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1 Abstract 
One of the ageing phenomena of pressure boundary components of light water reactors (LWR) is envi-
ronmentally-assisted cracking (EAC). The project CASTOC (5th Framework Programme of the EU) 
was launched September 2000 with six European partners and terminated August 2003. It was focused 
in particular on the EAC behaviour of low-alloy steels (LAS) and to some extent to weld metal, heat 
affected zone and the influence of an austenitic cladding. The main objective was directed to the clari-
fication of EAC crack growth behaviour/mechanism of LAS in high-temperature water under steady-
state power operation (constant load) and transient operating conditions (e.g., start-up/shut-down, tran-
sients in water chemistry and load). Autoclave tests were performed with Western and Russian type 
reactor pressure vessel steels under simulated boiling water reactor (BWR)/normal water chemistry 
(NWC) and pressurised water reactor (VVER) conditions. The investigations were performed with 
fracture mechanics specimens of different sizes and geometries. The applied loading comprised cyclic 
loads, static loads and load spectra where the static load was periodically interrupted by partial unload-
ing. With regard to water chemistry, the oxygen content (VVER) and impurities of sulphate and chlo-
rides (BWR) were varied beyond allowable limits for continuous operation. 
 
The current paper summarises the most important crack growth results obtained under simulated 
BWR/NWC conditions. The results are discussed in the context of the current crack growth rate curves 
in the corresponding nuclear codes. 
 
Keywords: Environmentally-assisted cracking, corrosion fatigue, stress corrosion cracking, low-alloy 

steels, weld HAZ, transient BWR/NWC conditions. 
 

2 Introduction 
Ageing of pressure boundary components is one of the main factors controlling the lifetime of nuclear 
power plants. EAC under certain circumstances can be one of the major ageing mechanisms of LAS in 
high-temperature water. The project “Crack Growth Behaviour of Low-Alloy Steels for Pressure 
Boundary Components under Transient Light Water Reactor Operating Conditions” (CASTOC), was 
performed within the 5th EC framework programme and addressed the problem of EAC of Western 
and Eastern type steels used for pressure boundary components [1, 2]. 
 
The objective of the CASTOC project was to screen the EAC behaviour of low-alloy reactor pressure 
vessel (RPV) steels in high-temperature water during transients of load and water chemistry that may 
occur during start-up and shut-down, steady-state operation and load following mode of commercially 
operating LWRs. This is in contrast to the worldwide activities in the past, which focused mainly on 
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either cyclic loading or static loading and steady-state operating conditions. The main focus of the 
project was directed to the interaction between static and cyclic loading which was realised, e.g., by 
low frequency corrosion fatigue (LFCF) phases followed by static load or by periodical partial unload-
ing (PPU) with different rise and hold times. In conjunction with the different load spectra, the effect 
of transients in water chemistry was investigated. A more detailed description of the project is 
available in [1] and [2]. 
 
The results of the project were assessed with respect to quality, reliability and their application to plant 
concerns and possible code implementation. This comprised a comparison of the data from the 
CASTOC project with data from literature and codes. With regard to the specific situation in Europe, 
the materials and water environment conditions were chosen to address both the concerns of BWRs 
and VVERs. 
 
In the current paper some important crack growth results obtained in simulated BWR/NWC environ-
ment are presented. The results of the tests performed under simulated VVER conditions are summa-
rised in [3]. For a detailed description of all results see [4 – 7]. 
 

3 Experimental Procedures 
The tests performed within the CASTOC project comply with the current state-of-the-art knowledge 
of science and technology in laboratory testing of EAC processes. The investigated materials represent 
nuclear grade and lower bound materials. With regard to the selected environmental conditions, envel-
oping parameters were applied. 
 
3.1 Materials 
The following LAS, used for the pressure retaining components of the primary coolant of LWRs, were 
investigated under BWR/NWC conditions (Tab. 1). 
• Material A, base material: Seamless forged ring of German type 20MnMoNi5-5 RPV steel, 

equivalent to ASME SA 508 Grade 3 Cl. 1. 
• Material A, weld metal: S 3 NiMo 1/OP 41 TT (wire/flux), fabricated as weld using narrow gap 

welding according to nuclear grade quality with optimised wire and flux relevant to welding 
techniques, which were used for RPVs of Western plants. 

• Material B, base material: Seamless forged vessel shell of German type 22NiMoCr3-7 RPV steel, 
equivalent to ASME SA 508 Grade 2 Cl. 1, taken from a RPV fabricated for a nuclear power plant 
in Germany (“Biblis C”), however, which finally has not been built. 

 
Table 1: Chemical composition in wt.% and mechanical properties of the investigated materials. 

