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Abstract

The low-frequency corrosion fatigue (CF) crack growth behaviour of different low-alloy reactor pressure vessel steels was character-
ized under simulated boiling water reactor conditions by cyclic fatigue tests with pre-cracked fracture mechanics specimens. The exper-
iments were performed in the temperature range of 240–288 �C with different loading parameters at different electrochemical corrosion
potentials (ECPs). Modern high-temperature water loops, on-line crack growth monitoring (DCPD) and fractographical analysis by
SEM were used to quantify the cracking response. In this paper the effect of ECP on the CF crack growth behaviour is discussed
and compared with the crack growth model of General Electric (GE). The ECP mainly affected the transition from fast (‘high-sulphur’)
to slow (‘low-sulphur’) CF crack growth, which appeared as critical frequencies mcrit = f(DK, R, ECP) and DK-thresholds DKEAC = f(m, R,
ECP) in the cycle-based form and as a critical air fatigue crack growth rate da/dtAir,crit in the time-domain form. The critical crack
growth rates, frequencies, and DKEAC-thresholds were shifted to lower values with increasing ECP. The CF crack growth rates of all
materials were conservatively covered by the ‘high-sulphur’ CF line of the GE-model for all investigated temperatures and frequencies.
Under most system conditions, the model seems to reasonably well predict the experimentally observed parameter trends. Only under
highly oxidizing conditions (ECP P 0 mVSHE) and slow strain rates/low loading frequencies the GE-model does not conservatively cover
the experimentally gathered crack growth rate data. Based on the GE-model and the observed cracking behaviour a simple time-domain
superposition-model could be used to develop improved reference CF crack growth curves for codes.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The reactor pressure vessel (RPV) of boiling water reac-
tors (BWRs) is the most critical pressure-boundary compo-
nent as far as safety and plant life are concerned. Although
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most BWR RPV parts are usually protected by a stainless
steel cladding with a high resistance against intergranular
stress corrosion cracking (SCC), environmentally-assisted
cracking (EAC) has to be considered as a potential RPV
ageing mechanism, since in safety assessments an incipient
crack, which penetrates the cladding has to be postulated.
Furthermore, in several BWRs cladding was not applied
or was removed at some RPV locations, e.g., at the highly
stressed feedwater nozzle corner. Reliable quantitative
EAC crack growth rate (CGR) data are therefore required
for flaw tolerance evaluations and assessments of safety
margins.

Although both, the accumulated operating experience of
low-alloy steel primary pressure-boundary components
and the experimental/theoretical laboratory background
knowledge have basically confirmed the adequacy and con-
servative character of the ASME XI wet reference fatigue
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CGR curves under most BWR/normal water chemistry
(NWC) operating circumstances [1–6], several unfavour-
able critical combinations of material, loading and environ-
mental parameters, which can lead to accelerated CF with
CGRs well above the ASME XI wet reference fatigue CGR
curves [6], have been identified in research projects at Paul
Scherrer Institute (PSI). In a recent study [7], the mitigation
effect of BWR/hydrogen water chemistry (HWC) on SCC
and CF crack growth was evaluated for these critical
BWR parameter combinations. In the current paper some
selected aspects of this study are discussed. After an intro-
duction of the General Electric (GE) EAC crack growth
model [3,8], the effect of the electrochemical corrosion
potential (ECP) on CF crack growth is summarized and
compared to the predictions of the GE-model. Finally a
simple time-domain superposition-model, which could
serve as a basis for the development of new improved ref-
erence fatigue CGR curves, is briefly outlined.
2. GE EAC crack growth model

The GE EAC crack growth model for the low-alloy
steel/high-temperature water system is based on the film
rupture/anodic dissolution mechanism [3]. A linear super-
position of fatigue and EAC crack growth is assumed for
CF crack growth [8]. Characteristic cyclic CF crack growth
prediction trends of the GE-model under BWR conditions
are exemplarily shown in Figs. 1 (time-based form) and 2
(cycle-based form). Environmental acceleration of fatigue
crack growth in high-purity high-temperature water is
restricted to a certain air fatigue CGR and loading fre-
quency range, which is dependent on the ECP and steel sul-
phur content. Above the upper limit, the cyclic crack
growth Da/DN is dominated by pure mechanical fatigue
and does not depend on environment or loading frequency.
Below the lower critical CGR/frequency ‘high-sulphur’
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Fig. 1. Comparison of the time-based CF CGR da/dtEAC in oxygenated,
high-purity high-temperature water at different ECP-levels according to
the GE-model with the corresponding fatigue CGR in air da/dtAir under
otherwise identical loading and system conditions (=time-domain plot).
crack-tip environment conditions cannot be maintained
and the cyclic crack growth Da/DNEAC drop down either
to ‘low-sulphur’ CF or air fatigue CGRs.

