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Foreword 
 

The intention in presenting the topical reports in this appendix is to describe the broad basis for 
the scoring by the experts.  The audience for these topical reports includes technical peers, 
corporate level engineers and regulators.  The depth of knowledge (including plant experience 
and laboratory data) differs immensely among the topics, and the nature of the topical reports 
reflects this.  The reports are not consensus documents, but have each been reviewed by one or 
more of the technical experts.  Differing opinions and additional factors that enter into each 
expert’s scoring/judgments are addressed in the individual comments put in the spreadsheet used 
for scoring each sub-group of components.  The topical reports also rely on Appendix A, which 
provides an overview of all environmental degradation phenomena. 
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B.1 SCC of Sensitized and Non-sensitized Austenitic Stainless Steels and Weldments 
 
This topical paper provides a foundation for understanding the proactive materials degradation 
concerns for stress corrosion cracking (SCC) of wrought, unirradiated austenitic stainless steels 
in both boiling water reactor (BWR) and pressurized water reactor (PWR) environments, 
including weldments.  There are separate topical papers for irradiated assisted SCC of stainless 
steels, for SCC of cast stainless steels, and for lower temperature, mostly-chloride-related pitting 
and SCC of stainless steels.  There are also topical papers related to BWR and PWR water 
chemistry, evolving operational practice, start-up and shutdown, and other considerations that 
influence SCC.  
 
There is a long history of SCC in stainless steels exposed to high temperature water [1-4], and 
extensive research work designed to understand the dependencies and underlying causes [1-8].  
While the mechanical behavior of stainless steels is not dramatically different at 300 °C than at 
room temperature, many aspects of corrosion and SCC are quite different.  All structural 
materials (e.g., iron and nickel base alloys) are suitable for service in water environments 
because they form a protective passive film on the surface.  When the film is broken (e.g., by 
scratching or plastic straining), the “bare surface” corrosion rates are very high, decaying in a 
logarithmic fashion over time as the protective oxide film reforms.  Even after long time, the 
corrosion rate does not decrease to zero, but is sustained at a low, “passive” current density.  
 
The nature of the oxide film on stainless steel is quite different in high temperature water (in this 
context, defined to be above about 150 °C).  Near room temperature, the films on stainless steel 
are very thin (nanometers) and very protective (in terms of passive corrosion current).  However, 
the films on standard “18Cr-8Ni” stainless steels are not that protective in terms of their 
resistance to aggressive species like chlorides, and even this limited resistance decreases as 
temperature increases [9,10].  The breakdown of the film can lead to pitting corrosion, crevice 
corrosion, stress corrosion cracking, etc., with the primary aggravants being increased chloride 
(halide), H+ (lower pH), temperature, and oxidant concentration.  
 
Above ≈ 150 °C, the oxides become much thicker (hundreds or even thousands of nanometers) 
and somewhat less protective (both in terms of passive current density and tolerance for 
breakdown from, e.g., chloride) [11].  The composition of the films is not uniform, either 
through thickness or from environment to environment [11].  For example, in oxidizing (e.g., 
traditional BWR) environments, Cr is oxidized from Cr3+ (e.g., Cr2O3) to Cr6+ (e.g., CrO4

=), 
which is soluble in water (Figure B.1.1).  Thus, these films have an inner layer, which is Cr-rich 
and an outer layer low in Cr.  In deaerated water, the addition of H2 reduces the corrosion 
potential (lowering line (a) in Figure B.1.1, which is the H2/H2O reaction), which results in an 
increase in the solubility of Fe2+ (more in pure water than in PWR primary water, whose pHT is ≈ 
1.5 units higher).  Note that oxidants like O2 are consumed in cracks and crevices, so those films 
are somewhat different than exterior films (in oxidizing environments).  Both films form oxide 
crystallites on the surface by re-precipitation, which are typically 0.1 – 10 micrometers in size.  
The films that form in the presence of oxidants are somewhat more protective (i.e., lower passive 
current density) [11,12].  
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While there is not complete concurrence on the mechanism(s) of SCC of stainless steels in hot 
water, the consensus opinion is that SCC growth occurs by a process involving localized 
deformation (e.g., at the crack tip), which is a shear process that “breaks” or damages the inner 
protective oxide and produces an accelerated oxidation process as the film repairs.  This was 
originally conceived as “slip – film rupture – dissolution”, but there is in fact no requirement for 
an aqueous electrolyte since steam, air or other gaseous environments produce oxidation, which 
meets the requirement for the underlying mechanism.  Thus, many people refer to the mechanism 
as “slip – oxidation”.  An important element of this mechanism is that it is not fundamentally 
related to (local) stress per se, but to (local) dynamic strain that damages the protective film.  
Dynamic strain at constant load (e.g., when cracks grow primarily from weld residual stresses) is 
sustained because the stress / strain field at the crack tip is redistributed as the crack advances, 
and this requires local strain.  Thus, there is an inherent inter-dependency between dynamic 
strain that produces crack advance, which in turn sustains the dynamic strain.  The slow 
repassivation process in hot water, long term thermal creep, the interaction among crack advance 
in adjacent grains, irradiation creep, operating fluctuations (e.g., in temperature or pressure), 
start-up and shut-down, etc. also help sustain crack advance.  
 
Factors such as simplistic or flawed experiments and extrapolation of room temperature data led 
to the early presumption that SCC would not occur in non-sensitized, unirradiated stainless steel; 
or in high purity water; or without oxidants in the water, etc.  However, it is now recognized that 
SCC can occur in essentially any environment-material combination in high temperature water, 
although the ease of initiation and rate of SCC growth can vary markedly.  Thus, the concepts of 
thresholds (e.g., in sensitization, water purity, oxidant level, radiation dose/fluence, etc.) that 
produce immunity to SCC have given way to an understanding of an inherent susceptibility to 
SCC that varies markedly with material, environment and stress.  However, pragmatically, in 
many cases there conditions of use that lead to very long lives.  
 
The traditional view of SCC is reflected in Figure B.1.2, which expresses the need for a 
confluence of stress, environment and metallurgical parameters to exist for SCC to occur.  
(Drawn today, the central over-lapping region of SCC susceptibility would be much larger).  The 
various parameters that control the initiation or growth rate do not operate independently but 
rather inter-dependently; thus, some factors (e.g., 10 – 30 ppb sulfate) can have a huge influence 
under some conditions (e.g., in oxidizing water), but not under other conditions (e.g., deaerated / 
hydrogenated water).  Many such inter-dependencies exist in SCC; indeed, to some extent the 
effect of essentially all factors are influenced by all other factors.  Thus, focusing on the 
engineering factors that influence SCC can produce a confusing variety of observations, and 
successful understanding and prediction of SCC must be built on an accurate image of the “crack 
tip system”.  
 
The primary factors that control SCC of stainless steels in hot water are:  
 

• Degree of sensitization.  Sensitization results from Cr carbides that form during thermal 
exposure (from heat treatment or welding) in the range of 550 – 750 °C, although Cr 
carbide nucleation can occur below 400 °C in cold worked stainless steels, and growth of 
existing Cr carbides can occur below 300 °C.  The fundamental phenomenon relates to 
the formation of Cr carbides (usually Cr23C6 in stainless steels), which nucleate 
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preferentially in the grain boundaries.  Because C diffuses much faster than Cr, a Cr 
depletion profile is created adjacent to the grain boundary (the diffusivity of Cr within the 
grain boundary is much higher than within the grain, so the Cr concentration is 
reasonably constant along the grain boundary).  At higher temperature, the Cr profile is 
deeper and wider.  When the carbon is consumed, the carbide stops growing, and the Cr 
depletion profile eventually vanishes.  This is difficult to accomplish in stainless steels, 
but such “healed” microstructures can be fairly readily produced in nickel-base alloys.  
 
The effect of Cr depletion is most evident in oxidizing and/or pH-shifted water 
chemistries (oxidizing environments create a pH shift in cracks and crevices).  In 
oxidizing (e.g., traditional BWR) environments with impurities (e.g., 50 – 100 ppb 
sulfate), the presence of sensitization can produce a > 20X increase in crack growth rates, 
and a similar acceleration in crack initiation.  However, in deaerated, near-neutral pH 
water, Cr depletion plays a much lesser role; indeed, the presence of carbides in the grain 
boundary reduces SCC susceptibility, apparently by making deformation in the grain 
boundaries more difficult. 
 
Nucleation of Cr carbides is greatly delayed in time, e.g., by reducing the C content (L-
grade stainless steels) and adding Mo (type 316 stainless steels).  Thus, modern stainless 
steel components are either not welded or are fabricated from L-grade stainless steels.  
 
Cr depletion also develops during irradiation due to radiation-induced segregation.  The 
Cr profiles are much narrower, and the minimum Cr level is generally higher – usually in 
the range of 12 – 14% Cr for stainless steels containing ≈ 18% Cr.  The report on 
irradiation assisted SCC goes into this phenomenon in more detail. 
 

• Oxidants and Corrosion Potential.  The presence of oxidants like dissolved O2, H2O2, and 
Cu ion can increase SCC and corrosion fatigue (CF) growth rates markedly.  Oxidants 
react on metal surfaces and elevate the corrosion potential.  As oxidants diffuse into 
cracks and crevices, they are consumed (electrochemically balanced by reaction with H2 
or metal corrosion).  Thus, the interior of cracks and crevices are at low corrosion 
potential, and the difference in corrosion potential drives migration of anions (like 
chloride) into the cracks, and cations (like H+ and Na+) out of the cracks.  The effect on 
SCC and CF of a complex mix of oxidants (and reductants) is fully captured by their 
effect on corrosion potential.  The corrosion potential is not linear with oxidant 
concentration, and small (ppb) levels of oxidants can produce large (> 300 mV) change in 
corrosion potential. 

 
Figure B.1.3 shows an example of the effect corrosion potential of SCC.  While its effect 
is very strong on sensitized stainless steels, it also affects non-sensitized stainless steel 
(and nickel-base alloys, and carbon and low alloy steels).  However, SCC growth occurs 
at moderate rates in deaerated water (and without any prior exposure to water containing 
oxidants) and so is also a potential concern in PWRs if cracks can initiate. 
  

• Water Purity and pH.  Water purity has a profound effect on SCC and CF, and in 
oxidizing water there is sensitivity to ≈ 10 ppb levels of impurities.  The most damaging 
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impurities are chloride and sulfate, but most impurities are damaging.  In oxidizing 
environments, even buffering chemistries (e.g., the B/Li chemistries used in PWRs) 
produce accelerated growth rates (compared to pure water) in oxidizing environments.  
Because the oxidizing conditions produce a pH-shifted chemistry in cracks and crevices, 
there is somewhat less sensitivity to bulk pH (for crack growth – crack initiation is more 
directly dependent on the bulk chemistry). 

  
In deaerated water (where essentially no difference in corrosion potential occurs in 
cracks), the sensitivity to impurities is low, although levels > 1 ppm can accelerate SCC.  
The relatively minor shifts in pH associated with pure (deaerated) water (pH300C ≈ 5.63) 
and various standard levels of B (as H3BO3) and Li (as LiOH) (pH300C ≈ 6.8 – 7.4) have a 
relatively minor effect on SCC growth rates. 

 
The addition of H2 to deaerated water produces a small decrease in corrosion potential 
(59.3 mV per 10X change in H2 at 325 °C).  This is very important for nickel-base alloys, 
because it can produce a transition across the Ni/NiO phase stability.  However, there is 
pragmatically no way to cross the Fe/Fe3O4 phase boundary by adding H2.  There is 
evidence that increasing H2 produces somewhat enhanced SCC susceptibility, but this has 
been observed in slow strain rate tests on smooth specimens, and may be associated with 
accelerated initiation under these conditions – a broadly parallel observation to enhanced 
corrosion fatigue initiation in stainless steels at low potential vs. high potential. 

  
• Yield Strength / Cold Work / Weld Shrinkage Strain.  There are multiple factors that can 

increase the yield strength in materials, including cold work, irradiation, precipitation 
hardening, etc.  It appears that all have a similar effect on SCC growth rate.  For stainless 
steels, the primary factors are cold work and irradiation, and irradiation is covered in a 
separate report on irradiation assisted SCC.  Cold work occurs as bulk cold work; surface 
cold work from machining, rolling, grinding, etc.; and weld shrinkage strain in the heat-
affected zone adjacent to welds.  The latter factor has only recently been recognized and 
quantified, and equivalent room temperature strains of >20% are often observed near the 
fusion line.  This explains the shift in location of most cracks from ≈ 6 – 8 mm 
(depending on wall thickness) from the fusion line in sensitized piping compared to ≈ 1 – 
3 mm for unsensitized piping observed in BWRs. 
 
As materials are cold (or warm) worked, the effect of yield strength increases, and its 
effect on SCC growth rates appear to be captured by yield strength.  The presence or 
absence of martensite in the deformed structure is small, at least for crack growth in high 
temperature water; martensite might affect crack initiation and lower temperature SCC 
response (e.g., < 150 °C).  Figure B.1.3c shows the effect of cold work.  Figure B.1.4 
shows that the increase in growth rate is not linear with yield strength, and that yield 
strength affects SCC in a similar fashion at low and high corrosion potential. 

  
• Temperature.  In the range of 250 – 350 °C, increasing temperature increases SCC 

growth rates.  Equally importantly, it appears to help sustain SCC growth.  At lower 
temperature – all things being equal – the growth rates may continue to decrease; but “all 
things” are never equal.  In particular, the corrosion potential changes with temperature; 
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this is especially pronounced and important in the presence of oxidants (Figure B.1.5).  
Pragmatically, as components cool down, many are exposed to unusual loading and/or 
water chemistry.  BWR components vary only between 274 and 288 °C, where the 
difference in growth rates is limited.  In PWRs, the temperature ranges from 286 °C (core 
inlet) to 323 °C (core outlet) to 343 °C (pressurizer), and the crack growth rate varies 
more significantly. 

 
• Stress and Stress Intensity Factor.  Stress and stress intensity factor obviously play a large 

role in SCC initiation and growth.  In general, few components are designed for use 
above a nominal stress ≈ 80% of the yield strength.  The effect of stress intensity factor 
on crack growth rate appears to vary with water chemistry, and tends to be in the range of 
K2 to K3 (Figure B.1.6).  Many cracks grow adjacent to welds, where the weld residual 
stress profile must be accounted for along with operating stresses.  The weld residual 
stress profile combined with the inherent effect of crack length, a, on stress intensity 
factor (K ∝ √a), causes a large variation in K vs. crack length – sometimes resulting in an 
increase in K, and sometimes in a K that rises, then drops to zero. 

 
• Low frequency vibratory loading, high frequency “ripple” loading, and even occasional 

load perturbations can significantly accelerate SCC growth rates.  The distinction 
between SCC and corrosion fatigue (CF) is poorly demarcated, and with good reason:  in 
most if not all cases, SCC and CF represent a continuum in the environmentally assisted 
cracking spectrum, with increasing strain rate causing higher propagation rates but a 
lower factor of improvement for SCC mitigation approaches such as water chemistry or 
material modifications (Figure B.1.7). 

 
KISCC was once considered to be an invariant material property.  However, there is 
extensive evidence that “KISCC” depends on many parameters – indeed, the evidence of 
“KISCC” has been based on non-optimal experiments (e.g., use of transgranular fatigue 
pre-cracked specimens as a basis for growth or non-growth of intergranular stress 
corrosion cracks).  Other tests were performed under decreasing stress intensity factor 
conditions where the change in K was large and/or the increment of growth small (e.g., 
compared to the size of the plastic zone).  More recent data has shown well-behaved 
crack growth rates as low at 5.5 MPa√m.  It is impossible to prove that a KISCC doesn’t 
exist, because one can always choose an incrementally smaller K, and the growth rates 
become too small to study in a realistic time frame, e.g., below 3 MPa√m.  

 

Predictability of SCC of Stainless Steels 
A strong qualitative understanding and good quantitative predictive capability exists for SCC of 
stainless steels, esp. for BWR water chemistries and temperatures where extensive SCC has 
occurred, initially in sensitized pipe weld heat affected zones, and later in unsensitized vessel 
internal components (while there is a well-behaved continuum between unirradiated and 
irradiated stainless steels, SCC has occurred in stainless steel components that receive essentially 
no radiation damage (e.g., <0.01 dpa, such as the core spray lines).  
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The distinction between BWR and PWR primary operating conditions is not nearly as great as 
once thought, esp. as BWRs shift toward low corrosion potential operating by adding H2 and, far 
more effectively, introducing NobleChem (which creates a sub-monolayer of Pt or Pt/Rh on all 
wetted surfaces [13-15].  Under such conditions, the primary differences between BWR and 
PWR primary water chemistry are:  coolant additives (typically H3BO3 and LiOH) that shift the 
pH at temperature from 5.6 to ≈7.2; H2 fugacity (≈50 vs. 3000 ppb H2); and temperature (274 – 
288 °C vs. 286 – 343 °C).  Of these, temperature may be the most important factor for stainless 
steels; for nickel alloys (where the Ni/NiO transition can be traversed) both temperature and H2 
fugacity are important [4-8].  
 
Examples of crack growth predictive capability are shown in Figures B.1.3, 4, 6 and 7 for 
sensitized and cold worked stainless steel [6,16-19].  Cold work is a particular concern – not only 
are some components used in a cold worked state (such as PWR baffle bolts), but most 
fabricated components have a surface layer of deformed, hardened material.  Shrinkage strain 
during welding also produces a residual strain profile in the heat-affected zone (and the weld 
metal) in addition to the more-thoroughly studied residual stress profile [6,16-19].  These strains 
usually peak at the weld fusion line, generally at an equivalent room temperature cold work level 
of 15 – 20% (but sometimes higher) (Figure B.1.8).  
 
Quantifying and understanding SCC in most systems relies predominantly on high quality, 
reproducible, consistent SCC data [20,21].  This has proven difficult enough in crack growth rate 
measurements, but is generally more difficult in crack initiation experiments as well as 
evaluation of plant data.  
 
It is important to understand that the effect of individual changes (such as corrosion potential, 
water purity, temperature, cold work, stress intensity factor, irradiation, etc.) on SCC cannot be 
viewed in isolation in most experiments, and rarely if ever in plant components.  For example, 
the effect of BWR water purity is dramatically different at moderate to high corrosion potential 
than at low corrosion potential (as indicated by the predicted curves in Figure B.1.3).  Similarly, 
the factor of improvement observed for various mitigation techniques varies with loading and 
water chemistry conditions (Figure B.1.7).  
 
It must also be recognized that there is a time-based evolution (e.g., related to plant operating 
conditions, or to radiation damage – as addressed in the IASCC topical report) and a crack-depth 
based evolution (e.g., in residual stress, stress intensity, cold work, sensitization, 
microstructure…), and these produce complex changes in predicted and observed response.  
Figure B.1.9 shows an example of this interaction in terms of the predicted difference in crack 
growth trajectory vs. time in different welds.  Figure B.1.10 shows an example of crack length 
vs. time observations and predictions for sensitized type 304 stainless steel pipes.  
 

SCC Mitigation 
There are many approaches that have been pursued and adopted to mitigation SCC in stainless 
steels.  In BWRs, eliminating sensitization (grain boundary Cr depletion) was a primary focus in 
the 1970s, and most BWRs replaced all recirculation piping with grades of stainless steel that 
resisted weld sensitization (by lowering C, adding Mo, using lower heat input, etc.).  Efforts 
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were also made to reduce weld residual stress by last-pass heat sink welding, induction heating, 
and mechanical stress improvements.  Some BWRs operated with high aqueous impurity levels 
(esp. chloride and sulfate), and major efforts were undertaken to improve water purity.  
 
The most effective mitigation strategy for existing plant components is to reduce the corrosion 
potential (Figure B.1.3), and the most effective way to accomplish this is using electrocatalysis.  
The techniques to make surfaces electrocatalytic are numerous, but the most effective and 
economical approach is NobleChem [13-15], which involves the injection of ionic forms or Pt 
(or Pt and Rh), which electrolessly reduce and deposit on the surfaces of all wetted parts in 
BWRs.  Applications have been performed on about 30 BWRs, and a new on-line application 
technique will be performed at a lead plant in 2005.  
 
There is a possibility of attaining further SCC mitigation by adding Zn [22,23].  This is 
applicable to both BWRs and PWRs, and because Zn is a cation, it is most effective if the 
corrosion potential is low (i.e., BWRs operating with NobleChem).  Accurate quantification of 
the benefit of various Zn levels must still be performed and validated.  Other approaches are 
more achievable only in new plants or if components are replaced.  For example, the presence of 
grain boundary carbides or other particles impedes crack advance provided that they are not 
accompanied by Cr depletion [16,17]. 
 
SCC of Stainless Steels – Concerns and Emerging Issues 
 
A number of ambiguities and emerging concerns exist in the area of SCC of stainless steels.  
Despite some improvements, the quality of experimental crack growth rate data is still a large 
factor in the observed scatter and disagreements over the quantitative effect of specific 
parameters.  Even more problematical is the lack of statistical confidence and even qualitative 
insight into the controlling factors for crack initiation, although in general the same factors that 
enhance the crack growth rate also accelerate crack initiation.  
 
Among the emerging concerns is that role of increasing stress intensity factor (K) as the crack 
grows (dK/da) [24.  There is usually a large positive dK/da early in the crack growth process 
because K ∝ σ√a (stress times the square root of crack depth), and the integrated effect of the 
weld residual stress profile produces an increasing stress at the crack as the crack grows.  There 
continues to be a change in K as the crack grows longer, but the magnitude of the +dK/da or –
dK/da is smaller (Figure B.1.11).  Unfortunately, the few studies that have evaluated dynamic 
changes in K have been performed using a fixed change in load (dP/dt) or displacement vs. time 
(similar to dK/dt).  However, this is expected and observed to yield non-conservative response 
because it does not produce the accelerating effect of positive feedback as the crack begins to 
growth faster, causing K to increase faster, causing the crack to grow faster… (Figure B.1.11)  
Conversely, with decreasing dK/da, as the crack slows, the rate of change of K slows, causing 
further slowing in the crack growth rate…  At plant-relevant values of –dK/da, stable, well-
behaved SCC can be sustained from 30 MPa√m to below 12 MPa√m [16,17,25].  Using –dK/dt 
(or –dP/dt) fails to provide the important feedback between the rate of change of K and the rate 
of crack growth, and tends to produce crack arrest.  
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Another concern is the role of Si, which has been shown to cause elevated crack growth rates and 
a limited effect of stress intensity factor or corrosion potential (Figure B.1.12) [16,17,25].  While 
this may be a particular concern for irradiated materials, many stainless steels have a nominal Si 
content of 0.7 – 1.0%, which may be sufficient to cause elevated growth rates.  Si readily 
oxidizes and is quite soluble in high temperature water – indeed, it is typically present in BWR 
(and probably PWR) water at levels about 100X higher than other impurities (typically 100 – 
1000 ppb).  It does not affect conductivity because is dissolves primarily in non-ionic form.  A 
more speculative concern is the role of Mo, esp. in type 316 stainless steels, which have 2 – 3% 
Mo.  Mo does not impart large improvements in corrosion or stress corrosion resistant in high 
temperature water (as it does below ≈ 100 °C), and it does readily oxidize and become soluble.  
Importantly, many type 316 stainless steels show very high Mo segregation at the grain boundary 
(10 – 20% Mo), the extent of which peaks at certain cooling rates following annealing [26].  This 
could have a significant effect on SCC response, although no studies have yet been performed to 
confirm it.  
 
A final concern relates to the role of environment in fracture toughness data.  Essentially all of 
the fracture toughness data obtained above 200 °C were obtained in air.  It is well established 
that high crack propagation rates under constant load – and reduced toughness in J-R tests – are 
observed in the range of about 75 – 140 °C for precipitation hardened Ni alloys [27-29], and it is 
reasonable to suspect that this might occur in stainless steels and Ni alloys like alloys 600 and 
690 (esp. if their yield strength is elevated from cold worked, weld shrinkage strain or 
irradiation).  Very preliminary data at 288 °C on cold worked stainless steel showed that the 
specimen unexpectedly failed as the K was allowed to increase to about 88 MPa√m at the end of 
a test.  The load was accurately known, as was the crack depth from post-test fractography at the 
point sudden failure occurred [17].  
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Figure B.1.1  Pourbaix diagrams for Cr, Fe and Ni in 300 °C water [30]. 
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Crack depth vs. time = f ( Material, Stress, Environment )
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Figure B.1.2  The complexity of SCC is reflected in the large number of influential variables and 
the associated requirement that all 20 to 40 in a given system be adequately controlled [4,5].  
 



PMDA PIRT Report – Appendix B.1 
March 2005 

 
 

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Corrosion Potential, Vshe

C
ra

ck
 G

ro
w

th
 R

at
e,

 m
m

/s

Sensitized 304 Stainless Steel
30 MPa√m, 288C Water
0.06-0.4 µS/cm, 0-25 ppb SO4
filled triangle = constant load
open squares = "gentle" cyclic

Screened Round Robin data
   - highest quality data
   - corrected corr. potential
   - growth rates corrected
         to 30 MPa√m 42.5

28.3

14.2
µin/h

GE PLEDGE 
Predictions
30 MPa√m       0.5

                       0.25

                                   0.1
                                         0.06 µS/cm

                0.06 µS/cm
    Industry Mean
30 MPa√m

←
 2

00
  p

pb
 O

2
←

 5
00

  p
pb

 O
2

←
20

00
 p

pb
 O

2

     2000 ppb O2

   Ann. 304SS
 200 ppb O2

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Corrosion Potential, Vshe

C
ra

ck
 G

ro
w

th
 R

at
e,

 m
m

/s

Sensitized 304 Stainless Steel
30 MPa√m, 288C Water
0.06-0.4 µS/cm, 0-25 ppb SO4

SKI Round Robin Data
filled triangle = constant load
open squares = "gentle" cyclic

 

42.5

28.3

14.2
µin/h

GE PLEDGE 
Predictions
30 MPa√m       0.5
Sens SS
                          0.25
                      

                                   0.1

                                     0.06 µS/cm

←
 2

00
  p

pb
 O

2
←

 5
00

  p
pb

 O
2

←
20

00
 p

pb
 O

2

     2000 ppb O2

   Ann. 304SS
 200 ppb O2

  316L (A14128, square )
  304L (Grand Gulf, circle )
  non-sensitized SS
50%RA 140 C (black )
10%RA 140C (grey )

CW A600

CW A600

 

GE PLEDGE Predictions for Unsensitized
Stainless Steel (upper curve for 20% CW)

        (a)                                                             (b)                                                               (c)  
Figure B.1.3  SCC growth rate vs. corrosion potential for stainless steels tested in 288 °C high 
purity water containing 2000 ppb O2 and 95 – 3000 ppb H2 [4,5,16,17].  
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Effect of Yield Strength on Crack Growth Rate
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Figure B.1.4  Effect of yield strength and martensite on the stress corrosion crack growth rate on 
stainless steel and alloy 600 in 288 °C, high purity water (<0.10 µS/cm outlet) at (a) low and (b) 
high potential [16,17].  
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Figure B.1.5  Corrosion potential vs. dissolved O2 and temperatures for stainless steels in pure 
water [31].  

 
Figure B.1.6  Effect of stress intensity factor on the SCC growth rate of sensitized type 304 
stainless steel in high temperature water [4,5].  
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Figure B.1.7  Crack growth rate vs. crack tip strain rate showing the ability to predict 
environmental cracking across a range of constant load/K, slow strain rate and corrosion fatigue 
response.  When water chemistry or the material is changed, the resultant curves are not parallel, 
but diverge at lower crack tip strain rate.  Thus, the benefit observed in a laboratory test or 
component will depend on the testing condition, both loading and water chemistry [4-6].  
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Figure B.1.8  Weld residual strain vs. distance from the weld fusion line for stainless steel welds.  
If the number of welding passes is limited, the peak residual strain can be below 10% equivalent 
room temperature tensile strain.  However, most pipe welds that have been analyzed show 
residual strains in the range of 15 – 20%, with some slightly above 25%.  The residual strain is 
also highest near the root of the weld [18].  
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Figure B.1.9   (a) Crack length vs. time for pipe welds in various BWRs whose water purity 
varied markedly during their first years of operation.  (b) Stress intensity factor vs. crack depth 
for pipe welds.  The complex changes in residual stress, stress intensity factor and crack length 
vs. time that results in plant components.  Irradiation makes the situation much more complex 
(see IASCC topical paper).  
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Figure B.1.10  The effect of conductivity on on-line months to achieve a crack depth of 25% of 
through-wall [4,5].  
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Figure B.1.11  Schematic and example crack length vs. time data showing the important role of 
+dK/da on crack growth rate, and the important difference between dK/da and dK/dt testing.  In 
general, dK/dt always leads to non-conservative growth rates.  +dK/da provide a positive 
feedback that often leads to dramatic increases in crack growth rate, while –dK/da represents 
negative feedback that slows the change in K as the crack slows down [24].  
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Figure B.1.12  Effect of Si on the crack growth rate of “stainless steels” whose bulk composition 
was designed to simulate an irradiated grain boundary.  Reasonable questions can be raised about 
how realistic it is to create bulk alloys that represent the composition of a few nm region, but the 
qualitative observations remain important – i.e., that there is little effect of corrosion potential or 
stress intensity factor on crack growth rate [16,17,25].  
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B.2 IASCC of Stainless Steels and Other Irradiation Induced Phenomena 
 
This topical paper provides a foundation for understanding the proactive materials degradation 
concerns originating from irradiation effects.  The emphasis is on irradiation assisted stress 
corrosion cracking (IASCC) of wrought, austenitic stainless steels in BWR and PWR 
environments.  Other radiation induced phenomena that are discussed include radiation creep 
relaxation, swelling and microstructural evolution.  There are separate topical papers for SCC in 
unirradiated stainless steels, in cast stainless steels, and for lower temperature, mostly-chloride-
related pitting and SCC of stainless steels.  There are also separate topical papers related to BWR 
and PWR water chemistry, evolving operational practice, start-up and shut-down, and other 
factors that influence SCC.  
 
The topical paper on SCC of unirradiated stainless steels provides an introduction to the 
mechanisms, processes and dependencies in high temperature water.  The primary factors that 
control SCC of stainless steels in hot water [1-8] – many of which are affected by radiation – 
include:  

• Degree of sensitization, i.e., Cr depletion along the grain boundaries.  
• Oxidants and corrosion potential, which affect the crack chemistry as well as the nature 

of the oxide films on the free surfaces.  
• Water purity and pH, which primarily affects the crack chemistry.  
• Yield strength, which produces an increase in crack growth rate.  There are many ways 

by which yield strength is increased, including bulk or surface cold work, weld residual 
strain, precipitation hardening, etc., but not usually to the same degree as is caused by 
irradiation.  

• Temperature.  
• Stress and Stress Intensity Factor.  

 
It is widely accepted that irradiation assisted SCC (IASCC) is literally that:  an irradiation 
assisted process [2,9-19].  When viewed in a given time frame in plant components (Figure B.2. 
1a) or in accelerated laboratory tests, there can appear to be a threshold fluence for IASCC, but 
in fact SCC is observed in unirradiated stainless steels [2-5,9,15,16,20-22].  Irradiation is known 
to affect primarily the grain boundary chemistry (i.e., degree of sensitization), the oxidants and 
corrosion potential, the yield strength and the stress (via irradiation creep relaxation) components 
in this list of factors.  In sufficiently careful and sensitive laboratory tests (e.g., crack growth rate 
tests), all grades of austenitic stainless steel have been shown to have inherent susceptibility to 
SCC.  However, the numerous factors that promote SCC give rise to orders of magnitude 
difference in susceptibility – i.e., the incidence of cracking.  Importantly, the effects of most 
parameters, such as corrosion potential, water impurities, stress, stress intensity factor, 
temperature, etc. are known to have a similar effect on both irradiated and unirradiated stainless 
steels.  
 
The effect of corrosion potential (Figure B.2.1b) and water purity (Figure B.2.2) is similar for 
unirradiated and irradiated stainless steels exposed in BWR environments, which supports the 
concept that the underlying mechanisms and dependencies are similar.  While the term 
“threshold fluence” appears in the literature, it should be recognized that unirradiated (and 
unsensitized, un-cold-worked) materials have some small susceptibility to SCC, and an apparent 



PMDA PIRT Report – Appendix B.2 
March 2005 

“threshold fluence” depends strongly on the details of other controlling parameters, such as the 
environment, loading, cold work, temperature, etc.  Thus, a “threshold fluence” has relevance 
primarily from an engineering perspective within a specific context of environment, loading, etc. 
[5,9,11]  
 
Figure B.2.1 shows the increasing SCC incidence with increasing fast neutron fluence in BWR 
crevice control blade sheath and in laboratory slow strain rate tests.  While small amounts of 
intergranular cracking have been observed in tests in inert environments on irradiated stainless 
steels, there is an incontestable and dominant aqueous environmental effect.  Thus, the concerns 
for cracking in irradiated components are appropriately characterized as IASCC, not as a simple 
effect on mechanical properties [2,9-19].  
 
The radiation dose achieved in various components and the onset of various radiation effects is 
shown in Figure B.2.3 [11].  Most aspects of IASCC are well understood qualitatively, and a 
good quantitative description seems to exist in BWR water chemistry and temperature regime, 
but it is not completely clear that all of the aggravating effects of radiation on SCC are identified 
or qualified for all light water reactor conditions, esp. at the higher temperatures and fluences in 
PWRs.  For all systems, the following factors are known to be important (Figure B.2 .4): 
  
I. Radiation hardening (RH), in which the radiation generated defects produce an increase 

in yield strength (and a localization of deformation to “channels” in the material).  Figure 
B.2.5 shows the increase in yield strength of a variety of austenitic stainless steels vs. 
irradiation dose.  An increase in the yield strength from 150 – 200 MPa up to 750 – 1000 
MPa is commonly observed, with a saturation after several dpa.  Cold worked materials 
have a higher initial yield strength, but follow a broadly similar trajectory vs. dose, 
achieving a similar yield strength at saturation.  Much of the microstructural evidence of 
the initial cold worked microstructure has vanished after about 5 dpa.  
 
The increase in yield strength results primarily from the formation of vacancy and 
interstitial loops (Figure B.2.6).  Source hardening and dispersed barrier hardening models 
provide reasonable correlations between hardening and the dislocation loop microstructure, 
with the increase in yield strength (or hardness) proportional to (Nloop x dloop)0.5, where 
Nloop is the loop number density and dloop is the loop diameter.  
 
The effect of yield strength on SCC growth rates is discussed in the topical paper on 
unirradiated austenitic stainless steels, and appears to be a common effect among many 
materials and many mechanisms of yield strength enhancement (cold work, martensite 
formation, irradiation, precipitation hardening, etc.).  Growth rates are increased in both 
BWR and PWR chemistries.  
 
The homogeneous nature of deformation at low dose is replaced by heterogeneous 
deformation at higher doses as the defect microstructure impedes the motion of 
dislocations.  Initial dislocations clear defects along narrow channels, and plasticity 
becomes highly localized.  The channels are very narrow (< 10 nm) and closely spaced (<1 
mm) and typically run the full length of a grain, terminating at the grain boundaries.  
Dislocation channeling results in intense shear bands that can cause localized necking and 
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a sharp reduction in uniform elongation, but the reduction in area generally remains very 
high.  Dislocation channeling may also be an important in IASCC [11,19].  
 

II. Radiation induced segregation (RIS), in which the migration of radiation generated 
defects (vacancies and interstitials) to sinks (esp. grain boundaries), alters the local 
chemistry within the material.  Figure B.2.7 shows two examples of the grain boundary 
composition of high purity and commercial purity heats of stainless steel.  The enrichment 
or depletion of major alloying elements and impurity elements can be significant [2,9-19], 
with depletion of Cr of >5% and enrichment of Si by >5-10X often observed [2,9-22].  

 
RIS is driven by the flux of radiation-produced defects to sinks, and is therefore 
fundamentally different from thermal segregation or elemental depletion from grain 
boundary precipitation processes (e.g., sensitization from Cr carbide or boride formation 
and growth).  In simple terms, radiation displaces an atom from its lattice site, and it comes 
to rest in a relatively distant location in an interstitial site.  In fact, this primary displaced 
atom itself interacts with other atoms along its path, producing a cascade of damage as it 
loses energy and comes to rest.  The resultant vacancies and interstitials can reach 
concentrations that are orders of magnitude greater than the thermal equilibrium 
concentrations.  They migrate and are absorbed at sinks, creating profiles in concentrations 
of the constituent elements near grain boundaries.  The species that diffuse more slowly by 
the vacancy diffusion mechanism are enriched at the grain boundary and the faster 
diffusers become depleted.  Enrichment and depletion can also occur by association of the 
solute with the interstitial flux.  In this case, the undersized species will enrich and the 
oversized species will deplete.  
 
Even though the depletion and enrichment profiles are very narrow compared to those that 
form from, e.g., Cr carbide formation during welding or heat treatment, the effect on SCC 
remains very pronounced.  For example, very narrow Cr depletion profiles can be 
generated during complex, multi-step heat treatments, and for a given level of Cr depletion, 
they have as strong an effect on SCC in high temperature water as much wider Cr 
depletion profiles.  
 
Si enrichment is potentially of great concern because many stainless steels containing 0.5 – 
1% Si can enrich to >5% at the grain boundary.  Indeed, since the measurements are 
generally made by analytical electron microscopy, which has a 1 – 2 nm beam size, the 
actual Si concentration at the grain boundary can approach 50 atomic percent.  Crack 
growth rate measurements on stainless steels with elevated Si levels (e.g., 1.5 – 5% Si) 
show high growth rates and limited or no effect of stress intensity factor and corrosion 
potential (Figure B.2.8) [20-22].  This may help explain the loss of the benefit of lowering 
the corrosion potential at high fluence in some stainless steels, esp. since Si enrichment 
appears to continue after Cr depletion saturates.  
 

III. Radiation creep relaxation, in which the migration of radiation generated defects under 
stress produces an accelerated creep rate (e.g., at constant load) and/or stress relaxation 
(e.g., at constant displacement, as for weld residual stresses, bolts and springs).  Figures 
B.2.9 and 10 show two examples of radiation creep relaxation, which produces a large 



PMDA PIRT Report – Appendix B.2 
March 2005 

reduction in stress after a dose of several dpa.  The radiation creep rate is proportional to 
the dose rate (flux) and stress.  
 
Radiation creep relaxation is a mixed benefit.  For welds, the weld residual stress is 
significantly relaxed in the same range of fluence where radiation hardening and 
segregation occur, and the net effect is generally beneficial.  However, in many bolting 
application, the loss of stress over time can cause other problems related, e.g., to 
inadequate clamping forces that allow leakage that can produce erosion or fatigue.  
Because radiation creep inherently represents deformation, it can also promote SCC 
nucleation and help sustain crack growth.  The radiation creep rates are very small 
compared to other sources (e.g., cyclic loading, slow strain rate testing, and strain 
redistribution at the tips of SCC cracks), so there is no evidence or expectation that growth 
rates will be elevated.  However, the low rates of continuous deformation resulting from 
radiation creep may promote crack nucleation and help sustain crack advance.  
 
Radiation creep provides a good example of a complicating factor in understanding the 
effects of radiation.  Because radiation affects grain boundary chemistry and increases 
yield strength while it simultaneously reduces the stress near welds and in bolts, 
understanding and deconvoluting the effects of radiation on SCC is very difficult to do 
from field data.  Add to this the effects of plant operating conditions (such as having high 
impurity levels early in BWR life), and it becomes very difficult to use plant data as a basis 
for understanding the real affects of various parameters on SCC, or to anticipate the 
response of one component (e.g., with constant displacement stresses) with others (e.g., 
with active pressurization stress).  This is an example of the importance of developing a 
fundamental framework from which hypotheses can be formulated and tested.  Such an 
approach has been undertaken, and even twenty years after the original hypotheses, this 
framework still represents the basis for current understand of irradiation effects on SCC.  
While some improvements in quantifying some aspects of irradiation effects on yield 
strength, corrosion potential, radiation induced segregation and radiation creep relaxation 
could undoubtedly be made, there is a strong basis for both understanding and predicting 
radiation effects on SCC.  
 

IV. Radiolysis, in which H2O is broken into various constituent elements, including H2O2 and 
H2 (the longer lived species) as well as radicals (e.g., eaq

–, H, OH, HO2).  While 
stoichiometric quantities of oxidizing and reducing species are formed, the corrosion 
potential inevitably increases, sometimes dramatically.  Radiolysis is suppressed at coolant 
H2 levels above about 500 ppb (5.6 cc/kg), so there is little concern for radiolysis in PWRs 
(whose coolant H2 level is typically 25 – 35 cc/kg).  
 
In BWRs, the primary radiolytic species of interest are H2 and H2O2.  H2 preferentially 
partitions to the steam phase, while H2O2 remains in the recirculating water, creating a net 
oxidizing environment.  The effect of these (and other) species on SCC is accurately 
characterized by their effect on corrosion potential.  The corrosion potential on most 
structural materials is similar in deaerated water, and drops by about 57 mV per 10X 
increase in H2 and 114 mV per unit increase in pH at 300 °C.  As soon as even very small 
amounts of oxidants are present (e.g., ppb levels), the corrosion potential can rise 
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dramatically, generally increasing by 500 mV or more at >10 ppb of oxidant.  Most 
importantly, when oxidants change the corrosion potential, a differential aeration cell 
forms, which produces an altered crack chemistry – this does not occur if only H2 is 
present because it is not consumed in cracks (as is H2O2 and O2).  
 
Concerns have been expressed that radiolysis could produce oxidizing conditions within 
cracks, and thereby alter the corrosion potential, mass transport processes, and SCC.  
However, an evaluation of the corrosion potential in a tight crevice under highly irradiated 
conditions showed no consequential elevation in corrosion potential (e.g., < 25 mV).  
 

V. Radiation induced swelling, in which voids form within the material that produce a 
change in material density and dimensions.  This can produce distortion and warping, 
which can in turn produce elevation in stresses, e.g., in bolted structures.  The occurrence 
of swelling in austenitic stainless steels is very rare and/or limited below 310 °C, even at 
high fluence (>30 dpa).  Gamma heating of thick components can produce perhaps a 40 – 
50 °C elevation in internal temperature, and at such temperatures swelling is more likely at 
moderate to high fluence.  
 
One possible area of significance for void swelling is in PWR baffle plates and bolts.  
Because the bolts are fabricated from cold worked stainless steel, swelling is delayed 
compared to the adjacent annealed plates.  Radiation creep relaxation will reduce the stress 
applied by the bolts, but differential swelling of the plates relative to the bolts will cause 
re-loading of the bolts, which achieves some dynamic equilibrium (between re-loading 
from differential swelling and on-going radiation creep relaxation).  This is difficult to 
quantify precisely at this time.  
 

VI. Gamma heating has already been mentioned in relation to swelling.  Another possible 
consequence of gamma heating is superheating of crevices in PWRs above the temperature 
of the pressurizer (for example crevices between the shanks of baffle bolts and baffle 
plates).  Thus local boiling with consequent changes in environmental chemistry can occur.  
Although there is no hard evidence that this has caused any environmentally induced 
cracking, the phenomenon cannot be ignored when searching for contributing factors in 
service failures. 

 
VII. Fracture toughness is reduced substantially in irradiated stainless steels.  There is 

substantial scatter in the available data, but many stainless steels drop by a factor of five or 
more from 250 – 300 MPa√m to 50 MPa√m or even slightly lower (Figure B.2.11).  These 
are also data obtained in air, and there may be further environmental degradation in 
fracture toughness in the environment, both at 288 – 323 °C and in the 75 – 140 °C regime 
[23].  

 
Predictability of IASCC 
 
A solid qualitative understanding and at least semi-quantitative predictive capability exists for 
IASCC, esp. for BWR water chemistries and temperatures (there may be additional aggravating 
effects of radiation that become important at the higher temperatures and fluences in PWRs).  
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The crack growth predictive capability is built on the basis of irradiation assisted SCC – that is, 
the understanding and predictive framework used for unirradiated stainless steels can be 
extended to radiation effects by defining key characteristics of SCC and quantifying those 
effects.  This has been done for the four primary radiation induced phenomena:  segregation, 
hardening, radiolysis and relaxation (Figure B.2.4) [2,9,15,17,18].  Figure B.2.12 shows the 
crack growth response at high and high corrosion potential of irradiated stainless steel and of 
sensitized stainless steel exposed to high and flow neutron fluxes.  These (and other) data are 
replotted in Figure B.2 13 to show crack velocity vs. corrosion potential.  Other examples of 
predictive capability are shown in Figure B.2.14, which shows the response of neutron irradiated 
stainless steel in slow strain rate and constant load tests in 288 °C water.  As in many SCC 
systems, obtaining high quality, reproducible, consistent SCC data experimentally is often a 
limiting factor in quantifying and validating predictive models.  
 
The effect of individual changes (such as flux, fluence, temperature, radiolysis, segregation, 
hardening, relaxation, etc.) cannot be viewed in isolation in most experiments, and rarely if ever 
in plant components.  For example, the temperature of irradiation, the presence of stress, the 
radiation dose rate (flux), etc. can all affect the result at a given dose / fluence.  It must also be 
recognized that there is a time-based evolution in radiation damage (Figure B.2.15), and these 
produce complex changes in predicted and observed response.  In most components that undergo 
IASCC, there are damaging elements of radiation exposure (e.g., hardening and segregation) and 
beneficial elements (radiation creep relaxation of constant displacement stresses).  There are then 
further complications when considering plant operation and the evolution of cracks.  For 
example, if the water chemistry in BWRs is good, so that cracks don’t nucleate (or remain 
vanishingly small) by a dose of 1 – 3 x 1021 n/cm2, then the weld residual stresses will have 
markedly decreased and the likelihood that SCC will occur also decreases markedly.  Figure 
B.2.15 shows an example of this interaction in terms of the predicted difference in crack growth 
trajectory vs. time for different water purities in a BWR core shroud.  Figure B.2.16 shows an 
example of crack length vs. time predictions for a type 304 stainless steel BWR core shroud with 
multiple inspections and multiple cracks, and a comparison of observed and predicted crack 
depth for a number of BWR core shrouds.  
 
IASCC in baffle bolts has also been evaluated and some controlling factors identified [24], 
although the state of knowledge does not yet permit prediction.  
 
IASCC Mitigation 
 
There are a variety of approaches for mitigating SCC in light water reactors, and they fall into 
categories of water chemistry, operating guidelines, new alloys, stress mitigation and design 
issues.  Since most components in light water reactors are not intended to be replaceable (and are 
therefore very expensive to replace), water chemistry is the most attractive mitigation strategy, 
with operating guidelines and perhaps stress mitigation providing more limited opportunities.  
While the focus of this paper is on IASCC, the most mitigation approaches (esp. water 
chemistry) are applicable to both irradiated and unirradiated components.  
 
Water chemistry mitigation approaches are the easiest to implement, and can often provide 
mitigation to many areas and components in the plant.  In BWRs, the focus is primarily on 
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lowering the corrosion potential, which can be done with H2 injection, but is more effectively 
achieved using NobleChem [25-27].  In both BWRs and PWRs, the addition of Zn appears to 
provide some crack growth rate benefit for stainless steels, although more work is needed.  
Similarly, improvements in surface finish, stresses, etc. are effective in both reactor types.  
 
Alloying with oversized elements reduces the extent of radiation-induced segregation (esp. Cr 
depletion) [19], but it’s not clear that it will reduce Si enrichment.  Cr depletion is less important 
in BWRs at low potential and in PWR primary water, but low potentials cannot be achieved in 
all locations in a BWR (it requires stoichiometric excess H2 in the water, which doesn’t exist in 
areas where boiling occurs).  Radiation hardening differs somewhat among stainless steel types 
and heats, but it’s not clear that it can be changed sufficiently to make an adequate difference in 
SCC response.  Slip localization may aggravate SCC, and there are alloying approaches for 
altering stacking fault energy which influences slip localization [19].  Operationally, it is always 
wise to avoid higher stresses, vibration, start up and shutdown, fatigue (e.g., from mixing of cold 
and hot water, which has increased in low leakage core configurations in PWRs), etc.  The 
timing of H2O2 injection during PWR cooling and deaeration and H2 injection during PWR heat 
up may be important.  In BWRs, the early injection of H2 during start up, and maintaining H2 
injection close to 100% of the time during operation should reduce SCC.  
 
IASCC – Concerns and Emerging Issues 
 
There remains a number of uncertainties and emerging concerns in the area of IASCC.  The 
uncertainties arise in part from the huge scatter in data that has been obtained on irradiated 
stainless steel, much of which is caused by weaknesses in the experimental techniques.  While 
factors such as good control and monitoring of water chemistry, transitioning from transgranular 
fatigue to intergranular SCC morphology, and similar concerns exist, perhaps the biggest issue is 
associated with K-size validity for crack growth specimens of irradiated materials [16,28].  There 
remain some concerns for the prospect of additional radiation related degradation (such as 
precipitation of new phases, high He and void swelling) at higher temperatures and fluences 
associated with PWR components.  As in all materials / systems, the understanding and 
prediction of crack nucleation is much weaker than for crack growth.  
 
Among the emerging concerns is the role of Si, which appears to continue to segregate under 
irradiation at fluences where Cr depletion has effectively saturated.  This may occur because Si 
undergoes radiation-induced segregation by a different (or an additional) mechanism than does 
Cr.  Evidence of highly elevated (> 3%) Si levels in irradiated stainless steels and very 
pronounced effects of Si on crack growth rate are a significant concern, esp. since many stainless 
steels have a nominal Si level of 0.6 – 1%.  Crack growth rate studies show elevated growth rates 
and a limited effect of stress intensity factor or corrosion potential (Figure B.2.8) [20-22].  Si 
readily oxidizes and is quite soluble in high temperature water – indeed, it is typically present in 
BWR (and probably PWR) water at levels about 100X higher than other impurities (typically 
100 – 1000 ppb).  It does not affect conductivity because is dissolves primarily in non-ionic 
form.  
 
Another concern is that role of increasing stress intensity factor (K) as the crack grows (dK/da) 
[29].  Because K ∝ σ√a (stress times the square root of crack depth), and because the weld 
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residual stress profile changes vs. crack depth, there is usually a large positive dK/da early in the 
crack growth process.  K also changes when the crack is longer, but the magnitude of the +dK/da 
or –dK/da is smaller.  Unfortunately, most studies have been performed using a fixed change in 
load or displacement vs. time (similar to dK/dt), but this yields non-conservative response since 
it does not produce the accelerating effect of positive feedback as the crack begins to growth 
faster, causing K to increase faster, causing the crack to grow faster…  Conversely, with 
decreasing dK/da, as the crack slows, the rate of change of K slows, causing further slowing in 
the crack growth rate…  dK/dt fails to provide the important feedback between the rate of change 
of K and the rate of crack growth, and tends to produce crack arrest.  Examples of this are shown 
in the topical paper on SCC unirradiated stainless steel and in reference [29].  
 
