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ABSTRACT

Piping in light water reactor (LWR) power systems is affected by
several types of environmental degradation: intergranular stress corrosion
cracking (IGSCC) of austenitic stainless steel piping in boiling water reactors
(BWRs) has required research, inspection, and mitigation programs that will
ultimately cost several billion dollars; erosion-corrosion of carbon steel
piping has been observed frequently in the secondary systems of both BWRs
and pressurized water reactors (PWRs); the effect of the BWR environment
can greatly diminish the design margin inherent in the ASME Section III
fatigue design curves for carbon steel piping; and cast stainless steels are
subject to embrittlement after extended thermal aging at reactor operating
temperatures. These problems are being addressed by wide-ranging
research programs in this country and abroad. The purpose of this review is
to highlight some of the accomplishments of these programs and to note
some of the remaining unanswered questions.

INTRODUCTION

Piping in light water reactor (LWR) power systems has been affected
by several types of environmental degradation. Intergranular stress
corrosion cracking (IGSCC) of austenitic stainless steel piping in boiling
water reactors (BWRs) has required research, inspection, and mitigation
programs that will ultimately cost several billion dollars. * Erosion-corrosion
of carbon steel piping has been observed frequently in the secondary
systems of both BWRs and pressurized water reactors (PWRs).2 These
problems have impacted the operation and economics of nuclear power
plants long before the ends of their design lives have been approached.
However, as extended lifetimes are envisaged, other potential environmental
degradation problems must be considered. For carbon steel piping it has
already been demonstrated3 that the effect of the BWR environment can
greatly diminish the design margin inherent in the ASME Section III fatigue
design curves. Cast stainless steels, which are used for primary coolant
piping in many PWRs and for valve bodies, fittings, and coolant pump casings
in many other reactors, are subject to embrittlement after extended thermal
aging at reactor operating temperatures.4*6

STRESS CORROSION CRACKING

Most incidents of IGSCC have occurred either in furnace sensitized
components or in weld heat-affected-zones. However, cracks have been
observed in reactors in nonsensitized materials (including Type 316L SS).
In instances where this cracking has occurred outside the core, it has
generally been attributed to cold work or crevice chemistry effects.
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Austenitic stainless steels in regions of high neutron flux also are susceptible
to IGSCC;7 however, the flux levels in the piping are too low for a similar
mechanism to be of concern.

IGSCC of austenitic stainless steels in BWRs has been studied
extensively for over a decade. 1.8-11 it has long been understood that IGSCC
is associated with particular combinations of material condition, water
chemistry, and stress. During the late 70's efforts to find solution to this
problem focussed on the qualification of improved materials and the
development of residual stress improvement remedies. In the U.S.A. and
Japan Type 316NG stainless steel (SS) was developed and used as
replacement materials. BWRs in Germany have generally used modified
Type 347 SS and have had no reported incidences of IGSCC in such systems.
Induction Heating Stress Improvement (IHSI), which uses thermal strains
induced by Induction heating to provide beneficial modification of the
residual stress state near welds, was developed in Japan and has been widely
applied there and in the U.S.A. More recently an alternative procedure for
producing a favorable residual stress state by purely mechanical deformation,
which is referred to as the Mechanical Stress Improvement Procedure
(MSIP), has been developed.12

It is now recognized that control of water chemistry in terms of the
levels of dissolved oxygen and other oxidizing species produced by radiolysis
in the reactor core and impurity levels requires equal emphasis. Although a
complete understanding of the relationship between BWR water chemistry
and SCC of stainless steels has not yet emerged, significant progress has
been achieved,13"16 both in terms of research and understanding and in
terms of practical solutions to pipe cracking. Hydrogen additions have been
successfully used to reduce dissolved oxygen levels and the corresponding
electrochemical potentials of stainless steel piping in operating plants.17

The critical role that minuscule amounts of impurities in the coolant may
have on susceptibility to SCC has been recognized and particularly
deleterious impurities identified.11-15

