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Abstract

Intergranular stress-corrosion cracking of weld-sensitized wrought
stainless steel piping has been an increasingly ubiquitous and expensive
problem in boiling—water reactors over the last decade. In recent months,
numerous cracks have been found, even in large-diameter lines• A number of
potential remedies have been developed. These are directed at providing more
resistant materials, reducing weld-induced stresses, or improving the water
chemistry. The potential remedies are discussed, along with the capabilities
of ultrasonic testing to find and size the cracks and related safety issues.
The problem has been much less severe to date in pressurized-water reactors,
reflecting the use of different materials and much lower coolant oxygen
levels.

*Work sponsored by the Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission, Washington, D. C. 20555



I. Introduction

Intergranular stress corrosion cracking (IGSCC) of sensitized Type 304
stainless steel in light water reactors (LWRs) has been a subject of concern
since 1965, when furnace-sensitized stainless steel components cracked in the
Dresden-1 Boiling Water Reactor (BWR)/ 1' However, the generic nature of the
problem was not generally recognized until 1974, when a widespread outbreak of
cracks occurred in the heat-affected zones (HAZs) of welds in 4-inch-diameter
bypass and 10-inch-diameter core spray piping in BWRs (Figs. 1 and 2 ) / * '
Since then, the problem has continued, with cracks occurring adjacent to welds
throughout the primary recirculation piping system and in the residual heat
removal system of BWRs, including extensive cracking in large-diameter (e.g.,
28-inch) lines. IGSCC has also occurred in pressurized water reactor (PWR)
piping, but to a much lesser extent. ' This difference is primarily
attributable to maintenance of the oxygen level in PWR water substantially
below that in BWRs through hydrazine additions during start-up and a hydrogen
overpressure during operation. Also, most PWRs use centrifugally cast
stainless steel or austenitic-clad ferritic steel piping, which is more
resistant to IGSCC than the wrought stainless steel piping used in BWRs.

Over the last decade, the problem of IGSCC in LWR piping has received
much attention/ ^ Well over $100 million has been expended attempting to
develop remedies for the problem, in research programs sponsored by a BWR
Owner's Group, the Electric Power Research Institute (EPRI), the General
Electric Company, the Nuclear Regulatory Commission (NRC), and the Department
of Energy in the United States, and in complementary programs sponsored by
Japan and Sweden. In the past year, however, at least two U.'J. utilities have
made the painful decision to replace the primary recirculation piping in their
affected BWR units with a more resistant material. In the case of Nine Mile
Point, an early BWR with five loopss the estimated repair cost was about $65
million plus ever $100 million to purchase replacement power for the 15-month
outage. '

II. BWRg

A. Recent Events

As noted, the problem of IGSCC in stainless steel BWR primary system
piping has spread until it is now clear that no such line can be considered
"immune" under normal BWR operating conditions. Until 1978 (Fig. 3), the
confirmed cases of cracking were confined to 10-inch-diameter and smaller
lines. In 1978, all eight ten-inch-diameter recirculation-inlet-nozzle safe-
ends on the Duane Arnold unit were found to be severely cracked (Fig. 4 ) / 1 0 '
These safe-ends were made of Inconel 600, however, and cracking was probably
aggravated by crevices. Also in 1978, small cracks were detected in a 24-
inch-diameter line (Type 304 SS) at the KRB "Gundremmingen" unit in
Germany/11' This latter cracking appeared to be shallow (i.e., <20%
throughwall) and did not penetrate the adjacent weld. But in 1980, axial
cracks were found in a Quad Cities 10-inch core spray line (Type 304 SS) that
propagated completely through a weld (Fig. 5),*-12' and in early 1982 extensive
cracking in 28-inch-diameter recirculation lines (Type 316 SS) was found at
Nine Mile Point. A few months later, IGSCC was discovered in the 22-inch
manifold (Type 304 SS) and 12-inch riser piping at Monticello.