In the GE-model, the CF crack growth through anodic
dissolution is controlled by the crack-tip strain rate and the
sulphur anion activity/pH in the crack-tip electrolyte,
which govern the oxide film rupture frequency and the dis-
solution/repassivation behaviour after the film rupture
event. The CF CGR increases with increasing crack-tip
strain rate and sulphide content and saturates above a crit-
ical strain rate of 10�3 s�1 (continuous dissolution). Above
a sulphide concentration of 0.02 ppm (‘low-sulphur thresh-
old’) in the crack-tip electrolyte, the formation of a new,
protective oxide layer is increasingly delayed by increasing
sulphide content, which thus leads to a larger increment of
crack advance by anodic dissolution per oxide-rupture
event. Above a sulphide content of 20 ppm (‘high-sulphur
threshold’), the sulphide effect on repassivation saturates
and a further increase in sulphide concentration does not
cause any additional delay of repassivation. Based on this
relationship between sulphur anion activity and repassiva-
tion, derived experimentally under simulated crack-tip elec-
trolyte conditions, a lower and upper limiting CF crack
growth equation could be defined. The so-called ‘low’-
and ‘high-sulphur’ CF lines represent a lower and upper
bounding line for CF crack growth in low-alloy steel in
high-temperature water. A critical high-sulphur anion
content has to be maintained in the crack-tip electrolyte
to sustain fast ‘high-sulphur’ CF CGRs (with strong envi-
ronmental acceleration of fatigue crack growth), otherwise
the CGRs quickly drop down to ‘low-sulphur’ CGRs (with
minor environmental acceleration) (Figs. 1 and 2). The
transition from ‘high’- to ‘low-sulphur’ CF CGRs is shifted
to lower air fatigue CGRs (Fig. 1) and loading frequencies/
DK (Fig. 2) exponentially with increasing ECP and linearly
with increasing steel sulphur content and sulphate/sulphide
concentration of the bulk environment.

A high ECP/dissolved oxygen (DO) content (sulphur
anion enrichment/retention in the crack enclave by migra-
tion), a high sulphur anion concentration in the bulk envi-
ronment, quasi-stagnant or low-flow rate (no dilution by
convection), a high steel sulphur content (dissolution of
MnS inclusions), or a sufficiently high CGR/crack-tip
strain rate/loading frequency1 (exposure of new, dissolv-
able MnS inclusions by the growing crack) favour the for-
mation of a crack-tip environment rich in sulphur anions
and therefore a high CF CGR. The crack-tip strain rate
generally increases with increasing loading frequency/rate,
load level, CGR, yield stress and susceptibility to dynamic
strain ageing (DSA) [1,3,8–10].
1 Although at high frequencies above 0.1 Hz, in particular at low load
ratios and in through-the-thickness cracks, the convective dilution of the
crack-tip electrolyte by the relative displacement of the crack flanks
between minimum and maximum stress portions during a fatigue cycle can
counteract this type of enrichment of sulphides.
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Fig. 2. Effect of loading frequency m (left plot) and DK (right plot) on the cycle-based CGR Da/DNEAC in oxygenated, high-purity high-temperature water
at three different ECP/DO-levels according to the GE-model. Additionally, the model predictions are compared to the corresponding ASME XI reference
fatigue CGR curves for the given loading conditions.
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3. Materials and experimental procedure

CF tests were performed under simulated BWR/NWC
and HWC operating conditions. The applied testing proce-
dure and used facilities are described in detail in [9,11] and
fully comply with the current state-of-the-art technology in
laboratory testing of EAC processes.

