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1 Abstract 
The strain-induced corrosion cracking or low-frequency corrosion fatigue (LFCF) crack growth be-
haviour of different reactor pressure vessel (RPV) steels and of a RPV weld filler/weld heat-affected 
zone (HAZ) material were characterized under simulated transient boiling water reactor/normal water 
chemistry conditions by cyclic fatigue tests with pre-cracked fracture mechanics specimens. The ex-
periments were performed in oxygenated high-temperature water at temperatures of either 288, 250, 
200, or 150 °C. Modern high-temperature water loops, on-line crack growth monitoring (DCPD) and 
fractographical analysis by SEM were used to quantify the cracking response. 
 
Under low-flow and highly oxidising conditions (ECP > 0 mVSHE, O2 ≥ 0.4 ppm) the cycle-based 
LFCF crack growth rates (CGR) ∆a/∆N increased with decreasing loading frequency and increasing 
temperature with a maximum/plateau at/above 250 °C. Sustained environmentally-assisted crack 
growth could be maintained down to low frequencies of 10-5 Hz. The LFCF CGR of low- and high-
sulphur steels and of the weld filler/HAZ material were comparable over a wide range of loading con-
ditions and conservatively covered by the “high-sulphur line” of the General Electric-model. The 
“ASME XI wet fatigue CGR curves” could be significantly exceeded in all materials by cyclic fatigue 
loading at low frequencies (< 10-2 Hz) at high and low load ratios R. 
 
Keywords: Environmentally-assisted cracking, corrosion fatigue, low-alloy RPV steels, weld HAZ, 

BWR/NWC conditions, high-temperature water. 

2 Introduction 
Low-alloy steels (LAS) are widely used for the reactor pressure vessel (RPV) of light water reactors 
(LWR), which is the most critical pressure-boundary component as far as safety and plant life are con-
cerned. The possible effect of environmentally-assisted cracking (EAC) on RPV structural integrity 
therefore continues to be a key concern within the context of both reactor safety and evalua-
tion/extension of plant service life. The accumulated operating experience and performance of low-
alloy primary pressure-boundary components is very good worldwide [1 – 5]. The current fatigue de-
sign and evaluation codes (ASME III and XI) have been quite successful in preventing fatigue cracks 
and failures in LAS components and would therefore seem to be adequate or conservative under most 
operating circumstances. Instances of EAC have occurred particularly in boiling water reactor (BWR) 
service, most often in LAS piping and, very rarely, in the RPV itself [1 – 5]. Oxidising agents, usually 
dissolved oxygen (DO), and relevant dynamic straining (e.g., arising from thermal stratification, ther-
mal and pressurisation cycles during start-up/shut-down, etc.) were always involved [1 – 6]. These 
cases were attributed either to strain-induced corrosion cracking (SICC) or low-frequency corrosion 
fatigue (LFCF) (Table 1) [2, 4]. 
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Operational experience [1 – 5] and laboratory background knowledge [7] both indicate, that the cur-
rent fatigue design curves in Appendix A of the ASME Boiler and Pressure Vessel Code, Section XI, 
might be non-conservative for certain critical, short-lived, BWR plant transients (start-up/shut-down, 
hot stand-by, thermal stratification, etc.) and that SICC or very low-cycle corrosion fatigue covers the 
most important gap in the field of EAC of LAS. There is a relevant lack of quantitative SICC/LFCF 
crack growth data under these critical conditions (i.e., at slow strain rates or very low cyclic frequen-
cies (< 10-2 Hz), intermediate temperatures (150 to 270 °C) and high corrosion potentials (ECP)) [1 – 
9]. Under these combinations of temperature and strain rate, weld and weld HAZ materials could 
eventually reveal higher CF CGR than the base metal, because of dynamic strain ageing (DSA) [9, 10] 
or hydrogen-induced EAC (if hardness of HAZ > 350 HV) [11 – 12]. An EAC project [9] was there-
fore started at Paul Scherrer Institute (PSI) to evaluate and assess the adequacy and conservatism of 
the current reference fatigue crack growth curves in LWR coolant environment in Appendix A of the 
ASME Boiler and Pressure Vessel Code, Section XI (“ASME XI wet fatigue CGR curves”) [13] and 
of existing crack growth models (GE-model [3]) under these critical conditions. In this project differ-
ent RPV steels and weld filler/weld HAZ materials were investigated. The current paper presents some 
important results and conclusions of this experimental parameter study. The special emphasis is placed 
to loading frequency, temperature and material effects. 

Table 1: Basic types of environmentally-assisted cracking. 
 Environmentally-assisted cracking (EAC) 

Mechanism SCC 
Stress corrosion cracking 

SICC 
Strain-induced 

corrosion cracking 

CF 
Corrosion fatigue 

Type of loading Static Slow monotonically rising 
or very low-cycle 

Cyclic: 
low-cycle, high-cycle 

LWR operation con-
dition 

Transient-free, steady-
state power operation  

Start-up/shut-down, 
thermal stratification 

Thermal fatigue, 
thermal stratification, … 

Characterization     
of crack growth 

BWRVIP-60 
Disposition Lines ? ASME XI, 

Code Case N-643 (PWR) 
Characterization     
of crack initiation ? Susceptibility conditions: 

ECPcrit, dε/dtcrit, εcrit

ASME III, 
Fenv-approach 

3 Experimental Procedure 
3.1 Materials 
Five different types of low-alloy, nuclear grade RPV steels (base metal and HAZ) with either a low, 
medium, or high sulphur (and aluminium) content and a RPV weld filler material were investigated 
(Tables 2 and 3) [8, 9, 14]. The weld filler and weld HAZ materials were taken from the circumferen-
tial core girth weld of a German pressurised water RPV (Biblis C, 1976), which has not been commis-
sioned.  