In October of 1982, the NRC issued Inspection and Enforcement Bulletin
82-03,'"' requiring all BWRs to inspect their recirculation piping at their
next scheduled shutdowns and requiring all inspection teams to demonstrate the
effectiveness of their procedures on field-cracked specimens. Since then,
most BWR units that have been inspected have shown indications of cracks in
various regions of the recirculation and/or residual heat reaoval systems,
including the largest diameter lines. Extensive cracking vas even found at
Hatch Unit II, which is only four years old.

The industry response to these occurrences has varied widely. Nine Mile
Point and Monticello are replacing their recirculation piping, and several
other units have employed a weld overlay over the cracked regions. At least
two units, upon discovering crack indications, returned to power without any
repairs arter concluding from a fracture mechanics analysis that the cracks
would not go throughwall prior to the next refueling outage.

B. In-service Inspection

IGSCC in the HAZ of stainless steel welds is much more difficult to
detect by ultrasonic (UT) inspection techniques than, for instance, fatigue
cracks in carbon steel. The IGSCC tends to be extremely tight, and is often
highly branched at the crack tip. It is also difficult to distinguish between
UT echo signals from cracks and from the weld root. Thus it is very hard to
detect IGSCC, and even more difficult to determine the depth accurately. As a
result, UT in-service inspection (ISI), conducted in accordance with the
minimum requirements of Section XI of the ASME boiler and Pressure Vessel
Code, tends to be of little value for this problem.' » ' Even during
inspection of target lines where cracking is anticipated, conventional ISI
will often fail.to.detect the presence of IGSCC, and prior to the issue of NRC
Bulletin 82-03,^ ' most cracks were found only after a throughwall leak had
been detected in the same system. This problem has been recognized since at
least 1974, and extensive research has been devoted to improving nondestruc-
tive evaluation techniques.^ ' ^

Following the cracking of large lines at Nine Mile Point in 1982, the NRC
required ISI teams to demonstrate their ability to find IGSCC in sections of
piping removed from service, prior to performing the required ISI on other
units. The results of this exercise showed that improved UT techniques do
increase the chance of finding IGSCC, although the frequency of false calls
also increases. ' As already noted, crack indications were subsequently
found in most plants inspected through June 1983. It is probable, of course,
that many of these newly suspected cracks had existed for some time but were
simply not found during previous inspections using less-sensitive techniques.

Although modifications in technique have improved the probability of
detection of IGSCC in wrought stainless steel piping, it remains very diffi-
cult to determine the crack depth. In a Battelle Pacific Northwest Laboratory
(PNL) pipe inspection round robin,'**' ISI teams could not even size thermal
fatigue crack depths in clad ferritic pipe (Table 1). This should be much
easier than sizing IGSCC in austenitic pipe since the thermal fatigue cracks
tend not to be branched at their tips and ferritic steel is easier to
inspect. Subsequent destructive examinations by PNL have confirmed the
estimated depths in Table 1. The PNL estimates were arrived at by using a
variety of techniques with access to both the inside and outside of the



pipes. The ISI teams used conventional UT techniques and had access to only

the O.D. of the pipes.

It is fortunate that IGSCC has not occurred as extensively in PWR piping,
since cast, stainless steel piping is even more difficult to inspect than
wrought piping owing to the coarse-grain microstructure.

C. Leak Detection

An unidentified leakage rate of 5 gal/min is currently allowed in BWRs
before action is required, although in plants with known cracks this rate is
usually lowered administratively to about 2 gal/min, and more frequent ISI is
required.^ ' The leakage in the plant is continuously monitored by the sump
flow and radiation detectors. However, most throughwall cracks to date have
been found visually, rather than by remote leak detection means. This is
largely due to the extreme tightness of these cracks, which results in very
small leak rates, even for relatively large throughwall cracks (Table 2).* '
This circumstance is of concern since it leads to a reduced margin for leak-
be fore-break.

These concerns have led to the development of more sensitive leak detec-
tion systems. The two leading candidates appear to be moisture-sensitive tape
and acoustic-emission (AE) systems.^ ' Either of these appears capable of
readily detecting a 0.01-gal/min leak and both are suitable for local leak
detection. The AE system has the additional advantages of being able to
provide quantitative data on leak size, as well as location, and to dis-
tinguish it from other types of leakage (e.g., through valve packing). Both
of these systems are still under development, but early versions have been
installed in several field applications.

