developed at the Savanna River Site, South Carolina, have
prevented leaking into the ground. The waste in several hundred tanks at both sites will be
concentrated and converted into borosilicate glass. Waste converted into glass in now being poured
into stainless steel canisters at the Savannah River Plant for eventual permanent placement into an
underground repository at Yucca Mountain, Nevada, along with assemblies of spent nuclear fuel
from 116 commercial nuclear power plants from ~ 50 different sites. Both the canisters and fuel
assemblies are to be placed in cylindrical metal containers, or waste packages. The requirements
for corrosion resistance of canisters and waste packages have been increased by the discovery of
unexpected amounts of water in an exploratory 8-km (5-mile) tunnel in Yucca Mountain.

Highly radioactive wastes from 50 years of production of plutonium for nuclear weapons are
being stored in numerous carbon steel (CS) tanks at both the Hanford Site in Richland, Washington,
and the Savannah River Plant (SRP) near Aiken, South Carolina. The Hanford Site is in the eastern
part of the state where the Snake River flows into the Columbia River, as the Columbia turns from
south to west. The SRP is situated at the river forming the border between South Carolina and
Georgia. These two sites are by far the largest facilities of their kind in the United States. At both
plants, the tanks are mostly 3.8 million-L (1 million-gal), 23- to 26-m diameter, 11-m high (75- to 85-ft
diameter, 35-ft high), welded, 10- mm (3/8-in.) thick carbon steel. The procedure for converting waste
into borosilicate glass is now in progress at the SRP. (There are two other sites, West Valley, New York,
and Idaho Falls, Idaho, where much smaller quantities of high-level wastes are being stored.)

The second source of waste is in the form of spent nuclear fuel pellets sealed in zirconium alloy
tube cladding, which are assembled in bundles. These have been removed from ^ 116 commercial
nuclear power plants. The first of these plants began operation in 1957, and most of them are located
in 30 states in the eastern part of the United States. Each power plant has a pool with cooling water in
which the spent fuel assemblies, with an initial surface temperature of 22O0C (43O0F), are stored
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FIGURE 1. Yucca Mountain, Nevada. One hundred miles north of Las Vegas, result of volcanic activity. Photo
courtesy of the U.S. Department of Energy.

temporarily for cooling and for shielding from radiation. After ~ 10 years in the pools, the
assemblies can be stored in large, multiassembly dry casks. Because the power plants have limited
storage space, there is now an urgent need for a facility where the spent fuel can be stored until a
permanent repository has been identified, investigated, approved, and constructed. Fifteen years ago,
it was expected that such a facility would be available at this time, but this project has been delayed
by a number of technical and nontechnical obstacles.

B. LONG-TERM STORAGE

The only proposed site currently under consideration for the construction of a permanent repository
is a deep underground mine above the water table at Yucca Mountain, Nevada, 100-miles north of
Las Vegas [I]. It is near the site where > 900 atomic devices have been detonated during the past 50
years. The Yucca Mountain site, shown in Figure 1, has been studied for many years. In 1995, the
total quantity of waste was estimated to be 10,000 packages for spent fuel and 4000 packages for
vitrified waste from tanks [2].

Yucca Mountain was formed from a series of eruptions from a volcano several miles away. It is
made up of tuff (i.e., alternate layers of fused and nonfused ash and airborne rocks). The following
are some of the problems involved in its use as a safe and permanent repository for 10,000 to 100,000
years:

The presence of geological fault lines.
The nearby presence of seven small cinder cone volcanoes, two of which may have been active

during the past 10,000 years.



The high incidence of fracture lines in the volcanic tuff.
The discovery, at a depth of 240 m (800 ft), of water containing chlorine-36 from atmospheric,

thermonuclear tests in the Western Pacific during the 1950s [3]; and the observation that
from precipitation, "more waters may be percolating through the site than previously
anticipated [4]."

The recent occurrence of earthquakes nearby [5].
The opposition of the people, the legislature, and the governor of the state of Nevada, as well as

that of several Indian tribes.

If these problems cannot be surmounted, it may be necessary to search for another site. An
additional site may be required in any case if the capacity of Yucca Mountain is surpassed.