Table 2:Chemical compositions of investigated steels in wt.%. 
Material  C Si Mn P S Cr Mo Ni V Al Cu 

20 MnMoNi 5 5 A 0.210 0.25 1.26 0.004 0.004 0.15 0.50 0.77 0.008 0.0130 0.06 
SA 508 Cl. 2 B 0.210 0.27 0.69 0.005 0.004 0.38 0.63 0.78 0.006 0.0150 0.16 

SA 533 B Cl. 1 C 0.250 0.24 1.42 0.006 0.018 0.12 0.54 0.62 0.007 0.0300 0.15 
22 NiMoCr 3 7 D 0.215 0.20 0.91 0.008 0.007 0.42 0.53 0.88 0.007 0.0180 0.04 

Weld Filler E 0.054 0.17 1.19 0.013 0.007 0.04 0.55 0.94 0.006 0.0053 0.06 
20 MnMoNi 5 5 F 0.260 0.32 1.44 0.016 0.015 0.15 0.61 0.63 0.020 0.0290 0.17 

HAZ of D G 0.215 0.20 0.91 0.008 0.007 0.42 0.53 0.88 0.007 0.0180 0.04 

All base materials were quenched and tempered. The weld filler, weld HAZ, and some base materials 
were post-weld heat-treated or stress relieved. The RPV steels had a granular, bainitic (alloy A, C, D, 
F) or a mixed bainitic/ferritic-pearlitic structure (alloy B) with an average former austenitic grain size 
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of 10 to 20 µm. The spatial distribution and morphology of the MnS inclusions was fairly homogene-
ous and similar in alloys A to D covering the range from small, spherical to large (up to a few 
100 µm), elongated inclusions. Alloy F revealed distinct banded sulphur segregation zones with large 
clusters of MnS inclusions. The weld filler material E had a very fine-grained, ferritic microstructure 
with a mean grain size of ≤ 6 µm. This material revealed a very fine-dispersed distribution of ex-
tremely small (≤ 1 µm), spherical MnS-inclusions. The maximum hardness/microhardness and tensile 
residual stress in the region of the fusion line/HAZ [14] was limited to 320 HV1/350 HV0.5 and to 30 
to 40 MPa. Concerning the EAC behaviour, the steels mainly differed in their DSA susceptibility and 
sulphur content/MnS morphology (Table 3). 

Table 3: Important properties of investigated LAS (WQ = water quenched, FC = furnace cooled, AC= 
air cooled, SR = stress relief heat treatment, DSA-index (T = 250 °C) = (Z1E-3 %/s - Z1E-1 %/s)/Z1E-1 %/s = 
ductility loss, +++: high, ++: medium, +: low DSA susceptibility). 

Material  S 
[wt.%] 

Al 
[wt.%] 

Nfree
[ppm] Heat treatment Micro-

structure 
RP

288°C   
[MPa] 

DSA- 
index 

20 MnMoNi 5 5 
(≡ SA 508 Cl.3) A 0.004 0.013 30 910-920°C/6h/WQ, 

640-650°C/9.5h/FC  Bainitic 418 -12.3 % 
+++ 

SA 508 Cl.2 
(≡ 22 NiMoCr 3 7) B 0.004 0.015 2 900°C/ 8h/WQ              

600°C/9h/AC  

Bainitic/ 
ferritic-
pearlitic 

396 -16.4 % 
+++ 

SA 533 B Cl.1 
(≡ 20 MnMoNi 5 5) C 0.018 0.030 < 1 

915°C/12h/AC/860°C/12h/WQ  
660°C/12h/FQ/610°C/40h/FQ 
550°C/12h/FQ/550°C/12h/FQ

Bainitic 412 -8.9 % 
++ 

22 NiMoCr 3 7 
(≡ SA 508 Cl.2) D 0.007 0.018 3 890-900°C/7h/WQ           

640-650°C/17h/AC+SR* Bainitic 400 -0.58 % 
+  

S3 NiMo 1 
RPV weld filler E 0.007 0.005 16 

*540-555°C/59h/465°C/     
590-610°C/21h/465°C/        
590-605°C/11.25h/AC 

Ferritic 430 -2.6 % 
+ 

20 MnMoNi 5 5     
(≡ SA 508 Cl. 3) F 

0.015 
(0.003 – 
0.053) 

0.029 ? 
900°C/9h/WQ/650°C/34h/AC/ 

660°C/14h/AC/550°C/47h/ 
600°C/8h/AC 

Bainitic 439 -9.1 % 
++ 

Weld HAZ of D G 0.007 0.018 ? 
540-555°C/59h/465°C/        
590-610°C/21h/465°C/        
590-605°C/11.25h/AC  

– 640 ? 