The increased understanding of the importance of water chemistry
has been reflected in the improvements in recent years in the water
chemistry standards achieved by operating plants. The BWR Owners Group
has developed new guidelines for water chemistry16 that are more stringent
than most plant technical specifications and include explicit limits on
sulfates, which have been identified in laboratory testing as extremely
deleterious.11'15 During the years of operation before 1979 operating BWRs
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violated their water chemical technical specifications between 2.6 to 3.4
times per reactor-year (the number depends on the type of condensate
polishing system installed in the plant). Since 1979, BWRs on average have
violated their water chemistry technical specification only 0.2 times per
reactor-year. The most recent data for 1986 and 1987 show only 0.05
violations per reactor-year.18 The extensive water chemistry data base
maintained by the General Electric Co. shows that the fraction of the time
that most reactors are meeting the goals of the Guidelines is steadily
increasing.19

The control of impurities is important not only for the implementation
of a successful water chemistry based on hydrogen additions, but also for the
satisfactory performance of replacement materials such as Types 316NG and
modified 347 SS. Although these materials are very resistant to IGSCC
under most conditions, transgranular SCC (TGSCC) has been observed in
these materials in laboratory tests especially in environments containing
sulfate. Slow-strain-rate test results11 are shown in Fig. 1; the dependence
on strain rate clearly indicates that the cracking is environmentally assisted.
TGSCC has also been observed under the less severe mechanical loading
conditions in fracture-mechanics crack-growth-rate tests.20 Crack growth
rates for a Type 316NG SS specimen and a lightly sensitized Type 304 SS
control specimen and the open-circuit corrosion potential of a Type 304 SS
electrode and the conductivity of the feedwater under several different
water chemistry conditions are shown in Fig. 2. Significant crack growth
rates are observed in the Type 316NG SS under a variety of water chemistry
conditions. However, with very low dissolved-oxygen concentrations
(=0.002 ppm) crack growth ceased in both materials, either in high purity
environments [condition (5)] or with high sulfate levels [condition (4)1.
Similar transgranular cracking has been observed in slow-strain-rate tests
on modified Type 347 SS,14 but in a long-term (> 10,000 h) fracture-
mechanics crack-growth-rate test on the same heat of material no cracking
occurred.21

Since relatively few incidents of transgranular cracking have been
observed in-reactor in the absence of severe chloride intrusions, the actual
significance of the observed TGSCC is unclear at this time. In addition there
is a wide heat-to-heat variation in susceptibility to TGSCC in Types 316NG
and modified 347 SS in laboratory tests.14 Some heats are completely
resistant to cracking even under very aggressive test conditions. Additional
research is needed to better define the loading, material, and environmental
conditions that can produce TGSCC in these materials. However, the
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existing data clearly indicates that the presence of impurities significantly
increases the likelihood of cracking and that maintenance of high-purity
water chemistries is important even in reactors with Type 316NG or
modified 347 SS replacement piping.

EROSION-CORROSION

Many LWRs have experienced high rates of material loss due to
erosion-corrosion in secondary piping systems. Although it occurs most
frequently in wet-steam systems, German data for the period 1961 to 1976
show that one third of the 96 cases reported were for single phase
conditions.2 In the U.S. attention was focussed on the problem by the
catastrophic failure involving loss of life that occurred at the Surry Unit 2 in
December 1986. The inspections triggered by this event have revealed
numerous instances of significant erosion-corrosion at other U. S. reactors,
primarily in wet steam lines, but also in some single phase lines.

There is fairly general agreement that the basic process of erosion-
corrosion is an accelerated dissolution of the corrosion film caused by the
enhanced mass transfer associated with turbulent flows, but mechanisms of
removal of the protective oxide by mechanical impact of particulate matter
or droplet impact (somewhat analogous to raindrop erosion of aircraft
windshields) have also been proposed. However, in most cases levels of
suspended solids in nuclear reactor systems are very low, and examination
of surfaces where erosion-corrosion has occurred shows no evidence of
mechanical damage in the underlying material.22 Even in two-phase flows,
erosion-corrosion is associated with wet steam rather than dry steam, which
suggests that the presence of a liquid film is critical to the process. The
strong dependence on pH and dissolved oxygen content of the two-phase,
wet-steam case is also consistent with a dissolution process.