In April 1997, a 8-km (5-mile) tunnel with a 7.6-m (25-ft) diameter was completed to serve as an
exploratory studies facility. It has already "provided a wealth of anticipated and unanticipated data
on the geologic and hydrologic character of Yucca Mountain and provided a very valuable learning
opportunity" for managing construction [6]. The discovery of unexpected amounts of water has
greatly increased the need for superior corrosion resistance of the various waste containers, which
are illustrated in Figure 2.

C. SINGLE-SHELL TANKS (SSTs)

At the Hanford and Savannah River plants, plutonium was separated from numerous radioactive
fission and decay products by chemical dissolution of the clad spent fuel elements. At Hanford,
the cladding was mostly a zirconium alloy and at Savannah River, aluminum. The plutonium was
extracted from this solution. The pH was then adjusted to >12 by the addition of sodium hydroxide,
to reduce general corrosion of the CS tanks being used for temporary storage to negligible values.
The main constituents of the waste are sodium compounds of OH~, NO^, NC>2, and SO^", with
strontium-90, cesium-137, and some plutonium-239 (half-life 24,100 years) as the main radioactive

FIGURE 2. Idealized geohydrologic cross-section of Yucca Mountain ([4], after J.B. Czarnecki). Drawing
courtesy of the U.S. Department of Energy.
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FIGURE 3. Single shell tank. Welded CS liner in steel-reinforced concrete shell. No seal between wall and
base of concrete. Many have leaked waste into the ground. Drawing courtesy of the U.S. Department of Energy.

species. The waste is distributed in three layers: solid salts at the bottom, a second layer in the form
of a slurry, and a third, relatively clear layer at the top. The top layer may have a solid crust. Because
of the elevated temperatures, there is significant evaporation of the liquid and condensation on the
vertical upper steel walls of the tanks, as well as on the steel-reinforced concrete ceilings illustrated
in Figure 3. The large variety of constituents is not static physically or chemically. For example,
hydrogen gas is being generated continuously by radiolysis of water and decomposition of organic
compounds, and must be vented before it accumulates under a cover of salts. In a tank at Hanford,
SY-IOl, the solid crust has impeded the removal of hydrogen gas. Various unsuccessful attempts to
facilitate its removal over a period of about ten years have so far led to the conclusion that "there
does not seem to be an end to it." [6a] Tanks having four different combinations of chemical species
must be monitored intensively for conditions that might lead to explosions. Such an explosion took
place in Russia when inadequate cooling led to the concentration of organics and nitrates in a waste
tank [7].

At the Hanford site, there are 149 SSTs that were built between 1943 and 1964, each with a
capacity of 1,900,000 to 3,800,00OL (500,000 to 1,000,000 gal) [8,9]. They were originally intended
to be used for only a few years. However, waste was put into them until 1980, and they all still
contain waste in various amounts. These SSTs have welded CS walls and bottoms that serve as liners
for 80-cm (30-in.) thick steel-reinforced concrete bases, walls, and ceilings. There is no seal between
the wall and base. Therefore, the concrete walls and base serve only as structural support for the steel
liners and cannot prevent liquid waste from passing into the soil. Sixty-seven SSTs are reported to
have leaked more than 2,800,00OL (750,000 gal) into the ground, which is 60-9Om (200-300 ft)
above the water table at the level of the Columbia river [9,1O]. In a new approach to estimates of
leakage applied to four tanks at Hanford, it was concluded that leakage was six times more than
previous estimates [U]. It is possible that many of the other 82 SSTs at Hanford may also have
leaked.
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FIGURE 4. Double shell tank. Welded CS tank with inner tank (primary) with knuckle design. Primary tank is
stress relieved by heating to 59O0C (UOO0F). There have been no leaks into the ground from these improved
DSTs. At the SRP, these tanks are equipped with cooling coils and are in the shape of a toroid (doughnut), with a
concrete pillar in the doughnut hole that supports the concrete dome. Drawing courtesy of the U.S. Department
of Energy.

Radioactive species from Hanford have been detected in the Columbia River but were considered
to be "below legal limits" in 1991 [9]. However, in a recent study for the Department of Energy, it
was concluded that waste from the tanks has flowed deeply into the soil, which consists of sand, silt,
and gravel. Some experts are convinced that it has reached underground water supplies 230 ft (70 m)
below the tanks and is flowing toward the Columbia River [12,13]. This finding is in contrast to prior
assumptions that radioactive material leaking into the ground under the tanks would be chemically
bound in the soil and would, therefore, not flow to the river in significant amounts [9]. An important
aspect of the cleanup at Hanford is that detailed compositions of the waste materials that have leaked
into the ground from the SSTs are not known. Also, methods for dealing with tanks that contain
explosive material must be studied [9].