3.2 Specimens 
25 mm thick compact tension specimens (1T-C(T)) according to ASTM E399 were used for all ex-
periments. The base metal specimens were manufactured from forged ingots or hot-rolled steel plates 
mainly in T-L or L-T orientation. The weld and weld HAZ specimens were manufactured in the T-L 
or L-T and T-S or T-L orientation. The specimens were pre-cracked by fatigue in air at room tempera-
ture, using a load ratio R of 0.1. The maximal KI at the final load step was ≤ 15 MPa·m1/2. The fatigue 
pre-crack of the HAZ specimens was positioned in the middle of the HAZ close to the peak hardness 
region. Because of the wavy form of the fusion line, small parts of the pre-crack plane were in some 
cases in the region of the fusion line or in the sub-critical part of the HAZ. 

3.3 Environmental Parameters 
The tests were performed in modern high-temperature water re-circulating loops under simulated 
BWR/NWC conditions, i.e., in oxygenated high-temperature water at temperatures of either 288, 250, 
200, or 150 °C. Water chemistry (oxygen content and conductivity) and flow rate were measured at 
the autoclave inlet and outlet. Inside the autoclave pressure and temperature were measured. The 
stainless steel autoclave volume of 10 litre was exchanged three to four times per hour. In the vicinity 
of the specimens a flow velocity in the range of mm/s was obtained. The concentration of DO was ad-
justed by adding an argon-oxygen mixture to the storage tank. After the demineralised water in the 
storage tank was purified by ion exchangers, the conductivity was controlled by dosing 0.02 M 
Na2SO4 to the high-purity (≤ 0.06 µS/cm) water. Concentration of DO and conductivity were con-
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trolled at the inlet water and were varied from 0.4 to 8 ppm and 0.06 to 1.0 µS/cm (<1 to 370 ppb 
SO4

2-). Ionic impurities of the water (inlet and outlet) were analysed by Inductive Coupled Plasma –
Atomic Emission Spectroscopy and Ion Chromatography about four times each test [8, 9]. 
 
The ECP of the specimens and the redox potential (platinum probe) were continuously monitored by 
use of an external Ag/AgCl/0.01 M KCl-reference electrode. The specimens were electrically insu-
lated from the autoclave, from each other, and from the clip gauges by ZrO2 spacers. The ECP reached 
a quasi steady state during the conditioning phase and only rised ca. 30 mV during 1000 h [8, 9].

3.4 Crack Growth Monitoring and Fractographical Post-Test Evaluation 
Crack advance was continuously monitored using the reversed direct current potential drop (DCPD) 
method with a resolution limit of about 5 µm. The crack growth increment was calculated by the John-
son formula. The mean pre-fatigue crack length was assigned to the potential drop at the point of crack 
growth initiation during initial loading in the test, as determined according to ASTM E1737. The cal-
culated crack length at the end of the experiment was then verified and, if necessary, corrected with 
regard to the mean final crack length as revealed by post-test fractography. In the case of fairly uni-
form crack advance, the difference between calculated and fractographically determined increment of 
crack advance was <1 to 5 %. The specimens were broken open at liquid nitrogen temperature for 
post-test evaluation. For fractographical analysis in the SEM, the oxide film on the fracture surface 
was removed by galvanostatic reduction in an ENDOX-bath [8, 9]. 

3.5 Mechanical Loading 
Two pre-cracked specimens were investigated simultaneously under the test conditions in oxygenated 
high-temperature water in a daisy chain. The load was actuated with a screw-driven, electromechanical 
tensile machine with computer control. The KI values were calculated according to ASTM E399 by 
the measured load and by the actual mean crack length, derived by post-test fractographical evaluation 
and by DCPD method [8, 9]. 
 
The different phases of the experiments are shown in Figure 1. The specimens were loaded with a 
small mechanical pre-load of approximately 9 kN, corresponding to a KI between 12 and 18 MPa⋅m1/2, 
and the autoclave was heated in deoxygenated high-purity water (1). Thereupon the conditioning 
phase followed, where the environmental parameters were adjusted and the specimens were pre-
oxidised for ≥ 168 hours (2). The subsequent cyclic loading in LFCF tests was performed under load 
control. Constant load amplitude loading with a positive saw tooth waveform (slow loading, fast 
unloading) was applied (3). In most cases the KI

max values were below the ASTM E647 limit. Finally 
the specimens were unloaded and the autoclave cooled down (4). [8, 9]

1:Heating phase   2: Conditioning phase
3: Low-frequency fatigue phase (∆tR)    4:Cooling phase

∆t

Load, KI

Asymmetrical saw 
tooth loading

Temperature

Environmental parameters
O2, κ, ...

Time t

168 h

Time tt = 0

Time t

1 2 3 4
∆tR

Pre-load         
KI << KI SCC

1:Heating phase   2: Conditioning phase
3: Low-frequency fatigue phase (∆tR)    4:Cooling phase

∆t

Load, KI

Asymmetrical saw 
tooth loading

Temperature

Environmental parameters
O2, κ, ...