D. "Remedies"

As the name implies, IGSCC involves a susceptible material, a tensile
stress, and a corrosive environment. In BWR piping, the susceptible material
is usually Type 304 stainless steel (SS) in a sensitized condition next to
weldments. The stress is primarily due to weld shrinkage during fabrication,
and the corrosive environment results from coolant oxygen and the low impurity
levels permitted within the current operating specifications.

A number of potential remedies for IGSCC in BWRs have been
developed.^ » » ' ' These remedies are based upon the premise that if any one
or all of the three ingredients for IGSCC can be reduced or eliminated, then
the problem will also be reduced or eliminated. It is therefore convenient to
categorize these potential remedies as materials-, stress-, or environment-
related (Fig. 6).

1. Materials

The susceptibility of Type 304 SS to IGSCC is due to chromium carbide
precipitation in the grain boundaries, which leaves the regions immediately
adjacent to these grain boundaries low in corrosion-resistant chromium. The
precipitation occurs most commonly under the thermal conditions encountered
during welding (i.e., slow cooling through the temperature range of 500-800°C)
and/or during furnace heat treatment. Material in this condition, as in the



HAZ within about one-quarter inch on either side of a weld, is usually re-
ferred to as "sensitized." Even if the heat input is low and the cooling is
relatively fast, small carbide particles may be "seeded" during welding.
Subsequently, these can grow under the temperature of normal BWR operation,
thus rendering the material more susceptible to IGSCC as time progresses. The
latter phenomenon is commonly referred to as low-temperature sensitization/ '

The simplest remedy for sensitlzation is to solution anneal the
material. For Type 304 SS, this involves heating the sensitized material to
about 1050°C for 15 minutes per inch of wall thickness to drive the chromium
carbides back into solution, and then quenching to prevent their re-precipi-
tation during cooling. This process can be applied to most shop welds, but
currently it is impractical for field welds.

A remedy used in some repairs has been the application of a corrosion-
resistant cladding (CRC) on the pipe inner surface (Fig. 7). Type 308 weld
metal is weld-deposited on the inside surfaces of the ends of the pipes to be
welded for a few inches beyond the expected extent of the weld HAZ. When the
weld is made, the cladding protects the HAZ from contact with the coolant. In
the shop version of CRC, the spool pieces are solution annealed after the
weld-deposit is laid, which eliminates any sensitized material on the inner
surface of the pipe. For field applications of CRC, annealing is imprac-
tical. Nevertheless, the sensitized material on the inner surface at the ends
of the weld-deposit is away from the high-stress region near the weld. A
drawback of CRC is that the cladding makes subsequent inspections of the weld
more difficult.

By far the most important materials remedy has been the development of
"Nuclear Grade" (NG) stainless steels as alternative materials to Type
304 SS. It has long been known that low-carbon Type 304 SS (i.e."Type 304L,"
with less than 0.03 wt.% C compared with 0.08 wt.% maximum C for Type 304) is
less susceptible to IGSCC because the lower carbon content makes sensitization
much less severe. But Type 304L has less strength than Type 304 and therefore
cannot be substituted in all applications. In recommending an alternative
material, it was important not only to consider strength requirements, but
also to stay within ASME-Code accepted materials to avoid a costly and time-
consuming qualification program, and to choose a material that could be pro-
vided without great additional expense. The approach taken was to use low-
carbon stainless steels, but to maintain the strength requirements through
nitrogen additions that were still within the Code specifications for Type 304
and 316 stainless steels. Type 304NG and Type 316NG have less than 0.02 wt.%
C and between 0.06 and 0.1 wt.% N, compared to 0.08 wt.% (max.) C and less
than 0.1 wt.% N in regular Type 304 and 316.