Finally, fracture toughness data obtained in-situ (after prolonged exposure to high temperature 
water) [21] might be substantially lower than the vast majority of available data, all obtained in 
air.  The reduction in toughness from irradiation might be broadly representative of cold worked 
stainless steel (Figure B.2.11), and both may show significant effect of the environment, both in 
288 C and ~100 °C tests, and in tearing resistance (e.g., J-R tests) and impact loading (e.g., 
Charpy or KIC).  
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Figure B.2.1  Dependence of IASCC on fast neutron fluence for (a) creviced control blade sheath 

in high conductivity BWRs and (b) as measured in slow strain tests at 3.7 x 107 s–1 on pre-
irradiated type 304 stainless steel in 288C water.  The effect of corrosion potential via changes in 
dissolved oxygen is shown at a fluence of ≈ 2 x 1021 n/cm2.  The effect of corrosion potential on 

unirradiated and irradiated materials is similar under BWR conditions [2,9,15]. 
 

 
 
 
 
 



PMDA PIRT Report – Appendix B.2 
March 2005 

 
 
Figure B.2.2  The effects of average plant water purity are shown in field correlations of the core 

component cracking behavior for (a) stainless steel IRM/SRM instrumentation dry tubes, (b) 
creviced stainless steel safe ends, and (c) creviced Inconel 600 shroud head bolts, which also 
shows the predicted response vs. conductivity.  The effect of conductivity on unirradiated and 

irradiated materials is similar under BWR conditions [2,9,15]. 



PMDA PIRT Report – Appendix B.2 
March 2005 

 
 

 
 

1020 1021 1022 1023

0.1 1 10 100

Neutron Fluence, n/cm2 (E>1 MeV)
Irradiation Dose, dpa

BWR Core
Component

Failures
(IASCC)

BWR End
of Life

PWR Control
Rod Failures

(IASCC)
PWR End

of Life

PWR  Baffle
Bolt Failures

(IASCC)

Significant Changes
in Grain Boundary
Composition, Alloy
Strength & Ductility

Onset of Significant
Void Swelling
and Possible

Embrittlement

PWR Life
Extension

 
 

Figure B.2.3  Neutron fluence effects on irradiation-assisted stress corrosion cracking 
susceptibility of type 304SS in BWR environments [11]. 
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Figure B.2.4  Schematic diagram of the engineering parameters (stress, environment and 

microstructure), underlying scientific processes (mass transport, oxide rupture, and repassivation 
rates) and effects of radiation.  The complexity of SCC is reflected in the large number of 
influential variables and the associated requirement that all 20 to 40 in a given system be 

adequately controlled, all of which are inter-dependently affect SCC [2,9,15]. 
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Figure B.2.5  Irradiation dose effects on measured tensile yield strength for several 300-series 
stainless steels, irradiated and tested at a temperature of about 300°C [11,19]. 

 
 

 
 

Figure B.2.6  Irradiation dose effects on the measured loop diameter and density for austenitic 
stainless steels at 280°C [11,19]. 
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Figure B.2.7  Radiation induced segregation (RIS) of (a) high purity (including low Si) and 

(b) commercial purity stainless steel [9]. 
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Figure B.2.8  (a) Grain boundary Si concentration in irradiated stainless steel.  (b) Crack 

length vs. time for a 5% Si “stainless steel” whose composition simulates that in an 
irradiated grain boundary.  No effect of corrosion potential and or stress intensity was 

observed. [20-22] 



PMDA PIRT Report – Appendix B.2 
March 2005 

 
 
Figure B.2.9  The effects of radiation-induced creep on load relaxation of stainless steel in a 

constant displacement (bolt) condition [23]. 
 
 

 
Figure B.2.10  Stress relaxation of bent beam and C-ring specimens of 304 SS in JMTR 

during irradiation at 288°C [23]. 
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Cold worked SS 

 
Figure B.2.11  The effect of fast neutron fluence under LWR conditions on fracture 

toughness of types 304 and 304L stainless steel at 288 °C [9,30,31].  A preliminary band 
based on the fracture toughness response of a few tests on unirradiated, cold worked 

stainless steel tested in-situ in 288 °C pure water is also shown [21]. 
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Figure B.2.12  Crack length vs. time for:  (a) a CT specimen of irradiated type 304 stainless 
steel tested at constant load in 288 °C water at both high and low corrosion potential at 19 

ksi√in.  (b) DCB specimens of sensitized type 304 stainless steel exposed in core (high 
corrosion potential from radiolysis) and in the recirculation system [2,9,15-19]. 
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Figure B.2.13  SCC growth rate vs. corrosion potential for sensitized (left graph) and for 
cold worked, sensitized and irradiated (right graph) SS in 288 °C water.  Unirradiated and 
irradiated (pink triangles) materials of similar yield strength show similar SCC response at 
low corrosion potential.  At high potential, the combined effect of radiation hardening and 

radiation segregation produces a higher growth rate than either factor alone (i.e., in the 
unirradiated data that is either cold worked or sensitized). [2,9,15-19] 
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Figure B.2.14  Comparison of predicted and observed crack growth rates for stainless 
steels irradiated in a BWR at 288C to various fluences [2,9,15-19].  (a) Notched tensile 
specimens were tested by Ljungberg [32] at a slow strain rate in 288C pure water and 
interrupted after a given strain / time.  (b) time-to-failure for the effect of fast neutron 

fluence on pre-irradiated type 304 stainless steel tested at constant load in the laboratory in 
oxygen saturated, 288 °C water [31]. 
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Figure B.2.15  Examples of IASCC predictions illustrating the interactions among 

radiation “damage” (segregation and hardening) and radiation creep relaxation (reduction 
in weld residual stress) for a BWR core shroud.  (a) crack depth vs. time with individual 

curves for the increase in EPR (Cr depletion), stress relaxation, and “multiplier” (radiation 
hardening).  The stress intensity factor is also shown, which goes through a peak due to the 

nature of the residual stress profile as well as radiation relaxation.  (b) crack velocity vs. 
depth illustrating that at high coolant conductivity (0.3 µS/cm), cracks nucleate and grow 
earlier in life when the weld residual stresses are higher, resulting in higher growth rates 

and a shorter time to achieve a given crack depth [9,15]. 
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Figure B.2.16  (a) Crack length vs. time predictions and observations for a type 304 
stainless steel BWR core shroud with multiple inspections and multiple cracks.  (b) 

Comparison of observed and predicted crack depth for a number of BWR core shrouds. 
[9,15] 
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B. 3 Stress Corrosion Cracking and Pitting: Contaminating External 
Environments 

 
Background 
 
Since commercial nuclear power began, extensive research has been concerned with 
corrosion processes inside the piping and components.  Most of this project is concerned 
with the results of this research including mitigations and improved procedures for 
operation.  This chapter is concerned with corrosion in environments that are outside the 
piping and components.  While the environments inside the boundaries of nuclear plants 
are reasonably well defined and monitored, there is a class of environments that occurs 
outside these pipes and components.  Such environments are miscellaneous and result 
from impurities carried in the air, adventitious leaks, and animals including bacteria and 
fungi. 
 
Many commonly-used metallic materials are susceptible to localized and general 
corrosion when exposed to ambient, or external, conditions.  Typically such corrosion 
occurs only when the external surface of the material or component is cool enough that 
ambient moisture, or in unusual circumstances, potentially corrosive non-aqueous vapors, 
can condense on the surface.  For nuclear power plants the ambient external environment 
is assumed to be air, occasionally moist or wet and periodically contaminated with 
potentially corrosive species.  The most important, and common, of these contaminants is 
the chloride ion, present either as salts from the local environment (sea air, for instance) 
or as a contaminant leached from the immediate environment, such as insulation.  
Sometimes contaminants arrive via animal wastes and at other infrequent times bacteria 
and fungi produce corrosive metabolic products.  
 
In nuclear power plants, the most likely materials to be exposed to contaminated external 
environments are stainless steels (SS), usually austenitic stainless steels such as types 304 
and 316, and carbon steels. The austenitic stainless steels are susceptible to stress 
corrosion cracking (SCC and pitting in chloride-contaminated aqueous solutions. Carbon 
steels may sustain [RT: a quirk of mine to avoid human emotions to describe physical 
processes; do as you wish] pitting in such environments.  This Technical Supplement 
outlines the rationale behind judgments of susceptibility of nuclear power plant materials 
to contaminated external environments, predicted future behaviour of these materials, and 
mitigation and life management strategies to avoid significant degradation or failures. 
 
Factors Influencing Material Susceptibility in External Environments 
 
This discussion emphasizes the corrosion behavior (susceptibility factors) for austenitic 
stainless steels and carbon steels in nuclear power plant systems where components 
fabricated from these materials present their outside surfaces to environments that may 
cause external damage.  The knowledge bases underlying these susceptibility factors are 
discussed in the following sections.  Note that for austenitic alloys, and ferritic stainless 
steels also, containing more than about 20% Cr, the susceptibilities to such degradation is 
considerably less than that of the “18-8” Cr-Ni stainless steels, and commonly-used 
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nickel-base alloys such as Incoloy 800 or 825.  Thus a possible materials solution to 
under-deposit or marine corrosion could be selection of materials such as type 310 or 321 
SS, or use of “superalloys such as AL-6X, or a Hastelloy.  However this is usually not a 
cost-effective solution for most nuclear applications, other than for steam condensers 
exposed to seawater or brackish water. 
 
In the discussion that follows the modes of pitting and stress corrosion cracking are 
emphasized.  These modes are the most likely to lead to damage especially as pitting 
might also initiate SCC or corrosion fatigue.   
 
There are several different environments that can produce pitting and SCC.  These 
include deposits that accumulate and crevices that form and contacts between metals or 
metals and non-metals.  In addition bacteria and fungi can accumulate and through their 
metabolic processes can produce local corrosive conditions.  The action of these 
microbes is favored by moisture and oxygen as well as nutrients.  Finally, galvanic cells 
such as those as might occur with juxtaposed carbon and stainless steels.  While the three 
sometimes lead to the terms “crevice corrosion, microbiological corrosion (MIC), and 
galvanic corrosion, these terms are really incorrect and are simply different 
environmental configurations where pitting and SCC both can occur. 
 
With the configurations of crevices, MIC and galvanic juxtaposition, the chemistries that 
produce corrosion are acidic impurities in the atmosphere, salts such as chlorides from 
the ocean waters, the various chemistries of animal wastes, and acids from the 
metabolism of microbes.  Also, corrosive chemicals are sometimes leached from 
insulation, polymers, paints, and floor dirt 
 
Stress Corrosion Cracking: 
 
SCC of austenitic SS occurs in low temperature environments only if the material is 
subject to high stress, the surface is abused by grinding or by poor machining practice, is 
exposed to a corrosive environment, and if the material is sensitized, for instance by heat 
treatment such as that which occurs on welding.  Welding-induced residual stress is the 
most likely source of the high stresses necessary to initiate SCC, although fit-up stresses 
and other fabrication-related cold work ( cold bending, for example) are other examples.  
Thus welds and bends are locations most likely to be susceptible to SCC.  In the presence 
of chloride contamination (see below), the cracking usually takes the form of 
transgranular SCC (TGSCC). 
 
The corrosive environment responsible for most external ambient temperature is 
oxygenated water contaminated with chloride ions.  The usual temperature range of 
concern is from about 50°C (120°F) to about 100°C (212°F).  The upper temperature 
depends on the dew point of the environment; typically the surface must be wet at least 
part of the time for SCC to occur.  The source of the chloride is usually either ambient air 
or adjacent materials.  Marine coastal environments are those most commonly chloride-
contaminated, but nearby industrial sources may also occur if the power plant is situated 
near a large industrial complex that can emit chloride- or chlorine-contaminated air. Note 
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that external pipe surfaces routinely exposed to rain, or frequently washed down, are at 
little risk of TGSCC or pitting, even in marine environments, since the rain and washing 
will remove the soluble chlorides. 
 
Pipe insulation or polymeric materials such as tape are often contaminated with chloride, 
although the insulation sometimes contains a chemical inhibitor to reduce corrosion.  For 
SCC to occur under insulation, or some other chloride-containing material, the material 
surface must be wet and in intimate contact with the insulation.  Wet insulation is the 
worst case, since the insulation provides a crevice environment as well as a chloride-
contamination source, resulting in an increase in chloride concentration in the crevice 
with time.  As noted above, a crevice environment can build up with time, so SCC 
conditions may not develop for several years. 
 
SCC of carbon steels is unlikely to occur under these conditions but can possibly occur in 
the range of 100C if sufficient water and stress are available. 
 
Pitting 
 
Pitting of stainless steels occurs under the same conditions as noted above for SCC, with 
the important exception that pitting does not require high stresses or sensitized material.  
Thus pitting can develop anywhere on a stainless steel component exposed to chloride 
contamination in a crevice environment.  Austenitic SS with molybdenum additions (type 
316SS, for example) are more resistant to pitting than non-Mo stainless steels such as 
type 304SS. 
 
Pitting of carbon steels also can occur in external environments, although typically such 
pitting usually is associated with deposits or other crevices.  Otherwise, carbon steels 
usually exhibit general or uniform corrosion in the presence of wet chloride-contaminated 
external environments. 
 
Typical Occurrences of (TG) SCC and Pitting in Power Plants 
 
The most common occurrences of TGSCC or pitting of austenitic SS (primarily types 304 
and 316) are under wet insulation or where piping is exposed to marine air and deposits 
can build up.  Insulation can become wetted by water leakage from adjacent components, 
by washing or by soaking as a result of fire sprinkler action. Chlorides in the insulation 
leach out and deposit on the piping, eventually reaching concentrations sufficient to cause 
SCC (highly stressed areas, typically near joints/welds or at bends) or pitting.  Examples 
of this are SCC of instrument lines and other small diameter lines. 
 
Inspection and Remediation Strategies 
 
Inspection strategies require an assessment of which sections of piping are exposed to 
conditions which can promote SCC or pitting.  These locations are those which can be 
wetted and which are in contact with chloride-contaminated insulation or 
coatings/adhesives/tapes, or where deposits can build up and chloride contamination is 
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also present.  Typical areas at risk are in the temperature range 60°C to about 100°C.  
Visual inspection for water drips, wet areas on the pipe, deposits and rust stains are a first 
step required to focus any further inspection.  Where insulation or other coverings are 
present, these may need to be removed to allow an effective visual inspection.  If any 
welds, bends or other stressed areas show any visual evidence for possible corrosive 
conditions, non-destructive examinations (NDE) should be carried out.  Surface eddy 
current, ultrasonic inspection, magnetic particle, radiography or equivalent alternative 
and qualified procedures may be used for these inspections. 
 
Mitigation strategies center around preventing wetting of the pipe surface or any 
surrounding materials that might contain chlorides.  Most insulations contain corrosion 
inhibitors that are designed to prevent corrosion of adjacent contacted surfaces, but this 
needs to be verified for specific plants.  Much of the insulation in power plants is covered 
with metallic water-resistant jackets, and this is a good mitigation strategy, although it 
does interfere with any subsequent inspections.  For piping exposed to outdoor 
environments, the mitigation strategy is to keep the piping clean and free of deposits.  
This is of most concern in marine environments, or areas where chloride-contaminated 
deposits may build up.  Washing down such piping periodically is a good counter-
measure.  For piping that does not see high temperature internal fluids, coatings are a 
good corrosion prevention approach.  
 
As noted earlier, a possible remediation strategy is to use highly corrosion-resistant 
materials for components exposed to potentially corrosive external environments, rather 
than 18-8 stainless steels or carbon steels, but this is not normally a cost-effective 
solution compared to good maintenance practices.   
 
Life Management Issues 
 
Current industrial practice should include routine visual inspections for wetted, rust 
stained, or fouled areas of low temperature piping.  This would be an effective mitigation 
strategy for the longer term if accompanied by cleaning/washing and/or NDE as 
appropriate.  It is not clear if visual inspections are a routine practice at nuclear power 
plants; many incidents of TGSCC of low temperature piping are managed by repair 
following detection of a leak.  This is feasible because the low temperature piping 
sections or systems may be isolated and repaired on-line.   
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Figure B.3.1:  Cross-Section of OD-initiated transgranular cracking in a 
cold-worked stainless steel line. 
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B.4 Thermal Aging and Embrittlement of Cast Stainless Steels 
 
Introduction 
 
Cast stainless steels (CASS) are used for many components in Light Water Reactors including 
piping, elbows and T's, and particularly those components with complex shapes such as pump 
and valve bodies. They are not normally subject to high neutron fluxes although some CASS 
components on the edges of PWR cores may reach fast neutron fluences on the order of 1020 
n/cm2 at end of life (for 40 years initial licensing period).  
 
The most commonly used CASS materials are SA-351 grades CF-3, CF-3A, CF-8, CF-8A and 
CF-8M, the specifications of which are shown in Table B.4.1. They have a duplex (γ) austenite / 
δ ferrite microstructure and are susceptible to thermal aging embrittlement of the δ ferrite phase 
at typical PWR and BWR operating temperatures. The volume fraction of ferrite is typically 10 
to 20% but may attain 25%; only the lower limit is imposed by the ASME code. Stainless steel 
weld deposits, typically Type 308 and 309, have a similar duplex microstructure but with a lower 
volume fraction of ferrite typically in the range 5 to 10% and notably lower Cr contents.  
 
Embrittlement of the δ ferrite phase results in an increase in hardness and loss of ductility and of 
fracture toughness. The mechanisms of thermal aging have been extensively studied from the 
point of view of microstructural changes resulting in the formation of nanometer-scale 
embrittling phases. Predictive, albeit empirical, equations have been developed for the purpose 
of forecasting the deterioration in mechanical properties over typical reactor lifetimes. 
 
The purpose of this appendix is to provide a summary of current understanding of the thermal 
aging mechanism of CASS and the application of that knowledge currently proposed in the 
United States for predicting changes in mechanical properties and loss of fracture toughness in 
PWR and BWR components [1,2,3]. There are no known published studies of the stress 
corrosion resistance of these materials in the aged and embrittled condition when exposed to 
PWR or BWR primary coolants although there are some instances of stress corrosion cracks 
propagating into stainless steel weld metals in BWRs, apparently along the δ ferrite, after long 
periods of service. There are also no known published studies of the influence of these aqueous 
environments compared to air on fracture resistance. 
 
Mechanism of thermal aging 
 
Thermal aging embrittlement of CASS at temperatures below about 400°C arises primarily as a 
consequence of a thermally activated separation of chromium by diffusion in the Fe-Cr solid 
solution of the δ ferrite phase resulting in the formation of an iron rich α phase and a chromium 
rich α' phase. This process is called 'spinodal decomposition' and occurs mainly at the higher 
chromium contents greater than ~23% in the δ ferrite (for temperatures <400°C). The α' phase 
may also form by precipitate germination and growth, particularly at temperatures >400°C, but 
can also contribute at lower temperatures depending on the precise combination of chromium 
content and temperature e.g. <~26%Cr at 400°C and <~23%Cr at 300°C. The austenite phase of 
CASS is unaffected by thermal aging in the same temperature range.  
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The formation of α' during thermal aging can affect all Fe-Cr solid solutions with Cr contents in 
solution >10%. An "oscillation" in the resulting Cr distribution is observed by high resolution 
microscopic techniques with both "amplitude" and "wavelength" (measured in nanometers) 
increasing with aging time and temperature. The effect increases notably with the Cr and Mo 
content of the ferrite phase and consequently CF-8M is less resistant to aging than CF-8 or CF-3 
without Mo. The formation of embrittling α' phase from δ ferrite is enhanced by other alloying 
elements such as silicon which together with Cr and Mo can be represented by the chrome 
equivalent. The presence of the adjacent austenite phase in CASS appears to exert a detrimental 
influence relative to purely ferritic alloys of similar composition. 
 
Other precipitation phenomena occur in the δ ferrite phase and at the ferrite-austenite interfaces 
above about 350°C, particularly the formation of the fcc Ni,Si,Mo rich G phase which can reach 
up to 12% by volume in Mo containing CASS. Carbon also enhances G phase precipitation. 
Nevertheless, G phase does not appear to contribute significantly to hardening and loss of 
toughness. At higher temperatures between 400 and 500°C other intermetallic phases precipitate 
but to a much lesser extent than G phase. However, extensive carbide (and sometimes nitride) 
precipitation, particularly at austenite-ferrite interfaces, occurs in the Mo-free CASS. 
 
Although the microstructural evolution of CASS during thermal aging is fundamentally driven 
by solid-state diffusion processes, the complexity and changing nature of the phenomena with 
temperature is such that extrapolation over large temperature ranges using Arrhenius type 
relations is very difficult. Accelerated thermal aging for PWR and BWR applications is generally 
only carried out up to 400°C where hardening of the δ ferrite by α' formation is the predominant 
aging process. Even with this restriction, the apparent activation energy observed for changes in 
mechanical properties such as hardness and toughness (see next section) can be very variable and 
sometimes significantly below the activation energies of 210 to 260 kJ/mole associated with 
diffusion of metallic species, particularly Cr, in ferrite. 
 
Mechanical properties of thermally aged CASS 
 
The complexity of the microstructural changes associated with thermal aging of CASS gives rise 
to very strong material and heat dependencies for the extent and kinetics of evolution of 
mechanical properties. Consequently, very careful studies have been necessary to determine the 
range of temperature, composition etc for which mechanical properties data obtained from 
accelerated aging tests can be applied to service conditions. 
 
The overall degree of embrittlement depends strongly on the amount, composition and 
distribution of the ferrite phase. The increase in hardness and decrease of ductility of the ferrite 
phase due to thermal aging promotes premature cleavage in this phase that can extend 
preferentially through it if there is a continuous ferrite network. Even if the fracture path 
intersects the austenite, deformation induced martensitic transformation can allow the brittle 
fracture to extend beyond the embrittled ferrite. 
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The main parameter used for characterizing the evolution of mechanical properties due to 
thermal aging has been the Charpy impact energy. Measurements of tensile properties, hardness, 
microhardness of the ferrite phase and J-R fracture resistance curves have also been made. 
 
Thermal aging of CASS at BWR and PWR operating temperatures is characterized by an 
increase in hardness and tensile strength and a decrease in ductility, impact strength and 
toughness. In addition, the "brittle-ductile" transition temperature increases and the upper shelf 
decreases. Examples of Charpy impact energy measurements at room temperature on many heats 
of CASS are shown in Figure B.4.1. Although the dispersion in the results is large, all heats 
show a saturation of the aging effect (minimum plateau value of Charpy impact energy) that is 
independent of aging temperature, at least up to 400°C. The main trends in the data are with 
chemical composition, the plateau Charpy impact energy decreasing with increasing ferrite and 
chrome equivalent.  
 
The procedure adopted in the United States for estimating the toughness of CASS components in 
service is based on empirical equations relating Charpy impact energy to the chemical 
composition, notably Cr, Mo, Si and C (i.e. Creq), and time and temperature, including 
accelerated aging data at temperatures up to 400°C. The kinetics of aging are based on Arrhenius 
type correlations in which the apparent activation energy also depends on the concentrations of 
the aforementioned elements. The toughness (J0.2) and J-R curve are then estimated from 
empirically established correlations with the Charpy impact energy. Lower bound estimates of 
end-of-life toughness are made based only on the chemical composition and lower bound 
correlations if no further details of the microstructure are available. The procedure can be refined 
if the initial Charpy impact energy and/or ferrite content are known, for example by classifying 
the material into three groups defined for <10%, 10 to 15%, and >15% ferrite.  
 
The method proposed in the United States for screening CASS components for their potential 
susceptibility to thermal aging embrittlement is to divide all such components into six categories 
as shown in Table B.4.2. The indicated ferrite levels may be calculated or measured. All 
components identified as having a potentially significant reduction in fracture toughness due to 
thermal aging are then placed in an aging management program. A corollary of this classification 
is that no significant thermal aging is anticipated for stainless steel weld deposits. However, 
studies of the fracture properties of weld heat affected zones in aged CASS do not appear to have 
been published. 
 
It is important to note that there is significant variability internationally in approaches used to 
estimate the degradation in CASS toughness that can lead to differing judgments of the 
significance and extent of thermal aging embrittlement. In particular, the US approach eliminates 
from consideration all heats known or believed to contain niobium on the grounds that these are 
out of specification in the USA. The counter argument is that niobium precipitates as niobium 
carbide very quickly and in any case has no significant effect on toughness in either the as-
received or thermally aged condition. An even greater dispersion in possible toughness levels 
and a significantly reduced lower bound compared to that adopted in the US have been measured 
[1,4], i.e., significantly lower than the saturation room temperature impact energy of ~25 J/cm2 
seen in Figure B.4.1.  It is acknowledged, however, that the very low toughness heats in the 
international population of CASS heats is strongly influenced by heats from a particular foundry 
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that has not supplied the US market. Nevertheless, the range of ferrite contents and chrome 
equivalents are not considered to be unrepresentative of the range encountered in CASS used in 
US plants. 
 
Other possible degradation phenomena 
 
It is well known that fracture resistance can be affected by the environment in which the fracture 
events occur. For example, the fracture resistance of nickel base weld metals appears to be 
significantly reduced in a PWR primary water environment compared to air at temperatures 
below about 150°C, probably due to hydrogen embrittlement (See Topical Report N° 13). Given 
the nature of the embrittlement of the ferrite phase in CASS, it is reasonable to suppose that 
some effects of hydrogen embrittlement may also combine with thermal aging embrittlement in 
this case. However, there are no known published studies of the effects of aqueous environments 
on fracture resistance of CASS although certain electrochemical non-destructive tests proposed 
for the detection of thermal aging embrittlement of CASS depend on different dissolution 
response between aged and non-aged material. In oxidizing environments such as BWR normal 
(oxygenated) water chemistry, this could result in preferential dissolution/oxidation at the γ-
ferrite interface. Such differences would be less likely hydrogenated BWR hydrogen water 
chemistry or PWR primary water chemistry. 
 
An ancillary question to the one posed above concerns the stress corrosion / hydrogen 
embrittlement behavior of thermally aged CASS but again there are no known published studies 
other than the (unexpected) observations of stress corrosion cracks propagating into stainless 
steel weld metals mentioned in the Introduction. 
 
Some effort has been devoted to examining fatigue and corrosion fatigue S-N and fatigue crack 
propagation behavior of CASS. The corrosion fatigue data for de-oxygenated PWR 
environments appear to present similar environmental effects as wrought stainless steels. Given 
the unresolved controversy regarding how to incorporate such environmental effects in fatigue 
evaluations no further discussion is given here. The extent to which these corrosion fatigue 
studies extend to thermally aged material is not known. 
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Table B.4.1  ASME Specifications for CASS Grades Commonly Used in PWR and BWR 

 
  

CF-3 
 
CF-3A 

 
CF-8 

 
CF-8A 

 
CF-8M 

Carbon %max 0.03 0.03 0.08 0.08 0.08 

Manganese %max 1.50 1.50 1.50 1.50 1.50 

Silicon %max 2.00 2.00 2.00 2.00 1.50 

Sulfur %max 0.040 0.040 0.040 0.040 0.040 

Phosphorus %max 0.040 0.040 0.040 0.040 0.040 

Chromium 17.0-
21.0 

17.0-21.0 18.0-21.0 18.0-21.0 18.0-21.0 

Nickel 8.0-12.0 8.0-12.0 8.0-11.0 8.0-11.0 9.0-12.0 

Molybdenum 
%max 

0.50 0.50 0.50 0.50 2.0-3.0 

Tensile strength 
Min Ksi (MPa) 

70 (485) 77 (530) 70 (485) 77 (530) 70 (485) 

Yield strength 
Min Ksi (MPa) 

30 (205) 35 (240) 30 (205) 35 (240) 30 (205) 

Elongation  
Min % 

35.0 35.0 35.0 35.0 30.0 

 
 
 

Table B.4.2  Proposed Thermal Aging Screening Criteria in EPRI TR 106092 
 

Mo Content 
(Wt. %) Casting Method Ferrite 

Content Significance of Thermal Aging 

High 
(2.0 – 3.0 Static All Potentially significant 

 Centrifugal >20% Potentially significant 
  œ 20% Non-significant 

Low 
(0.50 max.) Static > 20% Potentially significant 

  œ20% Non-significant 
 Centrifugal All Non-significant 
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Figure B.4.1  Decrease in Charpy impact energy for various heats of cast stainless steels 
aged at 400°C (2). 
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B.4 SCC of Alloy 600 and Alloy 182, 132, 82 Weldments in BWR Water 
 
[To be done later] 
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B. 6 SCC of Alloys 600, 690, 182, 82, 152 and 52 in PWR Primary Water 
 

Introduction 
 
Nickel base alloys are attractive for PWR primary circuit components because of the 
close similarity of their coefficients of thermal expansion to that of the low alloy steels 
used to fabricate the reactor pressure vessel, pressurizer and steam generator shells, as 
well as their low general corrosion and corrosion product release rates in PWR primary 
and secondary water. A list of PWR components where Alloys 600 and 690 and their 
compatible weld metals are used in PWRs is given in Table B.6.1. Typical compositions 
are shown in Table B.6.2. 
 

Table B.6.1  PWR Components Fabricated from Nickel Base Alloys 
 

PWR components  Nickel base alloy grades used 
Steam generator tubes 
Steam generator divider plates 
Upper head penetrations 
Lower head penetrations 
Core supports 
Pressurizer nozzles 
Safe ends 
Weld metal deposits 

Alloys 600 MA & TT, 690TT (& 800) 
Alloys 600 & 690 
Alloys 600 & 690  
Alloy 600                                  
Alloy 600 
Alloys 600 & 690 
Alloy 600 
Alloys 82, 182, 52 & 152 

 
 
The susceptibility of Alloy 600 to Intergranular Stress Corrosion Cracking (IGSCC) in 
high temperature water was first revealed in laboratory testing in 1959 and then in 
operational service in PWR primary water from the early 1970s.  IGSCC following 
exposure to the primary side environment is today commonly referred to in the industry 
as Primary Water Stress Corrosion Cracking (PWSCC).[1,2]  Initially, highly cold worked 
components were affected such as tight U-bends in steam generator tubes and rolled or 
explosively expanded, cold-worked transitions in diameter of the tubes within the tube 
sheet [3]. This then became a major cause of steam generator tube cracking in the 1980s, 
and later, premature steam generator retirement and replacement. PWSCC of pressurizer 
nozzles and control rod drive mechanism (CRDM) nozzles in the upper heads of PWR 
reactor pressure vessels followed in the late 1980’s and has continued for over a decade 
[4,5]. CRDM nozzle cracking appeared first in French PWRs in 1991 but was not widely 
observed elsewhere until the last five years or so. 
 
Apparently interdendritic, but in fact intergranular, stress corrosion cracking (along 
dendrite “packet” boundaries) of the weld metals Alloys 182 and 82, the former having a 
composition similar to Alloy 600 (Table B.6.2), has also been observed in recent years in 
major primary circuit welds of several plants, often after very long periods in service 
ranging between 17 and 27 years [4,5].  
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A more detailed description of PWSCC observed in each type of nickel alloy PWR 
component and the phenomenology of PWSCC in various nickel base alloys is 
summarized below. A brief description of the methodologies developed to predict and 
mitigate cracking until, as is often the case, replacement becomes unavoidable, is also 
given. When Alloy 600 components are replaced, it is usually by Alloy 690 and its 
compatible weld metals, Alloys 152 and 52, which have so far proved resistant to 
PWSCC both in severe laboratory tests and, to date, after up to 16 years in service.  Alloy 
800 steam generator tubes have also proved resistant to PWSCC without any known 
cracking in primary water service. 
 

Table B.6.2  Some Composition Specifications for Nickel Base Alloys Used in 
PWRs 

 
 Alloy 600 Alloy 182 Alloy 82 Alloy 690 Alloy 152 Alloy 52 

Nickel >72.0 Bal. Bal. >58.0 Bal. Bal. 

Chromium 14-17 13-17 18-22 28-31 28-31.5 28-31.5 

Iron 6-10 ≤10.0 ≤3.00 7-11 8-12 8-12 

Titanium  ≤1.0 ≤0.75  ≤0.50 ≤1.0 

Aluminum      ≤1.10 

Niobium plus 
Tantalum 

 1.0-2.5 2.0-3.0  1.2-2.2 ≤0.10 

Molybdenum     ≤0.50 ≤0.05 

Carbon ≤0.05 ≤0.10 ≤0.10 ≤0.04 ≤0.045 ≤0.040 

Manganese ≤1.0 5.0-9.5 2.5-3.5 ≤0.50 ≤5.0 ≤1.0 

Sulfur ≤0.015 ≤0.015 ≤0.015 ≤0.015 ≤0.008 ≤0.008 

Phosphorus  ≤0.030 ≤0.030  ≤0.020 ≤0.020 

Silicon ≤0.5 ≤1.0 ≤0.50 ≤0.50 ≤0.65 ≤0.50 

Copper ≤0.5 ≤0.50 ≤0.50 ≤0.5 ≤0.50 ≤0.30 

Cobalt ≤0.10 ≤0.12 ≤0.10 ≤0.10 ≤0.020 ≤0.020 

 
Alloy 600 steam generator tubes  

Most PWR steam generators are of the ‘recirculating’ type although some are ‘once-
through’ where all the secondary water entering the steam generator is transformed into 
steam. Most in-service PWSCC has occurred in recirculating steam generators. An 
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important difference between the two from the point of view of PWSCC is that the once-
through steam generators were subjected to a pre-service stress relief of the whole steam 
generator at a temperature of about 610 °C (1130 °F). In addition to provoking grain 
boundary carbide precipitation in Alloy 600, some grain boundary chromium depletion 
(sensitization) also occurred. The lower strength and grain boundary carbide precipitation 
in once-through steam generators tubes has proved to be advantageous for resistance to 
PWSCC on the primary side, despite the sensitization, although even these steam 
generators are now being steadily replaced after typically 20 to 25 years service [6]. In one 
case, however, an accidental ingress of thiosulfate into the once-through steam generators 
led (predictably) to extensive intergranular attack (IGA) of the sensitized tubes. 
 
PWSCC of Alloy 600 steam generator tubing in the mill annealed (MA) condition 
became a major degradation mechanism from the 1970s onwards for recirculating steam 
generators [7]. In 1971, the first confirmed primary side cracking of mill annealed Alloy 
600 tubes of recirculating steam generators occurred when leakage at U-bends was 
experienced in the Obrigheim steam generators after only 2 years of operation [2]. 
Cracking occurred both in the tight U-bends, mainly on the inner two rows at the apex 
and at the tangent points as well as in the tube sheet at the transition expansion or roll 
expansion regions of the tubes. The latter has been responsible for premature steam 
generator replacement at a number of plants.  
 
The first roll transitions experiencing PWSCC were located on the hot leg side where the 
temperature is typically around 320 °C (610 °F) and is 30 to 40 °C (55 to 70 °F) hotter 
than the cold leg inlet at 280 °C (535 °F). Thus, it was clear that temperature had a 
significant influence on PWSCC, indicating a strongly thermally activated process. The 
apparent activation energy from fitting the temperature dependence to the Arrhenius 
equation is rather high (~ 180 kJ/mole) so that a typical temperature difference of 30 °C 
(55 °F) between hot and cold legs could easily account for a factor of four to five increase 
in the time to the onset of detectable cracking. Thus, reduction of hot leg temperature has 
been one possible mitigating action that has been used. Hot leg temperature reductions 
from 4 to even 10 °C have been applied.  
 
The magnitude of the tensile stresses, particularly residual stress from fabrication, has 
also had a major impact on the time for detectable PWSCC to develop; only the most 
highly strained regions of steam generator tubing (that is, row-one and two U-bends, roll 
transition regions, expanded regions, and dented areas) have exhibited PWSCC. 
Consequently, several stress mitigation techniques have been evolved such as local stress 
relief of first and second row U-bends by resistance or induction heating, and shot 
peening or rotopeening to induce compressive stresses on the internal surface of roll 
transitions [8,9]. While peening helps to prevent initiation of new cracks, it cannot prevent 
the growth of existing cracks whose depth is greater than that of the induced compressive 
layer, typically 100 to 200 µm. Thus, peening has been most effective when most tubes 
have either no cracks or only very small ones, i.e. when practiced before service or very 
early in life [9,10].  
 



PMDA PIRT Report – Appendix B.6 
March 2005 

Material susceptibility, in combination with the factors mentioned above, is also a major 
factor affecting the occurrence of PWSCC in service. Most PWSCC has occurred in mill 
annealed tubing. However, it is important to emphasize that there is not a single product 
called "mill-annealed" Alloy 600 tubing since each tubing manufacturer has employed 
different production processes. Whereas some mill-annealed tubing has not experienced 
any PWSCC over extended periods of operation, in other cases it has occurred after only 
1 to 2 years of service, particularly at roll transitions. This variability of PWSCC 
susceptibility is even seen between heats from the same manufacturer in the same steam 
generator [11]. The variation in susceptibility to PWSCC of the heats of Alloy 600 
typically fits approximately a lognormal distribution so that a rather small fraction of 
Alloy 600 heats may be responsible for a disproportionately high number of tubes 
affected by primary side PWSCC. The reasons for such variability are only partly 
understood. 
 
This microstructural aspect of susceptibility to PWSCC has been observed to be strongly 
affected by the final mill-annealing temperature, which determines whether carbide 
precipitation occurs predominantly on grain boundaries or intragranularly. The most 
susceptible microstructures are those produced by low mill-annealing temperatures, 
typically around 980 °C (1800 °F ) that develop fine grain sizes (ASTM 9 to 11), copious 
quantities of intragranular carbides, and, usually, few if any intergranular carbides [12,13]. 
Higher mill annealing temperatures in the range of 1040 to 1070 °C (1900 to 1960 °F) 
avoid undue grain growth and leave enough dissolved carbon so that intergranular 
carbide precipitation occurs more readily during cooling.  
 
A further development to exploit the apparent advantages of grain boundary carbides for 
PWSCC resistance was to thermally treat the tubing for ~15 h at 705 °C (1300 °F) after 
mill annealing.  This both increases the density of intergranular carbides in the grain 
boundary and provides enough time so that most of the carbon in solution is consumed, 
and the chromium can diffuse to eliminate its depletion profile and thus avoid 
sensitization [13]. The beneficial influence of grain boundary chromium carbides on 
primary side PWSCC resistance has been extensively evaluated in laboratory studies and 
suggests an improvement in life of thermally treated tubing of between 2 and 5 times 
relative to the mill annealed condition. In fact, primary side PWSCC resistance is 
improved with or without grain boundary chromium depletion, as also deduced from the 
generally much better operating experience of Alloy 600 tubing of once-through steam 
generators [6,12,13]. However, even thermally treated Alloy 600 tubing has cracked in 
service, although much less frequently than mill annealed Alloy 600. This has usually 
been attributed to a failure of the thermal treatment to produce the desired intergranular 
carbide microstructure either due to insufficient carbon or factors such as tube 
straightening prior to thermal treatment, which has favored carbide precipitation on 
dislocations instead of grain boundaries.  
 
Steam generator tubes with PWSCC detectable by non-destructive testing have usually 
been preventively plugged either to avoid leakage or before the crack length reaches 
some pre-defined conservative fraction of the critical size for ductile rupture. Sleeving 
has sometimes been deployed as a repair method in operating PWRs to avoid plugging 
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and maintain the affected tubes in service. The sleeves bridge the damaged area and are 
attached to sound material beyond the damage. The ends of the sleeves may be expanded 
hydraulically or explosively and are in most cases sealed by rolling, welding, or brazing 
[3]. 
  
Modern (usually replacement) steam generators have been fabricated using Alloy 690 
tubes thermally treated for 5 hours at 715 °C. As well as being highly resistant in severe 
laboratory tests to PWSCC in PWR primary water compared to either mill annealed or 
thermally treated Alloy 600, the lead steam generators with thermally treated Alloy 690 
tube bundles have, to date, about 16 years of service with no known tube failures. 
 
Thick section Alloy 600 components 
 
Thick section, forged, Alloy 600 components started to crack in the mid 1980’s starting 
with the hottest components, pressurizer nozzles [11,14]. In France, for example, all 
pressurizer nozzles were replaced with stainless steel. In 1991, the first cracking of Alloy 
600 upper head Control Rod Drive Mechanism (CRDM) nozzles occurred at the Bugey 3 
plant in France. At first, it was thought that this could be a special case because of the 
combination of a stress concentration due to a counter bore in the nozzles just below the 
level of the J-groove seal weld with the upper head, as well as a relatively high operating 
temperature that was believed to be closer to that of the hot leg in this first generation 
French plant. However, the problem spread during the 1990’s to CRDM nozzles in other 
plants with no counter bore, nor with a tapered lower section to the CRDM nozzle, and in 
upper heads where the temperature was the same as the inlet cold leg temperature [15,16].  
 
Three common features of the cracking of upper head CRDM nozzles were the presence 
of a significant cold worked layer due to machining or grinding on the internal bore, 
some distortion or ovalization induced by the fabrication of the J-groove seal welds, and 
a tendency to occur much more frequently in the outer set-up circles where the angles 
between the vertical CRDM nozzle and the domed upper head were greatest. The 
combination of these three features plus the fact that the upper head is stress relieved 
before the CRDM nozzles are welded in place pointed to high residual stresses being 
responsible for these premature failures. 
 
Although the generic problem of Alloy 600 CRDM nozzle cracking first appeared in 
France, only sporadic instances of similar cracking were observed in other countries until 
the beginning of the 21st century, since when numerous other incidents have been 
reported. In some cases, where cracking was allowed to develop to the point of leaking 
primary water into the crevice between the CRDM nozzle and the upper head, 
circumferential cracks initiated on the outer surface of the CRDM nozzle at the root of 
the J-groove seal weld [17]. This latter observation had also been made in 1991 at Bugey 3 
but only to a minor extent. No further leaks of primary water due to CRDM nozzle 
cracking have occurred in France because of an inspection regime adopted to avoid them 
and a decision taken to replace all upper heads using thermally treated Alloy 690 CRDM 
nozzles [15,16]. The same strategy has often been adopted elsewhere as more economic 
than the cost of repairs and repeat inspections. The dangers of allowing primary water 
leaks to continue over several years so that extensive boric acid deposits accumulated 
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was amply demonstrated by the discovery of very severe corrosion (wastage) of the low 
alloy steel of the upper head at the Davis Besse plant in 2002 [5,17]. 
 
Nickel base weld metals 
 
The history of PWSCC in Alloy 600 and similar nickel base alloys has continued in 
recent years with the discovery of cracked Alloy 182 welds in several PWRs around the 
world [17,18]. This has occurred on the primary water side of the J-groove welds that seal 
the CRDM nozzles in the upper head and also in a few cases in the safe end welds of the 
reactor pressure vessel or pressurizer. One case has also occurred in the J-weld of a lower 
head instrumentation penetration [19]. Cracking seems to be significantly exacerbated by 
the presence of weld defects and of weld repairs made during fabrication, usually to 
eliminate indications due to hot cracking, or slag inclusions, thus again implicating high 
residual stress in the failures observed to date. The cracking has often been described as 
interdendritic but recent work shows that it is in fact intergranular [20]. Incubation periods 
before detectable cracking seem to be very long, of the order of twenty years. 
 
It should be noted that all the nickel base weld metal cracking observed to date has 
concerned welds that have not experienced the stress relief given to adjacent low alloy 
steel pressure vessel components [18]. Although the stress relief temperature is clearly not 
optimized for nickel base alloys (or stainless steels), it has been shown on mockups that 
the surface residual stress of the welds is very significantly reduced and doubtless imparts 
greater resistance to PWSCC in PWR primary water. 
 
Life prediction 
 
In spite of the improvements available for new plants or for replacement components 
equipped with Alloy 690 and welded with Alloys 52 or 152, many Alloy 600 
components, either mill annealed, thermally treated or forged remain in service. While 
most show no sign of cracking in service, it is important to assess component life and 
endeavor to predict when replacement may become necessary. Prediction methodologies 
were first developed for steam generator tubes and later extended to pressurizers and 
upper head CRDM penetrations. Both deterministic and probabilistic methods have been 
developed [21,22]. 
 
Modeling of Alloy 600 component life is often based on the assumption that the time to 
detectable cracking varies as the inverse fourth power of the stress (including residual 
stress) above a threshold stress of ~250 MPa with a temperature dependency 
approximated by the Arrhenius equation. Despite the scatter observed in determinations 
of apparent activation energy, there is a reasonable consensus that a value of 180 kJ/mole 
(44 kcal/mole) is adequate for component life estimations. Some approaches to modeling 
also attempt to include material variability in susceptibility to PWSCC [22,23,24,25]. 
However, in the case of classification of the susceptibility of CRDM nozzle cracking in 
US PWRs this aspect has not been taken into account [17]. Nevertheless, as can be seen in 
Figure B.6.1, the plants most at risk from PWSCC of Alloy 600 CRDM nozzles have 
been correctly identified. 
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Figure B.6.1  Equivalent damage years for the upper head CRDM nozzles of 
US PWRs in September 2002 [17] 

 
Application of the Weibull distribution to quantify the dispersion in stress corrosion data 
is well established and has been successfully applied to PWSCC in Alloy 600 steam 
generator tubes and upper head penetrations [21,22]. The dispersion in times to observe 
detectable cracks arises from the inherent variability in susceptibility of materials to 
stress corrosion cracking and, in the case of plant components, to uncertainty in the stress 
and temperature. The Weibull distribution can be fitted to the early observations of 
PWSCC as a function of operating time and provides a very effective tool for predicting 
the future development of cracking so that informed inspection and repair plans can be 
formulated [21]. An alternative Monte Carlo simulation approach to improving the 
stochastic prediction of PWSCC has also been developed in the context of upper head 
penetration cracking taking into account the inherent dispersion in the input parameters of 
stress, temperature, activation energy and material susceptibility [22,23,24,25].  
 
Another parameter that can have a dramatic influence on component susceptibility to 
cracking in service is the quality of the surface finish due to machining, grinding etc. 
Based on careful characterizations of the thicknesses of cold worked layers and residual 
stresses left by different machining techniques, a quantitative framework for assessing 
their impact on component resistance to PWSCC has been developed [14,23,24,25]. 
 
Once a stress corrosion crack has been detected by non-destructive examination in a 
PWR primary circuit component, an essential step in the justification of structural 
integrity and further operation without repair or replacement of the affected component is 
an assessment of crack growth during the next few operating cycles. Practical approaches 
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to assessing crack growth by PWSCC in Alloy 600 components have relied on empirical 
measurements of crack growth rates as a function of crack tip stress intensity, KI, , as 
follows [26,27]: 
 

   ( ) ( )mMPainKKC
dt
da

I
n

I 9. −=    

  
The values of the coefficients C and n vary for given practical circumstances, but there is 
a reasonable consensus that the apparent activation energy to be used for adjusting the 
coefficient C for temperature is ~130 kJ/mole, which is somewhat lower than the value 
quoted above for overall life prediction, where time to crack initiation usually dominates.  
 
Other variables that are known to influence the rate of crack growth in Alloy 600 are cold 
work, hydrogen overpressure and possibly pH or lithium hydroxide concentration. Cold 
work can easily affect the value of the coefficient C by as much as an order of magnitude. 
Hydrogen overpressure effects are also potentially significant [28]. However, the effect has 
not been explicitly included in crack growth assessment equations to date, probably 
because the hydrogen concentration in PWR primary water is controlled within a 
relatively narrow range. Concerning the possible influence of pH or lithium concentration 
in PWR primary water on crack growth kinetics, the effect is, at most, small within the 
range of pH or lithium concentrations permitted by the PWR primary water specification 
[11,22].  More recent work suggests that the effect of lithium within this range is virtually 
non-existent [29]. 
 
Summary of laboratory investigations 

As early as 1957, laboratory studies of cracking of high-nickel alloys in high-purity water 
at 350 °C (660 °F) were reported [1,5] although at that time the importance of the 
corrosion potential as fixed by the hydrogen partial pressure was not understood. During 
the following years, numerous laboratory tests were performed in different environments 
to duplicate and explain these observations. Nevertheless, despite considerable 
experimental efforts, no consensus exists as to the nature of the cracking mechanism [29] 
and, as noted above, both remedial measures and life modeling have relied on empirical, 
phenomenological correlations. The essential phenomenological features of primary 
water PWSCC of Alloy 600 have, nevertheless, been very well characterized, as follows: 
 

• a profound influence of hydrogen partial pressure (or corrosion potential) and 
observation of maximum susceptibility centered on corrosion potentials near 
the Ni/NiO stability equilibrium;  

• an apparently continuous mechanism of failure between 300°C sub-cooled 
water and  400°C superheated steam;  

• a high and variable apparent activation energy typically 180 kJ/mole for 
initiation but with a scatter band of 80 to 220 kJ/mole; 

• a strong influence of carbon content and microstructure, particularly a 
favorable influence of grain boundary carbides and an undesirable effect of 
cold work;  



PMDA PIRT Report – Appendix B.6 
March 2005 

• a high stress exponent of ≈ 4 for lifetime to failure.  
 
It can be noted that despite differing opinions about the mechanism of PWSCC of Alloy 
600, most recent models incorporate the idea that solid state grain boundary diffusion is 
rate controlling [30]. Such models provide physically based support for the empirical value 
of the activation energy, which is typical of solid-state grain boundary diffusion in nickel. 
Physical support for the fourth power dependency on applied stress comes mainly from 
studies of grain boundary sliding (itself dependent on grain boundary diffusion) observed 
during primary creep in Alloy 600 at temperatures between 325 and 360°C [23,31]. Grain 
boundary sliding rates are also observed to depend on grain boundary carbide coverage, 
greater coverage being associated with slower grain boundary sliding rates and higher 
resistance to PWSCC. However, although grain boundary carbide morphology is a major 
reason for heat-to-heat variability in susceptibility to PWSCC of Alloy 600 in PWR 
primary water, it is clear that other metallurgical parameters, albeit poorly characterized 
or unidentified, must be involved. 
 
Research into PWSCC, particularly of thick-walled components made of Alloy 600 and 
its weld metals, is ongoing throughout the world and significant progress, both in 
practical assessment of service life and mitigation measures, as well as in more 
fundamental understanding, is anticipated within the next few years. 
 
Alloy 690 has been extensively tested in the laboratory in order to quantify its resistance 
to PWSCC and to estimate the advantage gained relative to Alloy 600 (32). The 
improvement factor for thermally treated Alloy 690 relative to mill annealed Alloy 600 
has been determined to be greater than 26, and greater than 13 relative to thermally 
treated Alloy 600. These factors have been judged to be sufficient to conclude that failure 
is unlikely in 60+ years. The corresponding weld metals, Alloys 152 and 52, have also 
been tested although to a lesser extent than the base material but nevertheless appear to 
have similar resistance to Alloy 690. 
 