Time t

168 h

Time tt = 0

Time t

1 2 3 4
∆tR

Pre-load         
KI << KI SCC

 

150 200 250 300
10-12

10-11

10-10

10-9

10-8 20 MnMoNi 5 5, 0.004 wt.% S, A
R = 0.8, ∆K = 11. 7 - 13.7 MPa·m1/2

DO = 8 ppm, 65 ppb SO4
2-

 ν = 8.3·10-4 Hz, ∆tR = 1000 s
 ν = 1·10-4 Hz, ∆tR = 10000 s
 ν = 1·10-5 Hz, ∆t

R
 = 100000 s

da
/d

t EA
C  

[m
/s

]

Temperature  [°C]
 

Figure 1: Schematic of the LFCF tests. Figure 2: Effect of temperature on da/dtEAC from 
LFCF tests at different frequencies. Alloy A. 
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4 Results and Discussion 
4.1 Effect of Temperature and Loading Frequency 
To investigate the effect of temperature and loading frequency on corrosion fatigue (CF), several 
LFCF tests with the RPV steels A to C and the weld filler/weld HAZ material E/G at four different 
temperatures (150, 200, 250, and 288 °C) were performed in oxygenated high-temperature water 
(DO = 8 ppm) with a conductivity of 0.25 µS/cm (65 ppb SO4

2-). The ECP decreased from 
+250 mVSHE at 150 °C to +150 mVSHE at 288 °C. A positive saw tooth loading with a high R value of 
0.8, a ∆K of 11.7 to 13.7 MPa⋅m1/2 and loading frequencies ν of 10-5, 10-4, 8.3⋅10-4, and 2.5⋅10-3 Hz 
were applied. 
 
For all frequencies and materials, both cycle-based CGR ∆a/∆NEAC and time-based CGR da/dtEAC in-
creased with increasing temperature from 150 to 250 °C. In alloy A, B and the HAZ material G no no-
ticeable change in CF CGR was observed by further increasing the temperature from 250 to 288 °C. In 
alloy C and the weld material E a maximum in CGR was observed at 250 °C and CF CGR decreased 
again by further increasing the temperature from 250 to 288 °C. This is exemplarily shown in Fig-
ures 2 and 3 for the time-based CGR in alloy A and the weld material E. In the temperature range from 
150 to 250 °C, an Arrhenius activation energy EA between 40 and 50 KJ/mol was calculated for the 
different frequencies and materials [8]. 
 
For all materials and temperatures, the CF crack advance per cycle ∆a/∆NEAC increased with decreas-
ing frequency, whereas the time-based da/dtEAC decreased with decreasing frequency. In alloy B, C, 
and the weld material E at 288 °C, in alloy B at 250 °C, and in the HAZ material G at 200/ 250 °C no 
noticeable change of the CF crack advance per cycle ∆a/∆NEAC was observed by a reduction of the 
loading frequency from 10-4 to 10-5 Hz. Based on the results from other temperatures and other materi-
als, it is concluded that this might be rather an experimental artefact than “critical frequency behav-
iour”, since there are many reasons for cessation, crack arrest and local crack pinning phenomena, 
which could feign such a behaviour. Depending on temperature and material a power law relationship 
(∆a/∆NEAC = A⋅ν-n) between crack advance per cycle ∆a/∆NEAC and loading frequency ν was observed 
in the loading frequency range form 10-5 to 10-2 Hz with an exponent of 0.4 to 0.65 (typically 0.5 to 
0.6). In most cases, stable and stationary CF crack growth was observed down to very low frequencies 
of 10-5 Hz. This behaviour is exemplarily shown in Figures 4 and 5 for alloy A and the HAZ G. 

150 200 250 300
10-12

10-11

10-10

10-9

10-8 RPV weld, 0.007 wt.% S, E
R = 0.8, ∆K = 12 - 13.4 MPa·m1/2

DO = 8 ppm, 65 ppb SO4
2-

 ν = 8.3·10-4 Hz, ∆tR = 1000 s
 ν = 1·10-4 Hz, ∆t

R
 = 10000 s

 ν = 1·10-5 Hz, ∆t
R
 = 100000 s

da
/d

t EA
C  

[m
/s

]

Temperature  [°C]
 

10-5 10-4 10-3 10-2
0.1

1

10

100

ASME XI "wet"

250 °C
288 °C
200 °C
150 °C

20 MnMoNi 5 5, 0.004 wt.% S, A
DO = 8 ppm, 65 ppb SO4

2-

R = 0.8, ∆K = 12.0 - 13.7 MPa·m1/2

∆
a/
∆

N EA
C  

[µ
m

/c
yc

le
]

Frequency ν  [Hz]
 

Figure 3: Effect of temperature on da/dtEAC at 
different frequencies. Weld filler material E. 

Figure 4: Effect of loading frequency and tem-
perature on ∆a/∆NEAC in alloy A. 