A variety of laboratory testsohave been run on both small specimens and
full-scale pipes of Type 3 1 6 N G / 7 » " ^ In these laboratory tests, Type 316NG
is far superior to Type 304 SS in resistance to IGSCC. However, the delete-
rious effect of nitrogen on the susceptibility of stainless steel to trans-
granular stress corrosion cracking (TGSCC) in chloride solutions is well
known,' ' and this concern is being explored/'' However, no cracking has
been observed thus far for BWR water chemistries within Regulatory Guide 1.56
limits/ ' Even for environments where cracking is observed (i.e., 8 ppm
oxygen and 0.2 ppm chloride), the crack growth rate for Type 316NG is about an
order of magnitude slower than for Type 304 SS in the same environment/''



Thus the N6 materials appear to be an excellent choice for an alternate
material, but careful control of coolant impurities may be needed to ensure
protection from both IGSCC and TGSCC.

2. Stress

The primary source of tensile stress near welds is from shrinkage of the
welds during cooling. In addition to this bulk residual stress, extremely
high surface residual stresses can be produced by post-weld grinding. Other
sources of stress include internal coolant pressure, fit-up stresses (as a
result of "cold-springing"), dead weight, thermal stresses, externally imposed
bending moments, and flow-induced vibrations.

The throughwall distribution of axial residual stresses in the HAZ near
welds tends to be approximately linear in 10-inch-diameter and smaller
pipes.^' It varies from about 40 ksi tensile at the pipe inner surface to
about 40 ksi compressive at the pipe outer surface (Fig. 8). Operational
loads will vary, but they superimpose about a 10-ksi tensile stress throughout
the pipe wall. A crack entering this stress field at a pipe inner surface can
continue to propagate through the pipe wall. In contrast, the residual stress
distribution in large-diameter lines (e.g., 20 inches or greater) generally
becomes highly compressive in the mid-wall of the pipe and tensile only near
the surfaces (Fig. 9). ' This difference is due to the greater wall thick-
ness of the larger pipes, which acts as a better heat sink during welding.
When a crack initiates in the HAZ of a larger diameter pipe, it tends to run
circumferentially after it encounters the compressive residual stress field;
it may then either arrest or continue radial propagation under the influence
of the applied loads. Whether it will continue to propagate is obviously a
subject of concern. Analyses are in progress to attempt to answer this
question and thus assess the risk in continued plant operation with crack
indications. Each suspect weld must, of course, be analyzed individually and
a best estimate made of its residual stress distribution, as well as its
operating loads.

Since reducing tensile stresses should help reduce the susceptibility to
IGSCC, several remedies have been proposed for accomplishing this. During
weld fabrication, heat sink welding (HSW) can be used to generate a com-
pressive stress at the pipe inner surface. In this process, cold water,
either stagnant or sprayed, is applied to the inner surface after the root
pass of the weld is made. The water cools the inner surface; this stretches
the inner-surface ligaments during the subsequent weld passes and leads to
compressive residual stress at the inner surface after weld cooldown. HSW
also helps to reduce the degree of sensitization in the HAZ. For new or
existing welds, last-pass heat sink welding (LPHSW) can be applied, where the
additional inner-surface heat sink is applied only during the last welding
pass on the outer surface. This has proven effective in decreasing the
tensile stresses in the underlying weld metal.

An extension of the idea behind LPHSW is to employ a weld overlay (WO) on
existing welds. In this technique, anywhere from one-eighth inch to a full
pipe wall thickness of weld metal (usually Type 308L SS) is deposited in a
band from two to ten inches wide over the outer surface of an existing weld
(Fig. 10). To date, this technique has been employed as a temporary fix to
buy time for weldments with IGSCC indications. While it appears to be



effective in reducing the tensile stresses in the weld below and in providing
strength by adding to the net section thickness, it has several drawbacks.
The layer of weld metal on the pipe outer surface makes subsequent valid
inspections very difficult, if not impossible. An overlay can shorten a pipe
by fractions of an inch, possibly causing problems at neighboring welds or
piping supports. Nevertheless, the overlay is simple in concept and
relatively easy to apply, at least to piping butt welds where automatic
welding equipment can be used. As a temporary fix it has gained rapidly in
popularity.