3.1. Materials

Several types of low-alloy, nuclear grade RPV steels
were investigated (Table 1) [9]. The investigated materials
are characteristic for RPVs of Western light water reactors.
Concerning the EAC behaviour, the steels mainly differ in
their DSA susceptibility and sulphur content/MnS
morphology.
Table 1
Overview on investigated low-alloy RPV steels (WQ = water quenched, FC
DSA = dynamic strain ageing: +++: high, ++: medium, +: low DSA suscept

Material S
(wt%)

Al (wt%) Nfree

(ppm)
He

20 MnMoNi 5 5
(=SA 508 Cl.3)

A 0.004 0.013 30 91
9.5

SA 508 Cl.2
(=22 NiMoCr 3 7)

B 0.004 0.015 2 90

SA 533 B Cl.1
(=20 MnMoNi 5 5)

C 0.018 0.030 <1 91
66
55

22 NiMoCr 3 7
(=SA 508 Cl.2)

D 0.007 0.018 3 89
64

20 MnMoNi 5 5
(=SA 508 Cl.3)

E 0.015
(0.003–0.053)

0.029 ? 90
66
60
All materials were quenched and tempered. Addition-
ally, some materials were (post-weld) heat-treated or stress
relieved. The RPV steels have a granular, bainitic (alloy A,
C, D, E) or a mixed bainitic/ferritic-pearlitic structure
(alloy B) with an average former austenitic grain size of
10–20 lm. The spatial distribution and morphology of
the MnS inclusions is fairly homogeneous and similar in
alloys A–D covering the range from small, spherical to
large (up to a few 100 lm), elongated inclusions. Alloy E
revealed distinct banded sulphur segregation zones with
large clusters of MnS inclusions.

3.2. Experimental procedure

The CF tests were performed in 10 l stainless steel auto-
claves with integrated electromechanical loading systems,
= furnace cooled, AC = air cooled, SR = stress relief heat-treatment,
ibility)

at treatment Micro-structure RP
288 �C

(MPa)
DSA

0–920 �C/6 h/WQ 640–650 �C/
h/FC

Bainitic 418 +++

0 �C/8 h/WQ 600 �C/9 h/AC Bainitic/
ferritic–pearlitic

396 +++

5 �C/12 h/AC/860 �C/12 h/WQ
0 �C/12 h/FC/610 �C/40 h/FC
0 �C/12 h/FC/550 �C/12 h/FC

Bainitic 412 ++

0–900 �C/7 h/WQ
0–650 �C/17 h/AC+SR

Bainitic 400 +

0 �C/9 h/WQ/650 �C/34 h/AC
0 �C/14 h/AC/550 �C/47 h
0 �C/8 h/AC

Bainitic 439 ++
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Fig. 3. High-temperature water loop with autoclave and electro-mechanical tensile machine.
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which were attached to sophisticated refreshing high-tem-
perature water loops (Fig. 3). During the experiments all
important data were recorded continuously. Usually, two
air fatigue pre-cracked, 25 mm thick compact tension spec-
imens (1 T C(T)) were simultaneously tested in a ‘daisy
chain’. The crack advance was continuously monitored
using the reversed direct current potential drop (DCPD)
method with a resolution limit of about 2–5 lm. The ECPs
and redox-potentials were measured with Cu/Cu2O/ZrO2-
membrane or external Ag/AgCl/0.01 M KCl reference elec-
trodes. After the tests all specimens were broken open at
liquid nitrogen temperature for fractographical analysis
in the SEM.

Before the cyclic loading was applied, the specimens
were pre-oxidized in the test environment at a small con-
stant pre-load for one week. The subsequent cyclic loading
in CF tests was performed under load control. Constant
load amplitude loading with a positive saw tooth (slow
loading, fast unloading) was applied. The rise time DtR,
load ratio R and load level were varied over a very broad
range. In most cases the KI,max values were below the
ASTM E647 limit.

BWR conditions were mostly simulated with high-pur-
ity, hydrogenated (HWC) or oxygenated (NWC) water at
a temperature of 288 �C. For HWC conditions, a dissolved
hydrogen content of 150 ppb was usually applied resulting
in a redox-potential and an ECP of �530 and �550 to
�600 mVSHE, respectively. For NWC conditions, usually
a DO content of 50, 400 or 8000 ppb was applied
(ECP = �100, + 50, or + 150 mVSHE). All tests were per-
formed under low-flow conditions (4–5 autoclave
exchanges per hour) with a local flow rate of some few
mm/s to generate conservative data with respect to most
plant locations with turbulent high-flow conditions.

