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Abstract

Corrosion damage of a wide variety of structural materials used in light water reactors
has caused significant forced outages with associated high costs for repairs and replace-
ment power. The most prevalent and costly form of corrosion degradation in service is
stress corrosion cracking. This paper reviews service incidents of corrosion cracking in
components of the LWR pressure boundary, with emphasis on pipe cracking in BWRs and steam
generator problems in PWRs. Remedial actions are identified that address stress reduc-
tion, material improvements, or control of the environment, as appropriate to each

category of service application.

1. Introduction

Corrosion problems have been a major contributor to service failures of structural compo-
nents which are exposed to reactor water environments. These failures have in turn been a
major cause of forced plant outages. The financial impact of corrosion is enormous,
costing nuclear utilities over $1 billion a year for replacement parts and replacement
power costs [1]. Some major components have been replaced after only a small fraction of
their design life, as a result of corrosion problems. This paper reviews service experi-

ence with corrosion in key components, and progress toward problem resolution.

Of the various recognized types of corrosion phenomena, stress corrosion cracking and
corrosion fatigue are by far the most prevalent causes of problems with steel components
of the reactor pressure boundary. Many incidents of stress corrosion cracking in piping
and heat exchanger tubes have led to large-scale research efforts during the last decade
to understand and resolve these problems. BAs a result, an array of SCC prevention and
mitigation techniques are becoming available. Changes in design, materials selection, and
service conditions can be effected to alleviate stress corrosion cracking. Similar
measures can be taken to avoid premature failures due to corrosion fatigue. The prognosis
is good for significant improvements in plant reliability through application of corrosion
solutions now in hand. However, we can expect that corrosion damage and degradation of
reactor materials will continue to be a limiting factor in efforts to extend plant and

component service life.
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2. Pipe Cracking in BWRs

Intergranular stress corrosion cracking (IGSCC) in BWR piping is manifested as cracking in
the heat-affected zone (HAZ) adjacent to girth welds that join austenitic steel piping,
and is associated with the synergistic interaction between stress in the material, the
oxygenated coolant, and a sensitized weld-heat-affected zone (HAZ). In the United States,
the affected piping is type-304 or 316 stainless steel in recirculation lines, core spray
lines, reactor water cleanup lines, isolation condenser lines, and control rod drive
return lines [2,3]. More than 800 cracking incidents have occurred during the past decade

leading to capacity factor losses of 1 to 2% per year.

The remedial action in most instances has been either to replace the affected lines using
low-carbon materials less susceptible to sensitization and cracking or to repair and
reinforce cracked weldments using weld overlays. Types 304 and 316 Nuclear Grade (NG)
steels have been qualified as replacement materials. These are being used also in new
construction. Other remedies, particularly for plants in operation, include alternate
water chemistry--called hydrogen water chemistry--and welding or postwelding procedures

that modify the residual stress distribution in the weld HAZ [4].

Stress is an important contributing cause of IGSCC. The highest stress in the pipe
results from internal residual stress due to welding. Welding or postwelding stress
reduction processes such as last pass heat sink welding (LPHSW) and induction heating
stress improvement (IHSI) can provide a considerable reduction in residual tensile stress

and, in fact, put the sensitive ID zone of the pipe into compression.

Laboratory research has shown that IGSCC is suppressed in high purity water {(conductivity
<0.3yS/cm) at oxygen levels below about 20 ppb. This finding is the basis of the alter-
native BWR water chemistry known as hydrogen water chemistry. A method of decreasing the
oxygen concentration in BWR water to levels well below the 200 ppb typically present
during power operation is by injecting hydrogen into the feedwater [5,6). The presence of
hydrogen reduces the rate at which oxygen is generated by radiolysis and also facilitates
radiation-induced recombination of dissolved hydrogen and oxygen. The oxygen content of
the recirculating water at full power can be reduced to 10 to 20 ppb by adding about

1.5 ppm hydrogen to the feedwater. The hydrogen water chemistry remedy is currently being
verified in a long-term program at the Dresden-2 Reactor, with accompanying laboratory and

field tests to demonstrate improved material performance [7].

The BWR stress corrosion cracking problem can be controlled by use of one or more of the
foregoing remedies. Some plant owners have chosen to implement a combination of water
chemistry controls, material improvements, and/or stress improvement remedies to protect

piping and other major components of the primary system.