The same frequency trends and very similar LFCF CGR have also been observed in high-purity (κ ≤ 
0.06 µS/cm, < 1 ppb SO4

2-/Cl-), high-temperature water with a DO (ECP) of 8 (+150 to +200 mVSHE) 
and 0.4 ppm (0 to +60 mVSHE) at temperatures of 288 and 250/240 °C for low and high load ratios R 
of 0.2 and 0.8. Sustained CF crack growth has also been observed down to extremely low loading fre-
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quencies of 3⋅10-6 Hz under these conditions. The effect of loading frequency on the cycle-based CGR 
∆a/∆NEAC at a realistic DO concentration of 0.4 ppm is exemplarily shown in Figure 6 for alloy F for a 
load ratio of 0.2 and 0.8. Additionally, the corresponding “ASME XI wet fatigue CGR” and results of 
the RPV steel A at a loading frequency of 8.3⋅10-4 Hz are also shown. Under low-flow conditions, the 
“ASME XI wet fatigue CGR” could be significantly exceeded in high-purity, high-temperature water 
with a DO content of 0.4 and 8 ppm at loading frequencies ≤ 10-2 Hz and temperatures ≥ 150 °C (Fig-
ures 4 to 6). 
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HAZ, 0.007 wt.% S, G, TS 

∆
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∆
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C  

  [
µm

/c
yc

le
]

Frequency ν   [Hz]
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 R = 0.8, ∆K = 12 MPa·m1/2

 20 MnMoNi 5 5, 0.015 wt.% S, F, 240 °C

ASME XI "Wet"

∆
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∆N

EA
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/c
yc
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]
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Figure 5: Effect of loading frequency and tem-
perature on ∆a/∆NEAC in HAZ G. 

Figure 6: Effect of loading frequency on 
∆a/∆NEAC  in alloy F and A and comparison to 
“ASME XI wet fatigue CGR”. 

4.2 Effect of Loading Conditions 
LFCF tests at different frequencies ranging from 2.9⋅10-6 to 1.4⋅10-2 Hz and at three different load ratio 
R (and ∆K) levels of 0.2 to 0.34 (22.9 to 64.4 MPa⋅m1/2), 0.7 to 0.88 (7.8 to 18.4 MPa⋅m1/2), and 0.95 
to 0.98 (3.2 to 1.5 MPa⋅m1/2) were conducted at 150 to 288 °C in water with 8 or 0.4 ppm DO and 65 
or < 1 ppb SO4

2-. 
 
In Figure 7, CF crack growth increments per fatigue cycle for all materials, temperatures, and all load 
ratios are plotted versus the applied stress intensity factor amplitude ∆K and are compared to the cor-
responding “ASME XI wet fatigue CGR curves”. The CF CGR ∆a/∆NEAC increased with increasing 
∆K and load ratio and decreasing loading frequency [9]. For loading frequencies < 10-3 Hz, the cycle-
based CGR ∆a/∆NEAC in LFCF tests significantly exceeded the “ASME XI wet fatigue CGR curves” 
by a factor of 2 to 100 for all materials as well as for low and high load ratios. Furthermore, the ripple 
load tests at very high load ratios R of > 0.95 indicated an EAC-threshold ∆KEAC of ≤ 2 MPa⋅m1/2 for 
highly oxidising conditions [9], which is significantly smaller than the apparent thresholds of the 
“ASME XI wet fatigue CGR curves”. Values below the “ASME XI wet fatigue CGR curves”, a no-
ticeable mechanical fatigue crack growth contribution to the total CF crack growth, and associated fa-
tigue striations on the fracture surface were only observed at loading frequencies ≥ 10-3 Hz. Figure 8 
shows such an example of fatigue striations on the fracture surface of an alloy B specimen. The excess 
difference from the “ASME XI wet fatigue CGR curves” increased with decreasing frequency and ∆K, 
increasing load ratio R and increasing temperature with a maximum at 250 °C. 
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Figure 7: Effect of loading conditions on 
∆a/∆NEAC and comparison with the “ASME XI 
wet fatigue CGR curves”. Alloy A – C, E, G. 

Figure 8: SEM micrograph of fatigue striations 
on the fracture surface of alloy B specimen 
(150 °C, 8 ppm DO, R = 0.8, v = 2.5⋅10-3 Hz). 

4.3 Effect of Material Parameters 
At a DO ≥ 0.4 ppm, neither the sulphate nor the DO content had an effect on the LFCF CGR [9]. Un-
der these highly oxidising conditions (ECP > 0 mVSHE), the low- and high-sulphur RPV steels and the 
weld filler/weld HAZ materials E/G showed a comparable CF crack growth behaviour over a wide 
range of environmental (<1 to 370 ppb SO4

2-, 0.4 to 8 ppm DO) and loading conditions (∆K, R, ν). 
This is shown in Figure 9 for a temperature of 288 °C and different loading conditions. In Figure 9 the 
measured CF CGR da/dtEAC are plotted versus the corresponding fatigue CGR da/dtAir in air under oth-
erwise identical loading conditions. Air fatigue CGR have been calculated according to Eason [15]. 
All the CGR data of the different materials were within a small scatter band of one half (ν > 10-3 Hz) 
to one order (ν ≤ 10-3 Hz) of magnitude over a wide range of loading conditions with different load ra-
tios R, stress intensity factor amplitudes ∆K, and loading frequencies ν. The observed range of CGR 
data for the different materials/microstructures for a given da/dtAir was in the same order of magnitude 
as the scatter of CF CGR in RPV steels with homogeneous sulphur distribution at a loading frequency 
of 10-4 Hz. Therefore, neither the sulphate nor the sulphur content or microstructure had a significant 
effect on LFCF CGR under these highly oxidising conditions. The same behaviour has also been ob-
served in slow rising load (SRL) tests under identical system conditions [8]. 
 