Temperature, pH, dissolved oxygen level, alloy content, and flow
velocity have been shown to have significant effects on the erosion-corrosion
rate.23"28 However, although the qualitative effects of these variables are
reasonably well understood and materials that are highly resistant to
erosion-corrosion are available for replacement or new construction,
quantitative predictions of erosion-corrosion rates in existing carbon steel
piping systems are subject to large uncertainties.

The net corrosion reaction for iron in the deoxygenated solutions
characi ristic of typical secondary systems results in the formation of
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magnetite, Fe3O4. The stability of the magnetite film controls the erosion-
corrosion process. The dissolution rate is a strong function of temperature,
pH, and partial pressure of H2.29 Turbulent flow accelerates the corrosion
process by removing soluble corrosion products. The effect of the turbulent
mass transfer can be described in terms of the mass transfer coefficient k,
which is a function of the local hydrodynamic conditions, i.e., the flow
velocity and geometry and can be determined through empirical
correlations in terms of nondimensional groups.23 The erosion corrosion
rate is usually assumed to vary as kn where the exponent n is a function of
temperature, pH, and flow rate. Even for a restricted set of conditions
characteristic of secondary-system feedwater piping in FWRs, a fairly wide
range of values of n (1-3) has been reported.30*31

Erosion-corrosion rates drop off markedly at high and low
temperatures with a strong peak at intermediate temperatures as shown in
Fig. 3. Several explanations for the observed temperature dependence have
been proposed. Bignold et al.24 suggest that the decrease at high tempera-
tures is due to a decrease m the solubility of magnetite with an increase in
temperature,29 while at lower temperatures dissolution is kinetically limited
even though the equilibrium solubility is high. Keck32 also attributes the
decrease at low temperatures to a decrease in the kinetics of the dissolution
reaction, but suggests that the rapid decrease at higher temperatures is due
to changes in the porosity of the oxide that inhibit access to the metal
surface. With suitable choices of model parameters both explanations give
results fairly consistent with available data.

Relatively small variations in water chemistry have significant effects
on erosion-corrosion rates.24-25*26 The effect of pH on erosion-corrosion
seems consistent with its effects on the solubility of magnetite.29 Dissolved
oxygen levels have an even stronger effects on the erosion-corrosion rates.
In the presence of oxygen the the oxide film contains hematite (Fe2C>3) as
well as magnetite (Fe3C>4). Since the solubility of hematite is much less than
that of magnetite, the oxide film is much more resistant to erosion-
corrosion.

Alloying can greatly reduce susceptibility to erosion-corrosion.
Chromium is probably the most important alloying element for improving
resistance, although other elements may also have a beneficial effect. The
beneficial effect of chromium is readily understandable because of the high
thermodynamic stability of chromium oxides. The basis for effects of
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molybdenum and copper are less clear, and a beneficial effect of these alloys
has been less consistently demonstrated.

Measurements of the effect of alloy content on weight loss have been
performed by Ducreux27 in alkaline water and by Kuijbregts28 in high pH,
wet-steam conditions. A comparison of empirical correlations based on
these data is shown in Fig. 4. The work of Ducreux suggests a much
stronger effect of very low levels of alloying than that of Huijbregts. For the
higher levels of alloying characteristic of low-alloy steels, both equations
predict significant reductions in erosion-corrosion rates.

A number of empirical models for the prediction of erosion-corrosion
rates have been developed. The model developed by researchers at
Electricite de France (EDF), and adapted for use in the U. S. by NUMARC is
of the form:

m = F(k)FGFTFCFR

where F(k) describes the mass transfer dependence, FG is a geometry factor
introduced by Keller33 that is normalized to make FR=1 for a straight pipe;
FT is a temperature factor; FC is a water chemistry (pH) factor, which is
based on correlations for the solubility of magnetite,29 and FR is a steel
composition factor, which is based on the work of Ducreux.27 Another
model has been developed in Germany by Kastner.34 Unlike the EDF model
in which each important factor appears as an independent term, the
variables in the Kastner model appear to be coupled. In addition, the
velocity appears directly in this model instead of implicitly through the mass
transfer coefficient. However, the actual numerical predictions of the two
models appear to be similar in many cases.