Some knowledge gaps have been identified apart from an insufficient data base for Alloy 
152 and 52 weld metals mentioned above (32). One important gap concerns possible 
effects of product form and subtle changes of composition and mechanical processing 
effects on PWSCC resistance since it has proved possible to produce structures that can 
crack under extremely severe test conditions. A potential concern for susceptibility of 
weld heat affected zones has also been identified by analogy with known data for Alloy 
600 and this could also be extended to the mixing zones with stainless and low alloy 
steels in bimetallic welds. Little information is available on corrosion fatigue properties 
of Alloy 690 although these are expected to be similar to those of Alloy 600. Possible 
low temperature crack propagation during transient conditions encountered during plant 
cooldown has also been identified as requiring some study. 
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B.7 Corrosion of Steam Generator Tubes 
 
1.0 Introduction 
 
The objective of this topical report is to describe the corrosion of tubing materials used in PWR 
steam generators of LWRs.  This tubing includes Alloys 600MA, 600TT, 690TT and 800.  The 
corrosion behavior of these materials has been discussed comprehensively by Staehle and 
Gorman.1  This present report emphasizes mainly the initiation stage of SCC since SG tubes are 
relatively thin compared to thicker sections in pipes and various instrument and control rod 
housings.  Some information on SCC propagation is included. 
 
This discussion considers the development and application of Alloy 600MA, Alloy 600TT, Alloy 
690TT and Alloy 800, together with the modes of corrosion they sustain and some of the 
principal dependencies of these modes of corrosion. 
 
The terminology of MA (mill-annealed) and TT (thermal treatment) is used in this discussion.  
MA for Alloy 600 is heat treated at about 1000˚C and for Alloy 690 at about 1070˚C.  TT for 
Alloy 600 is heat treated at 700˚C for 15 hours and for Alloy 690 at 716˚C for 10 hours.  A slight 
variation for MA is given by LTMA (low temperature mill-annealed) and HTMA (high 
temperature mill-annealed).  LTMA is heat treated at 985˚C and HTMA at 1010˚C. 
 
The earliest tubing used in steam generators was the Type 304 stainless steel in the Shippingport 
plant2 and noted in Scharfstein et al.3,4 However, even with the horizontal steam generators used 
in this application, chlorides and caustic were concentrated at the tube supports and tubesheets 
thereby producing SCC.  In 1962 the Navy program decided to use Alloy 600MA in steam 
generators, and the subsequent evolution of the use of alloys in LWRs is shown in Figure B.7.1.1  
The Russian designed VVERs followed a different path, continuing to use horizontal austenitic 
stainless steel tubes terminating at vertical cylindrical collectors.  On the whole, these have been 
reliable in service. 
 
The alloys used for steam generator tubing are nominally single phase with a face centered cubic 
structure, usually called an “austenitic structure,” as shown in the ternary diagram of Figure 
B.7.2.5  Chemical compositions of the alloys for SG tubing and for tube supports are given in 
Table B.7.1. 
 
The choice of the high nickel alloys for replacing the stainless steels for SG tubing was based 
essentially on the work of Copson and Cheng,6 who had studied the effect of nickel on the SCC 
of Fe-Cr-Ni alloys in boiling MgCl2 solutions as shown in Figure B.7.3a.  This work showed that 
the alloys with nickel concentration exceeding about 40w/o would resist  



 

 
 

Figure B.7.1 Service and laboratory experience with LPSCC and IGSCC vs. time.  
Industry response to these experiences vs. time.  From Staehle and 

Gorman.1 
 

SCC in the concentrated MgCl2 solutions.  By implication, and assuming that the boiling MgCl2 
solutions represented characteristically aggressive solutions generated from seawater or estuarine 
water ingress at leaking condensers, these results suggested that the high nickel alloys would 
resist a broad range of stress corrosion cracking.  Figure B.7.3b from Berge and Donati7 shows 
results from SCC testing of Alloy 600MA in a boric acid solution containing chloride at 100°C; 
the extensive transgranular SCC in Alloy 600 shows that the assumption of aggressiveness of the 
MgCl2 solutions was not correct. 



 

 
 

Figure B.7.2 Alloys of interest to steam generators superimposed on an Fe-Cr-Ni 
ternary diagram for 400°C.  Fe-Cr-Ni diagram from Pugh and Nisbet.5 

 
Table B.7.1 

Composition of Alloys Used in Tubing and Tube Supports 
(maximum w/o, except where noted.) 

 

Elem. Type
304[A]

C

Mn

P

S

Si

Cr

Ni

Mo

Fe

Cu

Co

Al

Ti

Other

Type
316[A]

Alloy 600
EPRI

Guidelines
[B]

Alloy
800

Nuclear
Grade[D]

Carbon
Steel

ASTM
A285

Gr C[A]

Type
405

ASME
SA479[A]

Type
409[A]

Type
410

ASME
SA479[A]

0.08

2.00

0.045

0.03

1.00

18-20

8.0-10.5

-

Bal.

-

-

-

-

-

0.08

2.00

0.045

0.03

1.00

16-18

10-14

2.0-3.0

Bal.

-

-

-

-

-

0.025-0.05

1.00 max.

0.015

0.010 max.

0.50 max.

15.0-17.0

>72

-

6.0-10.0

0.50 max.

0.015 ave.

-

-

-

0.015-0.025

0.50

0.015

0.003

0.50

28.5-31.0

Bal. (>58)

0.2

9.0-11.0

0.10

0.014

0.40

0.40

0.03

0.4-1.0

0.020

0.015

0.3-0.7

20-23

32-35

-

Bal.

0.75

0.10

0.15-0.45

0.60

0.28

0.90

0.035

0.035

-

-

-

-

-

-

-

-

-

-

0.15

1.00

0.040

0.030

0.50

11.5-13.0

-

-

Bal.

-

-

-

-

-

0.08

1.00

0.045

0.045

1.00

10.5-11.75

0.50

-

Bal.

-

-

-

6xC-0.75

-

0.15

1.00

0.040

0.030

1.00

11.5-13.5

-

-

Bal.

-

-

-

-

-
Ti/C≥12

Ti/(C+N)≥8
N≥0.03

N = 0.050
B = 0.005
Nb = 0.1

Alloy 690
EPRI

Guidelines
[C]

 
 

[A] From ASM Handbook.8 
[B] From EPRI.9 
[C] From Gorman.10 
[D] From Stellwag et al.11 



 

 
 

Figure B.7.3 (a) Breaking time vs. Ni in w/o for Fe-20Cr-Ni alloys exposed to 42% 
boiling MgCl2. pH of solution is about 4.1. From Copson and Cheng.6  (b) 

Photomicrograph of Alloy 600MA exposed at 100°C in a solution 
containing 50 g/l boron as boric acid and 2 g/l Cl-. pH of solution is 2.0 to 

2.3. U-bend specimen examined after 800h. From Berge and Donati.7 
 
At about the same time as Copson and Cheng had published the work in Figure B.7.3a, Coriou at 
al. published their work on the SCC of high nickel alloys which were exposed to 100˚C pure 
water.12  This 1959 paper, together with subsequent ones, showed conclusively that Alloy 600 
would sustain SCC in pure deaerated water.  Coriou et al.13 then published a schematic view 
shown in Figure B.7.4 indicating that the SCC in pure deaerated water was most aggressive in 
high nickel alloys while the SCC in chloride solutions was most aggressive in low nickel alloys 
following Figure B.7.3 from Copson and Cheng.  This figure indicated that an optimum material 
would be in the mid-range of nickel concentration.  This observation was the basis for choosing 
Alloy 800 for some SG tubing as well as indicating that the Alloy 690 composition, to be 
developed later, would be attractive. 
 
In summary, the chronology of corrosion of tubing in PWR steam generators has been dominated 
by extensive SCC on both the inside and outside of the Alloy 600 tubes.  The application of 
improved alloys has responded to this corrosion first with Alloy 600TT and then with Alloy 
690TT as shown in Figure B.7.5.  Today, Alloy 690TT is increasingly used for replacement 
steam generators because of its improved corrosion resistance; although it should be noted, as 
shown in Section 4.0, that Alloy 690TT is not immune to SCC.  In addition, Alloy 800 has given 
excellent service as predicted by Coriou et al.13 in Figure B.7.4, in SGs designed by AECL, 
Sandvik and Siemens. 
 



 

 
 

Figure B.7.4 Schematic view of SCC intensity vs. Ni concentration for Fe-Cr-Ni alloys 
in high temperature water for pure deaerated water and chloride-

containing water.   Important commercial alloys noted. From Coriou et 
al.13 

 
 

 
Figure B.7.5 Number of U.S. steam generators with various alloy tubing as of May 

2000.  First plant to use the alloy and start dates noted.  Private 
communication from P. Scott, Framatome and Al McIlree, EPRI.  Note 

that Alloy 800 continues to exhibit excellent performance in international 
applications. 

 



 

 
 

Figure B.7.6 Schematic view of principal location of SCC damage.  SCC from the 
primary side is mostly stress-related and from the secondary side is mostly 

chemistry related. 
 

Corrosion of Alloy 600 steam generator tubes has occurred both on the inside surface (IDSCC) 
as well as the outside surface (ODSCC) as shown in Figure B.7.6.  On the inside primary 
surfaces, SCC has occurred mainly at locations of relatively high stresses and high temperatures.  
These high stresses occur at the tubesheet where the tubes are expanded and at the U-bends, 
especially the inner U-bends where the radii of curvature are the smallest.  SCC on the primary 
side also occurred during the slow straining associated with “denting.”  On the outside surfaces, 
SCC has occurred mainly on surfaces inside heat transfer crevices both at the top of the tubesheet 
and at tube supports.  This corrosion has occurred again mainly at the hottest locations along the 



 

tubes; although the stresses at these locations, except at the top of the tubesheet, were nominal 
being associated with pressure forces and residual stresses due to fabrication of the tubes. 
 
Much of the corrosion that has occurred in the Alloy 600 tubing of SGs has resulted from 
erroneous assumptions: 
 

•  Assumption that Copson and Cheng’s data, Figure B.7.3, were correct as were 
the implications for adequate performance in other environments. 

 
•  Assumption that the Coriou et al. data were not applicable and erroneous. 
 
•  Assumption that water chemistry that worked in fossil systems would work on 

the secondary side of PWR SGs. 
 
•  Assumption that significant fouling and hence corrosive concentrations would 

not occur in drilled hole heat transfer crevices. 
 
•  Assumption that residual stresses in expanded regions and in straight tubes were 

not sufficient to produce SCC. 
 
Figure B.7.7 shows the chronology for the replacement of SGs. These replacements resulted 
from the corrosion failures associated with these erroneous assumptions. 
 

 
 

Figure B.7.7  Fraction of replaced or shutdown steam generators vs. calendar years for 
600MA plants in the world.  Data from Steam Generator Progress 

Report.14 
Failures involving multiple modes of corrosion and multiple locations occurred with the 
combination of Alloy 600MA, as it was exposed on both primary and secondary sides, and with 
drilled holes on the secondary side.  The multiple mode-location cases of failures with Alloy 



 

600MA are summarized in Figure B.7.8.1  Here, there are 25 mode-location cases of corrosion 
failures associated with the use of Alloy 600MA. 
 
 

 
 
Figure B.7.8 Array of modes of failure at various locations (mode-location cases) that 

have occurred in recirculating steam generators using Alloy 600MA at 
drilled hole tube supports.  From Staehle and Gorman.1 

 
As these failures, which are shown in Figure B.7.8, evolved, extensive corrosion studies were 
undertaken both in the laboratory and of failed tubes.  These experiments included studies of 
SCC on the primary side, where there were no crevices, and the secondary side, where there 
were extensive heat transfer crevices.  SCC was identified in regions that were not so surprising 
based on the past history of SCC in steels and stainless steels.  Figure B.7.9 shows the locations 
of the occurrence of SCC in the framework of the electrochemical variables of pH and potential.  
The occurrence of such SCC in the acidic, alkaline, low potential and high potential regions 
corresponds generally with regions where protective films are transiently unstable when broken.  
The bases for the diagram shown in Figure B.7.9a are described by Staehle and Gorman.1  In 



 

addition to the diagram in Figure B.7.9a that shows the “primary” submodes of SCC, Figure B.7. 
9b shows the general locations of other submodes of SCC.  Again, this diagram has been 
extensively described by Staehle and co-workers.  Also, a similar diagram has been published by 
Combrade et al.15,16,17  The term, “submode,” refers to the corrosion mode of SCC, but 
differentiates occurrences of unique dependencies on the primary variable of pH, potential, 
species, alloy composition, alloy structure, temperature, and stress (e.g. each submode consists of 
a different set of dependencies). 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure B.7.9 (a) Major submodes of SCC plotted with respect to coordinates of 
potential and pH for significant SCC occurrences at 300°C. Extent of the 

submodes based on experience from laboratories and reasonable 
interpolations and extrapolations.  Submodes applicable to Alloy 600MA 

in the range of 300 to 350°C.  (b) Minor submodes of SCC for Alloy 
600MA plotted with respect mainly to the NiO/Ni half cell equilibrium at 

300°C.  From Staehle and Gorman.1 
 
 
The mode diagram of Figure B.7.9 has been verified also by systematic experimental and review 
work of Ohsaki et al.18 and by Tsujikawa and Yashima19 as shown in Figure B.7.10; and they 
have extended the framework to Alloys 600TT and 690TT.  These alloys are discussed in 
Sections 3.0 and 4.0, respectively.  It should be noted that in some cases the regions of SCC in 
Figure B.7.10 are not complete, as shown by Staehle and Gorman.1 

 
This early evolution of SCC associated with Alloy 600 has been eventually mitigated as shown 
in Figures B.7.111 and 121 where the various mitigations in alloy, water chemistry, and design 
are summarized: Alloy 600MA was replaced by Alloys 600TT and 690TT; the water became 
more pure and certain inimical species, such as copper, were eliminated; the drilled hole tube 
support was eliminated in favor of the line contacts; and residual fabrication stresses were 
lowered. 



 

 

 
 

Figure B.7.10 IGA/SCC tests results in the range of 180 to 320°C range as a function of 
electrode potential and pH taken at 300°C for (a) Alloy 600MA, (b) Alloy 

600TT, (c) Alloy 690TT. From Ohsaki et al.18  (d) Comparison of IGA 
susceptibility among Alloy 600MA, Alloy 600TT, and Alloy 690TT in the 
range of 280 to 320°C as a function of electrode potential and pH taken at 

300°C.  From Tsujikawa and Yashima.19 
 
Section 1.0 has provided an overview of corrosion, the alloys, and mitigations.  Sections 2.0, 3.0, 
4.0, and 5.0 consider some important aspects of the corrosion of the Alloys 600MA, 600TT, 
690TT, and 800. 
 
2.0 Alloy 600MA  
2.1 Introduction 
 
Alloy 600MA was the alloy used widely for tubing in SGs of PWRs from 1962 through the mid-
1980s in France, Japan, Spain, Sweden and the US.  The corrosion that occurred with the use of 
Alloy 600MA required replacement of the steam generators as shown in Figure B.7.7.  Replaced 
SGs have been tubed with Alloys 600TT or 690TT with the latter being preferred as indicated in 
Figure B.7.5.  Also, Alloy 800 as used in some German and Canadian steam generators, has 
given excellent service as discussed in Section 5.0. 
 



 

 
 

Figure B.7.11 Schematic view of changes in maintenance, materials, designs, and water 
in order to minimize the corrosion of the tubing.  From Staehle and 

Gorman.1 
 

During the Alloy 600MA period, corrosion was dominated by two general patterns, mainly of 
SCC.  One was SCC from the ID of the tubes, which was exposed to high purity primary water 
containing the standard chemical additions of hydrogen, boric acid and lithium hydroxide.   The 
other was SCC and some corrosion from the OD, which was associated mainly with impurity 
chemicals that were concentrated in the superheated crevices of tube supports and at the top of 
tubesheets.  Figure B.7.6 shows these essential locations, which are discussed here in Sections 
2.2 and 2.3, respectively. 
 
The overall chronology of modes of corrosion of Alloy 600 has been described in two different 
figures as shown in Figure B.7.13.20  These figures both show the same trends.  An early mode of 
failure was general corrosion associated with phosphate water chemistry in those plants that 
adopted this secondary water treatment.  Following this, IGSCC occurred, which was mainly due 
to concentrations of alkaline impurities.  Next was denting involving the corrosion products from 
corroding carbon steel tube supports pressing on the tubes to constrict the diameter.  Next was an 
increase in IGSCC on the primary side followed by more IGSCC on the secondary side.  These 
patterns involve mainly the occurrence of corrosion in Alloy 600MA. 
 
Essentially, the evolution of corrosion concerning Alloy 600MA involved mitigating one mode 
only to find the intensification of another; such was the sensitivity of this alloy to corrosion in 
contrast to the prediction of Copson and Cheng as shown in Figure B.7.3. 
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Figure B.7.12 Comparison of Models D3 and F from Westinghouse design plants where 
changes are intended to minimize corrosion of the tubing.  From Staehle 

and Gorman.1 
 
2.2 SCC of Alloy 600MA on the ID 
 
SCC on the ID (primary) surfaces of SG tubes is mainly associated with Alloy 600MA, and such 
SCC has contributed substantially to the failure and widespread replacement of steam generators 
shown in Figure B.7.7.  This section summarizes the main dependencies of SCC on the ID of 
Alloy 600MA tubes. 
 
Since the SCC on the inside of Alloy 600MA tubes has been associated with the primary side or 
inside of the tubes, it was initially called “PWSCC” or “Primary Water SCC.”  This is also 
interpreted by some as “Pure Water SCC.”  Both terms however are misleading as they imply 
that this SCC can occur only on the primary side.  A better terminology is “Low Potential SCC 
(LPSCC),” since this SCC is principally characterized by its occurrence at low electrochemical 
potentials, as shown in Figure B.7.9, just as some SCC occurs exclusively in the alkaline region 
and is called AkSCC.  Incidentally, as a supporting note here, efforts to reproduce the early work 
of Coriou failed to identify this SCC, most likely due to the lack of sufficient deaeration of the 
tests. 
 
 



 

 
 
 

Figure B.7.13 Chronology of modes of corrosion vs. time mainly for Alloy 600 in drilled 
hole tube supports.  (a) Two dimensional.  From EPRI.  (b) Three 

dimensional.  From Varrin, Jr.20 



 

Principal characteristics of LPSCC in Alloy 600MA are the following according to the seven 
primary variables that affect aqueous corrosion: 
 
1. pH 
 
LPSCC is generally independent of pH over a range from about pH 3 to pH 9 as summarized by 
Staehle and Gorman.1 
 
2. Potential 
 
A central feature of LPSCC has been its confinement to low potentials in the general range of the 
H2O/H2 and NiO/Ni equilibria. There seems to be a tendency for LPSCC to be maximum, both in 
initiation and propagation, at the NiO/Ni equilibrium, as shown in Figure B.7.14.15,21,22  In each 
figure the location of the NiO/Ni equilibrium potential is noted; this is an invariant and 
thermodynamically defined line, not depending on concentration of species in solution.  Figure 
14a is based on testing of initially smooth specimens; and Figure 14b is based on initially 
precracked specimens.  Thus, the former relates to conditions of initiation and the latter relates to 
propagation. 
 
3. Species 
 
LPSCC has been investigated with respect to concentrations of boric acid and lithium hydroxide 
as summarized by Staehle and Gorman.1  Effects of these species are not significant.  However, 
there has been little investigation of effects of chloride, sulfate, or other species over significant 
ranges of concentration; this lack of breadth impedes connecting LPSCC to domains of 
chemistry that might be important to the secondary side. 
 
4. Alloy composition 
 
Another defining characteristic of LPSCC is its dependence upon alloy composition.  With 
respect to the concentration of chromium, the data from two different investigations in Figure 
B.7.1523,24 show that increasing chromium decreases sensitivity to LPSCC.  It is noteworthy that 
Fe-Ni alloys sustain rapid LPSCC and that LPSCC is negligible above 20% Cr, which is relevant 
to the compositions of Alloy 690 with a Cr content around 30% and Alloy 800. 
 
5. Alloy structure 
 
LPSCC is generally influenced by the distribution of carbides.  As carbides accumulate at grain 
boundaries, LPSCC is minimized.  Figure B.7.16 shows this effect from work by Norring et al.25 
and Cattant et al.26  A further important result was published by Blanchet et al.32 where they 
showed that sensitization greatly reduced the sensitivity to LPSCC as shown in Table B.7.2. 
 



 

 
 

Figure B.7.14 (a) Time to 30% IGSCC vs. hydrogen pressure and potential reference to 
NiO/Ni equilibrium. Experiments at 400°C and 205 atm pressure of steam. 
Original data from Economy et al.21  Dependencies recalculated by Scott 

and Combrade.15
  (b) Crack growth rate at two stress intensities vs. 

potential (ECP=electrochemical potential) relative to the NiO/Ni 
equilibrium potential for Alloy 600MA at 338°C. From Morton et al.22 

 

 
 

Figure B.7.15 (a) Time-to-cracking vs. concentration of Cr for Ni-Cr-Fe alloys exposed 
in pure water at 2.4 Y.S. at 360°C.  From Yonezawa and Onimura.23

 and 
(b) Time-to-failure as concentration of Cr for Fe-Cr-Ni alloys with 10w/o 

Fe.  From Nagano and Kajimura.24 



 

6. Temperature 
 
The temperature dependence of LPSCC has been extensively studied, and this work is reviewed 
by Staehle and Gorman.1  The most reliable values of the activation energy for initiation seems 
to be about 40-55 Kcal/mol and for propagation about 30-35 Kcal/mol. 
 
Figure B.7.17 shows some typical data for initiation and propagation from the work of Webb27 
(Figure B.7.17a) and the review by Cassagne et al.28 (Figure B.7.17b). 
 
7. Stress 
 
The dependence of LPSCC on stress for Alloy 600MA has also been extensively investigated.  
Figure B.7.18 shows results from studies of the effects of stress on initiation and propagation, 
respectively, from Bandy and van Rooyen33 and Scott.34  In general, for initiation from smooth 
specimens the stress required is in the range of the annealed yield stress, with a stress exponent 
of about 4 as shown in Figure B.7.18a.  For propagation, the correlation by Scott has been the 
most widely used and is shown in Figure B.7.18b. 
 
 

 
 

Figure B.7.16 (a) Time-for-initiation vs. extent of grain boundary carbides.  From 
Norring et al.25

  (b) Relationship between structure and SCC susceptibility.  
From Gras29; Cattant et al.26; Saint-Paul et al.30; and Garriga Majo et al.31 

 
 



 

Table B.7.232 

 
 
 
 

 
   (a)      (b) 
 

Figure B.7.17 (a) SCC initiation time vs. 1000/T for Alloy 600 using U-bend 
specimens in pure water. From Webb.27

  (b) Crack growth rate vs. 1000/T for Alloy 600MA from 
six authors using CERT and WOL type specimens. From Cassagne et al.28 

 
 
 



 

2.3  SCC of Alloy 600MA on the OD 
 
1. Geometry, phases, and chemistry 
 
SCC on the OD of SG tubes occurs mainly at locations where impurity chemicals can 
concentrate due to the local superheat, mainly at tube supports and at the configurational and 
sludge crevices at the top of tubesheets, as shown in Figure B.7.19.1  Figure B.7.2035 shows a 
schematic view of the complexity and chemistry of these regions of concentration as well the 
chemicals that typically concentrate and lead to SCC. With time, chemicals accumulate in the 
heat transfer crevices to produce solids and saturated solutions owing to the superheat.  Further, 
as local transport is stifled by the formation of solids, a steam phase develops.  The main 
intimation here is the complexity of chemical, electrochemical, and physical conditions.  Such an 
array provides many different conditions that can produce corrosion and stress corrosion 
cracking. 
 
SCC on the OD occurs where the superheat is the greatest, and this is mainly on the inlet or hot 
leg side with the variation of intensity shown in Figure B.7.21a36 according to distance from the 
inlet of the hot side.  An indication of the magnitude of concentrations of chemicals in these 
crevices is given in Figure B.7.21b.37 
 
 

 
 

Figure B.7.18 (a) Fraction of RT yield stress vs. time-to-failure for Alloy 600MA at 
365°C in pure water. Stress exponent about -4. Yield point stresses in the 

range of 323 to 386 MPa. From Bandy and van Rooyen.33
   (b) Crack 

propagation rate vs. stress intensity for Alloy 600MA at 325°C.  From 
Scott.34 

 
 



 

 

 
 
Figure B.7.19 Geometries that produce heat transfer crevices involving tubing in steam 

generators: (a) top of the tubesheet crevice; (b) sludge at the top of the 
tubesheet; (c) tube support.  From Staehle and Gorman.1 

 
2. Surface chemistry--ODSCC is chemistry driven 
 
Some indication of the complexity of the chemistries on the surfaces of tubes is shown in Figure 
B.7.22, taken from the work of Cattant et al.,38 where the residual chemistry on the surface of a 
tube at a tube support region has been analyzed both inside the crevice and outside on the 
freespan adjacent to the crevice.  Figure B.7.2338 shows the ratio of species inside the crevice to 
outside on the freespan, indicating that the concentrations, species, and enrichments vary. 
 
3. The bulk chemistry 
 
While the chemistries inside the heat transfer crevices provide a variety of possibly corrosive 
environments, the bulk environment provides important bounding chemistries affecting 
corrosion: 
 
a. Low hydrogen--The hydrogen concentration on the secondary side is in the range of 1 

ppb due to the boiling action removing gases.  This low concentration of hydrogen, 
following the Nernst equation, leads to raising the open circuit potential on the order of 
200-250 mV above that on the primary side where there is not boiling and hydrogen is 
deliberately added at about 3 ppm.  A 200-250 mV increase could be sufficient to take 
the secondary side out of the range of LPSCC. 

 
b. Hydrazine (affects potential)--N2H4 is added to the secondary side in concentrations of 

about 5-100 ppb in order to reduce the oxygen concentration in the recirculating water to 
<5 ppb.  It is also believed by some that additions of N2H4 lower the tendency for 
corrosion to occur in heat transfer crevices.  It may also lower the corrosion potential due 



 

to the relatively low equilibrium potential for the N2/N2H4 equilibrium.  The overall 
combined effect of low hydrogen and the N2H4 on potential is not clear. 
 

 
 

Figure B.7.20 Schematic view of heat transfer crevice at a tube support. (a) Geometry.  
(b) Chemicals that accumulate and transform. (c) Types of gradients inside 

the heat transfer crevice. From Staehle.35 
 

 



 

 
 

Figure B.7.21 (a) Number of indications at successive tube support locations for three 
plants using Alloy 600MA after about 12 to 15 years service. From 

Takamatsu et al.36   (b) Estimated concentration of species in a simulated 
SG crevice vs. concentration in the bulk water. Various concentration 

factors shown. From Takamatsu et al.37 
 

c. Hydrazine (a reductant)-- N2H4 produces a second effect as it combines with sulfate 
impurities reducing them to lower valence and ultimately to sulfides.  Sulfides are well 

known to accelerate the entry of hydrogen and to reduce passivity.39,40,41 
 
Thus, there are two important environmental influences that affect the occurrence of corrosion on 
the secondary side.  One is the concentration of chemistry inside heat transfer crevices and the 
other involves the combined effects of low hydrogen and high hydrazine as they interact with the 
bulk and the crevice chemicals. 
 
4. Steam phase 
 
Figure B.7.20 suggests that, in addition to the complexity of chemistry, there is also a steam 
phase in heat transfer crevices.  Such local steam conditions and the associated two phase 
interface have been shown to accelerate SCC in Alloy 600 as reviewed by Staehle and Gorman.1 
 
5. Acidic and alkaline chemistries 
 
Aside from the LPSCC on the primary side as discussed in Section 2.2 and the possibility of its 
occurring on the secondary side, both acidic and alkaline environments have been investigated as 
being possibly related to the SCC that has occurred in the secondary side.  The overall view of 
AcSCC and AkSCC for Alloy 600MA is shown in Figure B.7.9a as well as in Figure B.7.10a. 
 
Figures B.7.24a42 and 24b43 show the effect of electrochemical potential on SCC in alkaline 
environments specifically for Alloys 600MA, 600TT and 690TT.  Here, it is clear that the three 
alloys sustain AkSCC in the same range of potential with Alloys 600TT and 690TT being more 
resistant.  Staehle and Gorman1 discuss AkSCC and its dependencies extensively. 
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Figure B.7.22 (a) Schematic view of OD tubesheet from a TSP showing adjacent regions 
from inside the TSP and outside on the free surface. The condenser was 

brass and the water chemistry was morpholine AVT.  (b) Schematic view 
of OD tube surface from TSP 2 showing adjacent regions inside the TSP 

and outside on the free surface. The condenser was titanium and the water 
conditioning was NH3 AVT. The tube was examined after 79,900 hours.  

From Cattant et al.38 



 

 
 

Figure B.7.23 Ratio of concentrations of elemental species in deposits from occluded 
heat transfer crevices vs. those from adjacent free-span surfaces. Species 

given in ascending order of ratio. Data from 340 pulled tubes. From 
Cattant et al.38 

 
 

 
 
 

Figure B.7.24 Dependence of AkSCC on applied potential above the deaerated open 
circuit potential.  (a) Tear area rate (%) for Alloy 600MA and Alloy 

690TT at 300ºC as a function of potential in a 10% NaOH solution. From 
Suzuki.42

   (b) Maximum crack depth vs. potential for Alloy 600 exposed 
in 10% NaOH at 315°C for mill-annealed and various thermal treatments. 

From Pessall.43 



 

Figures B.7.25 and 26 provide insights into AcSCC for Alloys 600MA, 600TT and 690TT and 
conform also to the patterns noted in Figures B.7.9 and 10.  Figure B.7.2544 shows that the 
intensity of AcSCC, when exposed to sulfate anions, decreases with increasing pH, and as 
expected, continues into the slightly alkaline region for both Alloys 600MA and 600TT.   
 
Figure B.7.2649 shows the effect of potential on the AcSCC of Alloys 600MA and 690TT also 
exposed to sulfate anions.  Here, the potentials are achieved by adding cupric oxide and by 
changing the hydrogen concentration.  Note in Figure B.7.26c, simply adding copper does not 
produce significant SCC relative to the CuO.  This Figure shows that Alloy 690TT sustains 
AcSCC but not at normal open circuit potentials; whereas, Alloy 600MA sustains AcSCC 
regardless of the potentials, although there is an acceleration at pH 4+ at higher potentials. 
 

 
 

Figure B.7.25 SCC accelerating factor vs. pH with different concentrations of SO4
2- and 

with different stresses for (a) Alloy 600MA and (b) Alloy 600TT. 
Accelerating factor taken from rate of crack initiation at 0.001M (pH320°C 
= 5) being the reference. >YS refers to “two legs touching” condition of 
the branches of the C-ring; below this stress, specimens were stressed at 

0.8 YS and 1.0 YS. From deBouvier et al.44 
 
 
6. Lead chemistries, PbSCC 
 
PbSCC has had varying importance over time.  It was first identified as important in the 1965 
paper of Copson and Dean45 and was suggested then as the reason for the SCC observed by 
Coriou.  In this first paper, SCC due to Pb was said to be characteristically TGSCC; since most 
of the subsequent field observations of SCC exhibited IGSCC, Pb was not considered important, 
and ODSCC was mainly attributed to AkSCC and to AcSCC.    
 



 

However, due to the review of Sarver46 of old work of Copson, it became clear that PbSCC of 
Alloy 600MA was predominantly IGSCC; whereas, PbSCC of Alloy 600TT, SR, and SS was 
predominantly TGSCC.  This evolution is described by Staehle.47  Also important are the results 
from Bruemmer and Thomas,48 who have shown that as much as 7w/o of Pb occurs in the tips of 
some SCC taken from SGs.  Further, Pb has been observed to concentrate on heat transfer 
surfaces in many examinations of pulled tubes even where no accidental intrusions of Pb have 
occurred. 
 
While the proof is not substantial, it is a reasonable speculation that much of the IGSCC on the 
secondary side, especially after the early concerns about AkSCC and AkIGC, could have been 
due to Pb. 
 
 

 
 
 

Figure B.7.26 (a) Cracking rates for Alloys 600MA and 690TT in acidic solutions 
without copper oxides with and without 5% H2 added to argon cover gas 
in capsules at 320°C. (b) Cracking rates for Alloys 600MA and 690TT in 

acidic solutions with copper oxides with and without 5% H2 added to 
argon cover gas in capsules at 320°C. (c) Cracking rates obtained for 

Alloy 690TT with solution #3 at 320°C.  (d) Compositions of 
environments. From Pierson and Laire.49 

 
The occurrences of PbSCC over the range of pH are shown in Figures B.7.27, 28, and 29.  Figure 
2751,52 shows the four alloys in an alkaline solution with and without the presence of Pb.  The Pb 
substantially accelerates SCC especially for Alloys 800 and 690TT.  At lower pH, which is 
characteristic of AVT environments, Wright and Mirzai50 have summarized the results from 



 

various authors as a function of Pb concentration as shown in Figure B.7.28.  SCC occurs in 
Alloy 600MA as a function of Pb readily at 1 ppm.  However, PbSCC does not seem to occur in 
Alloy 690TT in this AVT environment.   At lower pH in chloride, PbSCC occurs in both Alloys 
600MA and 690TT; however, the rate of SCC in Alloy 690TT is lower.  At this lower pH of 4.5 
and at 300 ppm Pb, as PbCl2, the Alloy 690 also sustains SCC and corrodes generally.  
 
7. Low valence sulfur chemistries 
 
Low valences of sulfur-containing anions are important because they can greatly accelerate SCC 
at least in the limited work performed to date in alkaline solutions and because these ions can be 
produced by the reduction of sulfate ions with hydrazine.  Further, from studies at lower 
temperatures, the lower valence sulfur ions greatly accelerate general corrosion.  In particular, 
the low valence sulfur species accelerate the AkSCC of Alloy 690. 
 
 

 
 

Figure B.7.27 Stress vs. time-to-failure of Alloys 600MA and 600TT (two tubes), 690TT 
(four tubes), and 800 (two tubes) in 10% NaOH + 1% PbO at 350º C. 

From Vaillant et al.51
 and Rocher et al.52 

 
 
Table B.7.3 compares concentrated alkaline solutions with various additions of CuO, PbO, 
S2O3

2-, and NaSO4+FeSO4. 
 



 

 
 
Figure B.7.28 Crack depth vs. time data for Alloy 600MA in AVT water at 320°C with 

various concentrations of PbO. From Wright and Mirzai,50
 with data from 

[A] Wright,53
 [B] Castano-Marin et al.54

 [C] and Takamatsu et al.55 
 
 
 

 
 
 

Figure B.7.29 Depth vs. time for PbSCC at pH340°C 4.5 in which various stresses were 
applied for 2500 hour exposure in water where O2 < 5 ppb and Pb was 

added as PbCl2. From Sakai et al.56  (a) Alloy 600MA at 1.45 x 10-3 M/L 
of PbCl2. (b) Alloy 690TT at 1.45 x 10-3 M/L of PbCl2. Maximum SCC 

depth plus average depth of GC. 



 

Table B.7.3  Results from Visual Examination of Specimens Exposed* to Alkaline Solutions at 
350°C with Added Species (cracked samples/tested samples). From Briceno and Castano.57 

 

* 500 hours exposure; C-ring specimens; 2% strain.
** Visual examination after bending the samples.

Material 10%
NaOH

10% NaOH
+

0.1M CuO

Alloy 800
7-73243

Alloy 800SP
81373

3/3

Alloy 690TT
WF816T

Alloy 690TT
764408

Alloy 600MA
1450

15/15

0/15

0/15

8/9

3/3

15/15

0/15

0/15

0/9
(2/9)**

10% NaOH
+

0.1 M PbO

4/4

15/15

15/15

15/15

0/9
(3/9)**

50% NaOH
+

5% Na2S2O3

4/4

15/15

14/14

15/15

2/9

0.75% M
Na2SO4 +

0.25% M FeSO4

4/4

15/15

0/15

0/15

6/9
(8/9)**

0.75% M
Na2SO4 +

0.25% M FeSO4

1/15

0/15

9/9

0/4
(3/4)**
11/15

(15/15)**

 
 
 
Table B.7.4  Results of Cathodic Polarization Scans in 50% NaOH with 5% Additions at 316°C. 

From King.58 
 

* No difference indicates no substantial difference between ring or C-ring
specimens for mill-annealed and thermally-treated condition.

MA - Heat treatment not defined

TT - Mill annealed plus 704°C /16 hrs

TGSCC - Transgranular stress corrosion cracks

5%
Addition

Na2CO3

Alloy 600 Alloy 690

Worst Case Observations Worst Case Observations

No
difference*

General
attack

No
difference*

Slight g.b.
intrusions

Na2S TT ring
Heavy
general
attack

MA C-ring TGSCC

NaHS No
difference

Heavy
general
attack

MA C-ring TGSCC

Na2S2O3
No

difference

Heavy
general
attack

MA C-ring TGSCC

Na2SO4
No

difference

Slight
general
attack

MA C-ring Slight g.b.
intrusions

 
 

Table B.7.4 compares the behavior of Alloys 600MA and 690MA with a cathodic dynamic 
polarization, which was applied during testing in solutions where low valence sulfur, carbonate, 



 

and sulfate were added separately.  Here, Alloy 690MA sustained the most intense SCC; in the 
low valence sulfur, little SCC for Alloy 690MA was observed with either carbonate or sulfate 
additions to the alkaline base solution.  In these experiments, no SCC was observed in Alloy 600, 
but extensive GC was observed in the presence of low valence sulfur. 
 
There is little other relevant work on lower valence sulfur except for studies at room temperature 
as discussed by Staehle and Gorman.1 
 
3.0  Alloy 600TT 
 
Alloy 600TT was developed based on the work of Blanchet et al.32 who showed that sensitization 
would substantially reduce LPSCC.   Their results are shown in Table B.7.2. These data were the 
basis for the development of the TT treatment. 
 
In general Alloy 600TT is somewhat more resistant to SCC than Alloy 690TT.  Typical data 
from testing Alloy 600TT in various environments are as follows: 
 
1. Primary water as LPSCC 
 
Figure B.7.30 shows results from about 6.5 years of testing in an operating plant from the work 
of Cattant et al.26  Here, the extent of LPSCC penetration as measured by eddy current seems at 
least five times faster for Alloy 600MA than for Alloy 600TT. 
 

 
 

Figure B.7.30 Percent of tubes cracked in primary water vs. operating time for Alloy 
600TT and MA tubes.  LPSCC located at sludge pile level.  Results from 

eddy current testing. From Cattant et al.26 
 



 

In addition to this work directly from operating plants, Figure B.7.31 from the work of Jacko59 
shows that Alloy 600TT is improved relative to Alloy 600MA in about the same proportions as 
the results in Figure B.7.30.  Here, Alloy 690 exhibits no LPSCC. 
 
2. Alkaline as AkSCC 
 
In alkaline solutions the intensity of AkSCC in Alloy 600TT is less than Alloy 600MA as shown 
in Figures B.7.10b and 10d.  Figure B.7.327 shows that the plateau crack velocity of Alloy 
600TT is a 5-10 times less than for Alloy 600MA in 4 and 100 g/l NaOH solutions; and Figure 
B.7.25 shows that the peak rate of SCC for the TT type of heat treatment is about 10 to 100 less 
than the MA heat treatment in a 10%NaOH solution. 
 
3. Acidic as AcSCC 
 
Depending on the data, Alloy 600TT exhibits improvements compared to Alloy 600MA.  Figure 
B.7.3361 shows significant improvements over a range of slightly acidic pH in sulfate solutions; 
whereas, Figure B.7.24 does not exhibit such improvements. 
 
4. Lead 
 
The work of Miglin and Sarver,60 which covered a broad range of pH with Pb additions, showed 
that Alloy 600TT was generally, but not substantially, improved over Alloy 600MA. 
 

 
 

Figure B.7.31 Cumulative number of Alloy 600 and 690 specimens exposed for  13,000 
hours in chemistries typical of the (a) beginning of life and (b) end of life 

for a fuel cycle.  From Jacko.59 



 

 
 

Figure B.7.32 da/dt vs. K for Alloys 600 (a) and 690 (b) exposed to various 
concentrations of NaOH at 350°C with a WOL type specimen.  HT 

corresponds to 700°C for 16 h. From Berge and Donati.7 
 

 
Figure B.7.33 Maximum crack depth vs. room temperature pH for Alloy 600MA, Alloy 

600TT, and Alloy 690TT exposed in acidic sulfate solutions at 332°C for 
5000 hours as C-rings stressed to 150% of the yield strength. From Smith 

et al.61 
 
 
Figure B.7.27 shows that Alloy 600TT is improved relative to Alloy 600MA possibly by a factor 
of five in time-to-failure, but there are no significant differences in the stress threshold.   
 



 

In AVT environments, as shown in Figure B.7.34,55 Alloy 600TT is improved, compared to 
Alloy 600MA, and does not support SCC at such low concentrations of Pb.  However, Alloy 
600TT is not significantly better at higher concentrations. 
 

 
 

Figure B.7.34 Crack depth vs. time for various concentrations of Pb at two stresses and 
for Alloys 600MA and 600TT in deaerated AVT water containing 0.26 

ppm NH3+0.1ppm N2H4. From Takamatsu et al.55 
 
5. Sulfur 
 
There appear to be no data for the SCC of Alloy 600TT in solutions which contain low valence 
sulfur. 
 
4.0  Alloy 690 TT 
 
As it became clear that Alloy 600 was not adequate for the initially intended 40 year license 
period, work had begun, at least by 1970, to develop an improved alloy as reported by Copson et 
al.62 and Flint and Weldon.63  This work involved evaluating alloys in three environments:  
highly oxygenated environments with double U-bend crevices, lead environments, and alkaline 
environments.  Sensitized and non-sensitized alloys were studied, and a relatively large range of 
iron and chromium additions to a nickel base were evaluated. 
 
Alloy 690TT is now becoming the standard material for use in SG tubing as well as for welding 
and for thick sections where substantial corrosion resistance, together with compatibility of the 
thermal expansion coefficient with adjacent low alloy steel components, is required, as shown in 
Figure B.7.5. 
 
From these early tests, the highly oxygenated solutions were not particularly useful from the 
point of view of PWR applications, except for the non-defined conditions inside double crevices.  
However, the testing in the Pb-containing solutions proved to be of great interest in later years as 
shown in Figure B.7.35.46 



 

 
Figure B.7.35 shows the combined effects of iron and nickel both on the SCC and scaling of 
alloys exposed to high temperature water containing Pb.  Both figures show the locations of the 
Alloy 690 composition.  These results showed that Alloy 690 composition is close to a scaling 
condition (severe general corrosion) and to SCC in Pb environments.  Regardless, the Alloy 690 
composition seemed to be an optimum as shown in Figure B.7.35, and the testing in the Pb-
containing solutions foresaw, unintentionally, the importance of Pb on the secondary side.  In the 
following years development of these high chromium alloys continued and intensified in the late 
1970s and early 1980s. 
 
1. Primary water as LPSCC 
 
The improvement of Alloy 690TT over Alloy 600MA, as well as over Alloy 600TT, is shown in 
Figure B.7.31 where laboratory testing was carried out for about 13,000 hours at 360°C.   
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Figure B.7.35 (a) Maximum depth of SCC of Ni-Cr-Fe alloys after 8 weeks in deaerated 
water plus Pb at 316°C.  (b) Weight gain of Ni-Cr-Fe alloys after 4 weeks 

in deaerated water plus Pb.  From Sarver et al.46 
 
 
 

2. Alkaline as AkSCC 
 
Figure B.7.32 for crack growth rate vs. stress intensity shows that the plateau velocity for Alloy 
690 is a factor of 10-100 less than for Alloy 600MA depending on the concentration of NaOH.  



 

The overall mapping of SCC for the three alloys of 600MA, 600TT, and 690TT in Figure B.7.10 
shows that Alloy 690TT is improved and the threshold of pH for the onset of AkSCC is higher. 
 
3. Acidic as AcSCC 
 
Figure B.7.26 shows that Alloy 690TT at open circuit in sulfate solutions does not sustain 
AcSCC.  This is similar to the pattern for Figure B.7.10.  However, with Figure B.7.26 it appears 
that Alloy 690TT does sustain significant AcSCC, but at potentials that may exceed the normal 
open circuit range depending on what potentials are actually present in crevices and that results 
from the very low hydrogen on the secondary side. 
 
4. Lead as PbSCC 
 
The extensive work of Miglin and Sarver, which is discussed by Staehle and Gorman1 and by 
Staehle,35 shows that Alloy 690 is improved, in terms of resistance to PbSCC, over both Alloy 
600MA and Alloy 600TT until pH 9.9 is reached, at which point the SCC of Alloy 690TT is 
significant, especially in steam (implying easy vapor phase transport of Pb).  Figure B.7.27 
reflects this greatly increased sensitivity of Alloy 690 in alkaline solutions. 
 
While Figure B.7.26 shows that sulfates seem to inhibit PbSCC of Alloy 690TT in acidic 
solutions, Figure B.7.29b shows the Pb as PbCl2 promotes PbSCC, although at a rate about 1/5 
that for Alloy 600MA. 
 
5. Sulfur as Sy-SCC 
 
Tables B.7.3 and 4 show that the presence of low valence sulfur either as a –2 (sulfide) or +2 
(thiosulfate) accelerates Sy-SCC for Alloy 690TT relative to Alloy 600MA. 
 
5.0  Alloy 800 
 
Figure B.7.4 from Coriou et al.13 based on the general trends of his observations, suggests that 
the composition of Alloy 800 as shown in Figure B.7.2 and Table B.7.1 would resist SCC in both 
pure water and chloride-containing water, although Copson and Cheng’s6 work in Figure B.7.3 
suggests that Alloy 800 is within the domain of chloride SCC.  Such SCC of commercial grade 
Alloy 800 in chloride solutions was also observed by Staehle et al.64 for commercially available 
materials at the time. 
 
Mainly based on the work of Coriou plus internal work, Siemens chose a controlled version of 
Alloy 800 for their steam generators, and this alloy has exhibited excellent in-service 
performance. 
 
1. Primary water as LPSCC 
 
The dependence of LPSCC on nickel concentration was reported by Coriou et al.65  They showed 
that the nickel concentration of Alloy 800 was below the Ni concentration that would permit 



 

LPSCC.  Later Nagano et al.66 showed that Alloy 800 was equivalent to Alloy 690 as shown in 
Figure B.7.36. 
 
Since the first observation of Coriou in his schematic assessment in Figure B.7.4, Alloy 800 has 
remained resistant to LPSCC. 
 
2. Alkaline as AkSCC 
 
Alloy 800 does not generally perform well in alkaline solutions.  Figure B.7.37 from Nagano et 
al.67 and Figure B.7.38 from Wilson et al.68 is consistent with this trend.  In Figure B.7.37, at 
20% Cr and Ni near the composition of Alloy 800, significant AkSCC occurs.  Further in Figure 
B.7.38, the stress threshold for AkSCC is not much different from Alloy 600MA in the alkaline 
solution. 
 
The fact that Alloy 800 has given such good performance in operating plants suggests that 
alkalinity has not been significant in the crevices. 
 
3. Acidic as AcSCC 
 
Alloy 800 is more resistant to AcSCC than Alloys 600MA and 600TT as shown in Figure 
B.7.39.44 

 

 
 

Figure B.7.36 Prestraining percent vs. test time for Alloys 600, 690, and 800 exposed at 
360˚C in deaerated water.  From Nagano et al.66 

 
 



 

 
 

Figure B.7.37 Crack depth vs. Ni concentration for Ni-Cr-Fe alloys + 0.02%C exposed 
in a deaerated 10% NaOH solution at 325°C for 200 hours as single U-

bends.  Specimens mill annealed. From Nagano et al.67 
 
 

 
 

Figure B.7.38 Stress vs. time for Alloy 800 in 10% NaOH at 288 and 316°C, and for 
Alloy 600MA in 10% NaOH at 316°C.  From Wilson et al.68 

 



 

 
 

Figure B.7.39 SCC accelerating factor vs. pH for three alloys in 0.6M sulfate 
environments at 320°C. Accelerating factor taken from the rate of crack 
initiation at 0.001M (pH320°C =5) being the reference.  150% YS refers to 

the “two legs touching” condition of the branches of the C-ring; below this 
stress, specimens were stressed at 0.8 YS and 1.0 YS.  

From deBouvier et al.44 
 

4. Lead 
 
Alloy 800 seems to be the least resistant of the Alloys 600MA, 600TT, 690TT and 800 in 
alkaline solutions containing Pb as shown in Figure B.7.27.  Despite the relative trends, more 
recent electrochemical studies by Y. Lu of AECL have shown the standard SG Alloy 800 is 
generally resistant to PbSCC in alkaline solutions.69 
 
5. Sulfur 
 
Table B.7.3 shows that Alloy 800 is similarly prone to SCC in S

y-
SCC (alkaline base) as Alloy 

690 in alkaline solutions.  There appear to be no other data for other ranges of pH for any of the 
alloys. 
 
 
6.0  Conclusions 
 
1. The early choice of Alloy 600MA for tubing in PWR steam generators together with drilled 

hole tube supports, less pure secondary water chemistry, and relatively high residual stresses 
produced extensive failures of tubing leading to the eventual replacement of many steam 



 

generators tubed with Alloy 600MA.  This choice of Alloy 600MA was based on a set of 
untested assumptions. 

 
2. A set of mitigations has reduced, for the present, the rate of SCC on the primary and 

secondary sides of SG tubes associated with Alloy 600MA.  These mitigations have included: 
 

• Using better alloys including Alloy 600TT, Alloy 690TT, and Alloy 800. 
 
• Using line contact tube supports and changing the materials of the tube supports to 

stainless steel. 
 
• Improving the secondary water chemistry. 
 
• Reducing residual stresses. 
 
• Improved methods of inspection. 

 
3. The potential for secondary-side corrosion problems still exist: 
 

• Pb and S impurities. 
 
• Acidic crevices, especially with chloride. 
 
• Longer time and significant accumulation of impurities in line contact tube supports. 
 
• Denting and increased stresses at the top of the tubesheet. 
 
• Possible large releases of sequestered lead resulting from subtle changes in water 

chemistry, perhaps due to a still further increase in purity of the boiler water. 
 
• Nucleation of SCC at locations of dings, dents, and scratches. 
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B.8 Stress Corrosion Cracking of Carbon and Low Alloy Steels 
 
Introduction 
 
This topical paper covers stress corrosion cracking of carbon and low alloy steel 
components and their associated weldments. These ductile structural materials are used as 
pressure boundary materials in pressure vessels and piping in the RCS, ECCS, secondary 
water and service water systems of LWRs.  Stress corrosion cracking is part of a 
spectrum of failure mechanisms, including strain–induced cracking (SIC) [1] and 
corrosion fatigue. This topical paper includes SIC.  The topics of corrosion fatigue and 
stress corrosion cracking of higher strength steels used as bolting, for instance, are 
discussed in other topical reports. 
 
The reasons for the use of carbon and low alloy steels in LWRs are their combination of 
relatively low cost, good mechanical properties in thick sections and good weldability. In 
components of the RCS, such as the pressure vessel, pressurizer and some piping, the 
carbon and low alloy steels are clad on the inside wetted surface with corrosion resistant 
materials such as austenitic stainless steels or nickel-base alloys. Thicker pads of alloy 
182 have also been welded directly onto the pressure vessel steel in order to act as 
attachment points for internal structures; the higher yield strength of alloy 182, the 
thicker section and its known SCC susceptibility raise special concerns for these areas. In 
these cases it is possible that stress corrosion cracking or thermal fatigue of the austenitic 
alloy can occur such that the crack tip propagates to the interface between the austenitic 
and ferritic alloys. The practical questions are therefore; “Will this crack propagate 
further into the underlying low alloy pressure vessel steel under constant load 
conditions?”, and ”What is the crack propagation rate vs. stress intensity factor (V/K) 
disposition relationship relevant to the material, stress and environment conditions?” In 
cases where the ferritic steels are not clad, the relevant question is “Will a stress 
corrosion crack initiate (at, for instance, a pit), coalesce with nearby microcracks to form 
a primary crack, and then propagate to a significant depth?” 
 