4. Results and discussion

In the following sections the effect of ECP/DO content
on CF crack growth in low-alloy steel under BWR condi-
tions is summarized and the results are compared to the
predictions of the GE-model. Finally, a simple superposi-
tion-model, which could be used for the development of
engineering reference fatigue crack growth curves in high-
temperature water, is briefly introduced.

4.1. Effect of ECP on the CF crack growth behaviour

The effect of ECP on CF crack growth is exemplarily
illustrated by Figs. 4 (cycle-based CGRs) and 5 (time-based
CGRs) [12]. Depending on the loading conditions, the
ECP/DO content either had a very pronounced or only a
moderate effect on CF crack growth. Below a loading fre-
quency of 10 Hz, environmental acceleration of fatigue
crack growth was observed for all ECPs/DO contents
and the cycle-based CGRs Da/DNEAC were increasing with
decreasing loading frequency, following roughly the ‘high-
sulphur’ CF CGR line of the GE-model down to a fre-
quency of 10�2 Hz. In this frequency range, the same CF
CGRs Da/DNEAC were observed at a given frequency for
low and high ECP/DO values. The slightly lower CF
CGRs Da/DNEAC at 400–8000 ppb were related to the
slightly lower loading level in these tests. Below a critical
frequency mcrit of 10�2 (< 5 ppb DO) and 10�3 Hz (200
ppb DO), the cyclic CGRs Da/DNEAC dropped again down
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to ‘low-sulphur’ CF CGRs slightly above the air fatigue
CGRs, since ‘high-sulphur’ crack-tip environment condi-
tions could not be sustained anymore. On the other hand,
in oxygenated high-temperature water with a DO content
of 400 or 8000 ppb, fast CF crack growth with CGRs close
to the ‘high-sulphur’ CF CGRs could be sustained down to
the lowest loading frequency tested (10�5 Hz). Below
10�2 Hz, significantly different cycle-based CGRs Da/
DNEAC were observed at the different ECP and DO values.

The ECP mainly affected the transition from high to low
CF CGRs, which appeared as critical frequencies
mcrit = f(DK, R, R, ECP) and DK-thresholds DKEAC = f(m,
R, ECP) in the cycle-based form and as a critical air fatigue
CGR da/dtAir,crit = f(ECP) in the time-domain form. The
critical CGRs (Fig. 5) and frequencies (Fig. 4), as well as
the DKEAC-thresholds (Fig. 2) were shifted to lower values
with increasing ECP (or DO content). In Fig. 6 some exper-
imentally derived critical air fatigue CGRs da/dtAir,crit for
different ECPs are shown.
4.2. Comparison to the GE-EAC crack growth model

In general, a rather good correlation between the GE-
model and the observed CF cracking trends was observed
over a very wide range of system parameters. E.g., under
highly oxidizing BWR/NWC and reducing HWC condi-
tions, the low-frequency CF CGRs were close to the
‘high-sulphur’ and ‘low-sulphur’ CF line, respectively
(Fig. 7). At ECPs 6 �100 mVSHE, the model seems to rea-
sonably well predict the experimentally observed parameter
trends (Fig. 8) and critical air fatigue CGRs (Fig. 6). On
the other hand, there is now some increasing experimen-
tal evidence that the GE-model is not conservative
under highly oxidizing conditions (DO P 0.4 ppm, ECP P
0 mVSHE) and very low loading frequencies < 10�4 Hz.
This is exemplarily shown in Fig. 8. The model therefore
predicts too high critical frequencies mcrit, air CGRs da/
dtAir,crit, and DKCF-thresholds under these conditions.
DSA, which is not considered in the GE-model in its
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present form, may be one possible reason for this discrep-
ancy at low loading frequencies and high ECPs. In suscep-
tible materials, DSA may affect the EAC behaviour at
temperatures from 150 to 300 �C in particular at slow
strain rates/low loading frequencies < 10�4 s�1/< 10�4 Hz
(see Ref. [6]) by the strain localization and increase of yield
stress/work hardening exponent n (r = r + K � en). Within
the DSA temperature–strain rate range, DSA may thus
result in a higher crack-tip strain and strain rate than for
identical loading conditions outside the DSA range, or
than in a material which is not susceptible to DSA. DSA
may therefore have a similar effect as an increase in loading
frequency or DK.
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4.3. Superposition-model for CF crack growth in high-