The variation of the erosion-corrosion rate with temperature
predicted by the model of Kastner34 for different pH values and velocities is
compared with experimental data35 in Fig. 5. The coupling between the
different variables is relatively weak, and a "separate" factors analysis like
the EDF model would give comparable results. The effects of alloying
predicted by the model are shown in Fig. 4; they are similar to the results of
Huijbregts.28 Parametric calculations show that alloying can be treated as a
"separate" factor to a reasonable approximation.

The variation in erosion-corrosion rate with flow velocity predicted by
the model of Kastner cannot be described by a simple power-law, but for a
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restricted range of velocities (1-10 ms"1) a power law gives a reasonable
approximation. For values of the temperature and pH typical of a PWR
feedwater system, the work of Bignold et al.30 suggests a dependence on the
mass transfer coefficient k2"3, corresponding to a velocity dependence of
Vi-7-2.6; the model of Kastner gives an approximate value of V0-9, which is in
reasonable agreement with the work of Bouchacourt.31 For the geometry,
water chemistry, and flow conditions at Surry Unit 2 the model of Kastner
gives an estimated erosion-corrosion rate of 1.3 mm-yir1, which is
reasonably consistent with the observed behavior. Predictions made using
the model developed by EDF are given in Reference 36. The calculated
rates are «1.4 mm-yr"1, similar to that predicted by the model of Kastner.

Although both models give results in fairly good agreement with the
observed behavior at Surry, such calculations are subject to large
uncertainties. Both models are very limited in their capability to realistically
consider the effect of complex piping geometries. Disturbances in turbulent
flows can propagate many diameters In piping systems. Thus the behavior at
a particular location depends not only on the geometry at that location, but
also on the upstream flow geometry. Even in the case of an isolated
component, geometry effects are taken into account in the EDF and Kastner
models through the geometric factors of Keller. These were developed
empirically based on two-phase flow experience; their application to single-
phase flows is somewhat suspect. There are also significant differences
between the models with respect to the predicted effect of variables like
flow velocity and alloy content. These differences largely represent the
range of results obtained in laboratory tests. The discrepancies may be due
to the attempt to isolate "separate factors" in what is truly a complexly
coupled problem.

EMBRITTLEMENT OP CAST STAINLESS STEELS

Cast duplex stainless steels with ferrite contained in an austenitic
matrix are used extensively for their superior strength, good weldability, and
resistance to stress corrosion cracking. It has been known for almost thirty
years that ferritic stainless steels are susceptible to severe embrittlement
when exposed to temperatures in the around 475°C, because of the
precipitation of the chromium rich a' phase. It is now apparent that duplex
cast stainless steels are susceptible to embrittlement after long-term
thermal aging even at LWR temperatures.4-5'37 The thermal aging causes an
increase in hardness and tensile strength, and a decrease in ductility,
Charpy-impact strength, and fracture toughness Jic. The room temperature
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impact energy, for example, can be reduced by as much as 80-90% after
aging for -70,000 h at temperatures as low as 300°C. Typical Charpy impact
results are shown in Fig. 6.