D. DOUBLE-SHELL TANKS (DSTs)

The Savannah River Plant was put into operation in 1953. It is near a "major damage earthquake
zone" [14] in an area prone to tornadoes and hurricanes. The water table for large areas in the sand
and clay is at ground level. From the begining double shell tanks (DSTs) were designed and built
here (1954 to 1981). They were equipped with cooling coils to prevent boiling of the high-heat waste
then being generated at this plant. In the DSTs, the primary tank rests on ceramic blocks inside the
secondary, outside tank with a 0.75-m (2.5-ft) wide annular space between them, as shown in Figure
4. The function of the outer tank is to contain the liquids from leaks. The annular space makes it
possible to monitor the walls of the primary tank by remote-controlled sensors, such as TV cameras
and thickness measuring devices, as illustrated in Figure 5. Forced ventilation with preheated air
retards atmospheric corrosion of the tank walls in the annular space and rapidly evaporates liquid
waste at any slow leaks. The residue of salt left at the cracks can then act as a plug to retard and/or
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FIGURE 5. Annular space between primary and secondary tanks. Annular space, 0.75m (2.5ft), with a
conductivity probe. Rounded corner of primary tank (knuckle) avoids high stresses on circumferential weld
between wall and bottom of Primary tank. (Knuckle design also was used on some SSTs at Hanford.) Photo
courtesy of the U.S. Department of Energy.

prevent further leaking of the primary tank. (In an attempt to reduce the high cost of waste tanks,
eight SSTs were built between 1959 and 1965 and used at the SRP. Later all tanks were DSTs
because of the risks involved with SSTs.)

In < 1 year, leaks were detected on the inner shells (the primary tanks) in several of these new
DSTs at SRP. One of these tanks (No. 16) had 350 leaks at the welds used to join the steel plates. This



FIGURE 6. (a) Nitrate SCC of a CS tank at Welds (Tank No. 16). Cracks run perpendicular to welds and are
intergranular. (b) 13OX From [17]. Photo courtesy of the U.S. Department of Energy.

tank was taken out of service and emptied, and specimens were cut out for metallographic
examination [15-17]. Subsequent laboratory testing in which the conditions in the tank were
simulated showed that the cause of the leaks was intergranular stress corrosion cracking (SCC)
perpendicular to the welds. An example is shown in Figure 6. The causes of the cracks were the
tensile stresses at welds and the presence of nitrates in the waste solution [18]. It was also found that
additions of sodium nitrite (NaNO2) stopped the growth of cracks and also prevented the formation
of new cracks [18,19]. Additions OfNaNO2 to the other DSTs and to new tanks confirmed the results
of the laboratory tests.

Vertical
Weld



An additional precautionary measure was to reduce tensile stresses in the new primary tanks by
applying a stress-relieving treatment after fabrication. The tank was heated to 59O0C (110O0F) using
gas flames in the tank and was extensively monitored with thermocouples to assure a uniform,
constant temperature for 1 h. There now are 43 DSTs at the SRP, built between 1954 and 1981. Some
of the steel grades used for tanks were ASTM A 285 Gr B (UNS K02200), A 516 Gr 70 (K02700),
and A 537 Cl 1 (K12437) [2O].

The discovery of nitrate (NaNO3) SCC on welds throughout this tank (the only waste tank at
either SRP or at Hanford from which cracked specimens have been removed for examination) after
< 1 year of service, has led to the views that

The 67 leaking SSTs at Hanford probably also have numerous nitrate SCC at welds that started
soon after they were put into service between 1943 and 1964. Five of these tanks have
buckled and ruptured [21]. Such "disruptive events" are thought [13] to have occurred when
a temperature as high as 18O0C (35O0F) was generated in solids at the bottom of some tanks.
The resulting differential expansion between the steel bottom plate and the cylindrical walls
of the liner resulted in flexing and buckling of the base, which produced high stresses and
ruptures at the welds. Steam generated under the steel base from residual moisture in cases of
incompletely cured concrete may contribute to buckling.