Considerable effort, particularly by the Japanese, ' has gone into the
development and application of the Induction Heating Stress Improves- (IHSI)
technique for modifying the residual stress distribution in welds. The idea,
related to the HSW concept, is simply to produce a compressive stress at the
inner surface of pipe weldments through a post-weld heat treatment. The outer
surface of a pipe weldment is heated to about 550°C using induction heaters
while the temperature at the inner surface is kept at about 150°C by means of
flowing water. The outer-surface region of the pipe undergoes sufficient
thermal expansion to plastically stretch the cooler inner-surface region.
When the pipe subsequently cools, the stretched inner-surface region is under
compression and thus less susceptible to IGSCC. The Japanese developed IHSI
through full implementation on their newer BWRs, and the process has been
carried out at a number of U.S. plants as well. It has been determined that
the application of IHSI does not propagate pre-existing cracks, although it
may distort them somewhat, causing them to be more easily detected.

A drawback to IHSI is that it should be applied to every target weld.
For existing plants this may involve substantial radiological exposure. Also,
when operating loads are superimposed, the resulting stress at the pipe inner
surface after IHSI will be less compressive (as in Fig. 9), or may even be
tensile; thus, immunity from IGSCC is not guaranteed. Nevertheless, an EPRI
study has concluded that, considering the high cost of plant outages, imple-
menting IHSI is cost-effective for U.S. BWRs/ 2 8'

3. Environment

In contrast to the other remedies, which are all weld-specific, i.e.,
limited in effect to the specific weld to which they are applied, environ-
mental remedies hold the possibility of reducing the susceptibility to IGSCC
throughout the plant. For many years, oxygen has been identified as the chief
IGSCC-related impurity in BWR coolant. The question has been how much oxygen
is tolerable. PWRs, with steady operating oxygen levels below 40 ppb, have
been relatively immune to IGSCC. Oxygen levels in BWRs range from air-
saturated (8 ppm) during start-ups to roughly 0.2 ppm during normal (289°C)
operation. It was first thought that deaeration during start-ups and shut-
downs might solve the problem, but lab tests as well as field results have
demonstrated that IGSCC susceptibility remains high even at 0.2 ppm oxygen.
In fact, it is now believed that reduction of BWR oxygen levels to about 20
ppb, along with more stringent controls on other minor water impurities, will
be required to eliminate IGSCC (Fig. i i ) / 7 ' 2 9 '

In order to reduce the oxygen level in BWRs to the desired level,
hydrogen additions to the feedwater are being considered. Tests conducted in
the Swedish Oskarshamn-2 reactor in 1979 and 1981 indicated the feasibility of



this concept/5^ A 30 day test carried out in Dresden-2 in 1982^30^ showed
it was necessary to add 1.5 ppm hydrogen to the feedwater to achieve a level
of 20 ppb oxygen in the coolant. It was also necessary to use oxygen instead
of air in the off-gas recombiner system. The cost of doing this is estimated
at $1000/day, after an initial equipment cost of about $1 million/ '

A potential drawback of adding hydrogen to BWRs is a higher carryover of
the radioactive nitrogen isotope N to the turbines. At Dresden-2, the gamma
radiation from N in the steam lines and turbines increased by a factor of 5
during the test cited above. Fortunately, N has a half-life of about 7 s,
and so the radiation levels in the affected areas can be controlled by
shutting off the hydrogen additions whenever access is required. Additional
shielding of the turbines may be required, however, at some installations
where the turbine room is close to the site boundary.

Other concerns regarding hydrogen additions include the possibility of
long-term effects such as possible hydrogen embrittlement, or changes in heat
transfer characteristics due to crud modifications. Fuel vendors will have to
be involved in the decision to implement chemistry modifications, since these
modifications '.ould affect current fuel warranties. Possible redistribution
of corrosion products throughout the plant also needs to be examined.