In general the resistance of the ferritic materials to transgranular stress corrosion cracking 
in LWR circuits has been very good, but isolated incidences have occurred. In order to 
understand the details of these observations, the mechanism of cracking and the 
associated corrosion system dependencies are discussed in order to (a) put this plant 
experience in the context of the conjoint conditions of environment, material and stress 
required to initiate and sustain cracking and (b) to define the predictive capabilities that 
are necessary in order to identify future areas of concern. 
 
Mechanistic Understanding and Corrosion System Dependencies Governing Stress 
Corrosion Cracking of Carbon and Low Alloy Steels in  LWRs  
 
For a high-aspect ratio crack to advance in aqueous environments it is necessary that a 
mechanism exists to accelerate and focus the degradation at the strained crack tip. This 
degradation is generally related to localized oxidation processes at the crack tip, although 
historically there have been arguments that the degradation may be primarily associated 
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with the production of hydrogen at the crack tip (which is, in turn, related to the crack tip 
corrosion rate) and its subsequent interaction with the microscopic deformation processes 
taking place there.  There is a further factor, however, and that is that the crack sides must 
be protected by a film (oxide, salt, etc). If this latter criterion is not met then the incipient 
crack will degrade to a blunt notch [2-6].  Such requirements for a mechanically driven 
“electrochemical knife” [2] greatly limit the environmental conditions under which 
severe susceptibility is possible, and they provide a predictive capability for identifying 
the potential / pH regions where danger situations may occur in practice.  For instance, 
cracking of carbon and low alloy steels in lower temperature aqueous environments (i.e. 
below 150oC) that might be representative of LWR service water or ECCS systems under 
faulted water chemistry conditions, is confined to potential / pH regions where a soluble 
species (Fe2+, HFeO2

-) can form when a protective magnetite, mixed oxide or salt film in 
hydroxide, nitrate, carbonate /bicarbonate or phosphate containing solutions is ruptured. 
A relatively concentrated anionic solution is required for subsequent crack propagation to 
be significant under these conditions, thereby requiring precursor conditions of, for 
instance, crevice corrosion or localized boiling to create these high anionic activities. 
Thus the fact that there are these limiting criteria, indicate why transgranular stress 
corrosion cracking of carbon and low alloy steels in lower temperature LWR components 
are relatively rare.  However, it should be noted that, in recent years, SCC has been 
observed in dilute solutions of molybdates and nitrites and in oxygenated water where the 
metal is cold worked in the 15-20% range or higher, and the temperature is in the range 
of 90-150°F and higher. As discussed below in relation to service experience, such 
failures have been observed in tertiary systems of nuclear plants. 
 
 
In higher temperature PWR primary circuits, the oxide is protective magnetite (Fe3O4) 
but, as will be discussed below, the kinetics of crack propagation at static load of the 
carbon and low alloy steels under these low potential conditions will generally be low 
and of little practical importance. Under relatively high purity “normal water chemistry”, 
(oxidizing), BWR water conditions the surface oxide at low temperature is unprotective, 
and any incipient crack degrades to a non-propagating pit [5]. However at temperatures 
above approximately 1500C a highly protective, duplex oxide film of magnetite/haemetite 
forms and allows the existence of a sharp crack, the propagation of which will depend on 
a variety of material, stress and environment conditions discussed below.  
 
A considerable amount of attention has been focused internationally on the mechanism 
and kinetics of crack propagation in the carbon and low alloy steels used in, especially 
BWR, systems under at-power temperature and coolant chemistry conditions. 
Unfortunately there is a wide scatter in the stress corrosion crack propagation rate data 
(Figure B.8.1) [7,8], which poses a practical problem to the design or operational 
engineer requiring a specific life prediction or crack disposition algorithm (i.e. crack 
propagation rate (V) vs stress intensity factor (K) relationship) which is technically sound 
and relevant to his particular plant.  
 
The reason for the scatter in the stress corrosion data in Figure B.8.1 is associated with 
the fact that the crack propagation rate is controlled by interactions between various 



PMDA PIRT Report – Appendix B.8 
March 2005 

system parameters that are not always well defined or controlled in the plant or laboratory 
experiments. These factors include: 
 
• Stress intensity and mode of stressing e.g., constant load, constant displacement, 

loading rate, periodic unloading etc. 
• Test temperature 
• MnS inclusion morphology and dispersion with respect to the crack plane  
• Dissolved oxygen content (or, more accurately, corrosion potential as controlled by 

the coolant flow rate, alloy surface composition, dissolved hydrogen in the coolant, 
and oxidants such as oxygen, hydrogen peroxide, cupric cations, etc.) 

• Solution flow rate past the crack mouth (or, more specifically, the extent to which 
hydrodynamic conditions permit flushing out of the internal crack environment) 

• Solution conductivity (or, more accurately, anionic activity) 
• Extent of crack tip constraint, i.e. plane stress vs plane strain 
• Yield stress of the material 
• Testing time (and sequence of loading changes made during the test) 
 
As a result there has evolved in the testing community a set of “quality control” criteria 
that can be applied to a given data set to assess their relevance to the conditions in 
operating Light Water Reactors. [8]  
 
Coincident with these quality control actions, there has been a considerable international 
effort [7, 9-13] to develop a quantitative understanding of the mechanism of cracking, 
with the purpose of providing a sound basis for predicting and managing the cracking 
under the diverse corrosion system parameters listed above. 
 
The hypothesis that has been most widely accepted for crack propagation in the carbon 
and low alloy steel /LWR water systems is the slip–oxidation mechanism.  This 
mechanism relates crack advance to the enhanced oxidation rate that occurs at the crack 
tip when the thermodynamically stable and protective oxide film is ruptured by a strain 
increment in the underlying metal matrix. Once the protective oxide is ruptured, the crack 
will rapidly advance into the metal but will, within a matter of milliseconds, begin to 
slow down as the thermodynamically stable and protective oxide reforms at the crack tip.  
Continued crack advance depends, therefore, on a maintaining a strain rate in the low 
alloy steel in the vicinity of the crack tip that will allow repeated rupture of the oxide 
film. 
 
Thus the crack propagation rate, V, is governed by a relationship of the general form; 
 
      V = A (dε/dt)ct n                                                        (1) 
 
where the parameters A and n are related to the dissolution and passivation kinetics at the 
strained crack tip [11], and (dε/dt)ct is the crack tip strain rate, which may be formulated 
in terms of “engineering parameters such as stress, stress intensity, stress amplitude, 
loading frequency, etc. [11,12]. 
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Both the dissolution and passivation kinetics on a bare low alloy steel surface depend 
critically on potential and the anionic activity in the crack tip environment [9,11,14] and 
these kinetics are bounded  asymptotically by two limiting conditions associated [15] 
with the maintenance of either <20 ppb or >0.5 ppm S 2- .  (Note that earlier 
investigations focussed primarily on the deleterious effect of sulfur-rich anions; more 
recent investigations indicate that chloride anions will also affect the crack propagation 
rate). This, in turn, leads to a predicted range in V vs.(dε/dt)ct responses which are 
bounded by the “high” and “low” sulfur lines; 
 

“High Sulfur”        V = 2.25 x 10-3 (dε/dt)ct 0.35      mm.s-1                              (2) 
 

“Low Sulfur”         V = 10-1 (dε/dt) ct 
1.0                 mm.s-1                               (3) 

 
As can be seen in Figure B.8.2 the theoretical bounding crack propagation rates described 
by Eq.  2 are not maintainable at the lower (dε/dt)ct values, which are pertinent to creep 
rates under constant load or displacement conditions. The divergence from the maximum 
theoretical rates depends on the dissolved oxygen content and flow rate of the water.  One 
reason for these divergences relates to the origin of the dissolved sulfur and other anions 
at the crack tip which can control the crack tip oxidation rate. As illustrated schematically 
in Figure B.8.3, the crack tip concentration of anions that originated in the bulk 
environment will be governed by the anionic concentration in the bulk environment and 
the mass transport mechanisms governed by convection, Fickian (i.e. concentration 
gradient) and potential gradient considerations within the crack. However, the 
concentration of sulfur-rich anions will be controlled not only by these specific mass 
transport mechanisms, but also by the rate of introduction of dissolvable MnS precipitates 
to the crack tip solution as the advancing crack tip exposes them to the crack tip solution. 
Thus it is predicted and observed that the crack propagation rate will be a sensitive 
function of, for example, the corrosion potential (Figure B.8.4), flow rate of the water 
past the crack mouth, the bulk anion concentration and, finally, the MnS size, shape and 
distribution. If the crack propagation rate falls below a critical value, such that a 
dissolved sulfur activity >0.5ppm S2- cannot be maintained, then crack arrest may well 
occur in high purity water ( i.e. no other anionic purities present). 
 
The achievement and maintenance of crack propagation rates associated with the “high 
sulfur“ rates depends not only on the maintenance of a high crack tip sulfur activity  but 
also on the maintenance of a sustainable crack tip strain rate. The conjoint engineering 
system conditions that will achieve all these criteria will be met by combinations of; 
 
• High sulfur content steels, mainly in the form of MnS inclusions 
• High corrosion potentials  
• Stagnant or low flow rate water 
• Highly impure water conditions, primarily chloride 
• Unconstrained plane stress crack tip conditions 
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It is interesting therefore to note that the extremely high propagation rates that have been 
recorded by some laboratories [17-21] where combinations of the above system criteria 
have been met, are in agreement with the predicted “high-sulfur” rates (Figure B.8.1).  
 
    V = 9.6 x 10-8 K 1.4      mm.s-1                                       (4) 
 

            with K in units of MPa√m 
 
These combinations of conditions do not exist generally in operating LWRs. For PWRs 
(and for the majority of the pressure vessel of BWRs on hydrogen water chemistry or 
NoblechemTM ) the low corrosion potential effectively preclude stress corrosion crack 
growth at rates that could be of any engineering significance. Under conditions more 
symptomatic of BWRs operating under “normal water chemistry” the crack propagation 
rates are generally lie below the “low sulfur” line; i.e. 
 
    V = 3.29 x 10-14 K 4       mm.s-1                                     (5) 
 

with K in units of MPa√m 
 
The comparisons between observation and theory in this case are shown in Figure B.8.5 
for an older data base [9] where a variety of loading conditions have been applied, and in 
Figure B.8.6 [8] for a constant load data set from one laboratory [21-23] that has been 
screened for data quality. In these cases it is seen that, in general, the “low sulfur” line 
bounds the data sets, except at high stress intensity factors (a point that is addressed 
later). 
  
It should be emphasized that the “low sulfur” propagation rates defined by Eq.  5 are 
limiting values and the reason for this is that, in addition to maintaining a given dissolved 
sulfur activity at the crack tip, it is also necessary to maintain the crack tip strain rate.  As 
discussed elsewhere [11, 12, 24-26], the formulation of the crack tip strain rate in terms 
of engineering parameters (stress intensity, yield stress, etc) has been the source of much 
international debate, which is still not finally resolved.  However certain ruling concepts 
are understood and accepted, and it is expected that, under constant load or displacement 
conditions, the crack tip strain rate will decrease according to a logarithmic creep relation 
of the general form; 
 
                (dε/dt)ct = B.(Cσm). t-1                                                  (6) 
 

where σ is the tensile stress 
 
Thus, there are two phenomena that indicate that the stress corrosion cracks may arrest 
under certain system conditions; the first is due to the lack of maintenance of a critical 
dissolved sulfur content at the crack tip, referred to earlier, and the second is the lack of 
maintenance of the crack tip strain rate under constant load. In fact [26-28], crack arrest 
is frequently observed (Figure B.8.7) [26] and, as analyzed by Laepple [28], the 
deceleration rate approximates the predicted t-1 rate in high purity BWR environments 
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Taking into account that there is an observed and understood tendency for crack arrest 
under closely controlled water chemistry purity (with no significant transients) and 
constant load conditions, the engineering judgment [29-32] is that, for disposition 
purposes, the crack propagation under full power operations is given by; 
 

V= 2x10-8     mm.s-1        (7)    
 

up to a stress intensity factor of 55 MPa√m . Above this K1 level, but also below it 
(Figure B.8.8) in the case of either water chemistry transients or slight load variations, the 
low sulfur line of Eq.  5 is considered more appropriate. 
 
It should be emphasized that, although crack arrest is both predicted and observed, this 
may be counteracted by other material/environment/stressing factors and, thereby, may 
challenge the appropriateness of the disposition relations in Eq. s 5 and 7 when the strict 
water chemistry and loading caveats associated with these equations are violated [32].  
Such factors may be categorized as those that increase the effective crack tip strain rate 
and/or markedly increase the crack tip anionic impurity concentration. Examples of the 
former factor include; 
 

• Enhanced crack tip plasticity due to a loss of plastic constraint. This concern is 
illustrated in Figures B.8.6 and 8 by the increase in crack propagation at stress 
intensity values beyond that where plane strain constraint to the crack tip 
plasticity is largely overcome. For usual laboratory specimens this is limit is 
defined as K values > 55 MPa√m. [22,23,26].  In large section pressure vessel 
components it is unlikely that this plane strain related criterion would be 
exceeded, but it may be a factor to be considered in thin section components. 

 
•  Further factors that may increase the effective crack tip plasticity and hence 

maintain the crack propagation rates beyond those defined by Equations 5 and 7 
are major increases in yield strength or hardness and/or in the degree of dynamic 
strain aging. The former effect has long been noted in the field of stress corrosion. 
As indicated in Figure B.8.9, the hardness effect on cracking susceptibility under 
constant load in oxygenated water is relatively minor over the hardness range 
associated with LWR pressure vessel steels, but a significant increase in 
susceptibility is observed should the heat treatment be such as to produce a (hard) 
martensitic microstructure [33]. 

 
• The effect of discontinuous yielding at a crack tip, which effectively increases the 

crack tip strain rate, and thereby the stress corrosion susceptibility, has been 
demonstrated in a variety of other cracking systems.  The possibility of dynamic 
strain aging (DSA) having such an accelerating effect on the cracking of low alloy 
steels in LWR systems has been demonstrated by a number of investigators [33-
38]. This opens up the question of the definition of allowable compositional limits 
for the low alloy steel, (mainly aluminum and nitrogen), and the resultant 
temperature ranges where the increase in cracking susceptibility is most marked. 
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This latter aspect is of particular importance with respect to evaluating the 
susceptibility of, for example, feedwater piping which may operate in the 
temperature range 220-2500C rather than at 2880C where the majority of 
investigations have been focused. The cracking susceptibility can maximize in 
this lower temperature region under cyclic, monotonically increasing strain as 
well as static loading conditions; historically this peak in the susceptibility has 
been attributed to a balance between the expected thermal activation of the 
corrosion processes fundamental to the crack propagation mechanism, and the 
changes in corrosion potential with temperature, especially at dissolved oxygen 
contents in the water less than 400ppb. This added contribution due to DSA is not 
yet fully evaluated  

• Transient loading condition. It has long been recognized that small repeated 
transients in loading (eg “ripple loading”) can accelerate crack propagation due to 
the Bauschinger effect that leads to enhanced plasticity at the crack tip. This is 
illustrated in Figure B.8.10 for laboratory tests involving high R (ratio of 
minimum stress intensity to maximum stress intensity) loading [33] 

 
As emphasized earlier, the crack tip chemistry is of vital importance in defining the 
cracking susceptibility, and this impacts on the required degree of water purity control 
during steady state operation, and the control of the magnitude and duration of water 
chemistry transients. Of particular importance is the extent of chloride transients since, as 
illustrated in Figure B.8.11, chloride transients, in marked comparison with sulfate 
transients, may give extremely high sustainable crack growth rates approaching the 
theoretical maximum values defined by Eq.  4; it should be noted that although the 
chloride transient (to 49 ppb) illustrated in Figure B.8. 11 would be excessive for current 
BWR operating conditions and would have triggered an orderly plant shut down action, 
lower level transients (to10 ppb) also lead to significantly increased crack propagation 
rates [32]. 
 
Service History 
 
In the 1970’s there were numerous occurrences of intergranular stress corrosion cracking 
of low alloy NiCrMoV steels in steam turbine wheels and, to a lesser extent turbine 
rotors. The specific cracking locations were primarily regions of high stress (due to wheel 
shrink-on and centrifugal stresses) and creviced regions such as keyways or blade 
attachment where stress localization and contaminant concentration was possible. 
Initially these cracking incidents were primarily in fossil fired plant in low pressure 
stages where steam condensation was possible, but since the mid to late 1970s cracking 
has been noted in lower temperature PWR and BWR driven turbines. These incidents 
have been widely reported and discussed [39-42]. It is significant, however, that many of 
the mechanisms-based concepts discussed above are of relevance. For instance, the 
narrow potential range for cracking associated with caustic cracking and the aggravating 
role vis à vis cracking susceptibility of contaminants such as chloride, sulfide (from 
lubricant), the presence of dissolved oxygen or other oxidants (e.g. Cu2+), increased 
surface hardness due to abusive reaming of keyways and, finally, high yield strength 
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associated with the bainitic or martensitic structures. Thus these earlier experiences act as 
an historical guide to understanding service failures in the systems of interest in this 
topical report that occurred in the late 1970s and early 1980s. 
 
The accumulated operating experience and performance of the ductile carbon and low 
alloy steels in the majority of LWR systems has been very good worldwide and this is 
likely to continue. The reason for this optimistic statement is that the primary system in 
PWRs operates at low corrosion potentials, and the same observation applies to the vast 
majority of BWRs (in the US) that are currently operating under hydrogen water 
chemistry and/or noble metal addition (e.g.“NobleChemTM”) conditions; these factors 
ensure that there is a considerable margin in corrosion potential (see Figure B.8.4) before 
transgranular cracking would be expected.  
 
There is cause for concern, however, in the PWR secondary systems for although they 
also operate at low corrosion potential (which is very strictly applied because of concerns 
that a more oxidizing potential will aggravate corrosion problems with alloy 600 tube 
bundles), there is a higher risk of oxidizing corrosion potentials in the event of persistent 
leaks at interfaces with the environment, particularly in the condenser. There are also 
concerns for BWRs not consistently on hydrogen water chemistry, since cracking may be 
possible under more oxidizing conditions, especially if there are other aggravating 
factors. Indeed there have been two relatively major classes of cracking incidents of 
unclad carbon or low alloy steel components in operating LWRs that illustrate these 
concerns; cracking of carbon steel BWR feedwater piping due to strain-induced cracking, 
and cracking of PWR steam generator girth welds due primarily to water chemistry 
transients. These are discussed below in order to lay the basis for the next section that 
evaluates the potential erosion of margins due to evolving fabrication (or repair) and 
operational practices. 
 
Strain-Induced Cracking of Steam, Feedwater and Condensate Piping 
 
The cracking of steam, feedwater and condensate piping systems due to strain-induced 
stress corrosion has been extensively analyzed [1, 43-45] for German BWRs where these 
components have been fabricated with relatively fine-grained, higher-strength steels (WB 
35, WB36) that allow the use of thinner walled piping without stress relief treatment of 
the welds. The features that aggravated the cracking susceptibility in these incidents 
were; 
 

• Dynamic straining associated with, for instance, reactor start-up or thermal 
stratification during low feedwater flow or hot standby conditions. Such 
operations lead to a wide range of applied strain rates [46] that may be as high as 
10-4 s-1, and would be expected to increase the crack propagation rate (see Figure 
B.8.2).  

• High local stress at or above the high temperature yield stress, thereby giving a 
lack of plastic constraint at the incipient crack tip, and consequently an anomalous 
increase in crack propagation rate (see Figures B.8.6 and 8) due to the effective 
increase in crack tip strain rate. Such high local stresses were attributed in the 
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failure analyses to weld defects (e.g. misalignment of weld edges, presence of 
root notches, etc), piping fit-up stresses and, in some cases inadequate pipe 
support at elbows. The combination of this high stress adjacent to the weld and 
the high applied strain rate led to a distribution of multiple cracks around the 
circumference of the pipe that was no longer confined by the asymmetric 
azimuthal distribution of weld residual stresses.  These cracks propagated on 
separate planes and did not interlink, thereby potentially alleviating concerns 
about “leak before break” safety analyses that would be raised for a fully 
circumferential crack propagating evenly through the pipe wall. 

• Oxidizing conditions, in conjunction with intermediate temperatures and potential 
anionic impurities. The affected piping generally operates in the temperature 
region 2200C -2500C where, as discussed earlier, the cracking susceptibility is at a 
maximum. Moreover, cracking was often observed in stagnant steam lines where.  
the dissolved oxygen concentration may be in excess of 100ppb well in excess of 
the 30ppb quoted to be the “threshold” value above which strain-induced cracking 
is to be expected in these steels at 2500C [47]; note that, as with the majority of 
EAC phenomena, the quotation of a firm “threshold” parameter (stress/strain rate, 
corrosion potential, anionic activity, temperature, etc.) is open to discussion, since 
the value defined will depend on the other relevant corrosion system parameters.   
This conjunction of environmental factors was further aggravated by the fact that 
during reactor shut-down stagnant water was sometimes left exposed to air in 
horizontal portions of piping; pitting and general corrosion occurred under these 
low temperature conditions, and these pits were observed to act as crack initiators 
during subsequent power operation conditions. 

 
Stress Corrosion Cracking of Steam Generator Girth Welds 
 
Very similar aggravating factors have been observed in transgranular cracking incidents 
in Model 44 and 51 designs of Westinghouse steam generators, starting with an isolated 
occurrence in Europe which was followed in 1982 with a well analyzed cracking incident 
at the Indian Point-3 PWR after approximately three effective full–power years. This 
cracking occurred at the upper shell to cone girth weld and was extensive with over a 
hundred circumferential cracks propagating to a maximum of 25mm. The cracking was 
attributed primarily to stress corrosion cracking with a component due to fatigue [48]. 
Similar incidents were subsequently observed at other US and European PWRs plants 
[49]. 
 
As with the case with the strain–induced cracking cases discussed above for the higher 
strength steels in German BWRs, the cracking in the PWR steam generator manufactured 
with lower strength SA 302 grade B weldments and SA 533 grade B plate steels, was 
aggravated by the fact that the weld was subjected to significant dynamic thermal 
stresses, in this case due to the fact that the incoming feedwater at 204-2270C was 
impacting on the hotter steam generator shell before mixing with the steam generator 
recirculating water. Moreover in the affected plants this particular weld was the final 
closure weld, with a localized stress relief being applied; subsequent hardness 
measurements indicated that this stress relief had not been fully effective. Finally, with 
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respect to the stress/strain rate conditions, there had been extensive weld repairs applied 
at Indian Point-3, an operation which has been widely associated with premature cracking 
in, for instance, nickel base alloys in PWR primary components due to the attendant weld 
residual stresses. 
 
Start-up operations in many of the cracking cases for this component involved the 
introduction of auxiliary feedwater from the condensate storage tank (CST) into the 
steam generator; unfortunately this water was aerated, since a nitrogen blanket was not 
applied to the CST. This deleterious oxidizing condition (Figure B.8.4) was exacerbated 
by the presence of Cu 2+ associated with corrosion of the brass condenser tubes. Such 
oxidizing conditions promoted pitting, which, in turn acted as initiation sites for the stress 
corrosion cracks and poor chemistry control may also have increased the crack 
propagation rate. 
 
Thus the unusual circumstances behind the cracking in these incidents were the conjoint 
presence of oxidizing secondary water conditions, high residual stress with a component 
of dynamic straining and a strong indication of high hardness due to inadequate stress 
relief. 
 
Stress Corrosion Cracking in Tertiary Systems 
 
Certain tertiary systems, which are fabricated of carbon steel such as the component 
cooling water system, have sustained SCC in the range of 90-150°F within times in the 
range of 5-10 years.  Such SCC has perforated the walls especially at the higher range of 
temperature.  These systems sustain such SCC in normal aerated chemistry with various 
inhibitive additives, within their nominal concentrations, such as molybdate and nitrite.   
Such SCC occurs where residual stresses are high due to fabrication, i.e. elbows, or at 
welds. 
 
Observations of SCC in carbon steel in oxygenated water in this low range of temperature 
have been observed at least in six plants.  However, these systems are not extensively 
inspected.  Also, there are possibly ten different water chemistry treatment programs 
among the world utilities.  There may be some interaction with MIC in some cases, but 
SCC can occur without the MIC and MIC does not always occur. 
 
Other Cases 
 
There have been other reported incidences of environmentally-assisted-cracking of 
carbon and low alloy steel in, especially, BWRs. The most significant of these have been 
cracks at nozzles associated with mixing of lower temperature water with hot water in a 
vessel, i.e., thermal fatigue cracks in BWR reactor vessel feedwater nozzles and control 
rod drive return line nozzles [50-54]. Although a component of SIC or stress corrosion 
cracking might be appropriate, it is apparent that the dominating degradation mechanism 
in these cases was corrosion fatigue, and discussion of these incidents is given in the 
fatigue topical report. 
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Other potential cracking incidents have been reported but have been either isolated in 
occurrence or inadequately analyzed to allow a positive attribution to stress corrosion 
cracking. For instance, a through-wall crack developed in the low alloy steel wall of an 
early BWR (Garigliano) secondary steam generator channel head. The crack appeared to 
have grown due to SCC and was attributed to the presence of cracks in the Alloy 400 
type cladding (Alloy 190 weld metal) that acted as initiating sites for the SCC in the base 
material, combined with high residual stresses due to an ineffective post weld heat 
treatment and, possibly, to an unusually high dissolved oxygen content in this unique 
BWR design. 
 
In addition, a few flaw indications have been detected in vessel base materials by UT 
performed for baseline or in-service inspections, e.g., due to laminations or inclusions in 
the steel plates or forgings.  The base material flaws have rarely if ever required repair.  
There appear to be no reported cases of service-induced growth of flaws present in the 
base plates or forgings.  Finally, significant numbers of cracks have developed in the 
cladding of BWR reactor vessel heads. In some cases, the cracks have penetrated short 
distances into the low alloy steel base material.  This cracking has required significant 
inspection and analysis to demonstrate the continued safe condition of the affected parts.  
In a few cases it has been concluded that the cladding cracks may have penetrated into 
the base material as the result of service, but it appears more likely that such penetration 
occurred during fabrication.  
 
Concerns Associated with Lack of Predictive Knowledge in Conjunction with 
Changing Operational Practices 
 
There is no question that our capability to predict the changes in stress corrosion or 
strain-induced cracking of carbon and low alloy steels in LWRs due to the effects of 
materials, environment and stressing modes has significantly improved over the last 20 
years. Prior to that time we would not have been able to quantitatively rationalize the 
cracking response of safety related components and thereby define appropriate remedial 
actions beyond qualitative judgments to “reduce stress”, improve chemistry control”, etc. 
Consequently we under stand in some quantitative detail the reasons why it is relatively 
hard to initiate and propagate stress corrosion cracks in carbon and low alloy steels in 
LWRs operating under good water chemistry control.  We also understand many of the 
“upset” operating conditions that might give cracking, and these are generally met for the 
few instances where cracking in the plant has been observed. 

However the bar is rising as reactors (in the US) apply for license renewal, power uprate, 
extended fuel cycles (and therefore increased inspection periods) and, possibly, limited 
load following.  All of these changes potentially increase the danger of undetected stress 
corrosion degradation. Items of concern that need research attention in order to reduce 
that risk for stress corrosion (and strain-induced cracking) of carbon and low alloy steels 
include:. 

• A quantification of the sequential actions of pit formation, microcrack initiation 
and coalescence, followed by “short” and then “long” crack propagation. This 
sequence is well recognized in carbon and low alloy steels and has been 
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quantified for gas pipelines. Such quantification has not been conducted for the 
nuclear systems. It is known that cracks may accelerate or arrest during this 
sequence; the quantification of this is inherent to the prediction of cracking of 
unclad ferritic piping 

• The propagation rates are, in general, reasonably well understood; There are, 
however, some system parameters that can affect these rates, but which are 
insufficiently characterized at this time. Until this is done, the industry is open to 
unforeseen incidents. Prime examples include; 

o Ripple loading.  As indicated in Figure B.8.10, ripple loading can 
significantly increase the crack propagation rate above the current 
disposition value, but we do not know the full extent (in terms of 
amplitude and periodicity) of these effects. 

o Dynamic strain aging. This is also a recognized effect, but insufficiently 
characterized. This has a direct impact on the definition of the maximum 
temperature for cracking degradation and on the compositional 
specifications for the steel. This latter aspect is of particular importance 
since steel manufacturers globally are modifying steel compositions (and 
in particular Al and N contents) in order to improve toughness together 
with higher yield stress. It imperative that such mechanical property 
driven changes also account for potential changes to the EAC resistance. 

o Heat affected zone (HAZ) anomalies.  IGSCC in the weld HAZ is well 
recognized in austenitic alloys for a variety of material and local 
stress/strain reasons. There is not a similar understanding of the potential 
increases in crack propagation rate in the HAZ of carbon and low-alloy 
steels. 

o  IGSCC of Carbon and Low Alloy Steels.  IGSCC of higher strength 
bainitic steels used in steam turbines is a recognized phenomenon.  The 
incidence of IGSCC in carbon and low alloy steels in the LWR system 
has not, however, been widely observed, leaving the possibility that there 
may be unrecognized and potentially kinetically faster degradation 
modes under very specific operating and material conditions. There has 
been a recent isolated incidence of such cracking in a CANDU feeder 
elbow [55] that was associated with higher than normal hardness and 
residual stress associated with cold bending; flow assisted corrosion was 
also observed at the (assumed) crack initiation site. Moreover laboratory 
information [56] indicates that IGSCC is possible in higher hardness 
HAZs at temperatures < 265oC. It is necessary, therefore, to evaluate this 
degradation mode with respect to the relevant system variables, with 
some attention to potential synergisms with flow assisted corrosion and 
the associated hydrogen production. 
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Figure B.8.1  Crack propagation rate vs. stress intensity factor data 
for low alloy steels in “BWR” water at 2880C (8). Note that there must be 

a sound technical basis for the choice of the indicated disposition relationships. 
 

 
 

Figure B.8.2  Observed and theoretical crack propagation rate / crack tip strain 
rate relations for low alloy steel in 288oC water at various corrosion potentials 

(9,12). The strain rate values are pertinent to tests conducted under corrosion fatigue 
(at the higher end), slowly increasing applied strain, and constant load creep (at the 

lower end). 
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Figure B.8.3  Schematic of crack tip illustrating the relationship between the MnS 

precipitate morphology and the advancing crack tip, and the various mass transport 
phenomena  that will control the anionic activity at the crack tip 

 
 

 
 

Figure B.8.4  Observed (16) and theoretical (9) dependency of the average stress 
corrosion crack propagation rate on corrosion potential for 0.010% sulfur A508 
steel strained at 1-1.5 x 10 -6 s.-1 in 288oC water with conductivity of 0.02µS. cm -1 
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Figure B.8.5  Theoretical “low–sulfur” crack propagation rate vs. stress intensity 
relationship (Eq.  5) compared with selected laboratory data obtained in 288oC 
water containing 200 ppb oxygen, and stressed under constant load, constant 

displacement or constant load with periodic cycling conditions (9) 
 

 
 

Figure B.8.6  Observed (21-23) crack propagation rates, screened for quality (8), 
obtained under constant load for low alloy steels in 240oC water with 0.4 or 8.0 ppm 

oxygen. These data are compared with the theoretical relationship in Eq.  5. 
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Figure B.8.7  Crack length as a function of time for a low alloy 
steel specimen under constant load in BWR coolant (26) 

 
 

 
 

Figure B.8.8  Propagation rate vs stress intensity relationships for low alloy 
steels in BWR environments proposed by industry for disposition of cracks 
under stationary power operation (Eq.  7), and during the 100 hours after 

limited water chemistry and load transients (Eq.  5) 



PMDA PIRT Report – Appendix B.8 
March 2005 

 
Figure B.8.9  Effect of hardness on the crack propagation rate for various 
low alloy steel weldments, plate,etc. in 8 ppm oxygenated water at 288oC 

in comparison with the disposition propagation rate defined by Eq.  5 (33) 
 
 
 
 

 
Figure B.8.10  Effect of ripple loading ( R>0.95) on the crack propagation rates for 
various low alloy steels in high purity, oxygenated water, indicating  the possibility 

of exceeding the disposition propagation rates in Eq. s 5 and 7 depending on the 
specifics of material condition. (33) 
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Figure B.8.11  Effect of chloride and sulphate on the crack propagation rate 

of a low alloy steel in 8ppm oxygenated water at 2880C, (33) 
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B.9 Environmental Degradation of High Strength Materials 
 
Introduction 
 
Many high strength materials are used in PWRs and BWRs for bolts, studs and springs. 
Typical uses of high strength, martensitic, low alloy steels are for the closure studs and 
nuts of pressure vessels and manway cover plates, pump casings and support assemblies, 
valve bonnets and packing glands. They are also used for bolts and tie rods in PWR 
secondary water in steam generators. High strength stainless steels and nickel base alloys 
are deployed in many components in the primary coolant circuits of both PWRs and 
BWRs. Examples include valve stems, internal bolting and springs in main coolant 
pumps and valves, control rod drive assemblies, core internals, fuel hold down springs, 
etc. 
 
Failures of internal bolts and springs can give rise to loose parts and loss of essential 
function of the component concerned. External bolts and studs are clearly critical to 
maintaining the integrity of the principal pressure boundary. From the very beginning of 
exploitation of PWRs and BWRs for power production, small but significant numbers of 
failures of high strength materials have occurred in service. They have usually been 
attributed to stress corrosion cracking (SCC) or hydrogen embrittlement (HE). A few 
have also been attributed to corrosion fatigue and in the specific case of low alloy steels 
used for external bolting in the primary circuit, also to boric acid corrosion by primary 
water leaks and steam cutting. Recurring themes in the case of high strength low alloy 
and stainless steels have been the initial unsuitability of the heat treatment and hardness 
of the as-installed component, or in some cases after thermal aging leading to 
unacceptable hardness, and the presence of inappropriate lubricants to facilitate assembly. 
For the nickel base alloys, attention has also been focused on the suitability of the initial 
heat treatment to obtain the desired mechanical properties but here the in-service 
problems encountered have been more analogous to those of nickel base alloys in 
general, particularly in PWR primary water service. 
 
Nickel base alloys 
 
Alloys X750 and 718 are nickel base alloys that are age hardened to precipitate the 
strengthening phases γ' and/or γ". Their chemical compositions are given in Table B.9.1. 
Bolts in alloy X750 can have yield strengths of 115-140 ksi (790-965 MPa) while Alloy 
718 can be hardened to higher strengths, for example 170-180 ksi (1170-1240 MPa) for 
bolts and even over 200 ksi (1380 MPa) for springs dependent on the level of cold work 
applied before age hardening (1). Many more components fabricated from alloy X750 
have experienced intergranular stress corrosion cracking (IGSCC) in service in both 
PWRs and BWRs while only a very limited number of similar failures of alloy 718 have 
been observed in PWR service (1,2). 
 
Improvements have been made to alloy X750 for PWR primary water service by 
increasing the solution annealing temperature to 1950-2100°F (1060-1150°C) and with it 
the resultant grain size, and by the adoption of a single step aging heat treatment at 
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1300°F (704°C) for 20 hours. Although the main goal of the aging heat treatment is to 
precipitate the strengthening phase γ', Ni3(Ti, Al), an added advantage of these particular 
heat treatment conditions for PWR primary water service is a fine, dense M23C6 carbide 
distribution at grain boundaries (3). In addition, great attention is now paid to keeping the 
design stresses, including those at stress concentrations, at least below the proportional 
limit. Surface condition of components is also known to influence the risk of IGSCC, in 
particular cold work and residual stress. Moreover, the atmosphere used during the aging 
heat treatment alloy of X750 was found to have a profound influence on initiation times 
for IGSCC in PWR primary water (3).  This was due to oxidation of surface layers that 
had to be removed by machining after heat treatment in order to ensure optimum 
performance in service. The combination of all these improvements has seemingly 
stopped the previously generic failures of alloy X750 control rod drive split pins, for 
example, with operating periods presently exceeding 100,000hours without failure. 
 
Alloy 718 is a normally highly reliable high strength alloy for use in PWR primary water 
although a few failures in PWR service are known (1,2). Some studies in the literature have 
implicated the formation during thermal aging of δ phase, the thermodynamically most 
stable form of the strengthening phases γ", as having an aggravating influence on 
subsequent IGSCC susceptibility (4). Others have not observed a major effect of δ phase 
on product performance (2). Indeed, δ phase is a necessary feature to avoid excessive 
grain growth during solution treatment prior to aging (2). By contrast, intergranular 
oxidation of the surface during product rolling and heat treatment can have a severe 
adverse influence on IGSCC initiation in PWR primary water. For optimum IGSCC 
resistance in plant, it is essential to remove the layer affected by the furnace atmosphere, 
as observed previously for alloy X750.  
 
Stainless steels 
 
The most commonly used high strength bolting material in PWR primary circuits is cold 
worked Type 316 stainless steels with strength levels, depending on component diameter, 
up to 100 ksi (700 MPa), which requires typically 10 to 20% cold work. Even cold 
worked Type 304 (not L grade) may be used in PWR primary water although the 
practical extent of its use is not for the moment clear. With the exception of heavily 
neutron irradiated core baffle bolts there have been no known failures in service. 
 
Where higher strength levels are required for components such as bolts, springs and valve 
stems, materials such as A286 precipitation hardened austenitic stainless steel, A410 and 
similar martensitic stainless steels and 17-4PH precipitation hardened martensitic 
stainless steel are used (Table B.9.1). Over the years, small numbers of such components 
have cracked in service usually attributed to stress corrosion or hydrogen embrittlement. 
 
A286, an austenitic, precipitation hardened, stainless steel is strengthened by γ’, 
Ni3(Ti,Al), formed during aging at 1330°F (720°C). Its use is favored where the 
expansion coefficient relative to other austenitic stainless steels is an important design 
factor. Unfortunately, it is susceptible to IGSCC in PWR primary water when loaded at 
or above the room temperature yield stress, typically 100 ksi (700 MPa) (5-10). Cold work 
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prior to aging in combination with the lower of two commonly used solution annealing 
temperatures of 900 and 980°C has a particularly adverse effect on IGSCC resistance (8). 
Hot heading of bolts, which can create a heat-affected zone between the head and shank, 
is another known adverse factor. Nevertheless, even if these metallurgical factors are 
optimized, immunity from cracking cannot be assured unless the stresses are maintained 
below the room temperature yield stress, which necessitates strictly controlled bolt-
loading procedures. There is also strong circumstantial evidence that superimposed 
fatigue stresses can lower the mean threshold stress for IGSCC even further. Finally, the 
role of impurities, including oxygen introduced during plant shut down and possibly 
consumed only slowly in confined crevices, in helping crack initiation is clear from all 
the evidence available. Once initiated, cracks grow relatively easily even in well-
controlled PWR primary water (7).  
 
Components such as valve stems, bolts and tie rods requiring rather high strength 
combined with good corrosion resistance in PWR primary circuit water have been 
typically fabricated from martensitic stainless steels, particularly Type 410 and 17-4 PH. 
A significant number of failures of martensitic stainless steels such as Type 410, for 
example, have occurred (11). In most cases, the affected components have usually entered 
service in an overly hard condition due to tempering at too low a temperature but no in-
service aging seems to have been involved in these cases, the materials proving 
susceptible to stress corrosion cracking / hydrogen embrittlement in PWR primary water 
in the as-fabricated condition. A high tempering temperature above 1100°F (600°C) is 
preferred to avoid hydrogen embrittlement susceptibility. An additional problem has been 
caused by pitting/crevice corrosion of Type 410 and similar martensitic stainless steels in 
contact with graphite containing materials in the packing glands of valves, sometimes 
leading to valve stem seizure. The preferred replacement material has often been 17-4 PH 
with its higher chromium and molybdenum content conferring better resistance to crevice 
corrosion. 
 
A significant number of service failures of 17-4 PH precipitation hardening stainless steel 
have also occurred in PWR primary water (11-14). Initially, intergranular cracking by stress 
corrosion / hydrogen embrittlement was associated with the lowest temperature aging 
heat treatment at 900°F (480°C) designated H900. This gives a minimum Vickers 
hardness value of 435HV well in excess of the limit of 350HV commonly observed to 
limit the risk of hydrogen embrittlement. The H1100 (593°C) aging heat treatment was 
subsequently widely adopted and normally yields a hardness value below 350HV. 
Nevertheless, a small number of failures, due either to brittle fracture or stress corrosion / 
hydrogen embrittlement, have continued to occur. The origin of these failures appears to 
be thermal aging in service.  
 
Two main thermal aging mechanisms of martensitic stainless steels are recognized. The 
first "reversible temper embrittlement" is related to the diffusion of phosphorus (and 
arsenic, antimony and tin) to grain boundaries at aging temperatures generally above 
750°F (400°C) and can occur in both Type 410 and 17-4 PH stainless steels. The grain 
boundaries are consequently embrittled and are particularly susceptible to intergranular 
hydrogen embrittlement but no general increase in hardness is observed. It can be 
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reversed by heat treating around 1100°F (600°C) and avoided by reducing the 
phosphorus content and by small (1%) alloying additions of molybdenum.  
 
The second thermal aging embrittlement mechanism is relevant only to precipitation 
hardened stainless steels such as of 17-4 PH. It arises from an intra-granular 
decomposition of the martensitic matrix into two phases, α which is rich in iron, and α′ 
which is chromium rich. Further hardening arises from additional precipitation of the 
copper rich ε phase. A generalized increase in hardness is observed with corresponding 
increases in strength and ductile / brittle transition temperature and loss of fracture 
toughness. This hardening cannot be reversed without re-solution annealing. French 
studies have shown that this aging mechanism can occur in 17-4 PH steels on time scales 
relevant to the design lives of PWRs at temperatures exceeding 485°F (250°C) and 
quantitative models for component assessment have been developed (12,13). Mechanical 
fractures occur by cleavage although those involving corrosion can also be intergranular. 
Both types of failure have been associated with hardness values after in-service aging 
significantly exceeding 350HV. Corrosion related failures have also been aggravated by 
impurities coming from valve packing gland materials. 
 
Low alloy martensitic steels 
 
High strength martensitic and maraging steels are used in many external fastener 
applications in nuclear power reactors and a significant number of failures of this class 
of component have occurred (15). Most have been described as corrosion related failures. 
The problems encountered with external bolting have affected both support bolting and 
pressure boundary fasteners. Support bolting, in particular, can be affected by severe 
localized corrosion at interfaces with concrete where water may accumulate and 
protective plating or a polymeric coating system is often necessary. 
 
Cracking of low alloy (AISI 4340 and 4140) and maraging steel support bolting has 
been attributed mainly to hydrogen embrittlement. Steels with ultra high yield strengths 
greater than 140 ksi (1000 MPa) have failed due to a combination of too high applied 
stresses and humid or wet environments collecting around the bases of components. 
Steels with lower yield strengths have also failed due to poor heat treatment or material 
variability. Consequent on these failures, a review of environmental cracking properties 
of high strength steels exposed to water or salt water at low temperatures was carried out 
and regulatory guidelines based on this information were published in the USA (16). 
Acceptability of high strength bolting was based on a lower bound approach to KISCC as a 
function of yield strength. This fracture mechanics based approach may have some 
attractions for defining a quality assurance procedure and for defect assessment. However, 
hydrogen cracks can start from free surfaces, usually in crevices, and consequently it is 
advisable also to have an upper hound strength limit (normally defined by a hardness 
level acceptance criterion such as <350HV) to avoid this type of cracking.  
 
The second category of bolt failures is concerned with the integrity of the primary pressure 
boundary at locations such as the flanges of manway covers, pump casings and valves. Most 
of these incidents have been caused by boric acid corrosion or steam cutting (erosion-
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corrosion) due to PWR primary water seal leaks. A small number of failures among this 
category of bolts have, however, been associated with stress corrosion cracking / hydrogen 
embrittlement rather than wastage (16). The ferritic bolting steels involved were not out of 
specification but had been in contact with molybdenum disulfide lubricants. It has been 
postulated that the lubricant dissociated on contact with hot water to yield hydrogen 
sulfide, which is a severe hydrogen embrittling agent for ferritic steels. Consequently 
sulfide containing lubricants are no longer permitted. More generally, the main remedy 
for this category of high strength bolting failures is to avoid leaks at flanges seals by 
improved gasket design. 
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Table B.9.1  Compositions of Some Common High Strength Nickel Base Alloys 
and Stainless Steels 

 

 
Alloy X750 Alloy 718 A-286 17-4PH 

Nickel >70.0 50-55 24-27 3.0-5.0 
Chromium 14-17 17-21 12-15 15-17.5 
Iron 5-9 Bal. Bal. Bal. 

Titanium 2.25-2.75 0.65-1.15 1.55-2.0  

Aluminum 0.4-1.0 0.2-0.8 ≤0.35  
Niobium plus 
Tantalum 

0.7-1.2 4.75-5.50  0.15-0.45 

Molybdenum  2.8-3.3 1.00-1.50  
Carbon ≤0.08 ≤0.08 ≤0.08 ≤0.07 
Manganese ≤1.0 ≤0.35 ≤2.0 ≤1.0 
Sulfur ≤0.010 ≤0.010 ≤0.030 ≤0.030 

Phosphorus   ≤0.040 ≤0.040 
Silicon ≤0.5 ≤0.35 ≤1.0  
Copper ≤0.5 ≤0.30  3.0-5.0 
Vanadium   0.10-0.50  
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B.10 BWR Water Chemistry Guidelines 
 
Introduction 
 
The 2004 revision of the BWR Water Chemistry Guidelines continues to focus on intergranular 
stress corrosion cracking (IGSCC), which can limit the service life of susceptible materials and 
components in BWR water environments. In addition, the guidelines place increased emphasis 
on fuel performance concerns, in view of the increasing incidence of fuel failures since the last 
revision in 2000. Many plants have adopted noble metal chemical application (NMCA) in the 
past four years, and this document addresses the resultant issues with IGSCC mitigation, fuel 
performance and radiation fields. 
 
This document provides proactive water chemistry recommendations for BWRs during all modes 
of operation. It summarizes the technical bases for all water chemistry alternatives and provides 
guidance on the development of plant-specific chemistry programs. The guidelines recommend 
tightening some limits, relaxing others, and implementing more cost-effective monitoring, which 
will improve protection against materials and fuel problems and also reduce the risks of loss of 
output from chemistry transients. 
 
Background 
 
The first edition of these guidelines focused on impurity control to reduce stress corrosion 
cracking and fuel degradation. Consideration of hydrogen water chemistry to reduce 
electrochemical potential was added subsequently, and noble metal chemical addition was 
considered in the latest revision, including the effects on radiation buildup. With fuel heat rates 
increasing, and examples of corrosion induced fuel failures in recent years, fuel/water chemistry 
interactions are now a central theme in the latest edition. 
 
The BWR Water Chemistry Guidelines Committee and the Mitigation Committee of the BWR 
Vessel and Internals Program (BWRVIP) issued this document to provide proactive water 
chemistry guidance for mitigating IGSCC, maintaining fuel integrity, and controlling radiation 
fields.  The BWR Fuels Focus Group of the Fuel Reliability Program has been closely involved 
in the development of this document to address the increased industry concern about fuel 
performance issues. It updates the BWR Water Chemistry Guidelines - 2000, providing an 
enhanced methodology for establishing site-specific BWR water chemistry control programs. 
 
A committee of industry experts collaborated to review the available field and laboratory data on 
BWR water chemistry controls and their impact on plant operation, corrosion mechanisms, fuel 
performance and radiation fields. The committee inc luded utility specialists, Nuclear Steam 
Supply System (NSSS) vendors and fuel vendor representatives, Institute of Nuclear Power 
Operation (INPO) representatives, consultants, and EPRI staff. The committee identified a range 
of water chemistry regimes from which utility personnel can select their site-specific program. 
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Key Points and Technical Issues 
 
The content of this document is summarized below, with major changes from the 2000 revision 
noted: 
 
Management Issues: Section 1.  A recent policy of the U.S. nuclear industry commits each 
nuclear utility to adopting the responsibilities and processes on the management of materials 
aging issues described in “NEI 03-08: Guideline for the Management of Materials Issues.”  
Section 1 of the BWR Water Chemistry Guidelines specifies which portions of the document  are 
“Mandatory,” “Needed,” or “Good Practices,” using the classification described in NEI 03-08. 
 
Intergranular Stress Corrosion Cracking: Section 2 discusses the technical basis for water 
chemistry control of IGSCC.  This Section has been updated with the latest information on the 
effects of impurities such as sulfate and chloride on crack growth rate and covers a wider range 
of electrochemical potential (ECP).  The strong effect of copper ions on the effectiveness of 
hydrogen water chemistry (HWC) is detailed.  The overall goal of demonstrating the 
effectiveness of mitigating IGSCC of piping and reactor internals using HWC and NMCA is 
discussed in detail, including the Guidelines’ relationship to inspection relief programs contained 
in BWRVIP-62 and BWRVIP-75.  
 
Some of the previous IGSCC concerns in BWRs have largely been resolved by replacing the 
impacted materials with more IGSCC-resistant materials or by performing simple repairs.  
However, there is a limit to what can be achieved by replacement and repair.  For example, 
repair/replacement of internals below the core is expensive and could lead to premature 
shutdown and decommissioning in the worst cases.  An aggressive mitigation strategy will 
reduce the probability of escalating repair costs. 
 
For many BWRs, the best-available initial strategy is likely to be to adopt HWC-M (1.0-2.0 ppm 
hydrogen in feedwater) to protect components in the lower core region as soon as possible.  This 
provides mitigation to plant components thought to be the most difficult to repair.  Plant data 
should be used to optimize the hydrogen feed rates. For other BWRs, HWC-M may not be 
economically feasible and the implementation of NMCA will provide the IGSCC mitigation 
solution. 
 
All utilities not currently using HWC-M or NMCA are recommended to conduct an updated 
economic analysis.  If the analysis indicates that HWC-M or NMCA is cost-beneficial, it is 
recommended that they implement HWC-M or NMCA to protect components in the lower core 
and lower plenum region.  However, additional fuel technical issues need to be assessed with 
NMCA implementation.  NMCA has several benefits compared to HWC-M such as reduced 
hydrogen injection rate, operation with NWC dose rates, decreased personnel exposure during 
operation, elimination of increased localized shielding requirements and increased mitigation of 
components in the upper shroud annulus.  On the other hand, HWC-M offers several benefits 
compared to NMCA such as no outage time for the “classical” NMCA application, no “crack 
flanking” concerns and no potential fuel crudding and corrosion issues. 
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Radiation Field Effects: Section 3. The discussion of the effects of NMCA and zinc injection 
on radiation fields has been updated with the most recent plant data. The discussion on control of 
feedwater iron has been strengthened, with the recognition that iron increases fuel crud formation 
and decreases the efficiency of zinc.  The “desired range” recommendations for feedwater iron 
have been specified as 0.1 – 1.5 ppb for HWC and NMCA plants, and 0.5 – 1.5 ppb for normal 
water chemistry plants. 
 