A different trend in the LFCF crack growth behaviour under highly oxidising conditions was only ob-
served at intermediate temperatures (200 to 250 °C) and/or very low loading frequencies ≤ 3⋅10-5 Hz 
(Figure 10). At 250 °C and at a loading frequency of 10-5 Hz the cycle-based CGR ∆a/∆NEAC increased 
with increasing DSA susceptibility, which even seemed to dominate the effect of steel sulphur content. 
The RPV steels A and B with a low sulphur content of 0.004 wt.% S and high DSA susceptibility re-
vealed a higher cycle-based CGR ∆a/∆NEAC under these conditions than the high sulphur steel C 
(0.018 wt.% S) with a moderate DSA susceptibility. With increasing loading frequency, the difference 
between the materials disappeared. At a loading frequency of 8.3⋅10-4 Hz all materials revealed very 
similar CF CGR. At 288 °C and a loading frequency of 10-5 Hz on the other hand, the cycle-based 
CGR ∆a/∆NEAC seemed to better correlate to the steel sulphur content than to the DSA susceptibility 
and increased with increasing sulphur concentration [9]. 
 
The CF crack growth behaviour at 288 °C may be explained by the GE-model [3, 16] (film rup-
ture/anodic dissolution mechanism) and a critical sulphur-anion concentration in the crack-tip electro-
lyte for fast EAC and its dependence on the steel sulphur content, bulk sulphur anion concentration, 
ECP and CGR/loading frequency. The maximum/plateau of CF CGR at/above 250 °C and the higher 
cycle-based CGR ∆a/∆NEAC for the low-sulphur steels with a high DSA susceptibility at intermediate 
temperatures and very low loading frequencies ν ≤ 3⋅10-5 Hz clearly indicated that DSA might affect 
the CF crack growth behaviour and eventually even dominate steel sulphur effects under certain tem-
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perature/loading frequency combinations. Similarly, a good correlation between DSA and SICC sus-
ceptibility in SRL tests [8] and between SCC CGR at intermediate temperatures in constant load tests 
[9] was observed in other PSI investigations. This further confirmed the possible effect of DSA on 
EAC. DSA may result in a higher crack-tip strain and strain rate than outside the DSA range or than in 
a material, which is not susceptible to DSA [9, 10]. The inhomogeneous localisation of deformation, 
the increase in dislocation density and increase in planar deformation by DSA can result in a reduction 
of the local fracture toughness and favour brittle crack extension, but also in the mechanical rupture of 
the protective oxide film and therefore crack advance by anodic dissolution/hydrogen embrittlement 
mechanism [9, 10]. Therefore, DSA may synergistically interact with both mechanisms to increase 
EAC susceptibility. The concentration of “free”, interstitial nitrogen and carbon, which mainly govern 
the DSA susceptibility in LAS, might therefore be just as relevant for EAC susceptibility as the steel 
sulphur content. 
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Figure 9: Comparison of da/dtEAC from LFCF 
tests with different alloys/microstructures. 

Figure 10: Comparison of ∆a/∆NEAC from LFCF 
tests with alloys A, B and C. 

4.4 Comparison to the GE-Model 
As shown in previous papers [8, 9], the LFCF CGR data of all materials were lying between the “high- 
and low-sulphur line” of the GE-model [3, 16] and were conservatively covered by the “high-sulphur 
line” for all frequencies and temperatures. The model correctly predicts most experimentally observed 
data trends. There is now some increasing experimental evidence that the transition curves between 
the “low-“ and “high-sulphur line” of the model do not conservatively cover the results under highly 
oxidising conditions. This is exemplarily shown in Figures 11 and 12. 
 
In Figure 11 the results of a LFCF test (R = 0.8, ∆K = 10.9 to 13 MPa⋅m1/2, 10-5 to 3⋅10-3 Hz) with the 
RPV steel F (0.015 wt.% S) in high-purity water (≤ 0.06 µS/cm) with a DO of 0.4 ppm (+60 mVSHE) 
are compared to the predictions of the GE-model [3, 16]. Additionally, the corresponding “ASME XI 
wet fatigue CGR” for these loading conditions in an inert (“air”) and in high-temperature water envi-
ronment (“wet”) are plotted. The exact transition lines for the given test conditions were not available. 
The plotted transition line for an ECP of +100 mVSHE is based on a steel sulphur content of 0.02 wt.%, 
high-purity water and quasi-stagnant flow conditions and should therefore conservatively cover the 
test conditions. Under these conditions, the GE-model would predict a critical frequency of ca. 10-

3 Hz, which was not confirmed by test results, where an increase of the LFCF CGR ∆a/∆NEAC with de-
creasing loading frequency down to very low values of 10-5 Hz was observed. This clearly indicated 
that the transition curves of the model might be not conservative under highly oxidising conditions 
(ECP > 0 mVSHE). DSA, which is not considered in the GE-model, might be one possible reason for 
this discrepancy. In susceptible materials, DSA may affect the EAC cracking behaviour at tempera-
tures from 150 to 300 °C, in particular at slow strain rates/low loading frequencies < 10-4 s-1/ < 10-4 Hz 
(see “Effect of Material Parameters”). 