temperature water

In the following paragraphs, a very simple superposi-
tion-model for the evolution of engineering reference
fatigue crack growth curves in high-temperature water
is outlined, which is based on the time-domain analysis
and considers some of the basic ideas of the GE-model
and some of the most dominant experimental parameter
effects (ECP, frequency), but ignores material (steel sul-
phur content) aspects in the present form. In this model,
the cycle-based CGR in high-temperature water Da/
DNEAC is just a simple linear superposition of the
cycle-based CGR in air Da/DNAir by pure mechanical
fatigue and of the corrosion-assisted CGR Da/DNEnv.
The first contribution is a purely cyclic-controlled process
and independent of loading frequency. The second contri-
bution only occurs during the rising load part of the fati-
gue cycle and is strongly dependent on crack-tip strain
rate de/dtCT (‘high-sulphur’ behaviour: da/dtEnv a � (de/
dtCT)n, ‘low-sulphur’ behaviour: da/dtEnv a � (de/dtCT),
saturation of da/dtEnv at high de/dtCT in both cases (?
continuous dissolution)) and loading frequency. Under
cyclic loading conditions it is assumed, that the crack-
tip strain rate is proportional to the experimentally
derived and known fatigue CGR in air (de/dtCT a da/
dtAir) under otherwise identical loading conditions. For
the onset of fast EAC (‘critical sulphur-anion concentra-
tion criteria’, see Ref. [6]), the fatigue CGR in air da/
dtAir has to exceed a critical CGR da/dtAir,crit, which is
strongly dependent on the ECP. Based on these assump-
tions, the CF crack growth in high-temperature water can
be described by the following equations, which are the
basis of the so-called ‘time-domain analysis method’
(Fig. 9):

da=dtEAC ¼ da=dtEnv þ da=dtAir; ð1Þ

da=dtAir ¼ f ðDtR;DK;RÞ; e:g:;

ASME XI air CGR equation ð2Þ

da=dtEnv :

�da=dtAir < da=dtAir;crit ¼ f ðECPÞ :
da=dtEnv ¼ 3 � da=dtAir ð3Þ

�da=dtAir;crit ¼ f ðECPÞ � da=dtAir < 3:7 � 10�8 m=s :

da=dtEnv ¼ C � ðda=dtAirÞm ð4Þ

�da=dtAir � 3:7 � 10�8 m=s :

da=dtEnv ¼ 2:3 � 10�7 m=s ð5Þ

These equations can be easily transformed in a cycle-based
form by multiplying them with the rise time DtR or dividing
them by the doubled loading frequency 2m. In contrast to
the time-based form, the cycle-based form (Da/DNEAC vs.
DK) splits into different curves for each m–R combination.
The parameters C, m and da/dtAir,crit have to be determined
by regression analysis of conservative experiments (e.g., by
adequate materials (high-sulphur content and high DSA
susceptibility), decreasing frequency and high load ratio
tests, 200–290 �C, etc.) for different important ECP re-
gimes, (e.g., BWR/NWC, BWR/HWC and pressurized
water reactor conditions). In contrast to da/dtAir,crit, C

and m are not dependent on ECP (Figs. 2 and 5). Based
on da/dtAir,crit = f(ECP), thresholds DKEAC = f(m, R,
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Fig. 11. Reasonable correlation between superposition-model and exper-
imental data at different system conditions [7].
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ECP) and critical frequencies mcrit = f(DK, R, ECP) for the
onset of EAC can be derived. The CF crack growth behav-
iour of low-alloy steels in oxygenated high-temperature
water can therefore be reasonably described by the pro-
posed model and by one single curve in the time-based
form for a given ECP value. Furthermore, it directly con-
siders frequency and ECP effects and inherently defines
‘immunity conditions’, where environmental effects on fati-
gue crack growth can be excluded or neglected (Fig. 9). In
the time-base form, this superposition-model can be easily
extended by an SCC crack growth part.