The technologies available to mitigate IGSCC via BWR water chemistry control can 
significantly affect both operating and shutdown dose rates.  The injection of hydrogen into the 
feedwater at levels required for mitigation increases the main steam line radiation level by a 
factor of 5X and requires either increased shielding or changed operation modes or both.  In 
addition, operation with feedwater hydrogen injection results in increased shutdown dose rates 
due to increased 60Co uptake into the oxides formed under reducing conditions.  Mitigation of the 
increased shutdown dose rates can be accomplished with feedwater zinc injection. 
   
The NMCA method uses low feedwater hydrogen addition rates and operating dose rates are 
increased by only 10% or less.  To mitigate the increased shutdown dose rates due to increased 
uptake of 60Co into corrosion films, the reactor water ratio of soluble 60Co to soluble Zn must be 
kept below 2.0 x 10-5 µCi/ml/ppb.  Due to the nature of the restructuring of the corrosion films 
during initial operation during the first post NMCA cycle the resulting shutdown dose rates can 
be kept very low if this ratio is established early in the first post-NMCA cycle.  For this reason, 
some plants may need to increase feedwater zinc concentrations.  Increased zinc may also be 
desirable for a period following a chemical decontamination.  However, because of fuel 
performance concerns, it is best to limit the average feedwater zinc concentration value (below 
0.6 ppb for HWC and 0.4 ppb for NMCA plants) while establishing and maintaining this ratio.   
Feedwater iron input is also an important parameter to control shutdown radiation dose rates.  A 
long-term goal of less than 1 ppb input is recommended with a minimum value of either 0.1 ppb 
or 0.5 ppb.  Establishing this goal will make establishing the 60Co(s)/ Zn(s) ratio much easier 
when limiting feedwater zinc levels as suggested above. 
 
Flow Accelerated Corrosion (FAC): Section 4.  Flow-accelerated corrosion ( also called flow-
assisted corrosion and, misleadingly, erosion/corrosion) causes wall thinning of carbon steel 
piping, vessels, and components.  The wall thinning is caused by an increased rate of dissolution 
of the normally protective oxide layer, (e.g., magnetite), that forms on the surface of carbon and 
low alloy steel when exposed to high velocity water or wet steam.  The oxide layer reforms and 
the process continues.  The problem is widespread in all types of conventional and nuclear power 
plants.  Wall thinning rates as high as ~120 mpy (3 mm/year) have been observed.  If the 
thinning is not detected in time, the reduced wall cannot withstand the internal pressure and other 
applied loads.  The result can be either a leak or complete rupture. 
 
The rate of wall loss (wear rate) of a given component is affected by the alloy composition, the 
pH at operating conditions, the liquid phase dissolved oxygen concentration, fluid bulk velocity, 
component geometry and upstream influences, fluid temperature and steam quality. 
 
The effect of NMCA on the corrosion behavior of carbon steel in 550°F (288 °C) water 
containing various amounts of oxygen and hydrogen was examined and the data confirm that 
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there is no adverse effect of NMCA on FAC.  At low oxygen concentrations and a reducing 
environment, noble metal treatment of carbon steel surfaces raised the corrosion potential to 
values closer to the hydrogen/water reversible potential, suggesting that FAC of wetted carbon 
steel components will be reduced under these conditions. 
 
Overall, due to the catalytic nature of noble metals, plants that undergo NMCA are able to inject 
lower amounts of hydrogen while still achieving SCC mitigation of the reactor vessel and 
internals (wetted regions).  Plants with low HWC have higher reactor water oxygen contents 
when compared to moderate HWC plants.  Typical reactor water oxygen levels with low 
HWC/NMCA plants have often been in the region of 30 to 80 ppb whereas under moderate 
HWC conditions, the reactor water oxygen is often less than 2 ppb.  Consequently, there is less 
suppression of radiolysis and a higher oxygen concentration in steam.  In those regions of the 
steam cycle where moderate HWC causes an increase in FAC, there will be less of an increase 
with NMCA-HWC. 
 
Control of Chemistry for Fuel Integrity Concerns. Section 5 discusses water chemistry 
impacts on fuel integrity, and now includes a discussion of corrosion-related fuel failures.  The 
need for control of feedwater zinc, iron and copper is discussed.  Based on fuel integrity issues, 
quarterly average maxima for feedwater zinc of 0.6 ppb for HWC plants and 0.4 ppb for NMCA 
plants are recommended. A feedwater copper limit of <0.1 ppb is highly desirable for all plants.  
Given the industry trend of increasing fuel duty and the possibility of further chemistry 
modifications for plant system material protection, reducing the feedwater iron to <1.0 ppb 
should be considered at all plants. 
 
Largely through improvement of cladding nodular corrosion resistance and vigilant utility efforts 
in maintaining good water purity, no industry-wide events relating to cladding corrosion fuel 
failure, with the exception of an isolated case, was reported throughout the decade of 1990-2000.  
However, the industry has experienced rapid changes in fuel designs and the water chemistry 
environment over the past decade.  Higher efficiency fuel designs and operational procedures 
have been introduced to meet the needs for higher discharge burn-up, longer cycle lengths, and 
improved cycle economics.  Increasing fuel duty can increase rates of deposition of crud and 
hideout of harmful chemical species if present.  Water chemistry conditions that were acceptable 
in the 1990s may no longer provide adequate margin for maintaining fuel reliability. Thus, the 
rapid changes in fuel and chemistry have created highly challenging conditions for the industry 
to maintain the high fuel integrity achieved during the 1990s. 
 
This Section reviews fuel cladding corrosion observations and assess the potential role of water 
chemistry and possible mitigation measures.  The current state of knowledge of the effects of 
chemistry additives, hydrogen, zinc, NMCA, and impurities, such as Fe, Cu, electro-hydraulic 
control (EHC) fluid, etc., on fuel crud deposition and Zircaloy cladding corrosion is critically 
reviewed based on fuel surveillance results, fuel operation experiences, and simulation tests.  
Finally, recommendations on water chemistry conditions are provided with the aim of mitigating 
the future occurrence of fuel failures due to accelerated cladding corrosion. 
 
Minimizing tenacious crud formation and preventing intrusion of potentially harmful chemical 
impurities are two key chemistry considerations to improve fuel operational margin and prevent 
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fuel cladding corrosion-related issues.  Each plant must optimize their reactor chemistry 
programs to maximize fuel performance and minimize the risks to reactor integrity and personnel 
dose 
   
BWR Water Chemistry Control: Section 6. Recognizing the increasing urgency of corrective 
actions with increasing impurity concentrations, the following rationale was used for establishing 
water chemistry control parameters, recommended operating limits, and recommended 
monitoring frequencies: 
 

• Ingress of impurities into the RCS should be kept to a practical and achievable minimum. 
 
• The oxidizing power of the reactor water should be maintained below a value at which 

both laboratory and specific reactor experience demonstrate that sensitized austenitic 
stainless steels and nickel-based alloys do not exhibit significant rates of IGSCC. 

 
• Action levels should be based on quantitative information about the effects of the 

chemistry variables on the corrosion behavior of RCS materials, fuel performance and 
radiation field buildup.  In the absence of quantitative data, achievable action level values 
should be specified. 

 
• Action Levels and responses to exceeding Action Levels can vary with the approach to 

chemistry control, i.e., normal water chemistry (NWC), hydrogen water chemistry 
(HWC), or HWC following noble metal chemical application (NMCA). 

 
• Recommended control, diagnostic and confirmatory parameters should be reliably 

measurable at the levels specified using currently available equipment and procedures. 
 

• Monitoring frequencies should be established with the recognition that utility resources 
should be devoted to high-priority work. 

 
This section comprises the recommendations for water chemistry control and diagnostic 
parameters, for start up, operation and shutdown.  These now include separate tables for 
hydrogen water chemistry, HWC/ NMCA and normal water chemistry.  The Action Level tables 
now address the possibility that IGSCC may be reduced with continued operation if the Action 
Levels are exceeded. 
 
Recommended Goals for Water Chemistry Optimization: Section 7.  This is a new section 
containing recommended goals for water chemistry optimization.  These are “good practice” 
recommendations for targets that plants may use in optimizing water chemistry that balances the 
conflicting requirements of materials, fuel and radiation control.  Significant time and expense 
may be required to meet these targets; thus efforts to achieve these goals should be considered in 
the context of the overall strategic plan for the plant. 
 
Data Monitoring and Evaluation: Section 8. This Section discusses recommended chemistry 
surveillance.  Recommendations from the 2000 revision of the Guidelines were reviewed.  In 
support of the utilities’ need to reduce O&M costs, recommended surveillance and monitoring 
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frequencies were reduced when such could be done without significant adverse impact on plant 
chemistry. 
 
Appendix A discusses the effects of impurity transients on crack growth rates.  It has been 
considerably enhanced, including two tables of documented BWR transients that have occurred 
during operation and shutdown, possible water chemistry responses to transients plus examples 
of decision trees for evaluating actions to minimize the detrimental effects on IGSCC. 
 
Appendix B covers auxiliary systems. 
 
Appendix C is new.  It addresses calculations that may be made to correct the measured 
conductivity for the presence of ionic species that are benign toward system integrity. 
 
Appendix D is a new appendix covering ultrasonic fuel cleaning. 
 
Appendix E updates the appendix on the BWRVIA model in the 2000 revision. 
 
REFERENCES 
 
[1]   BWR Water Chemistry Guidelines, 2004 Revision.  EPRI Report 1008192 
[2] Robin L. Jones, “Mitigating Corrosion Problems in LWRs via Chemistry Changes,” 

Power Plant Chemistry, November 2004, pp663-669 
[3] Robert. L. Cowan, “Modern BWR Chemistry Operating Strategies”, International 

Conference on Water Chemistry of Nuclear Reactor Systems, San Francisco, October 
2004 



PMDA PIRT Report – Appendix B.11 
March 2005 

B.11 PWR Primary Water Chemistry Guidelines 
 
Introduction 
 
The fifth revision of the PWR Primary Water Chemistry Guidelines, published in 2003, de-
scribes an effective, state-of-the-art program from which a utility can develop an optimized pro-
gram for their plant.  The philosophy embodied in this document has generic applicability, but 
can be adapted to the particular conditions of the utility and the site.  The detailed guidelines pre-
sented in Volume 1 on operating chemistry and in Volume 2 on startup and shutdown chemistry 
comprise a program that should serve as a model for the development of site-specific chemistry 
plans. 
 
Ensuring continued integrity of RCS materials of construction and fuel cladding and maintaining 
the industry trend toward reduced radiation fields requires continued optimization of reactor 
coolant chemistry.  Optimization of coolant chemistry to meet site-specific demands becomes 
increasingly important in light of material corrosion concerns in steam generator and reactor ves-
sel penetrations, the movement toward extended fuel cycles, higher duty cores, increasingly 
stringent dose rate control, decreased refueling outage duration, and reduced operating costs.  
This document is the sixth in a series of industry guidelines on PWR primary water chemistry.  
Like each of the others in the series, it provides a template for development of a plant-specific 
water chemistry program. 
 
Background 
 
Historically, the guidelines focused on radiation field control while maintaining fuel and materi-
als integrity.  Thus a trend of gradual increase in recommended pH levels can be seen in succes-
sive revisions.  With some plants increasing fuel duty, more attention is now been paid to water 
chemistry/fuel interactions, particularly crud deposition. Increasing pH is also beneficial in con-
trolling crud buildup. The guidelines have always considered the small effects of chemistry on 
initiation of stress corrosion cracking of nickel-based alloys. Although chemistry effects are mi-
nor, ne exception has been zinc injection, where a delay in crack initiation has been observed in 
laboratory tests.  Recent crack growth data have also been considered, but again the influence of 
chemistry was found to be minor.  The latest data shows a potential benefit from increasing hy-
drogen during operation, and this will be addressed in future editions, as will the possibility of 
mitigating low temperature crack propagation by adjusting shutdown procedures. 
 
The Guidelines were prepared by a committee of experienced industry personnel through an ef-
fort sponsored by EPRI.  Participation was obtained from chemistry, materials, steam generator, 
and fuels experts to ensure the Guidelines present chemistry parameters that are optimum for 
each set of operating and material conditions.  Each EPRI-member utility operating a PWR par-
ticipated in generation or review of these Guidelines.  Therefore, this document serves as an in-
dustry consensus for PWR primary water chemistry control.  In essence, it is a report from indus-
try specialists to the utilities documenting an optimized water chemistry program. 
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Key Points and Technical Issues 
 
The content of the 2003 revision is summarized below, with major changes from the previous 
revision noted: 
 
Volume 1 
 
Relative to Rev. 4 of these Guidelines, the major changes in Volume 1 of this document are as 
follows: 
 
Management Responsibilities: Section 1.  The U.S. nuclear industry established a framework 
for improving the reliability of steam generators, described in “NEI 97-06: Steam Generator 
Program Guidelines” Section 1 of the PWR Primary Water Chemistry Guidelines specifies 
which portions of Volume 1 are required in a “strategic water chemistry plan” to meet the intent 
of NEI 97-06.  Volume 2 of these Guidelines addresses aspects of startup and shutdown chemis-
try practices which are not believed to impact SG tube integrity.  Therefore, utilities need not 
meet the intent of Volume 2 to be in compliance with the NEI Initiative.   
 
Technical Basis for Coolant Chemistry Control: Section 2 has been updated to include recent 
field experiences, laboratory test results and related investigations.  Some of the key changes in 
Section 2 include: 
 

• The quantitative discussion of the influence of water chemistry on primary water stress 
corrosion cracking (PWSCC) was updated to reflect recent data and a revised statistical 
evaluation of relevant test data.  This evaluation indicates that use of the higher lithium 
levels required for constant elevated pHT  regimes (e.g., pHT  of 7.1  - 7.3 constant vs. ear-
lier pHT  6.9 constant or modified pHT  6.9 regimes) results in little or no penalty in the 
characteristic time to PWSCC, and that any chemistry effect will be much smaller than 
the influence of material composition, stress or temperature.  This conclusion is sup-
ported by plant experience where no significant effects of higher pH regimes have been 
observed at French, Swedish and U.S. plants that are experiencing PWSCC at low levels 
and have increased pHT  from 6.9 or 7.0 to 7.1 or higher.  The discussion regarding the ef-
fects of hydrogen on PWSCC was revised to reflect recently published information that 
shows that the hydrogen concentration associated with the highest crack growth rate var-
ies as a function of temperature. 

 
• A brief discussion was added of recent test results regarding low temperature crack 

propagation (LTCP) in thick parts made from nickel-base alloys X-750, 82, 52, and 690, 
and how this cracking mode is affected by hydrogen levels in low temperature water.  

 
• The discussion regarding the use of zinc in the field as an additive to mitigate PWSCC 

was updated.  The discussion regarding use of zinc to reduce shutdown dose rates was 
updated to reflect the continuing encouraging results from both domestic and foreign 
plants.  Even low levels of zinc added continuously are resulting in significant dose rate 
reductions in U.S. and German plants over multiple cycles.  Approximately 20 PWRs are 
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currently injecting zinc, mainly to control radiation fields, but plants using higher zinc 
concentrations are starting to see a reduction in PWSCC in steam generator tubing. 

• An expanded discussion was included of the benefits of constant high pH regimes with 
regard to crud management, fuel deposits, and radiation dose rate.  This discussion ap-
plies to all plants, but is especially relevant to plants with high duty cores where risks of 
fuel deposits and associated problems such as axial offset anomaly (AOA), or under-
deposit clad corrosion failures are a concern. 

 
• The review of the influence of the effects of primary water chemistry on corrosion of fuel 

cladding and on core performance was updated.  The discussion emphasizes the impor-
tance of crud to corrosion of cladding, and discusses how increasing core duty increases 
the potential for crud deposition, cladding corrosion, and occurrence of axial offset 
anomaly (AOA).  The review of fuel issues takes into account substantial industry ex-
perience with lithium concentrations up to 3.5 ppm, and use of lithium over 3.5 ppm for 
short periods of time.  The review also reflects increased experience with use of zinc ad-
ditions to the primary coolant, but indicates that use of zinc still demands successful 
completion of a field demonstration program for high duty cores.  The review updates the 
evaluation of the effects of high silica on fuel performance, and indicates that increasing 
amounts of experience with silica levels of up to 3 ppm and even higher have been accu-
mulated with no adverse effects.   

 
Power Operation Chemistry Control Recommendations: Section 3 was revised to provide 
increased emphasis on the desirability of using a constant elevated pHT  (such as constant pHT 
between 7.1 and 7.3) at all plants, but especially those with high duty cores, and to provide guid-
ance with regard to making a transition to a constant elevated pHT  regime.  Constant elevated 
pHT  has been shown to provide benefits in crud management, fuel deposits, AOA, and shutdown 
dose rates.  The guidance also reflects the two potential concerns regarding high pHT  regimes 
that need to be considered:  possible effects of higher lithium (e.g., over 3.5 ppm) on fuel clad-
ding corrosion, and possible effects of higher lithium or pH on PWSCC.  With regard to the ef-
fects of lithium on fuel, it was agreed to raise the level at which consideration of a fuel vendor 
review is indicated as being appropriate from 2.2 ppm to 3.5 ppm. Table 3-4, "Reactor Coolant 
System Power Operation Diagnostic Parameters (Reactor Critical)," was revised to add zinc as a 
diagnostic parameter.  This reflects the Committee decision to recommend that all plants con-
sider the use of zinc for its demonstrated dose reduction benefits. 
 
Methodology for Plant-Specific Optimization: Section 4 was updated to reflect lessons 
learned from its use since it was first published in Revision 4.  This mainly involved revising Ta-
ble 4-1, “Chemistry Control Program Approaches,” to reflect the latest assessments of the posi-
tive and negative impacts of various options. 
 
Appendix A “Calculation of pHT  and Data Evaluation methodology,” was modified to incorpo-
rate first order ionic strength corrections to 25°C values of pH and conductivity relevant to the 
spent fuel pool, and to include a discussion of thermodynamically predicted pressure and tem-
perature effects on pH that are produced by the strong dependence of the ionization product of 
water on these variables. 
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Appendix B "Chemistry Control of Supporting Systems," was thoroughly reviewed and many 
corrections and improvements were incorporated.  The changes made included additions to the 
descriptions of plant experiences, and some minor changes to the chemistry monitoring tables for 
the volume control tank, boric acid storage tanks, refueling water storage tank, and spent fuel 
cooling and cleanup system.  Sulfate was added as a diagnostic parameter for the reactor water 
storage tank and for the spent fuel pool water. 
 
Appendix C "Status of Enriched Boric Acid (EBA) Application," was updated to reflect industry 
experience of the past few years. 
 
Appendix D “AOA and Ultrasonic Fuel Cleaning,” that describes EPRI ultrasonic fuel cleaning 
technology and field experience demonstrating its promising role in ameliorating AOA and re-
ducing dose rates was added. 
 
Appendix E "Oxygen and Hydrogen Behavior in PWR Primary Circuits," was revised to incor-
porate a few minor improvements. 
 
A new Appendix F, “Sampling Considerations for Monitoring RCS Corrosion Products,” was 
added.  It provides a description of typical PWR RCS letdown sampling systems and considera-
tions, and includes descriptions of modern, high temperature, RCS hot leg particulate corrosion 
product sampling systems that can be used to provide improved monitoring of RCS particulates 
that are derived by re-entrainment of activated core deposits. 
 
A new Appendix G, “Reactor Coolant Radionuclides,” was added as an aid to chemistry staff 
and laboratory personnel for dealing with radionuclides and the potential significance of their 
trends during transient evolutions as well as trends from cycle to cycle. 
 
A new Appendix H, “Definition of High Duty Core,” was added to provide guidance with re-
gard to the use and meaning of the high duty core index (HDCI) parameter, which is considered 
when evaluating effects of chemistry on fuel performance in cores with elevated local assembly 
steaming or core-wide subcooled nucleate boiling, as discussed in Section 2.4.  The HDCI was 
defined and statistically tested against available cores that produced elevated steaming and/or 
AOA by the Robust Fuel Program specifically for this revision of the Guidelines. 
 
Guidance in both Volume 1 and Volume 2 with respect to oxygen control in pressurizers was 
revised to reflect the interim guidance issued on August 31, 2001 by the Steam Generator Man-
agement Program.  In addition, the guidance was expanded to cover control of oxygen during 
shutdowns, as well as during startups as addressed by the interim guidance. 
 
Volume 2 
 
This second volume of the PWR Primary Water Chemistry Guidelines focuses on startup and 
shutdown chemistry.  As noted for the previous revision, the decision to cover startup and shut-
down chemistry in a separate vo lume was made for two main reasons: (1) the increasingly large 
amount of information regarding shutdown and startup chemistry contained in the Guidelines 
warrants a separate volume, and (2) locating the startup and shutdown information in a separate 
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volume separates it from the NEI Steam Generator Initiative requirements of Volume 1.  This 
Volume 2 contains no specific requirements (with limited exceptions identified in Tables 4-2 and 
4-3) which must be met by utilities to be in compliance with the NEI 97-06 Initiative. 
The combined shutdown and startup chemistry coverage in this Volume 2 was updated from that 
in Revision 4 of the Guidelines to reflect new information and experience gained since issuance 
of that revision.  Volume 2 continues to provide: (1) technical discussions regarding plant ex-
periences with different types of shutdown and startup chemistries; and (2) tables of demon-
strated options, together with their perceived benefits and possible negative impacts, for refuel-
ing and mid-cycle outages.  Section 2 is modified to include the substantially new information 
since Revision 4 on the nature of fuel deposits and their role in activity transport for plants oper-
ating high duty cores.  Sections 3 and 4 contain industry guidance for shutdown and startup, re-
spectively, together with accompanying discussion and technical support.   
 
Relative to Revision 4 (March 1999) of these Guidelines, the major changes made to Volume 2 
are as follows: 
 

1. Descriptions of the morphology and properties of the newly discovered fuel crud con-
stituents bonaccordite and zirconium oxide were added to Section 2, as well as a discus-
sion of how their largely insoluble nature affects shutdown chemistry strategies. 

 
2. Discussions were added and expanded of methods for monitoring and controlling hydro-

gen and oxygen concentrations in the pressurizer during shutdowns and startups. 
 

3. Discussion was expanded regarding the use of acid reducing conditions during mid-cycle 
outages in a manner that might reduce AOA in high duty cores. 

 
4. Plant experience was described that shows strong benefits from using the maximum prac-

tical RCS cleanup flow during shutdowns.  This experience indicates that modifying sys-
tem designs to increase the maximum cleanup flow rate can be beneficial.   

 
5. Discussion was expanded of the need and methods to maintain oxidizing conditions in 

the reactor water through flood-up in order to minimize activity release during that opera-
tion. 

 
6. Oxygen control strategies (including hydrogen degassing on shutdown and oxygen re-

moval on startup) appropriate to plants that maintain a two-phase pressurizer are offered 
that are consistent with material integrity goals for pressurizer materials. 

 
7. A variety of experiences were described regarding use or non-use of reactor coolant 

pumps during shutdown, including when adding hydrogen peroxide. 
 

8. A discussion was added regarding the benefits of using higher cross-linked resins. 
 

9. Many changes were made to the startup and shutdown tables in Sections 3 and 4.  These 
tables present the various options that are available, and their possible benefits and nega-
tive impacts.  The changes reflect the experience gained since the last revision, including 
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the topics noted above, and also reflect concerns that the industry must develop methods 
appropriate to PWR materials, temperature and stress intensities to assess the possibility 
of low temperature crack propagation (LTCP) in nickel-base alloys. 

 
10. A new Appendix was added that details an example of the decision logic that chemists 

may find useful when deciding what options are consistent with cycle chemistry goals 
when faced with unplanned mid-cycle outages whose duration may not be known pre-
cisely at the point in time of shutting down the reactor. 

 
References 
 
[1] PWR Primary Water Chemistry Guidelines, Revision 5.  EPRI Report 1002884 (2003) 
[2] Robin L. Jones, “Mitigating Corrosion Problems in LWRs via Chemistry Changes,” 

Power Plant Chemistry, November 2004, pp663-669 
[3] Keith Fruzzetti,  “A Review of EPRI PWR Water Chemistry Guidelines,” International 

Conference on Water Chemistry of Nuclear Reactor Systems, San Francisco, October 
2004 

 
 



PMDA PIRT Report – Appendix B.12 
March 2005 

B.12 PWR Secondary Water Chemistry Guidelines 
 
Introduction 
 
The sixth revision of the PWR Secondary Water Chemistry Guidelines, published in 2004, 
describes an effective, state-of-the-art program from which a utility can develop an optimized 
program for their plant. Previous revisions of these Guidelines have identified a detailed water 
chemistry program that was deemed to be consistent with the then current understanding of 
research and field information. Each revision, however, has recognized the impact of these 
Guidelines on plant operation and has noted that utilities should optimize their program based on 
a plant-specific evaluation prior to implementation. To assist in such plant-specific evaluations, 
Revisions 4 and 5, issued in 1996 and 2000, respectively, provided an increased depth of detail 
regarding the corrosion mechanisms affecting steam generators and the balance of plant, and 
provided additional guidance on how to integrate these and other concerns into the plant-specific 
optimization process. Revision 6 retains the format of Revisions 4 and 5, and adds to the detailed 
information contained in these revisions. 
 
Background 
 
The main thrust of the secondary guidelines has always focused on controlling intergranular 
stress corrosion cracking of steam generator tubing.  Successive revisions have tightened 
impurity limits, and have added recommendations to control sludge build-up using amines and 
crevice corrosion through molar ratio control.  Future additions will probably consider the use of 
polyacrylic dispersants to minimize sludge deposition. 
 
 A committee of industry experts—including utility specialists, nuclear steam supply system 
vendor representatives, Institute of Nuclear Power Operations representatives, consultants, and 
EPRI staff—collaborated in reviewing the available data on secondary water chemistry and 
secondary cycle corrosion. From these data, the committee generated water chemistry guidelines 
that should be adopted at all PWR nuclear plants. Recognizing that each nuclear plant owner has 
a unique set of design, operating, and corporate concerns, the guidelines committee developed a 
methodology for plant-specific optimization. 
 
This sixth revision of the PWR Secondary Water Chemistry Guidelines, endorsed by the utility 
executives of the EPRI Steam Generator Management Project, represents another step in 
maintaining proactive chemistry programs to limit or control steam generator degradation, with 
consideration given to corporate resources and plant-specific design/operating concerns.  
 
Key Points and Technical Issues 
 
Revision 6 of the PWR Secondary Water Chemistry Guidelines—which provides 
recommendations for PWR secondary systems of all manufacture and design—includes the 
following chapters: 
 
Chapter 1 identifies Management Responsib ilities. It also describes which elements of the 
Guidelines are mandatory and “shall” requirements under NEI 03-08, Guideline for the 
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Management of Materials Issues, (consistent with NEI 97-06) and which are recommendations.  
The only mandatory requirement is to have a Strategic Water Chemistry Plan. “Shall” 
requirements include the Action Level 1, 2 and 3 control parameters and responses and the hold 
parameters in the control tables of Chapters 5 and 6, including both values and monitoring 
frequencies for these parameters. The balance of the guidance elements provided in the 
Guidelines are recommendations. 
 
Chapter 2 presents a compilation of corrosion data for steam generator tubing and, to a lesser 
extent, balance-of-plant materials. It is not intended to relate operational bulk water chemistry to 
the corrosion phenomena, which is covered in Chapter 3. The corrosion data presented in 
Chapter 2 serve as the technical bases for each of the specific parameters and programs detailed 
in the balance of the document.  Chapter 2 was revised to reflect recent research results regarding 
specific impurity effects on IGA/SCC, the effects of hydrazine on flow accelerated corrosion, 
and regarding the effects of amines on secondary side deposition processes. 
 
Chapter 3 discusses the role of the concentration processes in the various locations of the steam 
generator and the chemistry “tools” available for modifying the resulting chemistry within these 
concentrating regions. It briefly identifies the supporting aspects of and the considerations for 
adopting these chemistry regimes. It refers the reader to more detailed documents for application 
of the chemistry strategies. The treatment of deposit control practices was significantly modified 
in Chapter 3 to reflect current practices and currently available methods.  Chapter 3 also contains 
an expanded discussion on thermal performance issues, and new sections on the loss of 
hydrazine scenario and startup oxidant control. 
 
Chapter 4 presents a detailed methodology for performing the plant-specific optimization that 
can be used to develop a modified chemistry program that satisfies site-specific concerns. 
Chapter 4 also presents example startup and operating chemistry parameters and limits that can 
be used as a starting point for site-specific evaluations.  The main discussion of integrated 
exposure was relocated from Appendix A to Chapters 4 and 7, and the discussion was revised to 
reflect its removal as a diagnostic parameter from Chapters 5 and 6. Chapter 4 was also revised 
to include a list of items that should be covered in strategic water chemistry plans. 
 
Chapters 5 and 6 present water chemistry programs for recirculating steam generators (RSGs) 
and once-through steam generators (OTSGs), respectively. These are the chapters most 
frequently referred to by chemistry personnel. The tables contained within these chapters provide 
boundaries of the envelope within which plant-specific optimization should occur.  
 
Chapter 5 was revised to incorporate additional guidance regarding control of wet layup during 
short outages. The condition to which plants should go to as part of an Action Level 3 response 
was changed to “<5% power” from “hot or cold shutdown.” The control tables for RSGs in 
Chapter 5 were thoroughly reviewed and edited. Some of the more significant changes to the 
tables were: 
 

• Inclusion of Action Level 2 and 3 actions for loss of hydrazine. 
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• Addition of a requirement that plants reduce power to below 5% power if sodium, 
chloride or sulfate exceed 250 ppb, or if they exceed 50 ppb for more than 100 hours, 
while between 5% and 30% power. 

 
• Reduction in the blowdown impurity level for sodium at the 30% power hold from 20 to 

10 ppb, and addition of an explicit recommendation that plants achieve sodium, chloride 
and sulfate blowdown concentrations below their respective Action Level 1 
concentrations prior to exceeding 30% power. 

 
• Additional guidance was added such that plants are no longer required to go to Action 

Level 3 as long as the impurity concentrations remain below Action Level 2 values. 
 

• Deletion of integrated exposure as a diagnostic parameter, and inclusion of lead and 
integrated corrosion product transport as diagnostic parameters. 

 
• Addition of a footnote to allow reduced frequency for sampling for copper for plants that 

are copper free or have confirmed low levels of copper transport (<20 ppt). 
 
Chapter 6 was revised to incorporate additional guidance regarding control of wet layup during 
short outages. The Action Level 3 response was modified to indicate that there may be some 
circumstances under which plant shutdown may not be necessary, and to provide an initial two-
hour period with impurities over the Action Level 3 limit (but less than 20 ppb) before shutdown 
is required. Some of the main changes to the OTSG control tables in Chapter 6 were: 
 

• Inclusion of Action Level 2 and 3 actions for loss of hydrazine. 
 

• Deletion of integrated exposure as a diagnostic parameter, and inclusion of integrated 
corrosion product transport as diagnostic parameters. 

 
• Addition of guidance indicating that monitoring moisture separator drain concentrations 

of sodium and chloride is the preferred method to monitor these species, as opposed to 
monitoring them directly in the feedwater. 

 
• Addition of a footnote to allow reduced frequency for sampling for copper for plants that 

are copper free or have confirmed low levels of copper transport (<20 ppt). 
 

• Addition of a clarifying note indicating that silica limits are provided to protect the 
turbines and not the steam generators, and therefore do not fall under the purview of NEI 
97-06. 

 
Chapter 7 provides information on data collection, evaluation, and management. This chapter 
covers use of EPRI chemWORKS™ modules for evaluating plant data and predicting high-
temperature chemistry environments throughout the cycle. Chapter 7 was revised to delete tables 
detailing sampling data requirements, to add more guidance regarding hideout returns, species to 
analyze in deposits, and integrated exposure evaluations, and to add a new section regarding 
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effectiveness assessments. A discussion of lead sampling and additional recommendations on 
corrosion product transport sampling was also added. 
 
Appendix A provides detailed guidance with regard to use of the integrated exposure concept, 
for example ppb*days. This appendix was created to demonstrate how some plants use integrated 
exposure in practice. Three plant documents (or summaries of plant documents) are presented, 
which describe different methodologies for use of integrated exposure. 
 
Appendix B provides a review of PWR steam chemistry considerations.  Steam chemistry is 
controlled in power plants to prevent or control deposition of impurities on turbine blades, to 
minimize erosion of turbine blades and to control general and localized corrosion of turbine 
blades and discs, cross over piping and extraction lines. In well-operated nuclear plants, the 
major consideration for steam chemistry control is the environmentally assisted cracking of 
turbine blade/disc attachments and FAC of piping in two-phase regions of the BOP. The latter 
consideration is addressed through pH control by organic amines and/or ammonia based AVT. 
This revision of the Guidelines continues the approach of helping utilities maintain a proactive 
chemistry program to limit or control steam generator degradation while taking into 
consideration limits on corporate resources and plant-specific design/operating concerns. 
 
It is recognized that a specific program applicable to all plants cannot be defined due to 
differences in design, experience, management structure, and operating philosophy. However, 
the goal is to maximize the availability and operating life of major components such as the steam 
generator and the turbine. To meet this goal, an effective corporate policy and water chemistry 
control program are essential and should be based upon the following: 
 

• A recognition of the long-term benefits of, and need for, avoiding or minimizing 
corrosion degradation of major components. 

 
• Clear and unequivocal management support for operating procedures designed to avoid 

this degradation. 
 

• Adequate resources of staff, equipment, funds, and organization to implement an 
effective chemistry control policy. 

 
• An evaluation of the basis for each chemistry parameter, action level and specification, as 

well as those of similar guidelines.  
 

• Management agreement at all levels, prior to implementing the program, on the actions to 
be taken in response to off-normal water chemistry and the methods for resolution of 
conflicts, and unusual conditions not covered by the guidelines. 

 
• Continuing review of plant and industry experience and research and revisions to the 

program, as appropriate. 
 

• A recognition that alternate water chemistry regimes, if used, should not be a substitute 
for continued vigilance in adherence to the guidelines. 
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B.13 Degradation of Fracture Resistance:  Low Temperature Crack Propagation (LTCP) 
in Nickel-Base Alloys 

This topical paper provides a summary of the information currently available on a form of 
fracture resistance degradation called Low Temperature Crack Propagation (LTCP).  LTCP is a 
form of hydrogen embrittlement which has not yet been identified in commercial nuclear 
reactors but which causes severe degradation of the fracture resistance of certain nickel-base 
alloys in laboratory tests performed under specific test conditions. 

The laboratory test results indicate that the fracture resistance of alloys 600 and 690 in low-
temperature water is lower than the fracture toughness (test in air), but that the difference is 
relatively small1.  Therefore LTCP is not considered to be an important degradation mechanism 
for alloys 600 and 690.  However, alloys X-750, 182/82, and 152/52 (in order of decreasing 
susceptibility) all suffer substantial degradation of fracture resistance in laboratory tests in 
hydrogenated water when the following conditions are met: 

• The test temperature is less than 150°C; 

• The dissolved hydrogen concentration in the environment is between 150 and 0 cm3 
H2/Kg H20 for alloy X-750 and between 150 and 10 cm3 H2/Kg H20 for alloys 182/82 
and 152/52*; 

• Properly-oriented sharp cracks (e.g., fatigue cracks or certain welding defects) are 
present that are open to the hydrogenated environment; 

• The sustained stress intensity factor is higher than the equivalent critical stress intensity 
factor for LTCP determined from fracture testing, and; 

• The stress intensity ramp rate (loading rate) is slow. 

Mills et al.1,2,3,4,5,6,7,8, Lenartova9, and Symons10 have done studies on Ni-based alloys in low-
temperature environments.  A recent (2004) report by Brown and Mills5 provides a thorough 
summary of some of these studies for alloys 82H, 52, and 690.  A comparison of load-
displacement curves for as-welded alloy 82H specimens is shown in Figure B.13.15.  For non-
precharged specimens (Figure B.13.1(a)), the material response changes from ductile in 338°C 
hydrogenated water (similar to air) to brittle (intergranular) in 54°C hydrogenated water.  The 
degree of embrittlement and the intergranular nature of cracking observed in 54°C water can be 
reproduced in specimens pre-charged in high-pressure hydrogen and then tested in air (Figure 
B.13.1(b)).  This implies that the degradation is due to hydrogen-induced intergranular cracking.  
The presence of hydrogen at the crack tip, regardless of its source, reduces fracture resistance 
mostly by reducing grain boundary cohesion and promoting planar slip7. The combination of 
hydrogen-precharging and testing in hydrogenated water (54°C water with 150 cm3 H2/Kg H20) 
results in additional degradation of fracture resistance (Figure B.13.1(b)).  Presumably, hydrogen 
                                                 

*  It is not known whether or not LTCP can occur at dissolved hydrogen concentrations below 10 cm3 H2/Kg H20 for 
alloys 182/82 and 152/52 -- no tests have yet been performed at lower hydrogen concentrations. 
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from the water further increases the hydrogen concentration ahead of the crack and reduces the 
loss of pre-charged hydrogen from the crack tip region7. The type of intergranular cracking 
associated with LTCP in the case of 82H welds is believed to be caused by hydrogen trapping by 
fine niobium and titanium-rich carbonitrides at grain boundaries6. 

In 54°C water with 150 cm3 H2/Kg H20 at an average pH of 10.2, the LTCP fracture resistance 
was an order of magnitude lower than the elastic-plastic fracture toughness, JIC, (test in air) for 
alloys 82H, and 52, and 5 times lower for alloy 6908.  The LTCP tearing resistance (test in 
environment) was two orders of magnitude lower than the tearing modulus (test in air) for alloys 
82H, and 528. The tearing modulus is a measure of the tearing resistance after JIC is exceeded. 
However, the tensile properties of the alloys were unaffected by the environment, except for the 
total elongation of the weld materials8.  For all alloys considered, LTCP fracture resistance and 
LTCP tearing resistance generally increase with increasing water temperature and decreasing 
hydrogen concentration – these effects are illustrated for alloy 52 in Figure B.13.2.  The LTCP 
fracture resistance is also recovered at high rates of stress intensity factor increase (loading 
rates), presumably because there is insufficient time to embrittle grain boundaries ahead of the 
crack.   

LTCP does not initiate at as-machined notches, but has been shown to initiate at sharp natural 
weld defects5.  Testing showed that weld root defects and fatigue pre-cracks exhibit similar 
LTCP responses5. Mills et al. were not able to conclude (from the results of cooldown testing of 
alloy 82H under constant displacement5) whether or not residual stress contributes to LTCP.  
Given these results, residual stress cannot be eliminated as a contributor to LTCP, to date. 

An EPRI study confirmed the Mills et al. test results for alloy 82H11.  In rising-load tests at a 
temperature of 54°C in pH 10 water with 150 cm3 H2/Kg H20, the LTCP fracture resistance of 
alloy 82H was an order of magnitude lower than the fracture toughness.  Alloy 182 was also 
investigated in this study and its LTCP fracture resistance was also an order of magnitude lower 
than the fracture toughness under similar test conditions.  Reducing the concentration of 
hydrogen to 100 cm3 H2/Kg H20, and testing at pH 7 in simulated primary water, did not alter the 
magnitude of the difference between the LTCP fracture resistance and the fracture toughness in 
alloy 182.  A current EPRI study is investigating the effects of chemical conditions closer to 
those typical during shutdown as well as the effects on LTCP in alloy 182 of using stress 
corrosion cracking (SCC) to produce the starter cracks instead of fatigue.  The current test 
conditions are 30 or 10 cm3 H2/Kg H20 water at 54°C, pH of 4.5, and an extension rate of 10-6 in. 
s-1.  The preliminary results for the tests with fatigue pre-cracks indicate that alloy 182 still 
exhibits a factor of 5 difference between the LTCP fracture resistance and the fracture toughness 
in 30 cm3 H2/Kg H20 water (compared to air) and a factor of 4 difference in 10 cm3 H2/Kg H20 
water.  In order to determine if there is a critical hydrogen concentration in the water under 
which LTCP does not occur, further fracture resistance testing on alloy 182 is planned, first in 
non-hydrogenated water (i.e., 0 cm3 H2/Kg H20), and then at other hydrogen concentrations 
below 10 cm3 H2/Kg H20, if necessary.  Reducing the pH from 7 to 4.5 does not seem to affect 
LTCP susceptibility significantly.  No results are available yet for the planned tests with SCC as 
starter cracks. 
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Alloy X-750 is a precipitation-hardened high-strength nickel-base alloy used for bolts and 
springs in PWR service.  Several studies related to LTCP have been performed on this alloy by 
Mills et al.2 and by Symons10.   X-750 is highly susceptible to LTCP below 150°C in pre-cracked 
specimens, especially in earlier heat treatments (AH and BH), with growth rates as high as 7 
mm/min2. It appears that phosphorous and sulfur at grain boundaries act as hydrogen traps and 
increase the LTCP susceptibility2. The grain boundary carbides were shown to control the 
embrittlement of this alloy10. Some testing performed by Mills et al. in argon-sparged water2, 
which corresponds to a non-hydrogenated water environment, shows that KPmax (stress intensity 
at maximum load) obtained during a rising load test is lower in non-hydrogenated water than in 
air for X-7502. These observations suggest that the corrosion-generated hydrogen at the crack tip 
is sufficient to cause embrittlement for alloy X-750 in non-hydrogenated water. 

 
The critical source of hydrogen source for LTCP appears to be the environmental hydrogen, as 
the hydrogen has to diffuse only for a very short distance to get to the highly strained region 
ahead of the crack tip (Figure B.13.3) and therefore the hydrogen concentrations required to 
embrittle the crack tip in a water environment are very low (probably on the order of a few 
ppm)5,10. By contrast, in precharged specimens tested in air, hydrogen levels at the crack tip 
approach zero. The critical cracking location moves inboard toward the peak hydrostatic stress 
location where strains are much lower (Figure B.13.3); hence, higher local hydrogen 
concentrations are needed to embrittle grain boundaries.  The hydrogen previously diffused in 
the metal from operation can be an additional hydrogen source for LTCP; but it is not identified 
as sufficient on its own, as the hydrogen concentrations in the bulk of the metal resulting from 
operation are low compared to the concentration required to embrittle hydrogen-precharged 
specimens.  
 
EPRI has begun an assessment of whether or not the conditions necessary for the occurrence of 
LTCP exist in PWRs12.  The necessary conditions for LTCP are material susceptibility, low 
temperature, hydrogen concentration, sharp cracks, sustained stress/strain level, and low strain 
rate.  The hydrogen and temperature conditions that cause LTCP can be present in some PWRs 
depending on plant and shutdown practices13,14, but do not appear to be present in PWR 
startups15.  The sharps cracks that cause LTCP to initiate can potentially be present in the form of 
SCC cracks16,17 or lack-of-fusion defects in alloys 82/18218 and particularly in alloys 52/152, 
which exhibit weldability problems19.  Some stress analyses for components like reactors vessel 
nozzles have been performed for critical PWR shutdown conditions.  Preliminary results suggest 
that actual stress intensity factors in PWR components are lower than the equivalent critical 
stress intensity factor for LTCP for detectable crack sizes, but high enough to raise some 
concern.  Therefore additional analyses are necessary, including some repaired components cases 
and using stress redistribution with crack growth for the stress intensity factors calculation.  
Finally, the strain rates during shutdown appear to be low enough that there is sufficient time for 
hydrogen to embrittle the region ahead of the crack. 
 
Additional work is required to determine unequivocally whether or not LTCP of nickel-alloy 
components can occur under PWR primary system service conditions.  Nevertheless, several 
interim conclusions can be reached at this point: 
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• First, because LTCP only occurs at temperatures below 150°C, it is not an issue either 
during normal power operation or during those stages of plant cool-down and start-up 
when the temperature of the primary coolant is above 150°C. 

• Second, LTCP is unlikely to occur during either the stages of plant shut-down when the 
system is depressurized and hydrogen peroxide has been added or those stages of plant 
start-up when the temperature is below 150°C, because the primary coolant is not 
hydrogenated during these periods and the calculated hydrogen concentrations resulting 
from previously diffused hydrogen in the material are low compared to the concentration 
required to embrittle hydrogen-precharged specimens. 

• Third, although most of the conditions required for LTCP are (or, potentially, could be) 
satisfied during the stages of cool-down when the coolant is hydrogenated and the 
temperature is below 150°C, additional stress analyses are required to determine whether 
or not the mechanical requirements for LTCP identified in the laboratory tests are likely 
to be met in any nickel-alloy components. 

Finally, additional laboratory tests and plant impact assessments should be considered to 
determine whether stopping hydrogenation of the primary coolant at an earlier stage of plant 
cool-down would be an effective and acceptable countermeasure to LTCP. 

 

 
 

Figure B.13.1  Load-displacement curves for as-welded 82H5 

(a) (b) 
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Figure B.13.2  LTCP fracture resistance (in water) of alloy 52 welds (values of LTCP 
tearing resistance are provided beyond each bar)1,5 

 

Figure B.13.3  Stress, strain and hydrogen concentration at grain boundaries for either 
specimens in environmental hydrogen (H2 gas) or hydrogen precharged specimens (H-

precharged), as a function of distance ahead of the crack tip5 
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B. 14 Fatigue 

Fatigue life evaluation (S-N approach) 

High-cycle fatigue 

The most ‘classical’ fatigue-related degradation mechanism is high-cycle (HC) fatigue.  HC 
fatigue involves a high number of cycles at a relatively low stress amplitude (typically below the 
material’s yield strength but above the fatigue endurance limit of the material) i.  The crack 
initiation phase is dominant here, since crack growth is usually fairly rapid.  High cycle fatigue 
may be: 

Mechanical in nature, i.e. vibration or pressure pulsation, or due to flow-induced vibration (FIV).  
FIV can induce HC fatigue in otherwise normally passive components merely through 
interaction of flow adjacent to the component or within the system, establishing a cyclic stress 
response in the component.  Power uprates are of some concern here, as an increase in flow may 
change the acoustical characteristics of the system and excite a HC mode where a resonant 
frequency is achieved.    

Thermally induced due to mixing of cold and hot fluids, where local instabilities of mixing lead 
to low-amplitude thermal stresses at the component surface exposed to the fluid.   

Due to combinations of thermal and high cycle mechanical loads, such as might occur on pump 
shafts in the thermal barrier region. 

Low-cycle fatigue 

Low cycle fatigue is due to relatively high stress range cycling where the number of cycles is 
less than about 104 to 105.  To induce cracking at this number of cycles requires that the 
stress/strain range causes plastic strains that exceed the yield strength of the material. Cycling 
thus causes local plasticity leading to more rapid material fatigue degradation.  In reactor coolant 
system components, the cumulative combined effects of reactor coolant system pressure and 
temperature changes are considered in the component design analysis.  The stress or, more 
correctly, strain cycling that contributes to low cycle fatigue is generally due to the combined 
effects of pressure, piping moments and local thermal stresses that result during reactor 
operation.  The latter are usually highest in connection with transients (such as plant start-
up/shut-down or hot stand-by).  Particular attention must be paid to the possibility of locally high 
component stresses (e.g. from notch effects at welds or from piping restraints), even though 
nominal system design criteria are met. 

                                                 

i One of the recent concerns for fatigue cracking is "Giga Cycle" fatigue, which may take place beyond the 106 
cycles usually used to define fatigue endurance guidelines. There are several observations showing a change in the 
mechanism of crack initiation. In Giga Cycle fatigue, cracks initiate inside the material, not from a surface, as 
commonly observed in normal HC fatigue Also, there is almost no data on environmental effects for Giga Cycle 
fatigue, which may be related, for example, to the failure of socket welds. 
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The major difference between high and low cycle fatigue is that, for low cycle fatigue, it is the 
crack growth rate which dominates component life, since crack initiation can occur after 
relatively few loading cycles.  Fatigue crack propagation is discussed separately in Section II. 

Thermal fatigue 

Thermal fatigue is due to the cyclic stresses that result from changing temperature conditions in a 
component or in the piping attached to the component.  Thermal fatigue may involve a relatively 
low number of cycles at a higher strain (e.g., plant operational cycles or injection of cold water 
into a hot nozzle) or due to a high number of cycles at low stress amplitude (e.g. local leakage 
effects or cyclic stratification).  Although such issues have been known (and intensively studied) 
for many years, fatigue damage sometimes still occurs (see Section 6) when unexpected thermal 
loading is encountered, e.g. due to thermal stratification arising from incomplete mixing of water 
streams at different temperatures, which has led to significant incidents (e.g. at feedwater 
nozzles). 

Environmental fatigue 

Environmental fatigue concerns the reduction in fatigue “life” in reactor water environments 
compared to “room temperature air” and is also known as corrosion fatigue.  It involves two 
primary aspects: the effects of a reactor water environment on the overall fatigue life of reactor 
components (i.e. both crack initiation and crack growth), and the potential accelerated growth of 
an identified or assumed crack-like defect due to cyclic loading in high-temperature water 
environments.  Important examples of the effects on overall life for carbon and low-alloy steels 
(C&LAS) and for stainless steels (SS) are to be found in 1 & 2.  Reference 3 contains extensive 
discussion of corrosion fatigue crack growth for C&LAS, while the workshop presentations in 4 
give a good overview of what is known here for SS and nickel-base alloys. 

With regard to the evaluation of fatigue for component aging management, consideration of the 
effects of a particular environment on the overall fatigue life is usually more relevant (see 
Section 5).  A key finding is that environmental fatigue often results in the disappearance of the 
high-cycle fatigue endurance limits that can be measured for the same alloy in air.  
Environmental acceleration of fatigue crack growth is also important, however, in dispositioning 
detected/postulated flaws in a component so as to permit continued operation. 

It should be noted that confusion often arises through the (unrecognized) use of different 
definitions for fatigue crack initiation in terms of flaw size.  In laboratory studies of low-cycle 
corrosion fatigue at constant strain amplitude, initiation is usually taken to correspond to a 
certain load drop (typically 25%) during testing.  However this already corresponds to a 
relatively deep crack, and recent studies 5 confirm that incipient flaws form much earlier during 
cycling, although they may often not continue to grow.  In the field, "initiation" is usually more 
arbitrarily defined as the crack length/depth that can reliably be detected during non-destructive 
component examination.   

Fatigue crack initiation and crack growth rates are governed by a number of material, structural 
and environmental factors, such as stress (or, more fundamentally, strain) range, temperature, 
ECP (usually categorized only approximately as dissolved oxygen content), mean stress, loading 
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frequency (although strain rate and wave form are more fundamental parameters), surface 
roughness and number of cycles. A factor that has often been left out of consideration to date is 
degree of coolant purity, which is surprising given the attention paid to this key environmental 
variable in studies of SCC field behavior.  Some data is now available showing just how 
important this can be, at least for low-alloy steel in oxygenated BWR environments 6. 