 -8-



10-6 10-5 10-4 10-3 10-2 10-1 100 101 102
0.01

0.1

1

10

100

1000

ASME XI "Wet"

ASME XI "Air"

 Superposition-Model with

 GE-Model: High-Sulphur Line, Transition 
          Curve for ECP = +100 mV

SHE
, 0.020 % S

∆a
/∆

N EA
C  

  [
µm

/c
yc

le
]

Frequency ν  [Hz]

 20 MnMoNi 5 5, F, 0.015 % S, O2 = 400 ppb 
         κ = 0.06 µS/cm, ECP = +60 mV

SHE

         R = 0.8, ∆K = 10.9 - 13.0 MPa·m1/2

 

10-13 10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-510-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

ECP = 
+200 mVSHE

da
/dt Air

 GE-Model, "High-Sulphur Line"
 Superposition-Model

240 °C
250 °C288 °C

T = 240 - 288 °C
0.4 - 8 ppm O2

<1 or 65 ppb SO4
2-

ν =  3E-6 - 8E-3 Hz
R = 0.2 - 0.8 

∆K = 11 - 62 MPa·m1/2

    SA 533 B Cl. 1, 0.018 % S, C
    20 MnMoNi 5 5, 0.004 % S, A
    20 MnMoNi 5 5, 0.015 % S, F

da
/d

t EA
C  

 [m
/s

]

da/dtAir    [m/s]
 

Figure 12: Time-domain analysis of LFCF test 
data with superposition-model and comparison 
to GE-model. 

Figure 11: Comparison of ∆a/∆NEAC from 
LFCF tests with GE-model and ASME XI. 

4.5 Assessment of the Current “ASME XI Wet Fatigue CGR Curves” 
The current “ASME XI wet fatigue CGR curves” [13] are based on data obtained prior to 1980. They 
depend explicitly on ∆K and R, but not on other variables that are known to be important, such as 
loading frequency or ECP. As already shown in Figures 4 to 7, the CF CGR ∆a/∆NEAC in LFCF tests 
under highly oxidising (ECP = 0 to +250 mVSHE) and low-flow conditions significantly exceeded the 
current “ASME XI wet fatigue CGR curves” for loading frequencies < 10-2 Hz and temperatures 
> 150 °C. Within the investigated parameter range, the excess difference to the “ASME XI wet fatigue 
CGR curve” increased with decreasing frequency, increasing load ratio and temperature with a maxi-
mum around 250 °C. 
 
The current “ASME XI wet fatigue CGR curves” do not adequately describe the experimentally ob-
served CF crack growth behaviour of LAS in oxygenated high-temperature water. The curves either 
predict too low (e.g., ν ≤ 10-2 Hz and ECP > 0 mVSHE or 10-2 Hz < ν < 10 Hz and high R/small ∆K) or 
too high CGR (e.g., ν ≤ 10-2 Hz and ECP < -200 mVSHE or 10-1 Hz < ν < 10 Hz and high ∆K) [9, 16]. 
System conditions (e.g., ν > 10 to 100 Hz), where significant environmental effects on fatigue crack 
growth can be neglected or excluded, were not defined in ASME XI. For these reasons, a modification 
of the “ASME XI fatigue CGR curves”or the development of a new code case for BWR/NWC should 
be taken into consideration. Based on the presented results, the development of more realistic refer-
ence curves should consider both the strong effect of loading frequency/strain rate and ECP. A differ-
entiation by material parameters (e.g., steel sulphur content) does not seem to be necessary from an 
engineering point of view. Different curve sets could be developed for several ECP regimes (e.g., 
BWR/NWC and BWR/HWC). Any of such procedures would result in more complicated flaw toler-
ance evaluations than so far, since the loading frequency/strain rate of different transients had to be 
considered in an adequate way, but it would have the potential to reduce both uncertainty and undue 
conservatism. 

4.6 Superposition-Model and Time-Domain Evaluation of LFCF CGR Results 
A simple linear superposition model [9], which considers both frequency and ECP effects, is briefly 
outlined in the following paragraphs as one possible way for the development of new reference curves. 
In this model, the cycle-based CGR in high-temperature water ∆a/∆NEAC is just a simple linear super-
position of the cycle-based CGR in air ∆a/∆NAir by pure mechanical fatigue and of the corrosion-
assisted CGR ∆a/∆NENV. The first contribution is a purely cyclic-controlled process and independent 
of loading frequency. The second contribution only occurs during the rising load part of the fatigue 
cycle and is strongly dependent on crack-tip strain rate dε/dtCT (da/dtEAC = A ⋅ (dε/dtCT)n) 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 (dε/dtCT α da/dtAir) under otherwise iden-
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tical loading conditions. For the onset of fast EAC, the fatigue CGR in air da/dtAir has to exceed a 
critical CGR da/dtAir

crit, which is dependent on the ECP. Based on these assumptions, 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”:  
1) da/dtAir < da/dtAir

crit = f (ECP):  da/dtEAC = da/dtAir = f (∆tR, ∆K, R) 
2) da/dtAir ≥ da/dtAir

crit = f (ECP):  da/dtEAC = C ⋅ (da/dtAir)m + da/dtAir       C, m = f (ECP) 
These equations can be easily transformed in a cycle-based form by dividing them by the loading fre-
quency. The parameters C, m and da/dtAir

crit have to be conservatively determined by experiments for 
different ECP regimes, (e.g., BWR/NWC-, BWR/HWC- and PWR-conditions). In contrast to 
da/dtAir

crit, C and m are expected to be only slightly dependent on ECP. Based on da/dtAir
crit, thresholds 

∆KEAC = f (ν, R) and critical frequencies νcrit = f (∆K, R) for the onset of EAC can be derived. 
 