The remaining 82 SSTs at Hanford have been categorized as "sound," but with inadequate
surveillance data for conclusive determination of their "integrity" [21]. Because most of
these 82 tanks contain nitrates, there is a possibility that there may be extensive nitrate SCC
at the welds of many of these tanks.

In the DSTs, the highly stressed weld between the vertical walls and the bottom has been avoided
by making a 90° rounded bend (the knuckle) so that the lowest wall plate also serves as a part of the
bottom of the primary tank, as can be seen in Figure 5. Primary tanks of DSTs are thermally stress
relieved. Since 1979, waste from some of the 149 SSTs at Hanford has been transferred to some of
the 28 new DSTs built in accordance with practices developed at the SRP [9]. Since 1954, 71 DSTs
have been built at both sites, and there have been no leaks into the soil from stress-relieved
(improved) DSTs at either Hanford or SRP.

E. ALLOYS FOR WASTE PACKAGES

At the SRP, waste from the tanks is now being transformed into borosilicate glass and poured into
Type 304L, Fe-18% Cr-10% Ni, (with extra low carbon) stainless steel (S30403) cylindrical
canisters, 0.6 m (2 ft) in diameter and 3 m (10 ft) high. At present, one such "log" is being produced
per day at a cost of $1.4 million per log [22] in a completely automated, remote-controlled plant
illustrated in Figure 7. Six thousand logs will be needed to contain the waste from the tanks at the
SRP. Similar vitrification plants are to be built at Hanford, where it will take 14,000 logs to hold the
glass waste. Assuming that five logs will be inserted in each waste package (shown in Fig. 8) for
placement in Yucca Mountain, there then will be a total of 4000 such waste packages for glass. It is
estimated that 10,000 waste packages will be needed for waste from commercial nuclear power
plants [2].

After liquids and slurries are removed for vitrification, a residue of radioactive salt remains in
many tanks. Its disposition continues to be a problem in some tanks. Removal by high-pressure water
is an option for DSTs. However, for SSTs that have leaked, this process may add to the leakage.
Methods and equipment for breaking up the salt cake for removal are being considered. Leaving the
solids in the tanks converts them into a waste repository. Two SSTs at the SRP that have a relatively
thin layer of low-level waste have been completely filled with various kinds of cement to immobilize
the waste and to prevent the collapse of the tanks.



FIGURE 7. Conversion of waste from tanks into borosilicate glass, vitrification. Remote controlled glass
melter and welder. Drawing courtesy of the U.S. Department of Energy.

FIGURE 8. Engineered barrier segment. Pressurized water reactor (PWR), boiling water reactor (BWR),
defense high-level waste (DHL W) [25]. Photo courtesy of the U.S. Department of Energy.
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The 10% concentration of Ni in the Type 304L (S30403) being used for logs makes it very
susceptible to chloride SCC [23]. Stainless alloys with less or more nickel are much more resistant.*
Chlorides are present in almost all environments, for example, natural waters including the water in
Yucca mountain [4]. They are present in soils, ground water, paints, and perspiration. Also, residual
tensile stresses cannot be avoided, especially in the logs that are closed by welding after being filled
with molten glass. If the logs are placed in Yucca Mountain with a much larger number of spent fuel
assemblies that are cooling from ~ 20O0C, the surface temperature of the logs may be above 10O0C
(2120F) for as long as 1000 years [24]. Even microscopic amounts of corrosion by chlorides on 304L
may result in severe SCC in the presence of tensile stresses. If the container (log) is breached, there
may be attack on and disintegration of the borosilicate glass waste by water or chloride-containing
water at elevated temperatures.

The logs are being stored at the SRP in individual concrete-lined holes at ground level with
concrete covers. Additional protection is provided by a superstructure that shields this area from
wind and rain. The length of time for which the logs are to be stored in this way is uncertain. It may
be necessary to transport them to a temporary storage site before they are moved again, this time to
Yucca Mountain or another site yet to be determined. Thus, there is some uncertainty about the
amount of handling of the logs and the environments to which they may be exposed, perhaps over a
period of decades. Therefore, it may be desirable to use an alloy with 60% Ni for the logs with
vitrified waste, such as described below for the waste packages, which is much more resistant to
chloride SCC and other forms of corrosion than is Type 304L stainless steel. Such an alloy, while
more costly, would provide greater security for the current conditions as well as much greater
flexibility in the selection of future interim storage of the estimated 20,000 logs.