In addition to lowering the oxygen in BWR coolant, recent laboratory
tests^ * ' indicate that the coolant conductivity levels may have tQ-be main-
tained as low as 0.2 yS/cm, rather than the current 1 yS/cm limit, by
reducing impurity ingress. Chlorides, sulfur species, and carbonates have all
been shown to induce susceptibility to IGSCC in Type 304 SS when present in
reactor water at levels of only a few tenths of a ppm. In fact, the benefits
of adding hydrogen to the feedwater may be lost without tighter control of
impurities/7'97

D. Safety Considerations

The emergency core cooling system (ECCS) of U.S. BWRs is designed to
withstand even a double-ended rupture of a large-diameter recirculation
line. ^ However, the defense-in-depth philosophy requires consideration of a
number of less traumatic, though related, scenarios.

In the case of BWR piping, defense-in-depth might be considered to
consist of (1) choice of an adequate structural material, (2) design and
fabrication in accordance with applicable codes and standards, (3) a
meaningful program of ISI, (4) assurance of leak-before-break, (5) adequate
leak detection systems and criteria, and (6) an adequate ECCS. At the time
BWRs were designed, it was believed that all these criteria were met or
exceeded. However, with the advantage of hindsight spanning two decades of
operating experience, a re-examination is now appropriate.

(1) It is clear that Type 304 SS is, unfortunately, highly susceptible
to IGSCC under BWR operating conditions. Fortunately, Type 304 is also an
extremely tough material so that break-before-leak is unlikely/ ^ The
alternate material of choice, Type 316NG, is definitely far less susceptible
to IGSCC, and with adequate controls on impurity ingress, TGSCC should also be
avoided.



(2) Except through general safety factors, the design rules In Section
III of the ASME Code^ ' do not account for residual stresses or environmental
effects. Unfortunately, these are key variables in the case of IGSCC. A new
Appendix to the code*1 ' does consider residual stresses, but other required
inputs for safety evaluations are still very uncertian (see item 4 below).

(3) ISI under the minimum ASME Section XI guidelines has been demon-
strated to be grossly inadequate for detecting IGSCC.^13' Improved methods
are now available, but the improved ability to find IGSCC also results in more
false calls.^ ' Current methods are especially inadequate for determining
the depth of cracks once they are found.^1 '

(4) Assurance of leak-before-break in small-diameter lines seems
reasonable. Cracks in these lines rarely, if ever, propagate fully around the
circumference before going throughwall because the stress distribution tends
to be highly non-uniform around the pipe circumference. But in large-diameter
lines, circumferential propagation is favored by the residual stress distri-
bution, and a number of 360° indications have been reported in the field
although only one circumferential throughwall crack has been reported to date
in these lines. The potential for leak-before-break in this situation is then
analyzed by starting with an initial crack depth; calculating the crack propa-
gation rate from an assumed residual stress distribution, the operating loads,
and laboratory crack growth rate data; and solving for the time at which the
crack would grow to a critical Jfi?e where unstable plastic deformation of the
net section could occur.^ »'*»"•' Arguments based on this reasoning have
been used to justify operation with weld overlays on cracked pipe, and to
operate with cracked pipe even without overlays. The greatest uncertainty in
these arguments is in establishing the initial depth of the IGSCC. As noted
previously, this does not appear to be within the capabilities of current
practice.

(5) Current leak detection criteria may be inadequate. A very large
(i.e., greater than 5-inch-long) circumferential IGSCC in a large-diameter
pipe may be required to yield a flow rate of 5 gal/min.^ ' Thus a very large
crack could develop before plant shutdown would be required under total-
unidentified-leakage guidelines. (An increase in unidentified leakage of 2
gal/min within a 4-hour period also requires shutdown. ') Most cracks,
however, have been found only by visual means. Techniques to locate, monitor,
and size the cracks would be helpful, along with consideration of more
stringent leak rate criteria.

(6) The ECCS currently offers perhaps the strongest line of defense.
The possibility of cracks in the ECCS core spray lines is not expected to
seriously affect operation of the system.'*'

Despite the fact that only one of the circumferential cracks in large-
diameter BWR lines has cracked throughwall to date and it leaked well before
it would have reached unstable plastic deformation, it appears that the
philosophy of defense-in-depth for BWR piping is open to some question.
Nevertheless, in at least two recent cases, units with crack indications in
sensitized Type 304 SS have been allowed to return to full-power operation
without invoking any of the remedies discussed above.