In the field, cracks typically initiate at local geometric stress concentrations, such as welds, 
notches, other surface defects, and structural discontinuities. The presence of pits in the surface of 
many alloys is often presumed to decrease corrosion fatigue life, since they can act as stress 
concentrators and potential fatigue crack initiation sites.  In fact, however, pitting may often reflect 
environmentally assisted enhancement of fatigue cracking more indirectly (by indicating the local 
presence of an aggressive medium at the metal surface 7) rather than being a fundamental stage in 
the corrosion fatigue process. 

The major factor that has not received adequate consideration in laboratory investigations of 
environmental fatigue is undoubtedly flow rate.  For C&LAS, the high flow rates typical of reactor 
operation are known to be very beneficial in reducing corrosion fatigue effects (with regard to both 
the initiation and growth of cracks).  For stainless steels, the picture is more complex and 
experimental work in this area is still ongoing 8, 9, 10. 

Fatigue crack propagation (da/dN vs. ∆K approach) 

As has been described above, fatigue life evaluation is based mostly upon S-N curves, but several 
modes of fatigue crack propagation should also be taken into account in proactive materials aging 
management.  Fatigue crack propagation can be caused by mechanical or thermal fatigue loading,  
and environmental fatigue  effects may contribute to crack growth in both cases.  The crack growth 
characteristics are interpreted in terms of da/dN vs. ? K, taking account of the stress ratio R and the 
frequency of loading.  Such curves are, of course, dependent upon both materials and the 
environment.  

If environmental effects are present, the flow rate of the medium also affects the crack propagation 
rate and, in general, a higher flow rate results in a lower crack growth rate for pressure vessel steels 
in PWR environments.  In the case of low alloy steels, local crack tip chemistry can be modified by 
dissolution of MnS inclusions, thus acidifying the crack tip environment and resulting in higher 
growth rates for high sulfur materials.  Up to now, no systematic crack propagation testing in terms 
of flow rate effects has been done on austenitic alloys under PWR conditions.  

Extensive research on fatigue crack propagation has been done for many years by members of the 
international cooperative group on cyclic crack growth (ICCGR, former name of the current ICG-
EAC group).  The outcome has been largely taken into account in ASME Section XI rules for flaw 
evaluation, although some aspects (e.g. with regard to rules for components exposed to NWC in 
BWR plants) are still a subject of debate.  For PWR environments, in particular, da/dN vs. ? K 
curves have been developed based upon a more mechanistic approach, i.e., time domain analysis.  

One important issue, which was pointed out already in the 1970’s, is the effect of ripple loading on 
crack growth rate, when the environmental effects associated with simultaneous stress corrosion 
cracking have to be considered.  Such synergy of effects must be taken into account in the PMDA 
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program.  E.g., low-alloy steels, which have a rather high resistance to SCC in LWR environments, 
showed crack growth at a stress ratio of 0.98 and high frequency, even in pure water at 85C. 

Crack propagation caused by thermal stress is another important area.  Many field incidences of 
cracking are associated with initiation from local thermal stresses due exposure to water streams of 
different temperatures.  However, these thermal stresses cause mostly very shallow cracks, because 
the temperature changes due to such water mixing are surface phenomena.  However, such shallow 
cracks may start to propagate by other structural loads (including the effects of weld residual 
stress).  

Significant reduction in the fatigue life of stainless steels has been observed in PWRs, but there is 
currently no mechanistic interpretation of these phenomena.  Fatigue crack growth behavior in 
PWRs has been observed with mainly marginal enhancement, but it may be important to examine a 
possible impact on accelerated crack growth in PWR components due to this mechanism and 
studies are ongoing. 

Synergistic effects of microstructural changes by aging at operating temperature and environmental 
effects can be a potential issue associated with license renewal.  One example of such synergy 
involves dynamic strain aging and environmental fatigue crack propagation.  Thermal aging of 
duplex SS, hydrogen entry into structural materials and irradiation can be other important 
microstructural changes with aging. 

ASME Code rules on fatigue  

Design against fatigue damage is based primarily on the fatigue curves in Section III, Appendix I 
(e.g., Figures I-9.1 and I-9.2) of the ASME Code.  These curves indicate the number of stress 
cycles at a given amplitude of cyclic stress that is required to reach a so-called usage factor of 
1.0. The fatigue curves are based on test data taken in air at room temperature, but reduced by a 
factor of 2 on stress range or 20 on cycles to failure (whichever is most conservative) to account 
for scatter of data, size effects, roughness, and non- laboratory environments. For carbon and 
low-alloy steel materials, the most adverse conditions of mean stress are used to correct the test 
data prior to applying these factors.  The exact interpretation of the extent to which so-called 
"moderate service environments" were already taken into consideration when the ASME Code 
rules were drafted continues to be a major source of contention (see, e.g., reference 11).  Despite 
many years of development 12 ,13 , more appropriate treatment of reactor water effects by the 
application of a so-called environmental fatigue multiplier (Fen factor) has not (yet?) found favor 
in the US within the ASME Code, although it is being applied on a plant-specific basis in the 
context of license renewal applications 14.  Such approaches are already used in Japan, however, 
15 and incorporate specific consideration of key factors such as strain rate, temperature, oxygen 
content and (for C&LAS) sulfur content of the material. 

The ASME Code includes analytical approaches and criteria for determining usage factors for 
Class 1 components. For Class 1 code components, the cumulative usage factor must be shown 
to be less than 1.0 for the component life.  However, a fatigue usage factor of unity does not 
imply actual crack initiation both because of the safety factors applied to the stress amplitude or 
number of allowed cycles for the Code fatigue curves and because of the often conservative 
nature of the design-basis loads that have been assumed.  Fatigue monitoring of real components 
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can be valuable to reveal margins in this context.  The assumed load pairs present a particular 
challenge in evaluating environmental fatigue, where realistic strain rates are a key consideration 
16 

The crack growth that follows fatigue crack initiation can be predicted if the crack can be 
characterized and if the cyclic stress field is known. Procedures for performing crack growth 
analyses are contained in Section XI of the ASME Code.  Again, the consideration given to 
environmental effects has sometimes been controversial and the present disposition lines do not 
necessarily reflect the current state of knowledge 6.  Significant progress has been made, 
however, for the specific case of LAS in PWR reactor water through the introduction of Code 
Case N-643 17, which is currently undergoing further refinement.  Work is ongoing to develop 
analogous cases for SS in PWR environments and for all classes of material in BWR reactor 
coolant. 

Service experience of fatigue  

Mitigation of fatigue damage for existing components is accomplished by reducing the 
magnitude of the applied loads or thermal conditions or reducing the number of cycles of 
loading. For thermal transients, reduction in the rate of temperature change for extreme 
temperature cycles can be effective (although it should noted that this can also increase any 
environmental component of damage, if present).  However, the normal operating cycles are not 
generally the source of significant fatigue damage in nuclear plants. The observed fatigue 
cracking in service has mostly been due to high cycle fatigue as a result of conditions not 
anticipated at the time of original plant design.  Some instances of (very) low-cycle fatigue 
cracking (with a significant environmental contribution) have also been reported, mainly in 
Germany 7.   

Major areas of plant where fatigue failures and leakage have occurred are as follows: 

RCS Piping 

A number of fatigue issues have been identified, as described below. 

The major occurrence of leakage has been due to mechanical vibration- induced cracking of small 
attached lines (primarily socket welded instrument lines).  Power uprate has contributed to a 
number of recent incidences.   

Thermal fatigue has also caused cracking in normal flowing lines where relatively colder water is 
injected into flowing RCS lines.  

Thermal fatigue has also occurred in a number of normally stagnant branch lines attached to 
flowing RCS lines.  The source has been thermal stratification/cycling due to valve in- leakage in 
up-horizontal running safety injection line configurations and swirl-penetration thermal cycling 
in down-horizontal drain/excess letdown lines.  This is being addressed by the MRP Fatigue ITG 
and new guidelines are to be issued in mid-2005. 
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Although no occurrences of leakage have been identified, an issue related to surge line 
stratification was identified in 1988.  The issue was resolved by analysis; however, the computed 
usage factors were quite high.  Environmental fatigue effects are potentially significant for these 
lines. 

Other potentially susceptible locations include PWR charging nozzles and BWR RHR tees, 
where significant thermal transients can occur in some plants. 

Reactor Pressure Vessels 

The effects of fatigue are adequately managed by adherence to the plant design basis, where 
thermal transients were considered in the original plant designs.  The notable exception was 
BWR feedwater nozzles and control rod drive nozzles, where the effects of cold water injection 
caused cracking early in the life of some plants.  Mitigating actions and continued monitoring 
have been implemented and have proved to be effective.  

Pressurizers 

There have been no known fatigue failures in pressurizers.  However, recent considerations of 
cold water insurge to pressurizers have been identified that may be a contributing factor to 
leakage that has been observed in pressurizer heater sleeve welds.  The pressurizer spray nozzle 
is also affected by some significant thermal transients.  Pressurizer surge nozzles can be affected 
by thermal stratification conditions in the surge line. 

Steam generator shell, tubes, and internals 

Steam generator feedwater nozzles have exhibited cracking as a result of thermal stratification 
and cycling, but high oxygen content of the feedwater for low-power conditions may have also 
increased environmental effects.  Girth weld cracking of the steam generator shells and cracking 
at feedwater nozzle blend radii have also been observed, where both hot/cold water thermal 
fatigue and an environmental contribution were identified. 

RPV internals components 

The major issue identified has been that due to flow induced vibration of BWR steam dryers 
following power uprates.  This has led to cracking of the vessel-attached support brackets at 
several plants. 
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Areas for further research 

Although fatigue is not perceived to be an issue of safety consequence based on the studies 
reported in 18, the combined effects of adverse loadings and environments may lead to more 
cracking in the future than has been observed in the past. In addition, the effects of power uprate 
have increased the occurrences of flow induced vibration failures and related damage to 
component supports. Thus, research in the following areas is recommended: 

Develop a better understanding of the relationship between laboratory environmental testing and 
actual reactor water conditions.  The conditions in laboratory testing are often significantly 
different than those observed in actual flowing reactor water (flow rate is a key variable 
deserving closer attention here)ii..  In addition, material conditioning between the extremes of 
actual cyclic conditions may be beneficial in reducing environmental effects.  Although this has 
been primarily identified as a License Renewal issue, the laboratory effects are real and indicate 
that the fatigue resistance in a water environment is not as good as was originally thought.  

Understand better the extent to which laboratory test data (usually on small specimens) can really 
be transferred to complex component geometries. 

Investigate high cycle fatigue effects due to hot and cold water mixing.  Several incidences of 
cracking in France have led to EdF embarking on major research programs in this area.   

Improve methods for predicting and quantifying flow-induced vibration and acoustic loadings.  
A number of cases have been identified that have resulted in component wear and failure. Giga 
Cycle fatigue at very small amplitudes is one of the issues for further investigation here 
(including environmental effects). 

Past attention to fatigue issues has related primarily to pressure-retaining components.  
Additional, more detailed, evaluations are probably needed to determine flow-induced fatigue 
effects and safety consequences for reactor internals (and possibly other support components). 

Consider whether random loading spectra (which may be more typical of some plant 
components) are properly represented in the fatigue testing database. 

Synergistic effects of various forms of material degradation, such as thermal aging, on fatigue 
need to be studied, with special emphasis on the effect of ripple loading together with time 
dependent (SCC) crack growth. 

                                                 

ii Most of the experimental work on flow rate effects has been done in BWR environments, where effects of flow 
rate on fatigue life are very complicated. Sometimes higher flow rate seems to be beneficial and sometime harmful, 
depending upon materials, DO and corrosion potential. Flow rate affects the thickness of the surface boundary layer, 
supply rate of oxidants to the surface, removal of corrosion products from surfaces, flush out of cracks and, clearly, 
local water chemistry. Some experimental data obtained in the EFT program in Japan revealed such complicated 
effects of flow on fatigue life. More details in Japanese at  

http://www.jnes.go.jp/katsudou/seika/2003/pdf_kikaku/04kizai-0006.pdf 



PMDA PIRT Report – Appendix B.14 
April 2005 

References 
 

1   NUREG/CR-6583 (ANL-97/18), “Effects of LWR Coolant Environments on Fatigue Design 
Curves of Carbon and Low-Alloy Steels,” March 1998. 

2  NUREG/CR-5704 (ANL-98/31), “Effects of LWR Coolant Environments on Fatigue Design 
Curves of Austenitic Stainless Steels,” April 1999. 

3  H.P. SEIFERT, S. RITTER, J. HICKLING, "Environmentally-Assisted Cracking of Low-Alloy 
RPV and Piping Steels under LWR Conditions",  Proc. 11th Int. Conf. on Environ-mental 
Degradation of Materials in Nuclear Power Systems – Water Reactors, 2003, CD-ROM, 
ANS/TMS/NACE, Skamania Lodge, Stevenson, WA, USA, August 10 – 14, 2003. 

4  Materials Reliability Program: Second International Conference on Fatigue of Reactor 
Components (MRP-84), EPRI, Palo Alto, CA, and Organisation for Economic Co-Operation 
and Growth (OECD/NEA/CSNI/R (2003) 2), and the U.S. NRC: 2003. 1003536. 

5   H.D. SOLOMON, R.E. DELAIR & E. TOLKSDORF, Proc. 9th Int. Symp. on Env. Deg. of 
Materials in Nuclear Power Systems –Water Reactors, Pub. TMS, 2000, pp. 865 – 872. 

6  J. HICKLING, H.P. SEIFERT & S. RITTER, "Research and Service Experience with 
Environmentally Assisted Cracking of Low Alloy Steel", PPChem 2005  7(1) pp. 04-12. 

7   J. HICKLING, "Strain-Induced Corrosion Cracking of Low-Alloy Steels under BWR 
Conditions: Are There Still Open Issues?", Proc. 10th Int. Conf. on Environmental 
Degradation of Materials in Nuclear Power Systems – Water Reactors, Pub. NACE, 2002. 

8  A. Hirano et al., “Effects of Water Flow Rate on Fatigue Life of Carbon Steel in Simulated 
LWR Environment Under Low Strain Rate Conditions”, Journal of Pressure Vessel 
Technology, Vol. 125, (2003), pp. 52-58. 

9  A. Hirano et al., “Effects of Water Flow Rate on Fatigue Life of Carbon and Stainless Steels  
in Simulated LWR Environment”, PVP-Vol. 480, ASME, (2004), pp. 109-119A.  

10  R. Kilian et al., "Environmental fatigue testing of stainless steel pipe bends in flowing, 
simulated primary water at 240 oC", 3rd International EPRI Conference on Fatigue of 
Reactor Components, Seville, Spain, Oct. 2004 (proceedings to be published by MRP). 

11  Welding Research Council, Inc. Bulletin 487, “PVRC’s Position on Environmental Effects 
on Fatigue Life in LWR Applications,” W. Alan Van Der Sluys, December 2003. 

12  "An Environmental Factor Approach to Account for Reactor Water Effects in Light Water 
Reactor Pressure Vessel and Piping Fatigue Evaluations," TR-105759, EPRI, Palo Alto, CA, 
December 1995. 

13  H.S. MEHTA, "An Update on the Consideration of Reactor Water Effects in Code Fatigue 
Initiation Evaluations for Pressure Vessels and Piping," PVP-Volume 410-2, pp. 45-51, 
American Society of Mechanical Engineers, 2000. 

14  Materials Reliability Program Guidelines for Addressing Fatigue Environmental Effects in a 
License Renewal Application (MRP-47), EPRI, Palo Alto, CA, U.S. Department of Energy, 
Washington, D.C.: 2001. 1003083. 



PMDA PIRT Report – Appendix B.14 
April 2005 

                                                                                                                                                             

15  "Guidelines for Environmental Fatigue Evaluation for LWR Component," Thermal and 
Nuclear Power Engineering Society (TENPES), June 2002 (Translated into English in 
November 2002). 

16  S. RANGANATH & J. HICKLING, "Development of a possible bounding corrosion fatigue crack 
growth relationship for low alloy steel pressure vessel materials in BWR environments", 3rd 
International EPRI Conference on Fatigue of Reactor Components, Seville, Spain, Oct. 2004 
(proceedings to be published by MRP). 

17  ASME Code Case-643, “Fatigue Crack Growth Rate Curves for Ferritic Steels in PWR 
Water Environment,” May, 2000. 

18  NUREG/CR-6674 (PNNL-13227), “Fatigue Analysis of Components for 60-Year Plant 
Life,” June 2000. 



PMDA PIRT Report – Appendix B. 15 
April 2005 

B.15 Predicting Failures Which Have Not Yet Been Observed— Microprocess Sequence 
Approach (MPSA) 

 
1. Background 
 
The purpose of this topical report is to describe an approach to predicting corrosion failures that 
have not yet been observed but could occur after long times, such as those associated with LWRs 
that are re-licensed.  This approach is in the category of “pro-active” prediction, where possibly 
future failures are intentionally sought out, and the credibility for producing failures is assessed.  
This approach also challenges conventional assumptions about the cause and nature of corrosion 
failures.  In the past, failures have occurred first; and the nuclear materials community, then, has 
responded usually with excellent work aimed at explaining the observations.  This is “re-active” 
research.  We are concerned here, rather, with the mechanics of “pro-active” prediction. 
 
This discussion deals with predicting corrosion processes in LWRs, although the approaches de-
scribed here would apply broadly to other industries.  This discussion is also mainly concerned 
with stress corrosion cracking (SCC) and corrosion fatigue (CF), as they are connected; and, 
some aspects of flow-assisted corrosion (FAC) are included.  These are the most likely modes of 
corrosion to produce serious failures.  Other topics of accelerated damage include wear at anti-
vibration bars (AVB), but these are not discussed here, although such modes are within the scope 
of this approach. 
 
An essential assumption of this discussion is that very long times until failure are not related to a 
monotonic progression of SCC processes.  Rather, the long times are most likely associated with 
other factors that produce specific local conditions that “open the gate” for SCC or other rapid 
processes.  These preliminary processes occur over a “precursor period.”  Schematically, such 
cases are shown in Figure B.15.B.15.1.  Case I corresponds to SCC, starting upon initial expo-
sure to an environmental condition that produces SCC, as described in Section 2.1; Case I corre-
sponds to failure processes (e.g. to LPSCC) that initiate as soon as the surfaces are exposed to 
primary water at operating temperature.  Case II corresponds to SCC that starts after necessary 
conditions for initiation are achieved in relatively short times (e.g. half to 20 years), for which 
there are already examples as described in Section 2.2. 
 
The approach described here for predicting failures, which have not yet occurred, is the “Micro-
process Sequence Approach” (MPSA).  This approach utilizes sets of elements from the envi-
ronments and materials where these elements can be identified, and quantified, and connected 
sequentially or in parallel, to provide a scenario leading to the initiation of failure.  The overall 
procedure is described in Figure 38 of Section 5.0. 
 
What is actually being predicted here is not the course of the SCC itself but rather the time to 
arrive at the conditions for SCC to start, as shown for shorter cases in Case II and much longer 
times in Case III of Figure B.15.1.  It is assumed here that existing correlations, (e.g. from 
Staehle and Gorman,i) for the occurrence of SCC will be activated once the precursor period has 
produced the necessary conditions for SCC to initiate. 
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Figure B.15.1 Schematic view of three cases for the time-dependence of SCC.  Initiation 
and propagation times assumed to be the same.  The three cases are differentiated by the 

length of the precursor periods. 
 
Such longer times should be compared with the range of time over which re-licensing is ex-
pected to occur as shown in Figure B.15.2.  Relative to the schedule for re-licensing, it appears 
that instances of SCC in the nuclear industry have occurred in essentially three stages as sug-
gested in Figure B.15.3.  In Stage I, failures occurred in the early use of stainless steel tubes and 
then in Alloy 600 tubes.  These failures were extensive.  In Stage II, the present stage, SCC is 
occurring in the laboratory for Alloy 690TT and in the non-decorated grain boundaries of 
stainless steel.  This present discussion about prediction applies to a Stage III, where a pro-active 
approach is required and where future failures are assessed by the reasonableness of scenarios as 
described in Section 5.0 and Figure 38.  In this Stage III, a relatively long time is consumed by 
the precursor period in which conditions for the occurrence of SCC must first develop before 
SCC can start, as shown for Case III in Figure B.15.1. 
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Figure B.15.2 Number of U.S. licenses issued and expired vs. time compared with a 20-

year life extension after a presumed re-licensing. 
 
 

 
 
Figure B.15.3 Schematic illustration of the stages of SCC occurrences over time in the 

LWR industry. 
 
The theme of this report is illustrated in Figure B.15.1 for Case III.  Here, the conditions that are 
necessary for SCC to occur have not yet fully developed during the initial licensing period.  The 
central question, then, is: what are the processes that could produce the necessary conditions to 
activate the SCC at this later time?  Our assertion here is that predicting SCC/CF that has not yet 
occurred, i.e. pro-active prediction, can be approached credibly by using information and under-
standings that are already available and linking them in sensible ways to predict the time re-
quired for completion of the precursor period, of Figure B.15.1 Case III, before the SCC can 
start.  The challenge, then, is to identify this information and explore out understandings.  Such 
an approach is described in Sections 3.0 and 4.0. 
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There are, presently, no serious predictive methods for SCC that are not based on extrapolating 
from already existing failures.  Current methods include: 
 

• Accelerated testing and carrying forward the data, usually the mean value, with experi-
mentally determined dependencies such as the activation energy (e.g. Q=40kcal) or the 
stress exponent (e.g. n=4).  This is more or less how performance is predicted at the 
present. 

 
• Developing correlation equations and choosing limits for scatter (e.g. three sigma) for 

design, i.e. safety factors. 
 
• Enclosing scattered data with an enveloping curve and assuming that the envelope gives 

a conservative value. 
 
• Taking a Bayesian statistical approach where successive failures on a cumulative distri-

bution give progressively more confidence to the shape factor and its extrapolation. 
 
• Using probabilistic fracture mechanics where the probability of occurrence of critically 

sized defects and the probabilistic evaluation of the critical stress intensity provide the 
basis for the probability of future failures.ii,iii,iv,v,vi 

  
• Applying a “fitness for service” approach where defects are assessed at some time dur-

ing service, (e.g. an inspection period), and then assessing whether these defects can 
lead to potential failures. 

 
• Using the Corrosion Based Design Approach (CBDA), as described by Staehle,vii in-

volving the ten segments of environmental definition, material definition, mode defini-
tion, superposition, failure definition, statistical definition, accelerated testing, predic-
tion, monitoring and inspection, and feedback. 

 
• Using the “Locations for Analysis” (LAi) approach as described by Staehle,vii where 

obvious locations containing multiple stressors of relatively intense values occur to-
gether. 

 
• Using physically based statistics for predicting the “First Failure” as described by 

Staehle.viii,ix  Here, each of the statistical parameters is modeled using existing data for 
the seven primary variables as shown in Figure B.15.4.i,ix,xxxvii  The final distribution 
then, includes the three, now physically dependent, statistical parameters with their re-
spective dependencies. 
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Figure B.15.4 Examples of dependencies on the seven primary variables for SCC as they 
apply to a correlation equation that might be used to model the statistical parameters for a 
statistical distribution.  These examples are taken from data, which describe SCC in alka-

line solutions.  These data are discussed by Staehle and Gorman.i 
 
A practical question here, is how can failures that have not yet occurred be found?  The essence 
of the approach in this report, the “Microprocess Sequence Approach (MPSA)” for predicting the 
precursor conditions that must coalesce before SCC occurs, as indicated in Figure B.15.1, con-
sists of six steps as follows: 
 

• The influences on materials can be divided into six domains and their respective micro-
processes.  The breakdown of the domains is somewhat arbitrary, but practical and 
convenient choices are:  global environment, bulk environment, outside surface, protec-
tive surface layer, inside metal surface, and bulk metal.  These domains, with examples 
of possible microprocesses, are identified in Figure B.15.5.  These domains are dis-
cussed in Sections 3.0 and 4.0. 



PMDA PIRT Report – Appendix B. 15 
April 2005 

• Identify the modes of failure of interest, (e.g. SCC, CF, FAC), and develop information 
bases for their dependencies of occurrence, as described in Section 6.0.  These define 
targets for scenarios, as described in Section 5.0, which involve practical aggregations 
of domains and their microprocesses. 

 
• Identify the “microprocesses” of these domains that could affect the modes of failure.  

These microprocesses, as they apply for the six domains, are described in Section 4.0; 
and examples are shown in Figure B.15.5. 

 
• Develop likely scenarios as suggested in Figure B.15.6 and Section 5.0, which connect 

microprocesses of the six domains, and which have a high likelihood for leading to 
failure.  These scenarios would constitute the precursor period as identified in Figure 
B.15.1 for Cases II and III. 

 
• Quantify possibly critical microprocesses in terms of their dependence on the variables 

that lead to critical conditions for SCC to occur at the end of the precursor period. 
 
• Develop critical experiments to assess whether the proposed scenarios and their compo-

nent microprocesses are credible. 
 

Predicting SCC in LWRs in the past has been hindered by overly restrictive and often poorly in-
formed assumptions on the microprocesses such as: 
 

• SCC occurs only in the presence of “specific ions.” 
 
• SCC does not occur either in pure environments or in pure materials; i.e. SCC of Alloy 

600 in pure deoxygenated water is not credible. 
 
• Boiling MgCl2 is a suitable environment to assess the dependence of SCC on alloy 

composition. 
 
• Pure water cannot produce SCC of sensitized stainless steel. 
 
• Water chemistry used for fossil boilers should be adequate for nuclear boilers. 
 
• Tube support crevices will not accentuate any chemistry that could lead to SCC. 
 
• There is not sufficient Pb in feed water to produce PbSCC even if it is concentrated. 
 
• SCC due to Pb in Alloy 600MA is transgranular. 
 
• Stainless steel without sensitization will not sustain SCC. 
 
• The high purity of water in secondary OTSG water will not produce deposits on super-

heated upper bundle surfaces. 
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Figure B.15.5 Schematic view of six domains for quantifying microprocesses relating to 

the continuum from a global environment through to the bulk metal.  Exam-
ples of microprocesses indicated. 

 
There are more such assumptions.  Rarely have engineers recognized and thought critically to 
question and test such assumptions.  Similar assumptions may still hinder our capacity to predict 
performance.  In Section 2.0, examples of failures, which have occurred and are already known, 
and which follow this microprocess route are considered and provide examples of important as-
pects of the MPSA approach.  Section 3.0 describes domains and their inherent icroprocesses; 
Section 4.0 describes physical details of microprocesses and their implications; Section 5.0 de-
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scribes how scenarios are developed and applied; Section 6.0 describes the failure target (e.g. 
start of SCC after the precursor produces necessary conditions) for the development of scenarios; 
finally, in Section 7.0 some predictions for future and not yet observed damage are developed 
based on the procedures described in this report.  
 

 
 

Figure B.15.6 Schematic view of a scenario that might be developed, which links micro-
processes in successive domains as the scenario would apply to the precursor 
stage of Figure B.15.1. 

 
2. Examples of Past Sequential Failures  
 
The purpose of this section is to describe examples of failures that correspond to Cases I and II 
of Figure B.15.1.  These failures provide insights to how failures with longer precursor times 
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might evolve.  Section 2.1 describes failures that begin when the plant starts and where the time-
to-penetration is associated with the evolution of the SCC or FAC itself with no need to develop 
pre-conditions over time.  This corresponds to Case I of Figure B.15.1.  Section 2.2 corresponds 
to Case II of Figure B.15.1 where a relatively short (e.g. half to 20 years) precursor period pre-
cedes the evolution of the SCC itself. 
 
2.1  Failures without time-dependent pre-conditions, no precursors, Case I 
 

SCC on the primary side, LPSCC--no precursor 
 
On the primary side of steam generator tubes there are no crevices, and the chemistry is gen-
erally constant with time.  The major stressors are residual stresses and temperature; thus, 
any SCC that occurs does not depend on accumulation processes in a precursor period.  The 
highest residual stresses are initially present either at small diameter U-bends or at roll transi-
tions at the top of the tubesheet; Figure B.15.7ax shows data for the temperature dependence 
of LPSCC in the small diameter U-bends of SGs.  The earliest failures at the highest tem-
perature, about 306°C, occurred after 20-30 months. Figure B.15.7bxi shows a cumulative 
distribution function (cdf) in Weibull coordinates for the LPSCC in US and French plants. 
Here, the values of θ (characteristic space parameter in the Weibull distribution) are in the 
range of 10 to 41 EFPY and the values of β  (slope or “shape factor” in the Weibull distribu-
tion) are in the range of 1.36 to 4.93 (noting that these data were analyzed with a two pa-
rameter Weibull fit).  Such data suggest that the first failures occur in the range of about 0.1 
of the mean.  The data of Figure B.15.7, taken together and recognizing the differences in 
temperature, indicate that early LPSCC can occur in about a year.  Details of dependencies of 
LPSCC are described by Staehle and Gorman.i 
 
Local cold work on the secondary side, Case I--no precursor  
 
Figure B.15.8 describes a situation in which relatively deep scratches, which were present at 
the start of the operation, produced local cold work that initiated extensive SCC.  Staehle and 
Gormani have summarized numerous such instances.  Such SCC has penetrated the full 
thickness of the tubes five years after the start of operation and was found on the surfaces of 
the cold leg of the secondary side.  Hundreds of SCC events per inch occurred on some of the 
scratches.  The fact that such SCC initiated and propagated on the free span of the cold side 
attests to the severity of the initial cold work. 
 
Figure B.15.8 shows first in (a)xii and then (b)xii the location of the failures.  Figure B.15.8cxii 
shows details of the scratch in plan view, and Figure B.15.8dxii shows the scratch in cross 
section with the SCC emanating.  Figures 8exiii and 8fxiv,xv show the accelerative effects of 
cold work, which supports the conclusion that local cold work started the cracks nucleating 
early.  The scratches here seem to be deeper than ordinary scratches from processing. 
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(a) 

 
 

      (b) 

 
 

Figure B.15.7 (a) Time-to-failure for Row 1 U-bends of PWR steam generators on the 
primary side. From Begley et al.x (b) Probability vs. service time (EFPY) for the LPSCC 
occurring on the primary side of tubes from operating SGs in PWRs. Temperatures in the 

range of 315 to 320º C. From Staehle et al.xi 
 
Figure B.15.8 also shows a scenario starting with M-1 (“M” identifies a “microprocess”) 
through M-4, i.e. from the scratch through the cold work to the SCC, as accelerated by cold 
work and the SCC propagating as it moves beyond the cold work.  However, here, this SCC 
certainly began at the start of life of the plant.  The scratches accelerated the initiation.  The 
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relatively long time for perforation, compared with Figure B.15.7, results from the lower cold 
leg temperatures. 
 
Flow assisted corrosion (FAC) at Mihama—no precursor 
 
Figure B.15.9 shows a failed pipe in a section from Mihama 3 at the orifice between the #4 
low pressure heater and the deaerator operating at approximately 142°C.  The pipe was 
560mm in diameter and the wall was 10mm thick.  The flow rate of water was 22m/s at a 
pressure of 0.93MPa and a pH of 8.6-9.3.  The failure occurred after 185,700 hours of opera-
tion.  The failure resulted from flow-assisted corrosion (FAC) at a location where there had 
been no inspections.  The resulting failure killed five people and injured four others. 

 
 
 

Figure B.15.8  SCC at free-span cold leg at McGuire-2 in an Alloy 600MA tube. (a) Gen-
eral location of scratch and SCC. (b) Schematic view of location of SCC. (c) Detail of 

scratch with SEM. (d) Cross section of SCC.  From Eaker.xii  (e) Area reduction vs. SCC 
initiation time for Alloy 600 for several heats in environments with and without hydro-
gen.xiii (f) SCC growth rate vs. 1000/T for Alloy 600MA with various yield strengths 

achieved by cold work. From Speidel and Magdowski,xiv
 with data from [A] Shen and 

Shewmon.xv 
 
The pipe was a thin wall large diameter pipe with high velocity water flowing at 22m/s.  The 
FAC involved in this accident most certainly started at the initial operation and did not in-
volve any precursor period according to Case I of Figure B.15.1.  Although the FAC pro-
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ceeded at a relatively slow rate, no inspections were performed and no analysis of an accept-
able operating period had been performed. 
 
Stress corrosion cracking in sensitized and non-sensitized stainless steels in BWR applica-
tions – no precursor 
 
Figure B.15.10 shows three examples of data for SCC in stainless steels, which are used in 
BWR applications.  These include sensitized Type 304, non-sensitized Type 304, and stabi-
lized Types 321 and 347.  Numerous instances of SCC in non-sensitized stainless steel have 
occurred.xvi,xvii,xviii,xix  In these cases, the local environment and condition of material do not 
change, although low temperature sensitization could aggravate the susceptibility to SCC.  
 

 
 

Figure B.15.9 (a) and (b) Locations of failure.  (c) Failure of pipe. 
 

Figure B.15.10axx shows the probability of cracking vs. time for SCC of 2” and 4” stainless 
steel piping that was sensitized at welds and exposed to BWR conditions.  Here, the probabil-
istic nature of the ultimate failures is clear, although the initiation most likely started with the 
beginning of operation of the plants. 
 
Figure B.15.10b, from work by Angeliu et al.,xxi compares sensitized and non-sensitized 
Type 304 stainless steel in BWR environments vs. the corrosion potential and shows that the 
crack growth rates for both heat treatments are not significantly different.  The crack growth 
rate for the cold worked materials is increased. 
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Figure B.15.10  SCC of stainless steels exposed to normal BWR water chemistry.  
(a) Probability vs. time for the failure of Type 304 stainless steels in two different pipe 
diameters in operating plants as shown in Weibull coordinates.  Failures or indications 
have occurred at the smooth inside surfaces associated with welds.  From Eason and 
Shusto.xx (b) Crack growth rate vs. corrosion potential for stainless steels in sensitized 
and non-sensitized Type 304 stainless steel. Specimens of non-sensitized stainless steel 
are cold worked.  From Angeliu et al.xxi (c) Crack growth rate vs. hardness for non-

sensitized stainless steels.  From Speidel and Magdowski.xxii 
 

Figure B.15.10c, from work by Speidel and Magdowski,xxii compares Type 304 with stabilized 
stainless steels and with a core shroud as a function of hardness.  Here, the trend in Figure 
B.15.10b is corroborated and extended. 
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2.2  Failures with significant but relatively short precursor times, Case II. 
 
In this section, examples of failures are described where the SCC is preceded by a precursor step, 
as shown in Case II of Figure B.15.1.  These examples suggest how such precursors might arise 
and proceed.   
 

ODSCC at tubesheets and tube supports--precursor 
 
Figure B.15.11 shows successive steps (M-X) leading to SCC on the outside diameter of SG 
tubes in heated crevices.  The precursor steps involve at least the following: 
 
a. Build-up of deposits in crevice (M-1). 
 
b. Concentration of chemicals in heat transfer crevices (M-2). 
 
c. Further concentration and chemical reactions inside the crevices (M-3). 

 
Then, the resulting SCC, as shown at (M-4), can initiate.  This precursor process is not 
lengthy, but the overall process is nonetheless a Class II process with a precursor preceding 
the initiation of SCC. 
 
Denting associated with tubesheets and tube supports--precursor 
 
Figure B.15.12 shows an integrated view of the denting processes as they may occur at tube 
supports or at the top of the tubesheet and as related to previous experimental work of 
Pickering et al.xxiii and Pilling and Bedworth.xxiv  The precursor steps for denting are much 
like the ODSCC in Section 2.2-1.  The precursor steps involve at least the following: 
 
a. Build-up of deposit in crevice (M-1). 
 
b. Concentration of chemicals in the heat transfer crevices (M-2). 
 
c. Corrosion products expand, according to the predictions of Pilling and Bedworth,xxiv as 

the carbon steel of the tube supports corrodes.  These corrosion products produce stresses 
(M-3), as measured by Pickering et al.,xxiii in the tube wall and cause it to collapse (M-4).   

 
The straining of the tube, after the corrosion products expand, produces SCC from both in-
side and outside of the tubes (M-5).  Such SCC has not been observed associated with dent-
ing at the top of the tubesheet, but such a result is imminent as described in Section 7.0.  
From the analysis of Staehle and Gorman,i based on extensive work in the literature, it ap-
pears that the growth of the oxide was particularly influenced by the presence of chloride and 
copper in the secondary environment.  Thus, improving the integrity of the condensers and 
changing the condenser materials from copper-base alloys to titanium were the main avenues 
for mitigation. 
 



PMDA PIRT Report – Appendix B. 15 
April 2005 

 
 

 
Figure B.15.11  Steps involved in the SCC on the OD of a tube associated with a drilled 

hole geometry of an Alloy 600-tubed steam generator. 
 

 
SCC in OTSG upper bundle--precursor 
 
SCC has occurred in the upper bundles of SGs where the steam is progressively superheated.  
While this SCC appears to be mostly focused at scratches, SCC and IGC occur outside these 
scratches to a lesser extent.  The tube material is Alloy 600SR (stress relieved).  Figure 
B.15.13axxv shows the composition of various parts of the surface and SCC.  It appears that 
the design of these OTSG units assumed that the water would be so pure that such accumula-
tions of chemicals would not occur and would certainly not damage the tubes.  The SCC was 
quite extensive in the superheated region.  Figure B.15.13bxxvi shows the tubes plugged vs. 
time.  Significant tube plugging started after 12 years in 1986. The precursor step is com-
prised mainly of the accumulation of chemicals on the surfaces until a sufficient amount of 
chemicals is present.  The precursor period appears to have been about 10-12 years. 
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Figure B.15.12  Steps in the development of denting at both tube supports and at the top 
of the tubesheet.  The straining is shown at the tube supports to have produced SCC start-

ing from both inside and outside surfaces.xxiii,xxiv 

 
Fuel failures in BWR plants--precursor 
 
Fuel failures in BWR plants seem to be occurring as the heat flux increases with increasing 
demands for high outputs.  The failure is not SCC, but rather a corrosion perforation.  How-
ever, the precursor process is useful to analyze here.  The precursor steps, as summarized in 
Figure B.15.14, are mainly: 
 
a. High, and increasing, heat flux (M-1). 
 
b. Impurities that participate in forming deposits with higher heat transfer resistance (M-1). 
 
c. Increase in corrosion rate and formation of thicker oxide with higher heat transfer resis-

tance (M-2). 
d. Deposition of impurities and growth of oxide produces higher surface temperatures that 

accelerate perforation of cladding (M-3). 
 
e. The cladding then perforates (M-4) as illustrated in Figure B.15.14d.  This process occurs 

within a fuel cycle and is therefore a several year process. 
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Davis Besse--precursor 
 
In the case of the Davis Besse failure, as shown in Figure B.15.15, LPSCC was part of the 
precursor, rather than the terminal part, and an extensive volume of corrosion ensued after an 
SCC-incited leak occurred in a control rod drive nozzle.  The precursor elements were: 
 
a. High residual stresses due to welding (M-1). 
 
b. LPSCC in the Alloy 600MA nozzle (M-2). 
 
c. Perforation of the Alloy 600MA permits borated water to exit and produce both a high ve-

locity and corrosive solution (M-3). 
 
The corrosion rate of the steel is about 2” per year and consumes a volume of steel that is the 
thickness of the head and about 6” in diameter.  The precursor time, i.e. the time for the 
LPSCC to perforate the wall of the nozzle, was about 18 years, which is comparative to the 
rate for SG tubes when the differences in thicknesses are accounted for. 

 
3. Structure of Domains and Microprocesses – Approach to Quantifying Precursors of 

Case III 
 
3.1  Introduction  
 
The purpose of this section is to describe the structure and application of “domains” and “micro-
processes,” as used in developing scenarios that are part of the precursor events that precede ini-
tiating SCC as shown in Figures 1, 5 and 6.  This discussion is the essence of the approach to 
quantifying precursors for Case III.  Figures 16 through 21 describe each of the domains, which 
are identified in Figures 5 and 6, together with examples of relevant microprocesses. 
 
Again, the purpose of this report is to propose an approach to predicting failure processes, mostly 
SCC, that have not yet been observed.  In order to develop such a prediction, a rational intellec-
tual structure and some assumptions are necessary.  The intellectual structure is discussed in this 
section in terms of the domains and microprocesses.  The principal assumptions and features of 
this intellectual structure are: 
 

• Predicting failures, which have not yet occurred, is mostly related to long term changes 
in the domains and microprocesses, which are precursors, as described in Figure B.15.1 
and Figure B.15.6, and which enable SCC to initiate and propagate at later times.   

 
• Some new mode of SCC is not reasonably expected.  It is more likely that the develop-

ment of the precursors will permit some existing failure process to occur rather than 
some totally new one. 

 
• The development of precursor conditions depends on the progression of microprocesses 

in various domains, as shown in Figure B.15.5, which may act conjointly or individu-
ally. 
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• The choices of specific domains and microprocesses must be based upon experience, 

and an awareness of the wide varieties of microprocesses that can be important. 
 
• The idea of microprocesses focuses on specific processes that occur within the domains 

and have been shown to be critical processes in the nucleation, initiation, and growth of 
SCC.  Further, these microprocesses are often capable of being quantified by known 
procedures of analysis. 

 
• Finally, the domains and microprocesses can be linked to a scenario for the develop-

ment of critical conditions for the initiation and propagation of SCC or a similarly ag-
gressive process.  Several scenarios could be envisioned as options for precursors.  Sec-
tion 7.0 provides suggestions for failure processes that might be predicted with the 
MPSA approach. 

 
3.2  The “domains” 
 
The “domains” in this discussion are shown in Figure B.15.5. These domains provide an intellec-
tual framework for identifying explicitly the sequence of events and for organizing the micro-
processes.  
 
A sample scenario that might constitute a precursor to SCC could be the following: 
 

a. Microprocess #1 (M-1):  A line-contact crevice slowly accumulates deposit. 
 
b. Microprocess #2 (M-2):  The deposit gradually hardens. 
 
c. Microprocess #3 (M-3):  Even dilute species in the bulk water. 
 
d. Microprocess #4 (M-4):  Metallurgical ripening over time increases slip coplanarity leading 

to sharper slip steps and greater local forces at internal barriers. 
 

These first four steps constitute a precursor as shown in Figure B.15.1, and may require 
many years.  

 
e. SCC initiates when the environment in the crevice interacts with a metallurgical slip of 

greater coplanarity in the metal substrate.   
 
Starting from the overall schematic view in Figure B.15.5, where the adjacent domains are iden-
tified and shown adjacent to a schematic cross-section of a metal in an aqueous solution, the re-
spective domains are described in Figures 16-21.  These domains, as identified in the Figures, 
start from the global domain to the bulk metal according to the order in Figure B.15 
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      (a) 

 
 

 

 
 

Figure B.15.13  (a) Compositions of surfaces of tubes at four locations in the upper bun-
dle of Oconee Nuclear Station. Outside surfaces and inside SCC and IGC as determined 

by Auger spectroscopy. From Rochester.xxv 

 (b) Tubes plugged vs. time for Oconee-1B. From Rochester and Eaker.xxvi 
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Figure B.15.14 Stepwise process for the perforation of fuel that results first from deposits, 
the formation of which is accelerated by high heat flux (M-1), then by accelerated corro-

sion (M-2), then by progressively higher surface temperatures (M-3), thereby increasing the 
corrosion rate, and ultimately failure (M-4). 

 
 
Each of the domains consist of the “microprocesses” that are shown at the left, and some exam-
ples of nominal effects are identified at the right.  These microprocesses are the elements, which 
contribute to the precursor, that would be quantified. 
 
The “Global Domain” is shown in Figure B.15.16.  The Global Domain is intended to include 
microprocesses that apply to all the domains, (e.g. temperature, neutron flux).  The Global Do-
main also includes the free energy change, ∆G, as the environment reacts with the metal to pro-
duce reaction products. 
 
The “Bulk Environment Domain” is shown in Figure B.15.17.  The Bulk Environment Domain 
refers to the primary water, the secondary water, steam, tertiary water, ambient inside the con-
tainment or outside, and similar fluids to which components and materials are exposed. 
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The “Near-Surface Environment Domain” is shown in Figure B.15.18.  The Near-Surface Envi-
ronment Domain consists mainly of deposits, flow gradients, MIC pustules, and electrochemical 
cells.  Such a domain has been a main part of the crevice deposits on the secondary side in heat 
transfer crevices or the accumulation of sludge at the bottom of SGs. 
 

 
 

Figure B.15.15  Stepwise process leading to the failure at Davis-Besse.  Here, LPSCC 
was part of the precursor, and rapid general corrosion was the propagation process.   
The LPSCC started with the high residual stresses from welding and the already well-

known susceptibility of the Alloy 600MA. 
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Figure B.15.16  Microprocesses and their effects in the Global Domain. 
 
 

The “Protective Film Domain,” which is shown in Figure B.15.19, includes what is sometimes 
called the “passive film.”  However, there are other deposits that form as part of the protection, 
(e.g. carbonates), and are not part of the chemistry of the metal substrate.  In the protective film, 
the electrochemical catalytic processes are affected as the defect structure of the protective film 
changes – such defect structures are changed by Pb, Cl-, S2- and others.  Because this film is usu-
ally epitaxially attached to the surface, the protective film also affects both stresses in the sub-
strate and the nucleation of dislocations at the surface.  This film changes with time in its geome-
try and chemistry. 
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Figure B.15.17  Microprocesses and their effects in the Bulk Environment Domain 

 
 
The “Near-Surface Domain on the Metal Side,” which is shown in Figure B.15.20, is the region 
in which near-surface processes occur such as slip dissolution, tunnel penetration, enrich-
ment/depletion of species, solubilization of species that enter grain boundaries, and precipitation 
of vacancies. 
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Figure B.15.18  Microprocesses and their effects in the Near-Surface Environment Do-
main 

 

 
 

Figure B.15.19  Microprocesses and their effects in the Protective Film Domain 
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Figure B.15.20  Microprocesses and their effects in the Near-Surface Metal Domain 

 
 
The “Bulk Metal Domain,” which is shown in Figure B.15.21, is, in a sense, the “semi-infinite 
region” of the metal, which, on a gross scale, is homogeneous but on a microscopic—and micro-
process scale—is quite heterogeneous.  These local heterogeneities provide paths or influences 
that affect the development and propagation of corrosion damage. 
 
The six domains of Figures 16 through 21, as summarized in Figure B.15.5, are shown with as-
sociated small boxes in Figure B.15.6, each of which represents a microprocess.  When a “sce-
nario” is constructed as in Figure B.15.6, these boxes are connected, as they would be naturally.  
Such a scenario constitutes a precursor as shown in Figures 1 and 6 that identifies the relevant 
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microprocesses, which need to be quantified and validated in order to reach the conditions neces-
sary for SCC to initiate.  In this quantification, some kind of time dependence needs to be devel-
oped in order to predict when the resulting precursor can lead to the start of SCC.  
 

 
 

Figure B.15.21  Microprocesses and their effects in the Bulk Metal Domain 
 

 
4. Examples and properties of microprocesses 
 
The purpose of this section is to describe examples of microprocesses, which are part of the six 
domains.  This description is not comprehensive but illustrative; there are probably 50-100 really 
significant microprocesses that might be identified. 
 
As shown in Figures 11-16, each domain contains a particular array of microprocesses, which are 
significant to the occurrence of corrosion damage.  Many of these microprocesses are already 
known to participate in corrosion processes under various conditions of temperature, stress, envi-
ronmental chemistry, and material chemistry.   
 
The emphasis here is upon microprocesses that require some time to develop their roles in accel-
erating or intensifying future and aggressive corrosion; and during these early processes of de-
velopment there is no support for SCC or other accelerated processes until certain necessary 
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conditions conglomerate.  Once some critical array of microprocesses develops, SCC can then 
initiate and propagate. 
 
The “microprocesses” are the elements that are identified, quantified, and connected in scenarios 
to develop the characteristics of the precursor regimes as follows: 
 

Identification 
 
Identifying the microprocess in a domain, as in Figure B.15.6, is largely a matter of expert 
experience.  Some of these microprocesses are well known and some maybe not.  To identify 
further clues to microprocesses that are not obvious, it may be necessary to look into the 
physical and organic chemistry of homogenous materials and the surface chemistry of their 
interfaces in aqueous solutions. Other microprocesses might be identified from metal phys-
ics.  “Identification” is a matter of making microprocesses explicit. 
 
Quantification 
 
Quantification of microprocesses provides bases for the dependencies that determine the du-
ration of the precursor period.  Such dependencies include considerations of growth rates, 
diffusion, rates of transformation, rates of accumulation, and rates of production.  These can 
usually be approached with conventional knowledge of such processes as they respond to the 
temperatures and chemistries of LWRs.  Developing the rates of microprocesses contributes 
to an overall model of a time-dependent precursor.  From this model, the duration of the pre-
cursor can be calculated. 
 
Connection into scenarios 
 
Constructing a scenario, as in Figure B.15.6, involves essentially developing the features of 
the precursor.  There may be several equally attractive scenarios.  A scenario is shown sche-
matically in Figure B.15.6, including selected microprocesses.  Figure B.15.6 suggests that 
there may be several important microprocesses in some domains.  A fully identified and con-
nected scenario, as in Figure B.15.6, then, is a precursor to the occurrence of starting SCC or 
some similarly rapid process of penetration.   
 
Note that FAC is probably not compatible with the development of these microprocesses 
since it starts from the beginning of operation, unless there is a change in velocity, pH, poten-
tial, inhibitors, or alloys that would activate the flow acceleration at some later time.  How-
ever, FAC generally proceeds at a rate that is similar to the low end of SCC; and FAC might 
be initiated at a later time as a result of changes in chemistry (changes in oxygen or pH), 
temperature, and flow.  This sequence is not so much a precursor as a later and influential 
(although unwise) change in operation. 
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4.1  Global Domain 
 
A schematic view of the Global Domain is shown in Figure B.15.16.  In Section 4.1 three exam-
ples of microprocesses are discussed, and a more extensive set is suggested in Figure B.15.16.  
Each of these examples is typical of important effects that could change the conditions for onset 
of SCC.  Further, they are associated with the kinds of times that are involved with precursors 
that could lead to SCC at long times. 
 

Mode diagrams, ∆G  
 
One example of a microprocess here is the free energy difference between the environment 
and the material.  This is usually identified by a diagram of potential vs. pH as shown in Fig-
ure B.15.22, and much of the necessary data are available in handbooks containing thermo-
dynamic data.  Here, the Ni-H2O diagram is shown with some of the Fe equilibria.  Superim-
posed on this diagram are the locations of the major submodes of SCC.  This diagram repre-
sents the global domain where the lines in the diagram indicate equilibria for the metal and 
environment that react to produce chemical products.  The application of this diagram and 
the incorporation of submodes of SCC have been described by Staehle and Gorman.i Such a 
global microprocess as the difference in free energy of metal and water, is important to virtu-
ally all of the scenarios. 
 