It is encouraging that one of the components of the outer container into which groups of five logs
are to be placed when disposed of in Yucca Mountain is an alloy with 60% nickel, C-22 (N06022),
Ni-21% Cr-13% Mo-3% W. This outer part of the waste package is to be a 2-m diameter, 5-m long
(7-ft diameter, 16-ft long) cylinder [25]. Compared to Type 304L, the C-22 alloy has much greater
resistance, if not immunity, to chloride stress corrosion failure and to chloride pitting. It also resists a
wide range of oxidizing and reducing conditions and a wide range of pH values. At present, a two-
component design with an inner and outer barrier is being considered: carbon steel 100mm (4 in.)
thick to provide structural support, bonded to a 40- mm (1.6-in.) layer of C-22 alloy to provide a high
degree of corrosion resistance [25].

Alloy C-22 has also been selected as a potential container component for the spent fuel
assemblies from power plants, as shown in Figure 8. Twenty-one assemblies from pressurized water
reactors or 44 assemblies from boiling water reactors are scheduled to fit into racks in the 2-m
diameter, 5-m long containers [26]. Alloy C-22 is a relatively new composition. In special tests, its
metallurgical stability, mechanical properties, and corrosion resistance have been evaluated after
heating at 43O0C (80O0F). There was no change in these properties after 5 years of heating [27,28].
These thermal exposures are being continued for further evaluation.

A requirement of the waste packages is that they be retrievable from the repository for 50 years
after placement in the tunnels at Yucca Mountain [2]. Transporting the tens of thousands of thermally
and radioactively hot containers to an interim and/or permanent repository involves the development
of specialized shipping casks, vehicles, and the solution of the complex logistical problems inherent
in shipping over routes through many states, while trying to avoid major population centers. Working
with high-level nuclear waste is slowed by stringent limits and monitoring for personnel exposure to
radiation.

Another high-priority corrosion problem involves the breaching of the zirconium alloy containers
for the fuel elements from the reactors at Hanford [29]. For a number of reasons, the 2100 tons of
spent fuel elements, some dating back to the 1970s, were not put through the separation process, but
were left in storage in two 5.2-m (17-ft) deep, radiation-shielding water pools, the "K Basins." There
was attack by water on uranium metal because the zirconium alloy containers were ruptured

* See Chapter 37, "Austenitic and Ferritic Stainless Steels" in this volume, Fig. 12A and Table 6.



when they were dropped into the basins. The resulting sludgy waste at the bottom of these pools
must be kept from all contact with air to prevent ignition and the release of radioactive smoke
into the environment. The basins, built in 1951, are 43Om (1,400ft) from the Columbia River and
are described as leak-prone. Procedures are now being designed for repackaging and storing
this waste.

F. FUTURE DEVELOPMENTS

Numerous decisions are yet to be made and approved by a variety of interested parties in order to
resolve the problems involved in the packaging and permanent confinement of high-level weapon
and power plant materials. Many years and huge sums of money will be required to provide
protection for the environment and future generations for more than 10,000 years. Numerous
scientific, engineering, political, economic, and organizational problems remain to be resolved. For
example an agreement was announced recently [30] by the secretary of the Department of Energy
(DOE) that averts a lawsuit that the Governor of the state of Washington threatened to file over
cleanup delays at the Hanford Site. The K-Basins described above are to be cleaned out by the year
2007, and the U.S. Department of Energy will build plants for the vitrification of waste and will
transfer liquids and slurries from leaking SSTs to DSTs. In 1998, the contractor at the Hanford Site
and the SRP shed its government operations unit, and a new contractor had to be selected by the DOE
to manage these two facilities [31]. Final approval, that is, licensing, for the selection of Yucca
Mountain as a permanent repository and for the design of waste packages must be obtained from the
Nuclear Regulatory Commission. An important aspect of the clean-up effort is long-range continuity
in staffing, management, and financial support.

Reports on the history, cleanup, packaging, transport, and storage of nuclear waste are available
to the public, and some of these reports are listed in the references. Also open to the public are
meetings of the DOE and the U.S. Nuclear Waste Technical Review Board, at which progress,
problems, and future plans are discussed. The public is being solicited for comments by the DOE
because "... the cleanup is a big and expensive job, and you, along with other taxpayers, will be
paying for it" [32].
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