Such a time-domain analysis for a large data base of CF
tests [9,13] in oxygenated high-temperature water (simu-
lated BWR/NWC operating conditions) is shown in
Fig. 10. The air fatigue CGRs da/dtAir have been calculated
according to Eason [15,16]. Despite the wide range of
parameters, all CF CGR data were lying in a relatively
small scatter band of one half to one order of magnitude
and within a factor of 5 of the calculated regression curve.
The data indicates a critical CGR da/dtAir,crit < 10�13 m/s
under highly oxidizing BWR/NWC conditions
(+ 50 6 ECP 6 + 200 mVSHE).

A time-domain superposition analysis of a set of PSI
data at different ECP regimes can be described by the fol-
lowing equations:

da=dtEAC ¼ da=dtEnv þ da=dtAir ð6Þ
da=dtAir ¼ f ðDK;R;DtRÞ

¼ ð7:87 � 10�11=DtRÞððDK=ð2:88� RÞÞ3:07 ð7Þ

da=dtAir < da=dtAir;crit ¼ f ðECPÞ :
da=dtEnv ¼ 3 � da=dtAir ð8Þ

da=dtAir;crit 6 da=dtAir < 3:7 � 10�8 m=s :

da=dtEnv ¼ 6:6 � 10�3 � ðda=dtAirÞ0:6 ð9Þ

da=dtAirð3:7 � 10�8 m=s : da=dtEnv ¼ 2:3 � 10�7 m=s ð10Þ
(in m/s, s and MPa m1/2).
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Fig. 10. Time-domain analysis of CF test data in oxygenated high-
temperature water with a simple superposition-model.
Critical air fatigue CGRs da/dtAir,crit for high-sulphur
steels and low-flow conditions for three different ECP
regimes are summarizes here:

ECP ¼ �500 mVSHE : da=dtAir;crit � 7� 10�10 m=s

ECP ¼ �100 mVSHE : da=dtAir;crit � 8� 10�11 m=s

ECP ¼ þ200 mVSHE : da=dtAir;crit < 1� 10�13 m=s

In Fig. 11, predictions based on Eqs. (6)–(10) are compared
to experimental data [7]. A reasonably good correlation is
observed for these testing conditions, which reveals the po-
tential of this model for the prediction of CF CGR data of
low-alloy steels and for the development of improved engi-
neering reference fatigue crack growth curves in high-tem-
perature water.

5. Summary and conclusions

The low-frequency (6 10�2 Hz) CF crack growth
behaviour of different RPV steels was characterized under
simulated BWR/NWC and HWC conditions by cyclic
fatigue tests with pre-cracked fracture mechanics speci-
mens. The effect of ECP on the crack growth behaviour
was discussed and the test results were compared to the
GE EAC crack growth model. Finally a superposition-
model for the development of improved reference fatigue
crack growth curves was presented. In the following
paragraphs, the most important conclusions are
summarized:

Effect of ECP: The ECP mainly affected the transition
from fast (‘high-sulphur’) to slow (‘low-sulphur’) CF
crack growth, which appeared as critical frequencies
mcrit = f(DK, R, R, ECP) and DK-thresholds DKEAC = f(m,
R, ECP) in the cycle-based form and as critical air fati-
gue CGRs da/dtAir,crit = f(ECP) in the time-domain form.
The critical CGRs, frequencies, and DKEAC-thresholds
were shifted to lower values with increasing ECPs (or
DO contents).
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GE-model: The CF CGRs of all materials were conser-
vatively covered by the ‘high-sulphur’ CF line of the GE-
model for all investigated temperatures and frequencies.
At most system conditions, the GE-model seems to reason-
ably well predict the experimentally observed parameter
trends. Only under highly oxidizing conditions (DO P
0.4 ppm, ECP P 0 mVSHE) and slow strain rates/low
loading frequencies the GE-model does not conservatively
cover the experimentally gathered CGR data. DSA, which
is not considered in the GE-model, could be the reason for
this discrepancy at low loading frequencies and high ECPs.

Superposition-model: A simple time-domain superposi-
tion-model, which includes both ECP and loading fre-
quency effects, gives an accurate and realistic description
of the CF crack growth behaviour of low-alloy steels in
high-temperature water over a wide range of system condi-
tions. This model could reduce most of the undue conser-
vatism and eliminate uncertainties of the existing codes
and therefore serve as a basis for the development of
improved reference fatigue crack growth curves.
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