 
 

Figure B.15.22  Electrochemical potential vs. pH at 300°C for Ni in H2O with important 
equilibria shown.  Locations for AkSCC, LPSCC, AcSCC, and HPSCC of Alloy 600MA 

shown.  From Staehle and Gorman.i 



PMDA PIRT Report – Appendix B. 15 
April 2005 

Neutron flux, void formation 
 
Neutrons, as they react with Ni isotopes, produce helium atoms.  These helium atoms coa-
lesce to produce voids.  Such voids are shown in Figure B.15.23xxvii in baffle bolts.  These 
voids, as they coalesce, lead to strains that cause stresses and distortions. 

 

 
 

Figure B.15.23  Bolt connecting former and baffle from Tihange-1 PWR shown in terms 
of neutron dose giving concentration of He and swelling at locations along a bolt.   

From Garner et al.xxvii 

 
 
Neutron flux, change composition of grain boundaries 
 
A third example of a microprocess in the global domain is neutron flux, as it leads to changes 
of chemistry at grain boundaries.  Figure B.15.24xxviii, from the work of Bruemmer, shows 
such a change of Cr in stainless steel after up to 13.3 dose per atom.  These alterations affect 
the reactivity of the grain boundaries as well as changing the mechanical properties and dif-
fusivity of environmental species such as oxygen. 
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Figure B.15.24  Concentration of Cr across a grain boundary of mill-annealed Type 316 
stainless steel as a function of dose up to 13.3 dpa.  From Bruemmer.xxviii 

 
 

4.2  Bulk Environment Domain 
 
A schematic view of the Bulk Environment Domain is shown in Figure B.15.17, where several 
microprocesses are identified.  This section gives two examples of such microprocesses. 
 

Hydrazine (N2H4) reduces sulfate to sulfide 
 
Hydrazine (N2H4) is added to the secondary side in order to reduce the concentration of oxy-
gen that is assumed to promote SCC in crevices.  As an aside, it is not clear that such an ef-
fect is important; and second, the very low hydrogen on the secondary side raises the poten-
tial, regardless.  Whether hydrazine significantly counters this effect of low hydrogen is not 
clear. 
 
Work by Daret, et al.xxix shows that the occurrence of sulfide produces SCC in Alloy 600MA, 
as shown in Figure B.15.25; further, this work is linked to the reduction of sulfate in secon-
dary systems by hydrazine as shown in the reactions of Figure B.15.25.  Work by Sakai et 
al.,xxx Sala et al.,xxxi Allmon et al.,xxxii and de Bouvier et al.xxxiii have shown clearly that N2H4 
reduces SO4

2- to S2-.  
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Chloride inhibits dissolution 
 
The rate of dissolution of high nickel alloys is very much affected by the anion as shown 
from work of Cullen in Figure B.15.26axxxiv.  Here, the dissolution of these alloys over a pH 
range from 1-6 is shown for several ratios of chloride and sulfate including the 100% com-
positions of each.  These data show that the 100% chloride solution corrodes Alloy 600 
about two orders of magnitude less than the 100% sulfate.  In support of this trend, Figure 
B.15.26bxxxv from Choi and Was, shows that the aspect ratio of pitting follows the same pat-
tern.  As the chloride-to-sulfate ratio increases, the pits become sharper, which is expected 
in view of the inhibitive effect of Cl- as suggested in Figure B.15.26c from Staehle.xxxvi 
 

 

Sulfate is red uced to S2- by hydr azine  
2(SO4)

2- + 18H+ + 12e- → 2(HS-) + 8H2O 
Hydrazine is oxi dized 

3(N2H4) + 12OH- → 3N2 + 12H2O + 12e- 
 

 
 

Figure B.15.25  Results from model boiler experiments with primary temperature in 
range of 330 to 350°C and secondary side temperatures in the range of 290 to 295°C with 
AVT chemistry. Sodium sulfate was added at 0.5 mg/kg in makeup water, and hydrazine 

was in the range of 10-50 µg/kg. Dissolved oxygen less than 1 µg/kg. (a) Location of 
SCC, boundary of deposit, and locations of analysis for sulfates and sulfides (1-6) for Al-
loy 600MA. (b) Atomic percent of sulfates and sulfides vs. distance from the boundary of 

the deposit into the metal and through the SCC zone. From Daret et al.xxix 
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Figure B.15.26  (a) Wastage rate vs. pH for retort tests using Alloys 600 and 690 in 
various heat treatments in concentrated acidified sulfate and chloride solutions at a test 

temperature of 315°C. From Cullen.xxxiv (b) Aspect ratio for pits vs. Cl-/SO4
2- ratio for Al-

loys 600 and 690 exposed in 6000 wppm Cu2+ at 288°C for Cl-+SO4
2- = 0.294M. From 

Choi and Was.xxxv (c) Schematic view of implications of increasing acuity.  
From Staehle.xxxvi 
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4.3 Near-Surface Environment Domain 
 
A schematic view of the Near-Surface Environment Domain is shown in Figure B.15.18 as a part 
of the overall array of domains in Figure B.15.5.  Examples from this domain are the following: 
 

Heat transfer crevice 
 
While the heat transfer crevice has been changed in the new generation of SGs, from the 
comprehensive envelopment of drilled holes, the occurrence of conditions for concentrating 
impurities persists as deposits continue to accumulate in line-contact geometries, although 
the possibly resulting concentrations of species in these geometries have not been studied.  
Figures 27a, b, cxxxvii show the nature of the chemical crevice in its complexity of chemistry, 
phases and gradients.  Figures 27d and ei show a schematic view of accumulation of deposits 
at egg crate line-contact crevices.  These near-surface environments are substantially differ-
ent from bulk environments in concentrations as well as in ratios of elements.  Further, their 
chemistry changes in time.  Such concentrating capacities of these crevices enable concen-
trating Pb, (e.g. from the ppt range to the low percentage range), at the metal-environment 
surfaces.  It is likely that the line-contact accumulations will produce different chemistries 
from the drilled holes in view of the differences of geometry as these affect the concentration 
of species. 

 
Accumulation of deposits and cells 
 
Deposits accumulate with time due to superheat at the surfaces of tubes at tube supports and 
at the top of the tubesheet, as shown in Figures 28a, b, c,i at the bottom of steam generators.  
Such accumulations vary with locations.  These deposits lead to the formation of electro-
chemical cells.  
 
Deposit expansion and forces 
 
Aside from the chemical and electrochemical aspects of deposits, as well as their heat trans-
fer resistance; deposits also produce large forces in constrained geometries.  Figure B.15.29, 
from the work of Pickering et al.,xxiii shows a stainless steel specimen that was exposed in the 
non-stressed conditions with a stainless steel insert.  The corrosion products that accumulated 
in the crevice between the specimen and the insert produced stresses, which caused SCC to 
start at the bottom of the crevice.  After this SCC had propagated some distance, the insert 
was removed as part of the experimental program, and the corrosion products in the propa-
gating SCC exerted sufficient force to cause the SCC to continue.  These forces are produced 
by the larger specific volume of the oxide compared with the metal as reported in 1923 by 
Pilling and Bedworth.xxiv  
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Figure B.15.27  Schematic view of heat transfer crevice at a tube support. (a) Geometry.  
(b) Chemicals that accumulate and transform. (c) Types of gradients inside the heat trans-
fer crevice. From Staehle.xxxvii  (d) Egg crate design of tube support and (e) schematic 
view of accumulation of deposits in line-contact geometry, based on direct observations.  

From Staehle and Gorman.i 
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Figure B.15.28  Accumulation of deposits on top of the tubesheet with time. 
From Staehle and Gorman.i 

 
 

 
 

Figure B.15.29  Demonstration of forces produced by corrosion products.  Stainless steel 
block and insert exposed at 204°C in vapor condensation of 2% NaCl+3%HNO3 solution; 
no applied stress.  SCC propagates with corrosion product forces between block and in-

sert.  Insert removed and cracks propagate due only to corrosion products in initial 
cracks.  From Pilling and Bedworth.xxiv 

 
4.4 Protective Film Domain 
 
Properties of protective films dominate much of the corrosion behavior of metals.  Further, this 
film interacts with slip processes in the metal and through its normal epitaxial connection to the 
metal, produces stresses in the substrate.  Also, the defect concentration in the film catalytically 
affects oxidation and reduction reactions.  The relative position of the protective film in the do-
mains is shown in Figure B.15.5, and examples of important related microprocesses are shown in 
Figure B.15.19. 
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Epitaxial film growth 
 
Epitaxial protective films grow with time according to various rate laws and following influ-
ences of alloy, pH, and potential.  Figure B.15.30xxxviii shows the effect of potential and alloy 
composition on the thickness of protective films on iron base alloys.  These films affect the 
catalytic influence on electrochemical reactions and the overall rate at which the alloy dis-
solves, as it is controlled by the properties of these films. 

 

 
 

Figure B.15.30  Film thickness vs. electrochemical potential for Fe, Fe-10Ni, Fe-10Cr, 
and Fe-10Ni-10Cr alloys after one hour of polarization at 25°C measured in a pH 8.4 bo-

rate buffer solution.  From Goswami and Staehle.xxxviii 
 

Slip as affected by protective films 
 

Figure B.15.31xxxix shows the effect of epitaxial films on the single slip of a nickel single 
crystal.  The protective film increases the work hardening, therefore inhibiting slope, on 
the surface as shown by the work of Latanision and Staehle; whereas, the absence of the 
protective film permits the non-inhibited single slip.  In the former, the slip steps are dis-
persed and finely divided; whereas, for the non-filmed surface, the slip is coarse and 
sharp.  The presence of such films, then, affects the mechanical properties. 
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Brittle film rupture 
 
Figure B.15.32xl,xliii illustrates the process by which SCC proceeds as related to the formation 
of a brittle reaction product on the surface. Such a brittle surface might develop from the 
formation of an epitaxial reaction product such as is assumed for copper alloys in ammonia-
cal solutions.  The periodic breaking of such a brittle film has been often suggested as the 
means of propagation of some SCC.  The rate of crack propagation, then, is related to the 
growth rate of the brittle film. 

 

 
 

Figure B.15.31  Flow curves illustrating the effect of interruptions in tensile tests under 
active and passive conditions.  About 3-4 µm were removed from the crystal surface be-

fore deformation under dissolution conditions at a steady state current density of ap-
proximately 4 mA/cm2.  From Latanision and Staehle.xxxix  

 
4.5  Near-Surface Metal Domain 
 

Enrichment and depletion 
 
As some alloys dissolve, the atoms may dissolve as “alloy atoms,” so that they appear to be 
essentially the same atom, although of different chemistries.xli  Alternatively, in an alloy, es-
pecially where one atom is more electrochemically active than the other, (e.g. Cr in a Ni base 
or Zn in a Cu base), preferential loss of the more active Cr or Zn is expected, especially in 
the ranges of pH where the active species are also relatively soluble and in ranges of potential 
above the solution potentials for the more active species.  Figure B.15.33axli shows data from 
Staehle based on work of Rockel; and Figure B.15.33bxlii shows data from Lumsden and 
Stocker.  Figure B.15.33 shows that the surfaces of materials change with time from the 
original composition of the alloy due to the loss of Cr.  Such a change affects the electro-
chemistry and the mechanical properties of the surface.  These depletions and enrichments 
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change the chemical composition of the surface, and thereby change the catalytic and me-
chanical properties of the near surface—sometimes producing a brittle layer similar to the 
one described in connection with Figure B.15.32. 
 

 

 
 

Figure B.15.32  Formation of brittle film on surface followed by successive breaking 
thereby producing SCC.  From Pugh et al.xl and Forty and Humble.xliii 

 
Preferential dissolution of phases 
 
In the same environment, the phases in a multiphase structure may dissolve differently.  
These differences depend on the pH and potential of the dominating environments.  Figure 
B.15.34xliv shows that the relative dissolution of pearlite, Fe3C and α-Fe, depends on the pH 
and potential as well as species.  Four modes of dissolution are observed:  general dissolution 
independent of the phase, preferential dissolution of the α-Fe, preferential dissolution of the 
Fe3C, and preferential dissolution of the interface between the Fe3C and α-Fe.  Each of these 
modes could affect initiation and propagation of SCC. 
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Figure B.15.33  (a) Surface enrichment/impoverishment, ?, of Fe, Cr and Ni on Type 
304 steel in MgCl2 at 154°C as a function of applied potential.  From Staehle.xli (b) Com-

position profile of Alloy 690 after exposure to 50% NaOH+1%Na2CO3+saturated 
Ca(OH)2 at 320°C for 240 h from depth analysis using Auger spectroscopy.  From Lums-

den and Stocker.xlii 
 

 
 

Figure B.15.34  TEM micrographs of pearlite (1045 steel) foils exposed to various pH 
and potentials and species showing preferential dissolution of three types.  From Payer 

and Staehle.xliv 
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Slip trenches and tunnels 
 
When dislocations move and intersect a passive surface, the passive film is broken; a tran-
sient dissolution event occurs, the metal initially dissolves, and then repassivates.  Such 
events are shown in Figure B.15.35a.xlv,xlvi  In Figure B.15.35a, a thin foil has been exposed 
to a corrosive environment and stressed, after which it was examined in a transmission elec-
tron microscope.  The image shows that parallel dissolution events have occurred within a 
single grain and that dissolution has occurred on both sides of the foil as shown by parallel 
dissolution traces.  In this case, such parallel dissolution traces occur on intersecting slip 
planes.  Figure B.15.35bxlvii shows, by examining an oxide film, which was removed from 
the surface, that tunnels can emanate from the slip trenches observed in Figure B.15.35a.  
Conditions that support the transient dissolution of Figure B.15.35 depend on pH, potential 
and species in the environment.  It is likely that environments that support transgranular SCC 
also support both the trenches and the tunnels of Figure B.15.35. 
 
 

 
 
 

Figure B.15.35  Two similar modes of corrosion at surfaces, which is associated with 
moving dislocations breaking the surface and protective film.  (a) TEM image of thin Fe-

Cr-Ni alloy foil stressed in a corrosive medium at RT and then examined in the TEM.  
Parallel thinned regions indicate preferential dissolution at both sides of the foil.  Two 

slip systems are identified.  From work of Smithxlv and Davis.xlvi  (b) An oxide film re-
moved from the surface of stainless steel after exposure in a stressed condition to a corro-
sive environment.  The thick region corresponds to the slip dissolution trenches shown in 
(a) and the protrusions are "tunnels" that have penetrated from the base of the dissolution 

trench.  From Long.xlvii 
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4.6  Bulk metal domain 
 

Stacking fault energy 
 
Much of stress corrosion cracking and corrosion fatigue depend critically on the movement 
and relative coplanarity of movement of dislocations as they react to local stresses.  There are 
two main patterns of dislocation movement that affect corrosion processes, as well as other 
aspects of deformation or fracture that are not considered here.  Slip is important to SCC as it 
relates to breaking protective films, either during the slip process as shown in Figure B.15.35, 
or as the pile-up of dislocations at internal barriers intensifies local stresses at grain bounda-
ries that interact with a corrosive environment. 

 

 
 

Figure B.15.36  (a) Time-to-failure for 18%Cr stainless steels exposed to boiling MgCl2 
compared with stacking fault energies for the same materials.  (b) Nature of slip as af-

fected by relatively high and low stacking fault energies. 
 

Both roles, single slip and cross slip, of dislocation movement are related to whether the slip 
remains generally on single slip planes to intensify local stresses and the sharpness of slip 
step at the surface or can cross slip to relieve the intensification of local stresses as well as 
producing distributed slip at the surfaces.  Dislocations can be generally constrained to re-
main on single slip planes once nucleated.  On the other hand, the dislocations might “cross 
slip” out of the single plane and thereby relieve the local pile-up stresses.  These two tenden-
cies depend on the “stacking fault energy.”  A high stacking fault energy stimulates cross 
slip, and a low stacking fault energy stimulates single slip.  Thus, a high stacking fault energy 
would mitigate against SCC related to internal barriers; whereas, a low stacking fault energy 
would promote SCC.  Figure B.15.36 shows how the stacking fault energy relates to SCC 
and to the nature of surface slip. 
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Composition of grain boundaries 
 
The composition of grain boundaries is affected in two ways and according to somewhat dif-
ferent dimensional scales as shown in Figure B.15.37.  Figure B.15.37avii refers to the forma-
tion of precipitates, such as chromium carbide, in stainless steel.  The dimensions here are on 
the order of µm.  Three conditions obtain in this case.  First, the precipitate forms with a con-
centration of the metal typically greater than in the metal matrix.  In the case of stainless 
steels, the compound is in the range of Cr22C7 or Cr7C3.  This high concentration of chro-
mium renders the alloy corrosion resistant in neutral solutions; but, in alkaline solutions the 
chromium is quite soluble relative to iron.  Adjacent to the precipitate is a depleted zone from 
which the chromium has been taken to form the CrxCy compound.  Such a zone, when de-
pleted of chromium, is more prone to corrosion in neutral to acidic solutions but is more re-
sistant to alkaline solutions.  In addition, there is usually a narrow zone at the interface be-
tween the precipitate and the depleted zone where impurities are concentrated.  Such inter-
faces have rarely been studied; but results, such as those in Figure B.15.34d, suggest that 
they could be prone to preferential corrosion depending on what species have been attracted 
or reflected during the formation of pearlite.  Figure B.15.37cvii shows the relative polariza-
tion rates for alloys across the range of alloy compositions. 
 
In Figure B.15.37b,vii the case of adsorption and desorption of species is shown for impurities 
and for alloying species.  For the case of impurities, concentrations at the grain boundaries 
have been observed to be up to 106 greater than in the grain matrix.  The dimensions of these 
highly concentrated regions are in the range of nm.  Such concentrations, although narrow, 
provide a reactive path for corrosion.  Figure B.15.37d shows the effect of such adsorption on 
the cracking behavior of Ni with sulfur segregated at the grain boundary.xlviii,xlix 
 
Much of the preferential IGC and IGSCC is related to cases where such changes in concen-
tration occur at grain boundaries as shown in Figure B.15.37. 
 

5. Development of Scenarios 
 
Developing a scenario is the essential process of predicting failures that occur after long times as 
shown in Figure B.15.1.  A schematic illustration of developing a scenario is shown in Figure 
B.15.6.  The scenario begins with the start of a power plant or from a suitable reference time, and 
identifies the components in the precursor as shown in Figure B.15.6.  The components of the 
scenario are taken from the domains and their microprocesses, as described in Sections 3.0 and 
4.0.  Quantifying the microprocesses provides a basis for estimating the time before an SCC 
process can start.  The times consumed by the developing microprocesses depend on the kinetic 
process that occur in the range of operating conditions of the plant.  Further, it is likely that some 
of the microprocesses occur in sequence, thereby requiring the completion of one before the on-
set of the next.  Finally, at the end of the precursor stage, the chemistry and configuration must 
lead to a viable SCC or other damage process. 
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Figure B.15.37  (a) Distribution of species at grain boundary for the case of precipitation.  
(b) Distribution for the case of adsorption.  (c) Polarization behavior in sulfuric acid at 

RT for alloys across the grain boundaries.  From Staehle.vii (d) Cracking behavior for a 
Ni-base alloy with sulfur segregation as a function of pH and potential.   

From Chaung et al.xlviii,xlix 
 
Selecting the domains and microprocesses, as shown schematically in Figure B.15.6, requires 
expert experience.  More than a single scenario would probably be considered. 
 
Figure B.15.38 shows the overall process for selecting a scenario, evaluating the important rates 
upon which the length of the precursor stage is based, and applying the result to the starting point 
for the SCC.  

 
6. Target 
 
The goal of developing scenarios is to identify conditions under which SCC or some other im-
portant damage process will start according to the pattern of Figure B.15.1, Case III.  For such a 
target to be achieved, the target itself needs to be identified.  One might be LPSCC or PbSCC as 
shown in Figure B.15.22.  However, there may be others.  There is a task, then, of quantifying 
possible targets, which embody conditions initiating SCC, some of which have not occurred in 
the past but can reasonably be identified for possibly occurring in the future. 
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Figure B.15.38  Schematic view of overall process of prediction. (a) Scenario including 
microprocesses from various domains; scenario connects microprocesses from various 

domains.  (b) Hypothetical rates associated with microprocesses to be used for estimating 
length of precursor period. (c) Three cases for SCC with precursor times identified. (d) 

Possible location of target for SCC initiate. 
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Figure B.15.39  Current density and SCC parameter vs. potential for Alloy 600MA in 
NaCl solutions at pH 6 and 95°C for concentrations from 10-3 to 1.0 M.  From Staehle 

and Fang.l 
 
Where some SCC is suspected to occur, but for which no information is available, there are sev-
eral survey approaches that can be used and have been successful in the past.  Figure B.15.39 
suggests that locations for the initiation of SCC often occur at potentials near regions of kinetic 
instability.  Such regions can be evaluated using electrochemical methods, either by identifying 
regions of transition such as in Figure B.15.38d, or regions where there are large differences be-
tween slow and fast scans.  Figure B.15.39 shows polarization curves for Alloy 600MA in 95°C 
NaCl solutions.  Figure B.15.39b shows a SCC parameter, which has been developed by Staehle 
and Fangl vs. potential.  This parameter is based on the differences in currents between fast and 
slow potentiodynamic scans.  Peaks in Figure B.15.39b identify potentials where SCC is likely.   
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Another approach for identifying regions of possible SCC has involved CERT tests that are con-
ducted as functions of potential.  Such data are shown in Figure B.15.40 from experiments by 
Parkinsli and others. 
 
There are other well-known methods for identifying targets of the scenarios suggested in Figures 
6 and 38.  The principal point here is that surveying possible future targets for scenarios is an 
important part of prediction.  Such approaches can rely on the fact that the boundaries and do-
mains of SCC are generally orderly, as suggested by Figure B.15.41, which shows the zone of 
SCC for stainless steel in acid chlorides at room temperature from the work of Morin and 
Staehle.lii,lvii 
 
7. Predictions 
 
Using the approach described in Sections 3.0 and 4.0 and Figures 1, 6, and 38 some predictions 
are possible, and examples of these are described in this section. 
 

Transport of low valence sulfur to turbine 
 
Figure B.15.42 shows a sequence of events involving the microprocesses described in Sec-
tions 3.0 and 4.0.  The essence of prediction as shown in Figure B.15.42 is the following: 

 
a. Sulfate impurities are reduced in steam generators by hydrazine to a low valence sulfur 

species (M-1) such as HS-.   
 
b. The low valence sulfur species is transported (M-2) to the turbine. 
 
c. This low valence sulfur species deposits (M-3) on surfaces of the turbine where the mate-

rials are generally high strength alloys. 
 
d. High strength alloys are prone to SCC and failure occurs after sufficient accumulation of 

the low valence sulfur species (M-4). 
 

Such a possible sequence of events can be evaluated by: 
 
a. Analyzing surfaces in turbines. 
 
b. Evaluating the SCC behavior of turbine alloys in such environments as are found on sur-

faces.  
 

LPSCC of Alloy 690 occurs as chromium is depleted from the surface 
 
Figure B.15.43 shows a sequence of events whereby Alloy 690TT can sustain LPSCC as fol-
lows: 
 
a. Chromium dissolves preferentially in the environment at moderately alkaline pH as 

shown in (M-1).   
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b. The surface, as it is depleted, (M-2), becomes an alloy like Alloy 600, as at (M-3), and 

sustains LPSCC as shown in (M-4). 
 
This sequence implies that the LPSCC will propagate as rapidly as the chromium is depleted 
from the surface.  This surface eventually becomes the crack tip; the tip of the crack then ad-
vances as rapidly as the chromium is preferentially dissolved.  Such a possible sequence can 
be evaluated with ATEM and by evaluating the pH of solutions inside advancing SCC. 

 

 
 

Figure B.15.40  (a) Reduction in area vs. potential for mild steel exposed to carbonate-
bicarbonate solutions at various temperatures and tested in CERT.  From Sutcliffe et al.liii 

(b) Time-to-failure vs. potential for three temperatures for a low carbon steel in 33% 
NaOH.  From Singhliv reporting on Bohnenkamp.lv (c) Average crack velocities vs. po-

tential for (plain carbon steel) En3b (w/o C 0.12, Si 0.05, Mn 0.81, S 0.029, P 0.008) steel 
in Na3PO4 and Na2HPO4 tested at RT function of pH.  From Holroyd.lvi (d) Ratio of time-
to-failure in solution to time-to-failure in oil vs. potential for NaOH, Na2CO3 + NaHCO3 

and NaNO3 solutions.  From Parkins.li 
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Figure B.15.41  Zone for the occurrence of SCC in stainless steels as a function of poten-

tial, H2SO4, and KCl at room temperature.  From Morinlvii and used by Staehle.lii 

 
PbSCC occurs as Pb is released from sequestering compounds 
 
One of the major unknowns in the performance of SGs is why massive PbSCC is not occur-
ring despite the relatively large amount of Pb present in crevices and also known to be pre-
sent in some SCC that have been examined.  Further, PbSCC has been shown to produce 
SCC at relatively low concentrations of Pb.  It also appears that PbSCC occurs readily in Al-
loy 690TT. 
 
Thus, understanding why PbSCC does not occur when the threshold for concentration is so 
low and the PbSCC is so rapid, is an important question.  The answer to why PbSCC does 
not occur seems related to the fact that the activity of Pb is lowered by the formation of Pb-
containing compounds.  Such compounds could include silicates, phosphates, sulfates, car-
bonates, or chlorides separately or as multiple component compounds. 
 
Since the compounds that form in crevices are in some equilibrium with the species in the 
bulk water, reducing such species might raise the activity of the Pb making it available for 
producing PbSCC. 
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Figure B.15.42  Reduction of SO4
2- by N2H4 in the SG and transport of reduced sulfur to 

the surfaces of the turbine where accelerated SCC is possible especially in view of high 
strength alloys from which the blades and rotors are constructed. 

 
Figure B.15.44 shows a sequence of events associated with raising the activity of Pb by re-
ducing the available compound-forming species. 
 
a. Heat transfer crevices concentrate chemicals from feed water (M-1). 
 
b. Lead enters heat transfer crevices (M-2). 
 
c. A deposit forms containing Pb (M-3). 
 
d. Pb concentrates on the hot surface as is observed from direct analysis (M-3). 
 
e. Increasing the Pb activity is known to increase the intensity of PbSCC (M-4). 
 
f. The activity of Pb will increase when the activity of compound forming species in the 

bulk water decreases (M-5). 
 
Thus, it is likely that PbSCC will occur if the secondary water is further purified. 
 
Such a process as described in Figure B.15.44 can be assessed by determining what com-
pounds and chemical processes are immobilizing the Pb.  Such work has not yet been under-
taken but is important to predicting the course of PbSCC. 
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Figure B.15.43  The Cr of Alloy 690 is soluble in mildly alkaline solution and dissolves 
to give a lower Cr surface and is more prone to LPSCC. 

 
SCC of low alloy steels in FAC type environments 
 
SCC is known to occur episodically in low alloy steels when exposed to FAC type environ-
ments as well as to other environments.  The episodic nature of the SCC suggests that the 
high velocity of coolant is, in fact, removing the initiating events, and only initiating events 
whose velocities that exceed the recession rate of the FAC can actually become growing 
SCC.  Such a pattern suggests that lowering the FAC rate may increase susceptibility to SCC 
according to the following sequence as shown in Figure B.15.45. 

 
a. The rate of recession of a surface is greater than the rate of penetration of SCC initiation 

(M-1), (M-2). 
 
b. The initial material is replaced with one having a lower rate of FAC; however, the rate of 

recession is less than the penetration rate during initiation.  (M-3) 
 
c. The rate of initiation now exceeds the rate of recession (M-4). 

 
At this point SCC can initiate and propagate. 
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Figure B.15.44  Pb is concentrated in heat transfer crevices and accumulates at the sur-
face.  Initially, Pb is immobilized by forming compounds.  When the activity of these in-

solubilizing species is reduced, Pb is released and PbSCC occurs. 
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Figure B.15.45  Sequence of events for reduction in rate of FAC and then permitting the 

SCC initiation process to accelerate and perforate. 
 
8. Conclusions 
 
1. In order to assure reliability for long time performance, it is necessary to develop a method for 

predicting corrosion failures that have not yet occurred.  Such a method involves the Micro-
process Sequence Approach (MPSA). 

 
2. The essence of predicting corrosion failures at long times is recognizing that such processes as 

SCC will not proceed monotonically from the beginning of operation to a failure many tens of 
years later.  Rather, the occurrence of failures after long times most likely results from a 
multi-step analysis.  First, there are some processes that develop conditions that are favorable 
to the later occurrence of SCC.  The first steps are “precursors.”  Second, once the necessary 
conditions for SCC coalesce, then the SCC proceeds according to processes that produce fail-
ures in times between a month and ten years. 

 
3. Thus, the long times which are necessary for failures to occur depend mainly on the times for 

precursors to develop. 
 
4. Quantifying the precursor step can be approached by identifying microprocesses that require 

some time for maturing to produce the conditions necessary for SCC.  In general, there might 
be multiple microprocesses acting in series or in parallel or both. 
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5. Organizing the microprocesses into a precursor stage is most effectively accomplished by rec-
ognizing that there are six domains that influence conditions for initiating SCC after some 
long time: global, bulk environment, near surface environment, protective film, near surface 
metal, and bulk metal.  Within each of these domains are microprocesses that are already 
known. 

 
6. The quantitative development of a precursor scenario involves selecting a sequence of micro-

processes that become logical constituents of a scenario.  Multiple scenarios might be devel-
oped.  Once such scenarios are identified, the time required for conditions to occur for SCC to 
initiate can be calculated.  Such hypotheses can then be tested experimentally. 

 
7. In addition to developing scenarios for precursors, it is necessary to identify what conditions 

must be met for SCC to occur.  An array of such specific conditions can be assessed using 
various survey methods already well known. 

 
8. The total time for failure to occur, then, involves the time for the precursor step to produce 

conditions necessary for SCC and the time for the SCC, once initiated, to propagate to failure. 
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B. 16 Microbiologically Influenced Corrosion (MIC) 
 
Introduction 
 
The objective of this topical discussion is to describe the subject of Microbiologically Influenced 
Corrosion (MIC) as applied to LWRs. 
 
“Microbiologically Influenced Corrosion (MIC)” refers to corrosion that results from the 
presence and activities  of microorganisms.  MIC can result from microbial processes that 
produce corrosive environments such as organic acids or lower valence sulfur.  The modes of 
corrosion, which can result from microbiologically produced local environments, include general 
corrosion (GC), pitting (PIT), crevice corrosion, de-alloying, galvanic corrosion, intergranular 
corrosion (IGC), stress corrosion cracking (SCC), and corrosion fatigue (CF).   
 
Generally, the environments produced in the process of MIC are of three types: 

 
• Formation of colonies, which are sometimes of substantial size, within which additional 

transformations beyond the initial metabolic processes can occur.  Such colonies also 
have some of the features of “crevices” with the additional feature of dynamic changes of 
internal chemistry. 

 
• Reactions between microorganisms and nutrients, e.g. nitrite oxidized to nitrate, or 

sulfuric acid/reduced sulfate compounds generated by sulfate-reducing bacteria, with a 
change in the corrosion modes thereby enabled. 

 
• Corrosion directly on metal surfaces. 

 
The term  “microorganisms” includes bacteria and fungi.  Both produce metabolic products that 
are acidic, as well as other byproducts.  The range of temperatures for vitality or growth and 
metabolic activity of the two are different, with the latter having a lower temperature tolerance 
limit than bacteria.  Bacteria and fungi also differ with respect to the ranges of optimal growth in 
the sense that fungi and bacteria can survive different ranges and sets of unfavorable conditions.  
The intensity of MIC and the associated products of the microorganisms depend mainly on the 
following influences: 
 

• Temperature, with there being a narrow optimum temperature for growth of each species 
of organisms. 

 
• Water is necessary to the metabolic processes of all microorganisms.  Bacteria require 

liquid (e.g. a thin surface film of liquid on which a biofilm can grow) for growth, but 
fungi can grow at relative humidity of 60% or higher.   

 
• Oxygen is the electron acceptor for aerobic organisms, but anaerobes can use a variety of 

other terminal electron acceptors, e.g., SO4
2-, NO3, Fe(III), Mn(IV), Cr(VI).  
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• Nutrients including carbon, sulfur, phosphorous, nitrogen, are required.  Such nutrients 
must include the capacity for electron exchange involving oxidation and reduction 
reactions. In some cases where nutrient availability is limited, secondary metabolic 
byproducts may be involved in the overall microbiological process and sustain the 
corrosion. 

 
• Flowing, especially slowly flowing, environments tend to favor the growth of microbes 

by providing a ready supply of nutrients (in particular, periodically flushed systems).  
Stagnant areas adjacent to flowing areas are particularly susceptible to MIC (e.g, dead 
legs in piping). 

 
• Microorganisms can grow in natural and processed waters including marine, potable, 

distilled, and fresh. 
 
• Some species, e.g. boric acid, are toxic to microbes in high concentrations. 

 
General Features of Microorganisms Relative to MIC 
 
The following general properties concerning microorganisms as applied to nuclear applications 
are taken from Pope: [1] 
 

• Individual microorganisms are small (from less than two-tenths to several hundred 
micrometers (µm) in length by up to two or three µm in width) a quality which allows 
them to penetrate crevices, etc., easily.  Bacterial and fungal colonies can grow to 
macroscopic proportions. 

 
• Bacteria may be motile, capable of migrating to more favorable conditions or away from 

less favorable conditions, e.g., toward food sources or away from toxic materials. 
 
• Bacteria have specific receptors for certain chemicals, which allow them to seek out 

higher concentrations of those substances, which may represent food sources. Nutrients, 
especially organic nutrients, are generally in short supply in most aquatic environments; 
but surfaces, including metals, adsorb these materials, creating areas of relative plenty.   
Organisms able to find and establish themselves at these sites will have a distinct 
advantage in such environments. 

 
• Microorganisms can withstand a wide range of temperatures (at least  -10 to 99°C), pH 

(about 0 - 10.5) and oxygen concentrations (0 to almost 100% atmospheres). 
 
• Microorganisms grow in colonies, which help to cross-feed individuals and makes 

survival more likely under adverse conditions. 
 
• Microorganisms can reproduce very quickly if field conditions are particularly favorable   
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• Individual cells can be widely and quickly dispersed by wind and water, animals, aircraft, 
etc., and thus the potential for some of the cells in the population to reach more favorable 
environments is good. 

 
• Many can quickly adapt to use a wide variety of different nutrient sources. For example, 

Pseudomonas fluorescens can use well over 100 different compounds as sole sources of 
carbon and energy including sugars, lipids, alcohols, phenols, organic acids, etc.  

 
• Many form extracellular polysaccharide materials (capsules or slime layers). The 

resulting slimes are sticky and trap organisms and debris (food), resist the penetration of 
some toxicants (e.g., biocides) or   other   materials   (corrosion inhibitors) and hold the 
cells between the source of the nutrients (the bulk fluid) and the surface toward which 
these materials are diffusing. 

 
• Many bacteria and fungi produce spores, which are very resistant to temperature (some 

even resist boiling for over 1 hour), acids, alcohols, disinfectants, drying, freezing, and 
many other adverse conditions.   Spores may remain viable for hundreds   of years and 
germinate on finding favorable conditions. In the natural environment, there is a 
difference between survival and growth.  Microorganisms can withstand long periods of 
starvation and desiccation. If conditions are alternating wet and dry, microorganisms may 
survive dry periods but will grow only during the wet periods. 

 
• Microorganisms are resistant to many chemicals  (antibiotics, disinfectants, etc.)  by 

virtue of their ability to degrade them or by being impenetrable to them (due to slime, cell 
wall or cell membrane characteristics). Resistance may be easily acquired by mutation or 
acquisition of a plasmid (essentially by naturally-occurring genetic exchange between 
cells, i.e., genetic engineering in the wild). 

 
Applications to LWRs 
 
MIC occurs in light water plants in two general locations.  One is on outside surfaces where there 
are moisture and the other requirements, animal droppings, of microorganism growth.  The 
second occurs inside in low temperatures components mainly where water is flowing slowly or 
periodically flushed; both situations provide a good supply of nutrients.  Truly stagnant systems 
with no replenishment of nutrients (e.g. not exposed to air) are not favorable for significant MIC 
activity. Chemicals that are common in LWR waters can affect the growth of microorganisms.  
MIC has been found in a wide range of systems, from fire protection and service water systems 
to ECC storage systems and spent fuel pools. 
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1. Temperature and pH 
 
Hyperthermophiles can grow up to a temperature of 110C.  Bacteria can grow over the 
pH range from 0 to about 10.5, in effect the entire spectrum of pH found in LWR 
systems. 
 
2. Boric acid 
 
The acute boron toxicity level for bacteria is between 8-340 mg/l.  Bacteria have a low 
sensitivity to boron. Metabolism of boric acid is thermodynamically unfavorable.  There 
are no known bio-transformations of borate. 
 
3. Hydrazine 
 
Hydrazine sulfate at 1mM is an inhibitor for bacterial utilization of amino acids.  
However, some growth was observed.  Hydrazine can be metabolized to nitrogen gas by 
some nitrifying bacteria or reduced to ammonia by nitrogenase isolated from a nitrogen-
fixing bacterium.  Only concentrations below 1 mg/liter were completely degraded.  
Higher concentrations were inhibitory.   The acute toxicity of hydrazine in water was 
0.019 mg/liter at 20C for Pseudomonas putida.  Hydrazine is genotoxic in bacteria, and 
yeast.  Reference: International Programme on Chemical Safety website 
 
In summary, some bacterial growth has been observed in dilute aqueous solutions of 
hydrazine. 
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B. 17 Flow-Accelerated Corrosion 
 
Background 
 
Flow-accelerated corrosion (FAC, sometimes termed flow-assisted corrosion) is a degradation 
mechanism affecting metallic materials that do not form tightly adherent passive surface films 
when the materials are exposed to fluid flow environments in power reactor systems, and thermal 
power plants.  In reactor coolant/heat transfer systems where materials are exposed to flowing 
water this degradation mechanism typically affects only carbon steels and copper alloys.  
Sometimes the FAC is results in sufficient wall loss that catastrophic piping failure occurs 
(Figure B.17.1), although more frequently leakage is the consequence, without rupture.  It is 
important to note the distinction between FAC and erosion corrosion (EC).  FAC is an 
electrochemical corrosion process dependent on pH, temperature, electrochemical potential and 
fluid mass transfer (velocity and turbulence).  FAC is a flow-accelerated increase in the 
corrosion rate of a material; the increase in corrosion rate, which can be very large, can be 
simplistically thought of as a flow-induced increase in mass transfer of dissolving and reacting 
(corrosive) species at a high flow or highly turbulent location.  Under low flow conditions, the 
corrosion rate of carbon steel is an electrochemically-coupled reaction and is a function of the 
rate of dissolution of the substrate (Fe for carbon steels) and the oxide formed by reaction of 
some of the dissolved iron with water and water-borne oxidants, and the rate of formation of a 
surface oxide.  Under FAC conditions the rate of Fe/ iron oxide dissolution exceeds the rate of 
formation of the oxide that would be expected under low flow conditions. This coupled 
oxidation/dissolution reaction is best described as an electrochemical process, determined by the 
concentration of electrochemically active species at the metal-fluid interface, in particular those 
controlling the pH and oxidants. 
 
Erosion corrosion is properly described as the abrasive or cavitation-induced (mechanical) 
removal of surface material.  The abrasive material is typically entrained in a fluid flow, for 
instance sand entrainment in water intake flows, and both FAC and EC may occur 
simultaneously, depending on the flow conditions.  Typically, power plant cooling and heat 
transfer systems do not contain abrasive materials in quantities sufficient to cause EC.  Under 
very high flow conditions, best described as water jetting or steam jetting, the abrasive wear or 
cutting of the material can take place without abrasive materials being present.  Typical 
examples are steam cutting/wear in condenser inlets and the use of high pressure (typically 5000 
to 10 000 psi) water lances to cut concrete.  It should be noted that the term “erosion-corrosion” 
has been frequently used as a synonym for FAC, which can be confusing and is incorrect. 
 
Factors Influencing Material Susceptibility 
 
There are several factors affecting susceptibility to FAC: 
 

• pH 
• Temperature 
• Water chemistry 
• Material properties (alloy content) 
• Mass transfer (flow, turbulence, steam quality) 



 
For carbon steels,  the pH should be controlled in the range 7 to 10, preferably between 9 and 10  
(room temperature pH) to minimize corrosion in water.  For copper alloys the pH should be 
between 7 and 9; thus in mixed metal systems pH control is a compromise between corrosion of 
carbon steels and copper alloys, and pH is typically in the range 8.8 to 9.4.  Most nuclear plants 
have now switched to all-ferrous piping systems, primarily to protect steam generators from 
degradation, and thus there is little concern for corrosion of copper alloys.  In all-ferrous systems 
the pH is typically maintained >9.4, often as high as 9.8 to 10.0.  Note that in two-phase systems, 
such as in steam generators, it is the liquid phase pH that is important, and pH control agents 
should be chosen such that preferential partitioning to the steam phase does not occur, or does 
not lower the liquid phase pH below an acceptable level.  So-called “alternative amines” have 
been used to ensure that such partitioning is limited and thus the high temperature pH of the 
liquid phase remains in an acceptable range. 
 
Water temperature significantly affects FAC, with the maximum FAC rates occurring, all else 
being equal, at about 130°C in single-phase flow, and at about 180°C in two-phase flow.  Thus 
the feedwater systems are at significant risk of FAC, and these systems are typically inspected on 
a routine basis to ensure that wall thinning is monitored.  FAC in these systems can result in wall 
loss rates of >10 mm/year in unfavourable situations, and in a few cases has resulted in deaths as 
a consequence of pipe rupture when the wall thickness decreased sufficiently that mechanical 
failure occurred.  Typically FAC rates decrease at temperatures on either side of the peak 
temperature, all other factors being equal, but given that FAC is often very localized because of 
mass transfer effects, the rate may still be sufficient to result in wall thinning and piping failure 
in thin-walled pipes. 
 
Water chemistry is an important variable for FAC.  The conditions leading to increased FAC 
rates are reducing chemistry (low electrochemical potential) and low dissolved iron 
concentrations in the water.  Steam generators are an example of how FAC can occur under the 
highly reducing conditions that are typically used to protect the SG tube bundle.  In several 
instances (Bruce NGS and Gravelines, for example) carbon steel support plates have 
disintegrated as a consequence of FAC, where it was concluded that a significant factor was the 
use of high hydrazine concentrations (>100 to 200 ppb).  The sensitivity of FAC to low dissolved 
iron concentrations is a consequence of the dependence of FAC on the solubility of iron, and to 
the local potential.  In fundamental terms this dependence relates to the liquid layer at the steel 
surface, which becomes more difficult to measure and predict in two-phase flows.  In feedwater 
systems this iron solubility dependence is most obvious in systems such as the moisture separator 
reheater drain lines, where steam has been condensed and relatively iron-free water is flowing.  
Many cases of FAC have occurred in such lines. Note also the use of alternative amines to ensure 
appropriate high temperature pH in two-phase flows (see Secondary Water Chemistry Topical 
Report) also mitigates these effects of iron concentration and potential on FAC. 
 
Material properties have a significant impact on FAC rates, and typically the plant operator has 
no control over this unless replacement of piping is an option.  The most important alloy variable 
affecting FAC is chromium (Cr) content of the alloy.  Although copper and molybdenum content 
have also been suggested to have beneficial effects, the effects are typically small and not clearly 
related to plant experience.  It is generally regarded that in single phase piping subject to FAC, a 



Cr content >0.1 wt.% is recommended.  Plant and laboratory data suggest that Cr contents below 
about 0.04 wt.% are insufficient to provide any useful protection against FAC, and 
concentrations above 0.05 to 0.08 wt.% are necessary to show significant improvement.  Many 
experts now recommend a Cr content >0.2 wt.% to provide optimal resistance.  The beneficial 
effect of Cr on FAC is thought to be related to the formation of a Cr-rich oxide at the oxide-
metal interface, and that this oxide confers resistance to FAC.  In two-phase flows, which are 
typically very much higher velocity than single phase flows, it is probably expedient to use Cr-
Mo steels or, preferably, stainless steels.  Many feedwater system components are now fabricated 
from these materials to minimize FAC degradation. 
 
Mass transfer effects relate to areas where locally high turbulence is created, usually by 
geometric factors.  Elbows, bends, orifices, valves, etc., all cause local turbulence which 
significantly increases FAC rates in or immediately downstream of the component.  This 
turbulence increases the FAC rate by increasing the transport of dissolving iron away from the 
surface and, by increasing mechanical stresses on the oxides formed at the site of the corrosion, 
which can be significant under very high velocities. 
 
Typical Occurrences of FAC in Power Plants 
 
Most of the FAC degradation in power plants has occurred in feedwater, extraction steam, and 
drains systems.  However, there have been observations of FAC in steam generators and in 
primary side piping in CANDU power plants.  In these systems, FAC has been found in most 
parts of the system, and is often associated with areas of high mass transfer, such as downstream 
of welds and valves, reducers, orifices, and in elbows and tees.  The SG FAC has been typically 
found in two-phase flow areas, including upper support plates, steam separators and blowdown 
piping.  In the CANDU heat transport system (310°C, velocity 15 to 18 m/s), the FAC has 
occurred at bends in carbon steel outlet feeder piping.  The FAC rates there are much lower than 
in the feedwater and SG systems, but still can impact the integrity of the thin-wall feeder piping. 
 
In condensers, steam impact erosion has occurred on the outer tube bundle where the steam inlets 
are located, a FAC-related degradation phenomenon similar to that found in turbines, and has 
been resolved using stainless steels in this area and changes to the flow.  On the water side of 
condensers made with copper alloy tubing, in particular Admiralty Brass, significant FAC and 
erosion occurs, usually resulting in tube leakage and the need to replace the condensers after 
about 15 years or so. 
 
Inspection and Remediation Strategies 
 
The most effective inspection strategy for FAC of feedwater systems is to employ EPRI’s 
CHECWORKS code to predict locations most susceptible to FAC.  Without use of this code, or 
its equivalent, it is difficult to predict and prioritize the many locations that could suffer FAC.  
Usually the Cr content of the steel is unknown, so it is not possible to restrict inspections to only 
one train of a given system, regarding it as a “lead” train.  It is generally known that all high 
mass transfer areas are susceptible to FAC, but some may degrade at much slower rates than 
others, depending on hydraulic and chemistry conditions,  and thus an inspection prioritization 



plan is needed.  Note that the recent Mihama-3 pipe failure (see Figure B.17.1), caused by FAC, 
was in a line predicted by CHECWORKS to be at risk, but never inspected. 
 
For steam generators, visual inspection for internal secondary side carbon steel components is 
usually necessary; this inspection, based on in-service experience so far, can be limited to upper 
support plates and separators. 
 
The most effective remediation strategies are to replace all degraded material with stainless steel, 
or with Cr-Mo material if the post-weld heat treatment requirements are feasible.  Typically as 
feedwater system carbon steel components have failed, replacements have been with FAC-
resistant material.  For new systems, analysis of the system can identify locations at risk of FAC 
and these are fabricated from austenitic stainless steels (Qinshan CANDU plants, for example).  
Some plants have essentially all-stainless steel feedwater systems (KWU Konvoi plants, for 
example).  All new SGs have stainless steel support plates and other internals susceptible to 
FAC.  For condensers, most plants have now replaced any copper-alloy condensers with 
Ti-tubed units (seawater cooling), with appropriate baffles to prevent inlet steam erosion of the 
outer row Ti tubing, or with stainless steel units (seawater and freshwater cooling). 
 
Remediation by chemistry modification has limited application given that most plants now 
employ an effective feedwater chemistry control designed to minimize FAC and other 
degradation mechanisms.  For SGs with carbon steel secondary side internals, reducing 
hydrazine to <100 ppb is recommended. 
 
Life Management Issues 
 
Current industrial practice is to routinely inspect for FAC-induced wall thinning, usually using a 
predictive tool such as CHECWORKS in order to minimize the number of critical locations, as 
well as to generate a database of at-risk locations, the inspection history, and the wall thinning 
rate.  Where piping failures occur, replacement of a failed component should be with a more-
resistant material.  It is cost-effective to reduce inspection by replacing carbon steel with 
stainless steel in at-risk areas.  Chemistry control should be monitored to ensure that it is 
compatible with reduced FAC risk; operation of feedwater systems at very low dissolved oxygen 
(<5 ppb), for instance, can place the system at increased risk compared to slightly higher oxygen 
(5 to 10 ppb). 



 
 
 

Figure B.17.1  Failed steam line at Mihama-3. 
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B.18 Topical Report on Boric Acid Corrosion (BAC) 

Understanding of BAC prior to the 2002 Davis Besse Incident 

Corrosion of carbon and low-alloy steel (C&LAS) components by leaking borated water has 
posed significant maintenance problems for many PWR plants1.  Two incidents illustrate the 
potential importance of this problem.  In 1980, leakage from the gaskets of two reactor coolant 
pumps at one plant resulted in severe corrosion to seven coolant pump flange studs.  The 
diameter of the worst-case stud was reduced from its original 3.5 inches (89 mm) to 1.0-1.5 
inches (25-38 mm).  This represents a reduction to less than 20% of the original stud cross-
sectional area.  In 1986, leakage from a valve body-to-bonnet gasket at another plant resulted in 
corrosion that extended two-thirds of the way through the wall thickness of a low-alloy steel 
nozzle in the main coolant piping system.  

Subsequent to these and other significant events, the NRC issued Generic Letter 88-05 1, 
requiring operators of PWR-type power plants to develop and implement a plan to ensure that 
there is an extremely low probability of abnormal leakage, rapidly propagating failure, or gross 
rupture as a result of boric acid corrosion (BAC) of primary coolant loop components.  

EPRI efforts to provide assistance to utilities in addressing the requirements of NRC GL 88-05 
and BAC issues in general have centered around the Boric Acid Corrosion Guidebook, originally 
published in 1995 and updated in 2001 2, which summarized the extent of the BAC problem as 
recognized at the respective times, as well as compiling and assessing data from previously 
performed BAC test programs.  

Background 

Borated water is used in the primary systems of PWR plants to control reactivity during normal 
plant operation and refueling and under potential accident conditions.  This is accomplished by 
adding boric acid to the primary side water.  In some cases, boric acid is also injected into the 
secondary side of PWR plants at low concentrations to reduce the potential for corrosion of 
Alloy 600 steam generator tubing at crevice locations. 

In general, there is little concern with general corrosion inside the primary and secondary 
systems since the concentrations of boric acid and oxygen in these systems are low, and 
corrosion rates are typically less than 0.001 inches per year (in/yr) (0.025 mm/yr).  Although 
C&LAS are not normally exposed directly to PWR primary water, the use of high-alloy 
materials in contact with the coolant is for reasons of chemistry (including radiation protection) 
and cleanliness, rather than the avoidance of C&LAS corrosion.  In fact, LAS is sometimes 
exposed as a result of a “half-nozzle” repair to component penetrations and this has been deemed 
acceptable by the U.S. regulator from a corrosion standpoint 3. 