III. PWRs

As already mentioned, most pipe cracking in PWRs tends to be fatigue-
related rather than IGSCC.' ' Also in contrast to BWR primary system cracks,
cracking incidents in PWRs have been on the secondary side of the system.
Several instances of I6SCC have occurred in PWR secondary syst jms where the
oxygen level was not carefully controlled, or when impurities contaminated the
coolant. » ' These instances may have generic implications for the industry,
particularly in terms of precautions to be taken when the plants are off-line
for refueling or repairs. Many of the remedies developed for BWR piping
should, of course, be applicable to PWRs as well.

A rash of PWR carbon steel secondary side steam generator feedwater line
cracks affecting 18 units occurred in 1979.(4,9,34; Although there was some
indication of corrosion enhancement, the problem was finally attributed to
thermal fatigue due to thermal stratification of the coolant water during hot
standby conditions, and subsequent mixing during operation (Fig. 12). It is
correctable through design and/or operational changes which eliminate a crev-
ice behind the feedwater nozzle thermal sleeve, and/or preheat the feed-
water. Some of these cracks were almost 360° in circumference (Fig. 13). '

The IGSCC recently encountered at the Three Mile Island Unit I (TMI-1)
PWR is of current, if not generic, interest. In 1979, cracks were found in
Type 304 stainless steel piping in the cooling and decay heat removal systems
of the borated-water spent-fuel pool at TMI-1. *• ' Similar cracking had
occurred in at least seven other PWRs. ' Then, in 1982, during the long
outage forced by the ac. dent at TMI-2, extensive IGSCC occurred in the
Inconel 600 tubes of both TMI-1 steam generators. In all these instances, it
is believed that contaminants such as sulfur compounds, coupled with air-
saturated water, led to the IGSCC problem.^ ' It is hoped that elimination
of the contaminants will prevent a recurrence, but all sources of potential
coolant impurities must be carefully controlled.

IV. Summary

IGSCC of Type 304 SS is a generic problem in the primary system piping of
BWRs, and has also occurred in the secondary system of PWRs when the water
chemistry was not well-controlled. A number of remedies have been de-
veloped. The use of IGSCC-resistant nuclear grade stainless steels, along
with hydrogen additions and adherence to tighter coolant specifications,
appear to offer the best hope for eventual resolution of the problem. In the
meantime, the various lines of defense-in-depth need to be strengthened where
possible.

Acknowledgment: The author wishes to thank W. J. Shack and D. S. Kupperman
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the manuscript.
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Table Captions

Table 1. Crack depth measurement performance In the Battelle Pacific
Northwest Laboratory Pipe Inspection Round Robin (adapted from
Ref. 14)

Table 2. Comparison of crack lengths required for leak rate of 5 gal/min and
for unstable crack growth in Schedule 80 Piping (from Ref. 19)
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Figure Captions

Fig. 1. Schematic of BWR reactor
coolant system piping (from Ref. 3).

Fig. 2. Intergranular stress
corrosion crack in heat-affected
zone next to weld in Type 304
stainless steel. (J. Y. Park, ANL.)

Fig. 3. Timeline of significant BWR
pipe cracking events.

Fig. 4. Representation of IGSCC in
leaking recirculation-inlet-nozzle
safe end at Duane Arnold reactor
(from Ref. 10).

Fig. 5. Axial through-weld crack in
Quad Cities 10-inch core spray line
(from Ref. 12).

Fig. 6. Potential remedies for
IGSCC.

Fig. 7. Corrosion-resistant
cladding procedures (from Ref. 21).

Fig. 8. Calculated throughwall
axial stresses in the HAZ of a 4-in.
Schedule 80 butt weldment ~ 6mm from
the weld centerline in the as-welded
condition and at reaccir operating
pressure (6.9 MPa) and temperature
(288°C) (from Ref. 7).

Fig. 9. Calculated throughwall
axial stresses in the HAZ of a 24-
in. Schedule 80 butt weldment ~ 6mm
from the weld centerline in the as-
welded condition, after IHSI, and at
reactor operating pressure and
temperature after IHSI (from
Ref. 7).