3. sSafe End Cracking in BWRs

The safe end is a transition piece between the low-alloy steel nozzle and the piping and
is intended to allow field welds to be made without postweld heat treatment. The safe

end, which is made from a material that does not require a postweld heat treatment, is
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welded to the nozzle (which does require a heat treatment) prior to the final vessel heat
treatment. In the 1960s it was common practice to make safe ends from austenitic stain-
less steel which was severely sensitized during the vessel heat treatment. As a result, a
number of safe ends in BWRs suffered IGSCC. This problem was addressed by replacement
with a low-carbon stainless steel or alloy 600 safe end, or by cladding the sensitized
material with Type-308L stainless steel or with a nickel alloy weld metal. However, in
1978, through-wall cracking developed in an alloy 600 safe end. This was attributed to
IGSCC, resulting from a severely creviced thermal sleeve combined with high stresses in

the vicinity of the thermal sleeve attachment weld.

Much of the work on BWR pipe cracking is pertinent to stainless steel safe-end cracking.
In addition, EPRI has investigated the susceptibility of alloys 600 and 690, and nickel-
based weld metals to cracking in simulated BWR coolant. This work shows that the nickel-
based alloys and weld metals are much more resistant to IGSCC than sensitized type-304
stainless steel, but are not entirely immune [8]. In particular, the No. 182 weld metal
is only moderately resistant to cracking, and cracks have recently been found in No. 182
welds that join BWR recirculation nozzles to their associated safe ends. These are being
repaired with like material, but hydrogen water chemistry is being implemented to prevent

a recurrence of the cracking.

In another recent incident, cracks were found in a 316L (low-carbon) safe end adjacent to
a weld that attaches a thermal sleeve. Cracking in this normally resistant material was
ascribed to local accumulation of impurities in the crevice created by the joint design.
The joint was redesigned to eliminate the tight crevice. Cracking of the same safe end in
an uncreviced location was observed in association with surface cold work due to grinding
during fabrication. These examples illustrate the necessity of exercising tight controls
on environmental exposure and on fabrication processes, even when cracking-resistant

materials are used.

4. Feedwater Line Cracking in PWRs

In 1979, leaking circumferential cracks were found in carbon steel feedwater lines at

D. C. Cook Unit 2. The cracks were located in the immediate vicinity of the steam gener-
ator nozzle. Inspections subsequently revealed piping cracks, crack-like indications, or
fabrication defects in 18 PWR units. Failure analysis on some of the cracked pipes
revealed thermal fatigue (due to thermal stratification during hot standby) as the source

of the cracking. An Owners Group was formed to develop remedial actions [10].

It has been shown that carbon steels are only mildly susceptible to environmental cracking
in oxygenated water at feedwater temperatures, and PWR feedwater pipe cracking is probably
not primarily an environmental cracking phenomenon, although pitting attack may be
involved in crack initiation. Consequently, changes in feedwater chemistry are not likely
to be an effective countermeasure to feedwater pipe cracking. However, carbon steels are
more susceptible to environmentally assisted fatigue and stress corrosion cracking in
oxygenated water at primary system temperatures (~300 C) [9] and new fatigue design rules

for piping in such environments have been developed and proposed. Implementation of these
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rules will lead to larger factors of safety in the design of carbon steel piping for

cyclic loadings.

5. Cracking of Stainless Steel Borated Water Piping

IGSCC in type-304 stainless steel piping in PWRs was first observed in 1974 when it
resulted in leaks in the reactor building spray and decay heat remaval systems at Arkansas
Unit 1. Subsequently, IGSCC has been detected in at least seven other plants. In all
cases, the IGSCC was detected in pipes normally or intermittently containing stagnant

borated water and was confined to sensitized type-304 stainless steel.

Tests have shown that IGSCC can not be induced in the nominal borated water environment,
indicating that contaminants are responsible for cracking, and that control of contami-
nants is an appropriate remedy {8]. The stress and sensitization-related remedies

developed for BWR cracking would be effective here also.

6. Steam Generators

Steam generators have been consistently troublesome for PWR units and a large variety of
corrosion-related problems have contributed to plant capacity losses of several percent
per year due to this component. Repairs are generally made by plugging tubes, but after a
certain number have been plugged, the steam generator has to be replaced or retubed.
Estimates of steam generator replacement cost and replacement power cost during the outage

have ranged from $100 million to more than $300 million per plant [5].