Exceptions to this generally good experience for materials in intended direct contact with PWR 
operating media include 1) stress corrosion cracking of some stainless steel pipes containing 
stagnant, high-concentration boric acid solutions, 2) cracking of stainless steel cladding in some 
components that leads to galvanically driven stress corrosion cracking (SCC) of the low-alloy 
steel base materials, and 3) primary water stress corrosion cracking of Alloy 600 nozzle 
penetrations and welds (considered in a separate topical report).  
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If borated water leaks from primary and secondary systems through gasketed joints, valve 
packing, mechanical seals, etc., significant corrosion problems can develop.  Specifically, the 
water can become oxygenated and the boric acid can concentrate as the water boils off or 
evaporates.  These factors can increase the corrosion rate of exposed carbon steel to several 
inches per year. 

The reported plant incidents prior to 2002 ranged in severity from minor corrosion of parts, 
which can be accepted without evaluation or repair, to major incidents involving plant shutdowns 
and significant loss of material on major components (see Fig. B.18.1).   

 

Figure B.18.1 Locations of boric acid corrosion experienced in primary loop 2 

Reference 1 required that utilities develop and implement programs to identify leaks and take 
corrective action to prevent recurrence.  All plants have developed programs that respond to this 
generic letter.  Fig. B.18.2 gives some information on the identified sources of leakage. 
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Figure B.18.2 Distribution of reported leakage incidents (US prior to 2002) by source 2 

Main type of boric acid corrosion observed 

Overall, the mode of corrosion of greatest concern due to leakage of borated water is uniform 
corrosion, often referred to by plant engineers as "wastage", of C&LAS.  Boric acid in water can 
result in an aggressive environment that uniformly attacks the surface of the metal.  Although 
boric acid is considered a "weak" acid when compared to acids such as hydrochloric or nitric 
acid, boric acid in water will still increase the concentration of hydrogen ions (H) and lead to a 
drop in pH.  In reality, the process of surface attack is further accelerated by what amounts to 
miniature galvanic cells, whereby small areas of the metal surface behave cathodically or 
anodically due to slight changes in the alloy composition (for example, higher chromium or 
nickel in steel), surface imperfections or defects, or surface strain.  In addition, the corrosion 
product itself may be cathodic to the surrounding base metal.  The anodic/cathodic areas on the 
metal surface can shift with time, resulting in an essentially uniform rate of attack over the entire 
metal surface.  One of the reasons that the rate of attack of the unprotected, exposed steel can be 
so great is that the exposed area of the cathodic surfaces often exceeds that of the anodic 
material. 

Surfaces which are corroded generally often exhibit some increase in texture as a result of small 
differences in the rate at which different areas of the surface are attacked.  It is sometimes 
difficult to detect general corrosion of a surface because there is no clear reference point for 
assessing the amount of material loss, particularly if the rust is continually solubilized by, or 
entrained into, the fluid stream. 

General corrosion is usually the easiest form of corrosion to predict using experimental data.  
However, as with all modes of corrosion, the rate can be affected significantly by factors that 
were not included in the experiments used as the basis for the predictions.  Some of these factors 
are discussed in the following paragraphs. 
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Effect of Impurities on General Corrosion  

When impurities are present in the metal, they may act as the source of local anodes/cathodes 
and thus accelerate corrosion.  If impurities are present in the corrosive medium, they can have a 
variety of effects on the corrosion rate.  Impurities may act to increase the conductivity of the 
aqueous solution, thereby often increasing corrosion rates, and can also cause increased 
corrosion rates by affecting or destroying the protective layer of hematite (rust) or other metal 
oxide that builds up on the exposed surface of the metal, helping to protect it from further 
damage.  In other cases, impurities in the fluid stream can actually help retard corrosion by 
acting as inhibitors.  In any event, the effect of impurities is generally complex and non-linear 
and must be determined through experiments designed to simulate the actual metal/environment 
combination. 

Effects of Oxygen and pH on General corrosion 

The corrosion of most steels which are soluble in acids depends on pH similar to the pattern 
shown in Figure B.18.3.  In the middle pH range of 4 to 10, the corrosion rate is generally 
controlled by the rate of diffusion of oxygen to the surface and the insolubility of oxides in 
oxidizing systems, which increases with increasing electrochemical potential.  At lower pH, the 
uniform corrosion rate increases owing to the progressive increase of oxide solubility in acidic 
solutions and the increased availability of hydrogen ions for reduction in the cathodic areas.  At 
intermediate pH values, both the rate itself, and the extent to which corrosion becomes non-
uniform, are still affected by the concentration of dissolved oxygen (the other main cathodic 
reactant). 

Effect of Temperature on Wastage 

In most cases of corrosion in acids, corrosion rates increase with increasing temperature and high 
enough temperatures also boil the water away, leaving more concentrated acid and thus even 
higher corrosion rates.  However the concentration of dissolved oxygen in the water decreases 
with increasing temperature, so that the situation is more complex with a weak acid such as that 
resulting from leakage of primary water.  Furthermore, as the temperature continues to increase, 
the water may be boiled off completely, leaving dry boric acid crystals that are not very 
corrosive at all. 

Effect of Flow Velocity on Wastage 

In many of the field reports, general corrosion is accelerated by the impingement of borated 
water, or steam with boric acid carryover, onto hot metal surfaces.  This impingement has the 
dual effect of removing protective corrosion films from the surface of the metal and replenishing 
the corrodent with fresh, oxygenated acid.  Both of these factors can markedly increase the 
corrosion rate.  
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Figure B.18.3 Summary of oxygen and pH effects on general corrosion of iron 4 
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Secondary Types of Boric Acid Corrosion  

In addition to general corrosion (the predominant type of boric acid corrosion), there have been 
isolated reports of other types of corrosion, such as galvanic corrosion, crevice corrosion, pitting, 
intergranular attack, and stress corrosion cracking. 

Galvanic Corrosion 

A practical example of such a condition in an aerated, borated water environment in a PWR plant 
would be a weld between a low-alloy steel pipe and a stainless steel pipe.  The stainless steel is 
the more noble material, and the low-alloy steel is the more active material.  Field experience 
and laboratory test results both indicate that a galvanic couple between carbon steel and stainless 
steel can accelerate the local corrosion rate in the carbon steel, typically by about 1.5 times.  
Therefore, the galvanic effect for BAC can be significant, but is not usually overwhelming and 
will depend upon pH, boric acid concentration and dissolved oxygen level.  It is not expected to 
be a major factor in deaerated primary water of nominal composition. 3 

Crevice Corrosion 

Environmental conditions in a crevice can be significantly different than on adjacent bare metal 
surfaces.  Under many conditions, the environment in the crevice can be more aggressive than 
outside the crevice, and accelerated local corrosion can take place.  Typical crevice locations on 
the outside surfaces of PWR pressure boundary parts include bolts, washers, and gaskets.  
Crevice corrosion has not generally been reported to be a significant practical problem in borated 
water environments on the outside surfaces of PWR components.  However, this may not always 
be the case if the part or component includes crevices. 

Both galvanic and crevice effects can become significant in the case of C&LAS exposed to boric 
acid via a crack or other such defect in a stainless steel or nickel base cladding. 

Pitting 

Pitting has not generally been reported to be a significant problem in borated water environments 
on the outside surfaces of PWR components, probably because the conditions under which it 
might be expected (see Fig. B.18.3) involve higher pH values than would normally be expected 
for BAC and because boric acid is a buffer that does not support local acidification within an 
incipient pit. 

Intergranular Corrosion 

Intergranular corrosion is localized attack along the grain boundaries of a metal or alloy and is 
most common with stainless steels or nickel-base alloys that are generally resistant to BAC.  
There are no reports of intergranular corrosion being a significant contributing factor to problems 
associated with C&LAS corrosion due to leakage of borated water. 
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Stress Corrosion Cracking 

Stress corrosion cracking in the presence of borated water leakage has been reported to be a 
problem only in the case of highly loaded steam generator manway studs that have been coated 
with lubricants containing sulfur and is not thought to be associated with boric acid itself.  The 
most celebrated case occurred at Maine Yankee where 6 of 16 studs were found to have failed 
after disassembly, and 5 more were found to be cracked.  The stress corrosion cracking in this 
case was attributed to interaction between the leaking borated water, leak sealant, and sulfur-
containing thread lubricant.  This experience identified the need to minimize the use of sulfur-
containing compounds around pressure boundary parts. 

Summary of Corrosion Rates for Various Situations 

Figure B.18.4 summarizes the results for all of the corrosion tests reported in reference 2 and 
points out the main areas of interest.  Briefly summarizing the key points: 

Corrosion rates for immersion in deaerated, dilute boric acid solutions are usually quite low 
regardless of temperature.  Moderate corrosion rates, between 0.02 and 0.05 in/yr (0.5 and 1.3 
mm/yr), have typically been measureda during immersion in deaerated, concentrated boric acid 
solutions. 

For cases involving immersion in aerated borated water, corrosion rates are in the range of 
0.001–0.01 in/yr (0.025–0.25 mm/yr) for low concentrations at room temperature and increase to 
a maximum of 1–10 in/yr (25–254 mm/yr) for high concentrations at 200–220°F (93–104°C). 

The main problem regarding borated water dripping on hot metal surfaces is that the solution can 
concentrate as the water boils off and the boiling can lower the local metal temperature to the 
boiling point (212–230°F [100–110°C]) of the concentrated boric acid solution, thus avoiding 
dry-out.  Therefore, the typical situation is to have concentrated boric acid at around 212–220°F 
(100–104°C), which is the point of the maximum corrosion rate.  However, if the metal surfaces 
are hot and the leakage rate sufficiently low, the water evaporates rapidly, leaving dry boric acid 
crystals that cause essentially no corrosion.  Lower corrosion rates are expected when the 
surfaces onto which the borated water is dripping are below the boiling point of the borated 
water. 

If borated steam impinges on hot metal surfaces, the corrosion rates can be very high as a result 
of the combination of high concentration, local metal temperatures near the boiling point of the 
borated water, and some mechanical effects due to the flow impingement.  This condition can be 
highly damaging as evidenced by several cases involving rapid stud corrosion.  

Laboratory results suggest that borated water leaking from a PWSCC-type crack should not 
cause corrosion deep in the annular clearance gap to the vessel shell since there is little oxygen at 
this location.  However, tests with upward-pointing nozzles suggest that corrosion rates 

                                                 

a Note, however, that ongoing work referred to later in this topical paper appears to suggest that these values can be 
exceeded under certain circumstances. 
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exceeding 1 in/yr (25 mm/yr) are possible.  It is not yet clear if these test data are directly 
relevant to CRDM penetrations in the RPV head. 

 

Figure B.18.4 Summary of corrosion tests on BAC of C&LAS prior to 2002 2 
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BAC management programs at US PWRs 

The first level of protection against boric acid corrosion should be to prevent leaks from 
occurring in the first place.  If there is no leakage, there will be no boric acid corrosion.  

Detecting and preventing leakage 

The requirements of the Code of Federal Regulation, the NRC, and the ASME Boiler and 
Pressure Vessel Code are remarkably similar as they apply to leakage from reactor coolant 
systems.  The common themes in these requirements are: 

• Closures should be designed to have a low risk of leakage. 

• Closure designs and materials should be such that there is a low risk of rupture or 
abnormally high leakage. 

• Closures should be fabricated and assembled to have a low risk of leakage. 

• Inspection programs should be developed and implemented to find leakage and to 
determine other areas where the leakage could have flowed or accumulated. 

• Corrective action should be implemented to correct situations where leakage has 
occurred. 

The NRC is prepared to grant relief from the ASME Code requirements to remove insulation 
during the final VT-2 inspections of insulated flanges.  However, several reasonable concessions 
have to be made to obtain the relief. 

In most cases, the technical means for reducing leakage are not difficult.  However, developing 
an effective program for reducing leakage risk from the many possible sources requires 
concerted effort by both plant management and staff.  A major key to cost effective leakage 
reduction is to start with state-of-the-art procedures and materials that are capable of developing 
high-integrity joints and then train craft personnel to follow the procedures and identify adverse 
conditions 5.  EPRI sponsors a Fluid Sealing Technology Working Group where utilities meet on 
a regular basis to review the results of relevant research, discuss plant-specific leakage problems, 
obtain complementary information on current areas of research from sealing technology vendors, 
and establish priorities for further leakage reduction activities. 

A more problematic source of leakage is through-wall cracks which can develop under certain 
circumstances in reactor components themselves.  For example, there have been many reported 
cases of leakage of primary water from primary water stress corrosion cracks (PWSCC) in Alloy 
600 nozzles attached to pressure boundary parts by partial penetration J-groove welds 6,7.  
Another major source of leakage of primary coolant above the RPV has been transgranular SCC 
in stainless steel canopy welds 8. 
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Preventing Degradation If Leaks Occur 

The consequences of leakage in both joint fasteners themselves and adjacent components can 
often be reduced by replacing the carbon steel or low-alloy steel parts with more corrosion-
resistant materials or diverting any leakage to areas where it will not cause damage (e.g., by 
installing protective shrouds).  

The primary emphasis should always be on preventing leakage from occurring in the first place 
and then stopping leaks when they are found by retightening joints, injecting sealants, and other 
similar procedures.  In some cases, however, it may be necessary to continue operating a plant 
with leakage and/or continuing degradation.  A prime reason is that leakage may be discovered 
during plant operation, and it may be desirable to defer maintenance until the next scheduled 
refueling outage so that the repairs will not result in a power decrease or plant shutdown.  In 
other cases, it may be desirable to defer repairs for problems discovered during a refueling 
outage due to a lack of parts, or for other reasons.  In either case, a justification for continued 
operation (JCO) with the leakage and/or degradation must be prepared and reference 2 describes 
a recommended methodology for this.  The level of effort in developing the JCO will depend 
upon the criticality of the affected parts.  Preparation of a JCO for operation with a small leaking 
valve in an isolable line requires significantly less effort than a JCO for continued operation with 
a leaking reactor coolant pump flange gasket.   

Condition monitoring 

A key factor in a successful boric acid corrosion management program is sound condition 
monitoring.  This includes both equipment condition assessment and leakage detection.  
Information on equipment condition can lead to improvements that can reduce the potential for 
leakage.  For example, potentially detrimental effects of smooth flanges, gouged flanges, out-of-
flat flanges, misalignment, damaged valve stems, damaged or corroded bolts, etc., can be 
rectified and, thereby, reduce the potential for leakage.  Similarly, low levels of plant leakage 
and a good leakage detection system can improve the ability to detect leaks early enough to take 
corrective action before more drastic measures are required.  Enhanced monitoring for leakage 
may be advisable under certain circumstances and various systems are now available for this 
purpose 9. 

Ongoing BAC activities following the 2002 Davis Besse incident 

Background 

Between November 2000 and April 2001, leaks were discovered from reactor vessel top head 
penetrations at Arkansas Nuclear One-1 and Oconee 1,2: and 3.  The leaks were discovered by 
visual inspections of the heads, which showed small amounts of boric acid crystal deposits 
("popcorn" – see Fig. B.18.5) that were determined to have come from the annulus between the 
nozzles and the vessel head.  The CRDM nozzle leaks were traced to predominantly axial 
PWSCC cracks in the Alloy 600 material of the head penetrations. 

In August 2001, the NRC issued Bulletin 2001-01 requesting that PWR licensees provide 
information related to the structural integrity of the RPV head penetration nozzles, including the 
extent of nozzle leakage and cracking found.  In response to this NRC bulletin, PWR licensees 
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performed bare metal visual inspections of the RPV head looking for boric acid deposits adjacent 
to RPV head penetrations.  An extensive safety analysis was also carried out to demonstrate that 
structural integrity was maintained, even with leaking CRDM penetrations 10.  The extent and 
way in which head penetrations of PWR vessels are inspected to detect boric acid leakage have 
also now been refined and details of current practices are contained in 11. 

 

 

Figure B.18.5 Typical appearance of boric acid deposits (without wastage) at a leaking 
Alloy 600 CRDM penetration in a RPV head 

In March 2002, in conjunction with an earlier inspection regime, the Davis-Besse (D-B) plant 
discovered evidence of significant wastage of the low alloy steel head contiguous to CRDM 
nozzle #3 (see Figs. B.18.6 & 7) and much less substantial wastage adjacent to other CRDM 
nozzles.  The extent of the corrosion at nozzle #3 was completely unanticipated given the results 
of previous head inspections there and at other plants which had shown small volumes of leakage 
from a few nozzles, but little evidence of corrosion of the low-alloy steel head.   
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Figure B.18.6 Cavity in RPV head at D-B after removal of CRDM nozzle #3 

 

Figure B.18.7 Sketch of D-B RPV head degradation between nozzles 3 and 11 
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In response to the findings at D-B, the NRC issued Bulletin 2002-01 focusing on the integrity of 
the reactor coolant pressure boundary including the reactor pressure vessel head and the extent to 
which inspections have been undertaken to identify corrosion of the RPV head. 

Analysis carried out to understand the severe BAC in the D-B RPV head 

Reference 2 is a relatively comprehensive source document with regard to managing boric acid 
corrosion issues at PWR stations.  Care is needed, however, in interpreting its content with 
regard to the way in which PWR primary coolant might attack the LAS of the vessel head if it 
leaks from a through-wall SCC crack in an adjacent Alloy 600 penetration tube.  At the point in 
time where a tight, highly-branched, intergranular crack in the Alloy 600 material (or indendritic 
crack in the J-groove weld) first intersects the outer surface of the high-alloy material, the 
leakage rate will be extremely low, irrespective of the annulus geometry (i.e. interference fit or 
radial gap).  Thus the pressure drop to saturated vapor pressure will occur within the stress 
corrosion crack itself and the environment immediately above the J-weld is likely to be 
hydrogenated, superheated steam.  As the leakage rate into the annulus from SCC of the high-
alloy material increases, boiling (and possible concentration) of primary water will occur within 
the annulus itself, i.e. external to the crack or cracks.  The exact location of the boiling transition 
and the extent of concentration near the liquid/vapor interface will be a complex function of the 
crack and annulus geometries.   

In considering the composition of the liquid formed with regard to its propensity to initiate OD 
SCC of the CRDM penetration, the MRP Expert Panel on PWSCC considered that it would most 
likely to be buffered to a pH close to that of normal PWR primary water 12 as a result of 
precipitation of various boron compounds (including iron metaborate arising from corrosion of 
the LAS).  It was agreed that back diffusion of oxygen into the crevice environment could be 
disregarded for a number of reasons (steam counterflow, hydrogen concentration, etc.), even 
without taking into account the gettering effect of corrosion at the LAS crevice wall.  This 
scenario would appear to describe the situation at most leaking CRDM nozzles (including those 
at D-B apart from #3), where little or no wastage corrosion of the RPV head material has been 
observed. 

To account for the development of the cavity found at D-B adjacent to leaking nozzle #3, a large 
number of potential BAC mechanisms (and their complex interaction over time) have been 
postulated 13, as illustrated by the preliminary analysis shown in Figs. B.18.8 and 9. 

The initial industry model ("top-down" corrosion – see Appendix C of reference 14) concentrated 
on the formation of a pool of highly concentrated boric acid on the top of the RPV head adjacent 
to nozzle #3 due to the ready supply of boric acid (from pre-existing deposits on the head) and 
local cooling of the metal so as to maintain an acidic pool of aerated liquid, despite the high 
temperature of the rest of the head.  Independent thermohydraulic analyses confirmed that such a 
scenario is indeed viable, once the leakage rate of primary water through a cracked nozzle is 
sufficiently high, although some of the assumptions made in the calculations (e.g. with regard to 
the effective cross-sectional area of the PWSCC cracks in the nozzle material) require 
experimental verification.  However, it was considered likely that flow and impingement effects 
adjacent to the liquid exiting the SCC cracks might also be involved.  Furthermore, a possible 
role of LAS corrosion in "molten" boric acid within the deposits was recognized. 
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Figure B.18.8 Preliminary analysis of possible BAC mechanisms to cause D-B cavity 13 

 

Figure B.18.9 Postulated progression of degradation with leak rate as main parameter13 



PMDA PIRT Report - Appendix B - Rev. 0 
April 2005 

Additional experimental work on BAC following the D-B incident 

• Both the US PWR industry and NRC Research have initiated major programs on BAC 
since 2002, the results of which have yet to be fully reported.  The EPRI-managed 
program is structured to 

- improve understanding of the progression of boric acid wastage at RPV head 
penetrations, 

- identify the influence of plant specific parameters on wastage, and 

- support development of required inspection intervals for PWR plants with various 
penetration designs. 

It consists of 4 main tasks, as shown schematically in Fig. B.18.10, culminating in an 
instrumented, full-scale RPV head penetration mock-up test (due to start in 2005): 

Task 1: Corrosion tests in stagnant and low flowing (<0.005 gpm) primary water, simulating 
early stages of CRDM penetration degradation. 15 

Task 2: Corrosion tests in flowing primary water, with measurement of real time corrosion rate 
and ECP under laminar and impact flow. 16 

Task 3: Testing focused on a matrix of laboratory immersion corrosion, autoclave chemistry, and 
electrochemical polarization curve tests for concentrated boric acid and wetted molten boric acid 
environments. 15 

Task 4: Full-scale mockup tests for CRDM nozzles (planned examination of synergies 
considering the detailed results from Tasks 1, 2, and 3). 

 

 

Figure B.18.10  Schematic of additional industry BAC testing program started in 2003 
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At the time of writing (March 2005), some initial results from Task 3 have been publicly 
reported 17 with the following preliminary conclusions: 

• Corrosion rates up to about 6 inches/yr were observed for the laboratory conditions 
tested. 

• Corrosion was significantly slowed by the presence of lithium, with the effect being most 
apparent at high temperatures. 

• Corrosion was greatest at intermediate temperatures and boric acid concentrations (50%, 
versus 1% or 90%). 

• For high boric acid concentrations, no large reduction in corrosion rate due to deaeration 
was observed for the laboratory conditions tested 

• pH measurements will be used to verify that this is due to low pH. 

• Corrosion rates under deoxygenated conditions were about half to two-thirds of the rate 
under the corresponding oxygenated conditions. 

• No significant acceleration was noted due to galvanic coupling or crevices. 

The NRC experimental program at ANL has been completed and preliminary results, together 
with a survey of BAC plant experience and some analysis of the most likely scenario at D-B, are 
given in reference 18.  The authors conclude that "the galvanic difference between A533 Grade B 
steel, Alloy 600, and 308 stainless steel is not significant enough to consider galvanic corrosion 
as a strong contributor to the overall boric acid corrosion process".  In addition, the NRC test 
program has found that the corrosion rate of A533 Grade B steel in contact with molten salts of 
the H-B-O system at 150°C to 170°C can be as great as that of A533 Grade B steel in contact 
with an aqueous, aerated solution of boric acid at temperatures near the boiling point, although 
the MRP test program suggests that this situation may not be applicable to operating plants 17. 

Finally, it should be mentioned that a full-scale destructive examination of the D-B RPV head 
cavity has now been carried out.  These results were recently reported 19. 

Improvements to plant BAC management programs 

Subsequent to the D-B incident, considerable attention has been paid to the way in which 
monitoring for BAC leakage is actually being carried out at operating plants 20 and revised "best 
practice" guidance is currently being put into effect within the industry 21. 
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B. 19 Variability in the Corrosion of Materials in LWR Environments 
 
Introduction 
 
Regardless of the mode or intensity of corrosion, failures in identical components exposed to 
identical conditions in the same or different plants do not occur simultaneously.  There is always 
a “first failure” in a set of identical components; and, when failures can occur, the first failure is 
followed by others.  This first failure is frequently, and erroneously, attributed to a “bad heat” or 
to some carelessness in manufacturing or operation.  As failures of the same mode accumulate, it 
is common to accept the inevitable trend, rather than having accepted the inevitability of 
subsequent failure at the earliest failure.  Sometimes, the first failure may occur several orders of 
magnitude in time earlier than the mean value as determined by later testing or much later 
failures in the field. 
 
The objective of this discussion is to describe the reality of the nature and scope of variability in 
the occurrence of corrosion damage in operating LWR plants as well as in the laboratory testing 
that is intended to elucidate the nature of such failures in applications.  A further objective here is 
to alert regulators, designers, and operators to the inevitability of the statistical nature of 
corrosion failures. 
 
Statistical Distributions  
 
Variability in the corrosion of materials has been described by Staehle and co-workers in several 
references [1-6].  In order to discuss the variability in corrosion of materials, a brief review of the 
statistical methodology and terminology is useful.  For the purposes of this discussion, the 
statistical methodology is described in terms of the Weibull distribution [7-9]. Of the several 
distributions, which are available for correlating failure data, the Weibull distribution usually fits 
failure phenomena the best.  However, there are several useful distributions that are widely used 
as described in texts by Nelson and others [10-13] The background of applying statistical 
distributions to corrosion is described by Staehle1 and by Shibata [14]. 
 
The principal relationships used to describe the distribution of data in the Weibull framework are 
shown in Equations 1-8  
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FT t( )=1 − 1 − F1 t( )[ ]1− F2 t( )[ ]••• 1− Fn t( )[ ]        (8) 
where: 

t   = Time  
to   =  Location parameter, sometimes called, erroneously, the “initiation time.” 
θ   = Scale parameter or the Weibull characteristic which is evaluated at t = θ  where 

the probability is 0.632. 
β   = Shape parameter or often called the “Weibull slope” as is evident from the 

linearized version in Eqn. (4).  β  is also called the “dispersion.” 
f(t) = Probability density function, pdf. 
F(t) = Cumulative distribution function, cdf, also the probability of failure in time. 
FT(t) = Total probability including the ith  element. 
Fi(t) = Probability for the ith element. 
R(t) = Reliability 
RT(t)  = Total reliability 
Ri(t)  = Reliability of ith element 
h(t) = Hazard function 
 

Until about ten years ago, it was common to evaluate only the scale parameter, θ, and the shape 
factor, β , owing to the difficulty of evaluating the three parameters including the location 
parameter, to; further, it was mistakenly thought that a phenomenon that started at the beginning 
of component life would have a to=0.  Now, with a number of good computer programs [15], all 
three parameters are customarily evaluated giving a “three parameter fit” of the data rather than a 
“two parameter fit.” 
 
Eqn. (1) and Figure B.19.1a show the “probability density function (pdf),” which gives the 
probability of occurrence, f(t), (of corrosion failure in this discussion) in the interval dt.  This is a 
familiar form, and in normal statistics the pdf gives the widely recognized “bell shaped curve.”   
 
Of more use is the “cumulative distribution function (cdf),” which gives the cumulative failures 
or probability of failure, F(t) vs. time. F(t) vs. time is obtained by integrating the pdf from zero 
to “t” as shown in Eqn. (2) and Figure B.19.1b.  The result of this integration is Eqn. (3); and 
Eqn. (3) is usually linearized for the Weibull distribution as Eqn. (4) by taking the natural log of 
both sides twice.  The result is a relationship of the form, y=mx+b, where the shape parameter, β , 
is the slope.  This shape parameter is often called the “dispersion” since it describes how broadly 
the data are distributed.  The probability of failure, F(t), which is the probability of failure at 
time, t, is 1-R(t), where R(t) is the “reliability” or the probability that the components will not fail 
by time, t. R(t) is given in Eqn. (5). 
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Figure B.19.1 (a) f(t) vs. time for constant θ.  (b) F(t) vs. time for constant θ. 

(c) h(t) vs. time for constant θ.  From Staehle [3] 
 
 
Finally, another useful relationship is the “hazard function (hf),” h(t), which is the probability of 
failure of components that have not yet failed.  The hazard function is given in Eqn. (6) and 
Figure B.19.1c.  The hazard function has the interesting property that, when β=1,  the probability 
of failure is independent of time as is evident in Eqn. (7) and is shown in Figure B.19.1c.  A 
shape factor of β=1 is commonly observed in field failures, thereby indicating that the 
probability of failure for components, which have not yet failed, is independent of time.   
 
Often, failures of components result from multiple modes of failure as has been common in the 
tubes of steam generators, which are described by Staehle and Gorman.i  Thus, the total 
probability of failure can be evaluated using Eqn. (8).  Here, the separate Fi(t) are evaluated for 
multiple modes of failure and then inserted into Eqn. (8) where the total probability of failure, 
FT(t), is evaluated.  Eqn. (8) assumes that the multiple failure modes do not interact. 
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Interpretation of Distributions  
 
Figure B.19.2 shows the commonly used cumulative distribution from the Weibull distribution 
shown in Figure B.19.1b.  Figure B.19.2a shows the probability of failure vs. time for two values 
of the shape parameter, β , where β=1.0 and β  =4.0; these values, as well as the range between 
them, are commonly observed in failures that occur in nuclear applications. 
 

 
 

Figure B.19.2 (a) Cumulative distribution function with two values of b shown together 
with relationship between the failure time at F(t)=0.0001 and the mean failure time..  (b) 

Schematic view of probability vs. time for a calculated θ and three options for slopes 
within the range of engineering experience.  Locations of the earliest failures noted for 

various populations according to three values of β .  From Staehle [3] 
 

Figure B.19.2a shows how the cumulative distribution is commonly used and interpreted: 
 

• The ordinate is the probability, F(t), of failure and the abscissa is time-to-failure, 
usually in seconds, hours, or years.   Sometimes, in nuclear applications, the time is 
given as EFPH (equivalent full power hours). 

 
• The ordinate is shown for the range of 0.00001 (1/100,000) to 0.90.  This range applies 

to the failure or plugging of tubes in steam generators.  Commonly, there are about 
4000 tubes in a single steam generator, and, with up to four steam generators, there may 
be 12,000 to 16,000 tubes total.  The failure or plugging of one tube in 10,000 is a 
failure probability of 0.0001.   

 
• A horizontal dotted line is shown at F(t)=0.632 which is the value of F(t)when θ =t.  

This “Weibull” characteristic is nearly the same as the mean value where F(t)=0.5.  The 
location of F(t)=0.5 is also shown. 

 
• Two straight lines are shown for slopes of β=1.0 and β=4.0 with both lines having the 

same time for F(t)=0.632. 
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• Also shown are dotted horizontal lines for F(t)=0.1, 0.01, 0.001, and 0.0001 or,  

respectively 10%, 1%, 0.1% and 0.01% failures as these horizontal lines intersect the 
lines for β=1.0 and β=4.0.  Black dots are shown at 0.01% failures indicating a point 
for the first failure of one tube in a population of 10,000 tubes. 

 
• Also, at F(t)=0.0001 (0.01%) probability there are notes that the first failure or tube 

plugging in 10,000 is some fraction of the mean.  Thus, for β=1.0 the first failure in 
10,000 tubes occurs at about 10-4 of the mean time-to-failure; whereas, at β  =4.0 the 
first failure at F(t) =0.0001 occurs at about 10-1 of the mean time-to-failure. 

 
• Note also that Figure B.19.2, as well as Figure B.19.1b, emphasizes early failures or 

tube plugging as the scale is expanded at low probabilities.  Other types of distributions 
emphasize failures in the high range. 

 
• Data points are placed on the plot in terms of the fraction of the total failed or plugged 

at a given time; i.e. the first tube failed in 10,000 would be plotted as 0.0001 at the time 
of failure.  After 100 tubes fail, this would be plotted as 0.01 after failures of the first 
100 are observed. 

 
Figure B.19.2b shows the same information as in Figure B.19.2a in more detail for three values 
of β and shows the times-to-failure of the first failure for various populations from 10 to 10,000. 
 
With respect to the performance of steam generators, it is common that an SG is considered 
failed when about 10% of the tubes have been pluged.  On Figure B.19.2, this is a probability of 
10% or 0.1. 
 
Plotting the occurrence of failures on such plots is described in detail by Abernethy [13]. There 
are several computer programs for preparing such plots [15]. 
 
Applications of Distributions 
 
The application of a cumulative distribution of the type shown in Figures B.19.1b and 2 by 
incorporating actual data is described stepwise in Figure B.19.3 with plots of Figures B.19.3a, b, 
c.  Figure B.19.3 also shows how the accumulating data are used to reach conclusions of future 
performance in terms of progressively more refined projections based on progressively improved 
values of the shape factor, β .  As data are successively accumulated, it becomes possible to 
predict when some critical fraction of failures can occur, e.g. 10% of tubes in an SG. 
 
Figure B.19.3a shows a black dot where the first failure of 10,000 tubes is plotted.  This first 
failure is shown to occur at about 5 time units (hours, years) and is plotted at a probability of 
0.0001 or one tube of 10,000.  At this point, straight lines are drawn through this point using 
values of β= 1.0 and 10.0 which include a reasonable range of expected shape factors or 
dispersions of data.   
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Figure B.19.3 (a), (b), (c) Schematic Weibull plots for cdfs and the evolution of failure 
points together with expected slopes for prediction.  From Staehle.3 

 
With only one point, more precision is not possible.  With these values of β= 1.0 and 10.0, 
failure of the SG (e.g. 10% of tubes failed) might occur as early as 10 units or as late as about 
10,000 units of time.  Further precision is not possible with a single first point. 
 
After more failures occur, the range of slopes can be estimated more precisely as suggested in 
Figure B.19.3b.  Here, a range of β=3.0 to β=5.0 is suggested showing that the SG failure point 
for 10% or 0.1 of the tubes failed might occur between 20 to 70 time units.  
 
As more early failures occur, as shown in Figure B.19.3c, an even more precise value of β  can be 
estimated, which is shown as a β=3.2.  Now the time for 10% failure of tubes can be estimated to 
be about 50 time units.  This is a basis for a nuclear utility to take action to purchase a new steam 
generator at some time (e.g. 3-4 years) before SG failure is predicted to occur.  In the meantime 
more data points would be accumulated at successive inspections. 
 
Note that each point plotted gives the total number of failures to time, t, divided by the 
population, giving the fraction failed in a given time.  As shown in Abernethy [13], there are 
some adjustments to the data used in plotting to take account of sample size, but these are not 
useful to discuss here. 
 
Weibull Distributions for Corrosion Failures in LWRs. 
 
Cumulative corrosion failures of various components in LWRs have been dealt with using 
cumulative distributions and procedures as described for Figures B.19.1b, 2, and 3 [16-19].  This 
section describes some typical examples from operating systems and laboratory experiments. 
 
Corrosion failures in welds from BWR pipes are plotted in Figure B.19.4 based on data from 
Eason and Shusto [18].  Figure B.19.4 shows the probability of failure of welds in 2” and 4” 
pipes in BWR applications vs. time.  In both cases the β  is about unity or a little less.  It is 
interesting that about 100,000 welds are included in the 2” group and 10,000 welds in the 4” 
group.  The fact that so many welds from different plants follow consistent Weibull behavior 
indicates the usefulness of the Weibull correlation and the coherence of the data. 
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Figure B.19.5 from Bjornqvist and Gorman [20] show data from the failures of SG tubes in 
Ringhals-4 PWR.  Such data are taken at successive shutdowns using various NDE methods 
including eddy current.  These data show seven different modes of failure; and the failure data 
from the seven modes are combined using Eqn. (8) to produce an “aggregate all mechanisms.”  
This aggregate probability can then be extrapolated to 10% failure in order to define when new 
SGs should be purchased.  This method and such plots have been widely used for estimating the 
time when steam generators should be replaced and thereby defining when such SGs should be 
purchased. 
 
 

 
 

Figure B.19.4 Probability vs. time since startup for SCC failure of welded stainless steel 
pipes from piping used in boiling water nuclear reactors (BWR).  

 “Large pipe” refers to 4-inch diameter.  “Small pipe” refers to 2-inch diameter.   
Adapted from Eason and Shusto.18 

 
 

In addition to pipes and SG tubes, the failures of bolts, as affected by nuclear radiation, have 
been analyzed by Scott as shown in Figure B.19.6 [19]. Again, this correlation shows good 
agreement with the Weibull distribution, noting the values of r2, and shows clearly the 
dependence on neutron dose.  The displacements of the Weibull correlations for different 
locations of formers seems related to the differential thermal expansion effects on bolt loads at 
these locations. 
 
The SCC of Zircaloy-2 exposed to iodine gas as a function of stress was investigated by Shimada 
and Nagai, as shown in Figure B.19.7, [17] where the data are summarized in a Weibull format.  
Here the value of the space parameter θ decreases with stress as does the location parameter, to.  
The shape parameter, β , is unusually high and increases, as expected, with increasing stress.  
These experiments are relevant to the effect of iodine, which is released during fission, on the 
integrity of fuel cladding. 
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Figures B.19.4 through B.19.7 show four different applications of Weibull cdfs to LWR 
applications, e.g. piping, SG tubes, bolts and fuel cladding.  Clearly, the Weibull correlation is 
useful and permits carrying forward trends as shown in Figure B.19.3.  There are many more 
examples, especially in Staehle,1 as well as in private and non-published sources. 
 

 
 
 

Figure B.19.5 Probability vs. equivalent full power years (EFPY) for failures of tubing 
from a set of SGs in the Ringhals 4 PWR.  Designations:  TTS = “top of tube sheet.”  TS 

= “tubesheet.”  Circ. SCC = “circumferential  SCC.”  P* = special location where SCC is 
not serious.  RT = “roll transition.”  AVB = “antivibration bars”.20 

 
 
Background for Random Occurrences of Corrosion Failures 
 
It would seem that experiments could be carried out with such care that there would be no 
variability in the results.  This is a frequent aspiration of both design and materials engineers.  
However such an aspiration cannot be achieved even from the most careful work.  Corrosion, 
and particularly SCC, involve multiple events in their evolution as illustrated in Figure B.19.8.  
Here, the sequence of events from the earliest stage of initiation to final fast fracture is shown to 
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include nine segments.  Within each of these are micro-options that affect the courses of 
initiation and propagation.  With such an array of macro and micro options, single deterministic 
times-to-failure for a corrosion process, e.g. SCC, are not possible even under the best of 
circumstances. 
 

 
 

Figure B.19.6 (a) Probability of defective bolts at the joints between the formers and 
baffles vs. neutron dose based on data for all inspections for Bugey-2 plant.  (b) 

Arrangement of formers and baffles.  (c) View of bolts and location of neutron dose used 
for (a).  Adapted from Scott et al.ii 
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Figure B.19. 7 (a) Probability vs. time-to-failure for Zircaloy 2 fuel cladding material 
exposed at 350°C to iodine gas. (b) Weibull parameters vs. hoop stress. Adapted from 

Shimada and Nagai.17  Calculated dependencies by Fang and Staehle.Error! Bookmark not defined. 
 

The discussion of Figure B.19.8 concentrates generally on the metallurgical aspects of the 
variability.  In addition, another kind of variability is related to environments as illustrated by 
Figure B.19.9a,iii which shows schematically aspects of environments in heated crevices at tube 
supports on the secondary side of SGs.  Here, dilute chemicals are concentrated by the local heat 
transfer conditions, and the resulting environments are variable as implied by the distribution of 
chemicals inside the heat transfer crevice, which is shown in Figure B.19.9b.iv 
 

Figures B.19.8 and 9 show some of the reasons for the variability of the time-to-failure shown in 
Figure B.19.5. 
 
The large variability of corrosion data in general and in SCC in particular is not so widely 
appreciated; but such variability exists and is sometimes extensive.  Scott, in his Speller Lecture 
[19] reported results from his study of failure indications of SG tubes.  Figure B.19.10 shows 
results from his study of tubes with NDE indications (not necessarily plugged) from both 
primary and secondary sides of two different SGs after relatively long times; 40,000 hours for 
the primary side and 75,000 hours for the secondary side.  Figure B.19.10a for the primary side 
shows 41 vertical bars that correspond to 41 separate heats that were used to produce tubes for 
the same SG.  These heats all manufactured by the same company, are arranged in order of the 
dates of melting  At the top of each bar is the number of tubes that were used in the respective 
SG from the respective heat.  The height of each bar indicates the percentage of tubes in that heat 
with NDE indications.  All the tubes were exposed to the same secondary or same primary 
environments in the applicable steam generator. 
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Figure B.19.8 Nine sequential segments of SCC.  Practical transition from initiation to 
propagation shown.  Protective film adjusts to the environment. From Staehle.3 

 
 
Despite all the factors that were constant for the heats in Figure B.19.10a, the fraction of the 
tubes, which failed on the primary side, varied from zero to 41%.  A similar pattern occurs on the 
secondary side after 75,000 hours.  Note that these data for the primary and secondary sides were 
taken from different SGs. 
 
Supposing that one of the heats with a high failure rate, as identified in Figure B.19.10, was 
chosen for an experimental program; then, it would be concluded that a high failure rate is 
characteristic—and vice versa.  In fact, nearly all the experimental programs have used heats that 
were known to be very susceptible.  One can only conclude that there is large variability in the 
failure rate of SG tubes despite the best efforts to assure similar conditions—such a pattern can 
be expected for all materials.  The patterns of Figure B.19.10 indicate that attention that should 
be given to selecting a suitable array of materials with which to conduct tests. 
 
Similar implications, to those in Figure B.19.10 from Scott, have been shown by Jiang and 
Staehle [24] from evaluating the SCC of stainless steels in boiling MgCl2; and the results are 
shown in Figure B.19.11.  Data are shown for the time-to-failure for specimens exposed over a 
ranges of temperatures, Figure B.19.11a, and ranges of stresses, Figure B.19.11b.  The data for 
effects of temperatures in Figure B.19.11a includes experiments by 23 different investigations 
and for stress in Figure B.19.11b from 40 different investigations.  Figures B.19.11c and 11d 
show the range activation energies from the data of Figure B.19.11a;   Figures  B.19.11e and 11f 
show the ranges of stress exponents from the data in Figure B.19.11b. 
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(b) 
 
 

Figure B.19.9 (a) Schematic view of chemical conditions inside a heat transfer crevice 
on the secondary side of PWR SGs.  From Staehle [22] 

(b) Schematic view of an OD tube surface inside the tube support and outside on the free 
surface. The condenser was titanium and the water conditioning was NH3. The tube was 

examined after 81,900 hours. From Cattant et al. [23] 
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Figure B.19.10  (a) Percent of tubes affected by LPSCC (i.e. with NDE indications) from 
the primary side of a PWR steam generator vs. heat number determined at roll transitions 
after approximately 40,000 hours of service.  Primary surface temperature at this location 
is about 310°C.  Environment is primary water as identified in Figure 4.  (b) Percent of 

tubes affected by IGA and IGSCC (i.e. with NDE indications ) vs. heat number from the 
secondary side of a PWR steam generator in heat transfer crevices after approximately 

75,000 hours of service.  From Scott.19 
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Figure  B.19.11 Time-to-failure vs. temperature (a) vs. stress (b) for stainless steel in 
boiling MgCl2.  The units of time-to-failure have been normalized by a cross-sectional 

area of specimens used by different investigators.  (c), (d), (e), and (f) show the array of 
activation energies and stress exponents from the various studies which were analyzed.  

From Jiang and Staehle.24 
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The data of Figure B.19.11 are equivalent to using different manufacturers where the materials 
are exposed, as components, to essentially the same environments.  These data are prototypic of 
corrosion in crevices, such as in Figure B.19.9, where the solutions are concentrated by heat 
transfer.  It is likely that the boiling MgCl2 environments, even those used in multiple 
laboratories, are more uniform than the environments that occur in heat transfer crevices.  The 
data in Figure B.19.11 exhibit ranges of failure times of about 104.  The implications here are 
similar to those of Scott in Figure B.19.10.   
 
Implications of the variability in SCC of SGs are shown in Figure B.19.12, from Staehle and 
Gorman [16] where they plot the replacements of SGs vs. time.  These did not all fail at the same 
time despite their general similarity of design--again, an indication of the variability of the 
corrosion phenomena that produce failures. 
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Figure B.19.12  Fraction of replaced or shutdown steam generators vs. calendar years for 
600MA plants in the world.  From Staehle and Gorman.16 

 
 

Finally, a further contributor to the variability of corrosion that produced the results shown in 
Figure B.19.12 was the variety of modes of failures and the multiple locations where corrosion 
failures occurred as shown in Figure B.19.13 [16]. Thus, in addition to the variability in a single 
SCC, which is implied in Figure B.19.8, there is further variability in corrosion failures owing to 
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multiple modes of failure and multiple locations of failures.  .  Multiple failures are dealt with as 
shown in Figure 5 and through the use of Eqn. (8). 
 

 
 

Figure B.19.13  Array of modes of failure at various locations (mode-location cases) that 
have occurred in recirculating steam generators.  From Staehle and Gorman.16 

 
 
The Physical Meaning of Statistical Parameters  
 
The statistical correlations as illustrated in Eqns. (1) through (8) and in Figures B.19.1, 2, 3, 4, 5, 
6, and 7 are nominally pure correlations without having been derived from physical experience; 
although Weibull developed his distribution based on his interest in modeling the failures of ball 
bearings [7]. Nonetheless, in the paper by Staehle [25] it was shown that statistical parameters 
could be extrapolated and interpolated using activation energies and stress exponents. 
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In a detailed analysis by Staehle [1], it was shown that the statistical parameters could be 
correlated according to generally regular dependencies on temperatures, stresses, and 
concentrations.  For example, Figure B.19.14 shows two separate cumulative distributions in 
Figures B.19.14a and 14b for SCC of Type 304 stainless steel tested at 288°C in high purity 
oxygenated water.  One study was conducted by Clark and Gordon [26] in the United States and 
the other was conducted by Akashi and Ohtomo27 in Japan.  The dependence of statistical 
parameters on stress is compared in Figure 14c.  The results are quite similar for the 
dependencies of θ, β , and to.  Such regular dependencies were found by Staehle1 for other alloys 
in various environments and for the variables of temperature, stress, and concentration of 
solutions.  Such regular dependencies suggest that statistical distributions could be extrapolated 
over ranges of temperature, stress, and concentration as well as over other variables that control 
corrosion such as pH, potential, alloy composition, and alloy structure as has been described by 
Staehle.6 
 
 

 
 

Figure B.19.14 a) Probability vs. time for sensitized Type 304 stainless steel tested at 
288°C in high purity oxygenated water.  Adapted from Clarke and Gordon.26 (b) 

Probability vs. time for sensitized Type 304 stainless steel tested at 288°C in high purity 
oxygenated water.  Adapted from Akashi and Ohtomo.27 (c) Weibull parameters vs. stress 

from both the Clarke and Gordon (CG) (dotted lines) and Akashi (A) (solid lines) 
distributions. 
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From the analyses by Staehle,1,6 it appears that the values of β  in many cases are directly related 
to physical conditions.  Figure B.19.15 shows a cdf and hf for the cases where β=1.0 and 4.0, 
together with schematic illustrations of their physical significance.  As shown in Figures B.19.1b 
and 2, the slope of the F(t) vs. time for β=1.0 is lower than that for β=4.0 which means that the 
first failure occurs at a much shorter time relative to the mean for β=4.0 than for β=1.0.  In 
Figure B.19.15b the hf is independent of time for β=1.0 whereas, the hf increases sharply around 
the value of θ for β=4.0. 
 
 

 
 

 
Figure B.19.15  a) cdf for β=1 and β=4 vs. time.  (b) hf vs. time for β=1 and β=4 cases at 

θ=10 and to=0.  (c) Possible contributions in the metal substrate, for a growing SCC, to 
the accumulation case for β=4.  (d) Possible contributions to the accumulation case β=4 
from a superheated tube support geometry.  (e) Possible contributions to the β=1 case 

from surface processes.  From Staehle.3 
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A reasonable interpretation of the tendencies in Figure B.19.15b is suggested in the schematic 
illustrations of Figures B.19.15c, 15d, and 15e.  It has been well known that lower values of β  
e.g. a β=1.0 are related to surface processes and the initiation stages of pitting and SCC.  Such 
morphologies for surface reactions are illustrated in Figure 15e.  On the other hand, the relatively 
rapid rise in the hf for β=4.0 after an initial quiescence suggests that some time or pre-condition 
is required before SCC can occur; but, when the necessary conditions are present, SCC can 
proceed relatively rapidly.  Such pre-conditions may be associated with critical early diffusive or 
migration processes as illustrated in Figure 15c or geometrical conditions, which present an 
impeded diffusion path, as illustrated in Figure 15d.  
 
The validity of the implication in Figure 15b, as related to the comparison between the initiation 
stage of Figure 15e and the propagation of Figure 15c, is shown in Figure B.19.16 from work by 
Shibata and Takeyama.28  Here, the β  for initiation is consistently unity; whereas, that for 
propagation increases with applied stress following the trend with stress in Figure B.19.7. 
 

 
 

Figure B.19.16  (a) Probability vs. time for Type 304 stainless steel exposed to boiling 
MgCl2 at 154°C at various stresses.    (b) Values of β  for upper and lower segments vs. 

stress from (a). From Shibata and Takeyama.28 
 
 
Accelerated Testing and Pitfalls 
 
Testing is often accelerated in order to predict the occurrence of performance in the future.  
Thus, one could hope that successful performance after some length of time could be predicted 
by short term testing that is accelerated along vectors of temperature, stress, solution 
concentration, or some other variable. 
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It is common to conduct accelerated testing to determine some mean time-to-failure that can 
predict the mean time-to-failure at longer operating times at conditions that are less severe.  An 
acceleration of about 100 may be about the best to expect.  However, such testing is usually 
conducted to predict mean times-to-failure notwithstanding the implications of Figures 1, 2, and 
3 as well as Figures 4, 5, 6, and 7. 
 
In general, the real problem of prediction is not predicting the mean time-to-failure since, by the 
time 50% have failed, the application has long since failed.  What needs to be predicted is the 
first failure or the first 0.1% of failures.  While it would be convenient to assume that the 
acceleration for the mean time is the same as that for 0.1%, such an assumption cannot be 
justified a priori.  For the data from an accelerated test to apply at the 0.1% or 0.001 probability 
would require that the expected values of β  for failures in the field would be the same as the β  
for failures in tests. 
 
Figure B.19.17 shows schematically a typical plot of field failures with β=1.0 and a schematic 
plot of hypothetical (but typical as in Figure B.19.4) data from an accelerated test with β=5.0.  
Here, while the mean value of the accelerated test is about 100 times less than that of the field 
failures (and thereby being a good acceleration), there is no acceleration at a 0.001 probability.  
The value of β=5.0 is chosen for this schematic since β  is generally increased as the stressors are 
increased and as the material chemistries are more homogeneous.   
 

 
 

Figure B.19.17  Schematic plot of probability of failure vs. time for field data and 
accelerated tests based on Weibull coordinates.  N-1 corresponds to assumed field results; 

A-1 corresponds to assumed accelerated testing.  From Staehle.3 
 
Figure B.19.17 shows that “accelerated testing” may not provide acceleration for the early 
failures, and such a result cannot be assumed without directly measuring the statistical 
parameters in the accelerated testing. 
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Conclusions 
 
1.  Corrosion data in the field and in laboratory testing are statistically distributed under the 

best of circumstances.  There are no bases for assuming that even well conducted testing or 
well-controlled field performance will produce failures at identical times. 

 
2. In choosing materials for testing, it is necessary to chose multiple sources that are typical of 

applications since a choice of a single heat could misrepresent either the mean, the most 
rapid or the least rapid rates of corrosion. 

 
3.  The occurrences of early failures are not likely to result from “bad heats” or carelessness, 

but are more likely to be the early failures in a regular distribution of failures. 
 
4.  Accelerated testing must consider whether the quantity to be predicted is the mean or early 

failures, e.g. 0.001 probability.  For predicting a 0.001 probability, the values of β ?for the 
accelerated test must be relevant to the application. 
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