Fig. 10 Schematic of cir-
cumferential weld overlay.
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Fig. 11. Effect of hydrogen
additions on the extent of IGSCC
with and without impurity control
(conductivity adjusted with sodium
carbonate) for welded Type 304 SS in
constant-extension-rate (CERT) tests
(from Ref. 9). For similar results
with sulfates, see Ref. 7.

Fig. 12. Illustration of how
thermal stresses were generated in
PWR feedwater line cracking (from
Ref. 4).

Fig. 13. Radial and circumferential
extent of 1979 feedwater line
cracking at the H. B. Robinson
reactoi (from Ref. 34).
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BWR PIPE CRACKING

1965 • IGSCC IN FURNACE-SENSITIZED COMPONENTS

1974 • IGSCC IN HAZ OF PIPE WELDMENTS C- 10-IN. LINES)

1978 t IGSCC IN KRB 24-IN. LINE

• CRACKS IN ALL EIGHT 10-IN. RECIRCULATION-INLET-

NOZZLE SAFE-ENDS AT DUANE ARNOLD (INCONEL 600)

1982 t IGSCC IN 28-IN, LINES AT NINE MILE POINT

• CRACKS IN RISER PIPING AT MONTICELLO

• NRC I&E BULLETIN 82-03 ISSUED

1983 • CRACK INDICATIONS FOUND AT MOST PLANTS INSPECTED

SINCE BULLETIN 82-03.

Fig, 3



Duane Arnold Recirculation—Inlet-Nozzle

Safe End Configuration
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QUAD CITIES (FORGED)
10-in. Core Spray Line

(AH L - 1980)



REMEDIES

MATERIALS

• SOLUTION ANNEALING

t CORROSION-RESISTANT CLADDING (CRC)

• NUCLEAR GRADE STAINLESS STEELS

STRESS

• HEAT SINK WELDING (HSW)

t LAST-PASS HSW

• WELD OVERLAY

• INDUCTION HEATING STRESS IMPROVEMENT (IHSI)

ENVIRONMENT

• DEAERATION

• HYDROGEN ADDITIONS

• IMPURITY CONTROL

Fig. 6.



Weld joint

Clad pipe
I.D.

Machine
weld prep
Field CRC Procedure

1
Weld
joint

Partial clad Solution Final clad Machine
of pipe I.D. anneal of pipe I.D. weld prep

MZM Heat affected zone
(MITO Weld deposit

Shop CRC Procedure

(M. Fox, EPRI)

Fig. 7.
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GENERAL LOCATION
OF CRACKS

HOT
STEAM GENERATOR

WATER
(500°F OR MORE)
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COLD WATER (100°F OR
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(NRC)
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TABLE 1. CRACK DEPTH MEASUREMENT IN THE BATTELLE-PNL

PIPE INSPECTION ROUND ROBIN

THERMAL FATIGUE CRACKS IN 33-INCH CLAD FERRITIC PIPE

BEST ESTIMATE
CRACK DEPTH/
WALL THICKNESS

0.12
0.16
0.20
0.24
0.32
0.36
0M

AVERAGE
DEPTH MEASUREMENT

BY NDE TEAMS

0.19
0.15
O.W
0.13
0.12

0.16
0.17

AVERAGE = 0.15

NUMBER
OF

SAMPLES

5
63
24
31
18
18
63

(APAPTED FROM BATTELLE-PNL)



TABLE 2, COMPARISON OF CRACK LENGTHS REQUIRED FOR LEAK

RATE OF 5 GAL/MIN AND FOR UNSTABLE CRACK GROWTH

IN SCHEDULE 80 PIPING (FROM REF. 19)

PIPE SIZE (IN,) 4 10 24

CRACK LENGTH FOR

5 GAL/MIN FLOW* (IN.) 4.5 4.9 5,0

CRITICAL CRACK

LENGTH (IN.) 6.5 16.0 36.0

*ASSUMING FRICTIONLESS FLOW

(EPRI)