The main experience with steam generator performance has been gained with the recircu-
lating steam generator (RSG) design. Some Westinghouse and CE designs have experienced
severe corrosion damage which falls into three general categories: (a) intergranular
corrosion, cracking, and pitting of tubes within the tube sheet or just above the tube
sheet on the secondary side, (b) cracking of tubes on both secondary and primary sides,
and (c) tube denting at the tube supports in systems which operate with all volatile
(alkali) treatment, AVT. The distortion caused by denting in some cases has led to stress
corrosion cracking of the tubing. The once-through steam generator (OTSG) units have
experienced some tube cracking and have also experienced mechanical problems including
high~cycle fatigue failure, fretting, and erosion-corrosion of tubes, all of which

originate on the secondary side of the system.

The most prevalent corrosion phenomenon in RSG units is denting resulting from the
corrosion of the carbon steel tube supports and tube sheet [10]. Denting has also been
experienced in some OTSG units. Denting was first recognized shortly after the industry
changed their secondary water treatment from coordinated phosphate (CP) to AVT. AVT
provides inadequate buffering capacity in the presence of concentrated solutions of
impurity salts which will develop in local regions of dryout such as in tube-to-tube
support crevices. The crevices will become acidic and corrosive with time. When the
carbon steel tube support corrodes, magnetite is formed which occupies about twice the
volume of the uncorroded carbon steel. As the corrosion progresses, growth of this magne-

tite deposit squeezes the tubing causing denting. It has been shown that the denting can
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be arrested by taking steps to greatly reduce the impurity level of the feedwater.
Further, both laboratory and plant experience have shown that the denting can be arrested
by the addition of boric acid to the secondary feedwater when accompanied by improvements
in feedwater purity. Tests have also shown that the use of high chromium stainless steels
greatly reduces the corrosion of the support plates in simulated concentrated acidic
chloride environments and that improved support plate designs which reduce the contact

area between the tube and support plate are also effective in reducing denting.

Alloy 600 tubes removed from operating plants have shown general intergranular corrosion
in the tube/tube sheet crevice region. The corrosion has been ascribed to the presence of
caustic material, probably in a majority of cases formed from a residue of earlier phos-
phate treatments, although more recent studies indicate that the corrosion reaction may be
more complex. Primary side cracking of alloy 600 tubes has been observed in both denting
and nondenting steam generators. Evidence of an influence of grain boundary composition
and microstructure on SCC susceptibility has been utilized in developing a thermally
treated alloy 600 which is resistant to SCC and to identify more resistant tubing alloys
such as alloy 690. These new tubing materials are used in "sleeves" to repair secondary
side damage in the vicinity of the tube sheet and are specified for all new replacement
steam generators. Primary side cracking in the U-tube bends can only be solved for now by

plugging the inner radius tubes.

One approach to secondary system chemical control is in the selection of materials of
construction of the secondary side. One of the major sources of impurities is condenser
in-leakage. Retubing with titanium tubes, the use of the leak-tight double tube sheets in
the condenser, and the elimination of copper components in the system have been shown to
be effective in reducing the chloride and copper impurities that enter the steam

generator.

Reduction of residual tensile stresses is another important factor in minimizing steam
generator damage. Several approaches have been taken, including, for example, stress
relief annealing the whole steam generator bundle, performing a treatment on the tubes
which involves tensile straining, i.e., so-called mechanical stress relief, and intro-~

ducing residual compressive stresses on the outer tube surfaces by shot peening.

7. Conclusion

Corrosion problems, and especially corrosion cracking, have restricted the reliability of
key components and impacted the availability of nuclear power plants. Remedial measures
are available which can be implemented through changes in component design, materials
selection, fabrication practice, and plant water chemistry controls. Examples which have

been cited include:

Use of improved, cracking resistant materials.
Control of oxygen and impurities in reactor water.
Design changes to avoid local concentration of contaminants.

Fabrication practices which avoid adverse surface and metallurgical changes in
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the materials and reduce fabrication induced residual stresses.
Adoption of structural design criteria which account for effects of environmental

exposure on the structural behavior of materials.
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