The primary embrittlement. mechanism at reactor operating
temperatures is the formation of a' in the ferrite by spinodal decomposition.
However, other phases also form or grow during aging including the Ni and
Si rich G-phase in the ferrite and M23C6 carbides on the austenite/ferrite
phase boundary.38 Heat treatment for ~1 h at 550°C gives almost complete
recovery of the toughness.37 Although a' appears to be the main cause of
embrittlement, the presence (or absence) of the other phases may affect the
kinetics of a* formation. The detailed mechanisms and kinetics of
embrittlement will be discussed in later papers at this conference.37'38

The actual degree of embrittlement will depend strongly on the
amount and morphology of the ferrite phase present. Fortunately, it appears
that although the margins against unstable failure will be decreased by aging,
most cast materials will retain sufficient toughness to avoid unstable failures
for cracks and loads of practical interest.39 '40 However, complete
correlation of the toughness after aging with the composition and ferrite
volume and morphology is not yet possible. Moreover, the current estimates
of the degree of embrittlement at reactor operating temperatures are
obtained from Arrhenius extrapolations of laboratory data obtained at higher
temperatures.4*5 There is some data to indicate that this may be overly
conservative in some cases and unconservative in others.41

FATIGUE OP CARBON STEEL PIPING MATERIALS

In contrast to the widespread incidence of IGSCC in sensitized
stainless steel in BWRs, reactor piping and other components of plain
carbon steel have generally shown good service behavior. However, in the
early 1980s a number of PWR plants experienced cracking in carbon steel
secondary feedwater lines due to thermal fatigue produced by thermally
stratified flows.42 Other fatigue failures in operating plants have generally
occurred in small auxiliary lines with relatively high vibration levels.42

Despite this relatively good experience, reviews of residual life assessment
for LWRs have concluded that low-cycle fatigue is potentially a significant
degradation mechanism in LWR primary piping and must be considered in
to justify extended operation of the plant . 4 3
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Current fatigue design for piping systems is based on the ASME
Section III Fatigue Design Curves. Environmental effects are not explicitly
considered in these curves. Instead the design curves are obtained by
introducing a factor of 2 on the strain range or 20 on the cycles, whichever
is more conservative, obtained from the mean life curve. Studies by General
Electric under EPRI sponsorship3 show that the effect of the standard BWR
environment on A106-GrB, and A333-Gr6 can completely erode the "2 or
20" margin in the Code Design Curve as shown in Fig, 7. Other work has
shown that design margin for low-alloy A-516 steel was also significantly
reduced in BWR environments.44 Ongoing work under USNRC sponsorship
has shown that PWR environments appear to have much less effect on A106-
GrB material.45

Recent Japanese results in BWR environments on piping steels similar
to A106-GrB, but with lower sulfur contents, are shown in Fig. 8.46 In this
case no environmental degradation is evident, and the ASME Design Curve
appears conservative, especially at lo\.-amplitudes and long-lives. These
results are consistent with related tests on fatigue crack growth in low-alloy,
pressure vessel steels in which the detrimental effects of sulfur are well
known47, and with tests on the SCC susceptibility of carbon and low-alloy
steels where metallurgical sulfur has a strong detrimental effect.48

Conclusions

Research and development efforts have developed effective mitigation
measures for IGSCC of stainless steel piping in BWRs. The implementation
of these measures is well underway. The research programs have also had
considerable impact on the operating practices of U. S. BWRs and have
provided the technical basis for the implementation of new water chemistry
guidelines. Laboratory results suggest that the resulting improvements in
water chemistry are of significant benefit even in plants that have replaced
their piping with Type 316NG or modified 347 SS.

Erosion-corrosion is currently having a significant economic impact
on LWRs. Although some remedial measures have been identified, the
complete extent to which piping replacement will be required is not yet
clear. Additional research is needed, before even methods of qualitatively
ranking actual piping configurations in susceptibility to erosion-corrosion
can be used with confidence.
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The embrittlement of cast stainless and the reassessment of the
fatigue life of piping materials under reactor operating conditions do not
have the immediate economic impact of the IGSCC and erosion-corrosion,
but they must be addressed to permit extended operation of existing plants.
Existing data suggest that the effect of embrittlement will vary greatly from
heat-to-heat. The research programs in progress both in this country and
abroad will help to define the circumstances that produce severe
embrittlement, but additional work may be needed to be able to use this
information to assess the actual degree of embrittlement for individual
components. Assessments of remaining fatigue life may have to be revised as
our understanding of the effects of environment increases. In this case it
also appears that there may be large differences between nominally similar
materials due to variations in impurity levels and distributions.
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