Such a time-domain analysis for a large data base of LFCF tests [9] in oxygenated high-temperature 
water (simulated BWR/NWC operating conditions) is shown in Figure 12. The air fatigue CGR 
da/dtAir have been calculated according to Eason [15]. The test conditions covered a wide range of en-
vironmental (240 to 288 °C, 0.4 to 8 ppm DO, κ = 0.06 to 0.25 µS/cm, <1 to 65 ppb SO4

2-), material 
(0.004 to 0.018 wt.% S) and loading parameters (∆K = 11 to 62 MPa⋅m1/2, R = 0.2 to 0.8, ν = 3⋅10-6 to 
8⋅10-3 Hz). Additionally, the “high-sulphur line” of the GE-model [3, 16] and the transition curve for 
an ECP of +200 mVSHE and a steel sulphur content of 0.02 wt.% are shown. 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 indicated a critical 
CGR da/dtAir

crit < 10-13 m/s and further confirmed the non-conservatism of the transition curve of the 
GE-model under highly oxidising conditions. The corrosion fatigue crack growth behaviour of LAS in 
oxygenated, high-temperature water can therefore be reasonably described by the proposed model and 
by one single equation in the time-based form. Furthermore, it directly considers frequency effects and 
has the potential to define “immunity conditions”, where environmental effects on fatigue crack 
growth can be excluded or neglected. 

5 Summary and Conclusions 
The SICC and LFCF behaviour of five different RPV steels and of a weld filler and weld HAZ mate-
rial were characterized under simulated transient BWR/NWC conditions by cyclic fatigue tests with 
pre-cracked fracture mechanics specimens. The experiments were performed in oxygenated high-
temperature water at temperatures of either 288, 250, 200, or 150 °C. These tests revealed the follow-
ing results for low-flow and highly oxidising conditions (ECP > 0 mVSHE, ≥ 0.4 ppm DO): 
 
Temperature/Loading Frequency:  For all frequencies and materials, both cycle-based CGR ∆a/∆NEAC 
and time-based CGR da/dtEAC increased with increasing temperature from 150 to 250 °C, where a 
maximum/plateau could be observed with further increasing the temperature to 288 °C. With decreas-
ing frequency the CF crack advance per cycle ∆a/∆NEAC generally increased for all temperatures and 
materials. Sustained EAC growth could be maintained down to low frequencies of 10-5 Hz. The time-
based LFCF CGR da/dtEAC were in the range of 5⋅10-11 m/s (1.6 mm/a) to 5⋅10-8 m/s (160 mm/a) and 
decreased with decreasing loading frequency. 
 
Material Aspects:  The RPV steels with a low and high sulphur content and the weld filler/weld HAZ 
material showed very similar LFCF CGR over a wide range of loading conditions. A possible effect of 
steel sulphur content was only observed at 288 °C at very low loading frequencies ν ≤ 3⋅10-5 Hz, 
where ∆a/∆NEAC seemed to increase with increasing sulphur content. The maximum/plateau of CF 
CGR at/above 250 °C and the higher cycle-based CGR ∆a/∆NEAC for the low-sulphur steels with a 
high DSA susceptibility at intermediate temperatures and very low loading frequencies ν ≤ 3⋅10-5 Hz 
clearly indicated that DSA might affect the LFCF behaviour. The concentration of “free”, interstitial 
nitrogen and carbon might therefore be just as relevant for EAC susceptibility as the steel sulphur con-
tent, at least under conditions where DSA is observed. 
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Comparison to the GE-Model and to ASME XI:  The LFCF CGR of all materials were conservatively 
covered by the “high-sulphur line” of the GE-model for all temperatures and frequencies. The transi-
tion curves between the “low-“ and “high-sulphur line” seem to be non-conservative under these 
highly oxidising conditions and the model therefore predicts too high critical frequencies νcrit and CGR 
da/dtAir

crit. The current “ASME XI wet fatigue CGR curves” could be significantly exceeded by cyclic 
fatigue loading at low frequencies (< 10-2 Hz) for low- and high-sulphur steels as well as the RPV 
weld filler/HAZ materials and low and high load ratios in the temperature range between 150 and 
288 °C. They do not adequately describe and conservatively cover the experimentally observed CF 
crack growth behaviour of LAS under BWR/NWC conditions. The development of more realistic ref-
erence fatigue crack growth curves for a new BWR/NWC code case should therefore be taken into 
consideration. A simple superposition model/time-domain evaluation method, which includes both 
frequency and ECP effects, could be used for that purpose. 
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