Material Chemical Composition [wt.%] σYS (RT) σUTS (RT) σYS (288°C)
 C Mn Cr Ni P S V [MPa] [MPa] [MPa] 

A (base) 0.25 1.54 0.18 0.62 0.014 0.015 0.024 512 663 462 
A (weld) 0.07 1.15 0.10 1.04 0.014 0.005 0.010 496 572 440 
B (base) 0.22 0.91 0.42 0.88 0.008 0.007 0.007 467 605 400 

base = base material 
weld = weld metal 

RT = room temperature σUTS= ultimate tensile strength 
σYS = yield strength 

All base materials have a fine-grained bainitic microstructure. In case of material A, a high variation in 
the local sulphur content was observed ranging from 0.003 to 0.053 wt.%. Furthermore, portions of 
intergranular fracture were found on fracture surfaces produced under cyclic load in air giving indica-
tions for grain boundary segregations (P, Mo and Mn), which could be identified by Auger Electron 
Spectroscopy. 
 
The specimens were predominantly taken from the 1/4 T to the 3/4 T position (T = thickness of the 
plate/forging) which corresponds to requirements according to the acceptance testing procedure. One 
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fracture mechanics specimen of material A was investigated with the crack located in the HAZ of the 
joint weld. The hardness determined on a metallographically prepared section near the location where 
the specimen was taken reached values of about 340 HV 0.1. 
 
3.2 Experimental Facilities 
The laboratory tests of the six CASTOC partners were performed in autoclaves with integrated loading 
systems attached to sophisticated refreshing or once-through high-temperature water loops, which 
enable precise adjustment and control of the water chemistry and loading conditions. During the ex-
periments all important data were recorded continuously. 25 mm thick compact tension specimens 
(C(T)25) were used for most of the tests. By means of the reversed direct current potential drop 
(DCPD) technique, on-line crack length measurements were performed with high resolution in crack 
length. The detection limit of the DCPD technique was of the order of 2 to 10 µm. This corresponded 
to a detection limit of crack growth rates during a 300 h test period of about 10-12 to 10-11 m/s (60 to 
300 µm/a). 
 
3.3 Loading Conditions 
Tests with cyclic loading (LFCF), PPU cycles and under pure static load were conducted, whereas a 
cyclic load phase always preceded the static load phases to generate an actively growing crack. In this 
way long incubation times for the development of stable crack growth could be avoided. The tests 
under cyclic load were usually performed with a high number of cycles to achieve sufficient stable 
crack growth conditions and sufficient crack advance to consider this data as reliable. Under static 
load, the duration of the tests was extended up to 500 h. 
 
3.4 Environment 
BWR conditions were mostly simulated with high purity water at a temperature of 288 °C with an 
oxygen content of 400 µg/kg, representing steady-state power operation in a conservative way. An 
oxygen content of 8000 µg/kg was applied additionally to investigate the effect of oxygen during start-
up phases in the plant and at the same time to simulate a realistic electrochemical corrosion potential 
(ECP). If not stated otherwise, the term “BWR water” is used for water of high purity with an electri-
cal conductivity of κ < 0.2 µS/cm in the outlet water. With very few exceptions the CASTOC tests 
were performed under quasi-stagnant flow conditions with a low refreshing rate to generate conserva-
tive data with respect to plant conditions. 
 
To simulate transient BWR power operating conditions tests at temperatures of 180 or 240 °C were 
performed as well as sulphate or chloride in terms of Na2SO4/H2SO4 or NaCl, respectively, was added 
to the high purity water in some experiments. For BWR/NWC power operation the main parameters of 
the cooling water are specified in the EPRI Water Chemistry Guidelines [8] or in the German “VGB-
Richtlinie” [8]. Accordingly, environmental parameters were chosen which clearly exceeded the nor-
mal operation values for stationary BWR power operation. In some experiments single values even 
exceeded the EPRI Action Level 3 limits, taking into account that those water chemistry conditions 
would not allow to continue operation of the plant but are necessary to evaluate the effect of worst 
case conditions. Therefore, the crack growth results of these experimental investigations are highly 
conservative with respect to the water chemistry parameters of normal plant operation. 
 

4 Results and Discussion 
4.1 Inter-Laboratory Comparison Test 
The project was designed in a way that different partners contributed results partly to the same objec-
tive but with different parameter sets. To assure that the individual results can be comprised to de-
scribe the complex interactions of the different parameters, an inter-laboratory comparison test was 
performed to demonstrate the reproducibility and, at the same time, to generate data which describe 
the crack growth behaviour of material A in high purity BWR water [4, 9]. 
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The tests were carried out under nominally identical conditions under static loading after initial cyclic 
loading. It was confirmed that all tests were performed under proper control of all important “external” 
parameters, e.g., load and environment and that sufficient crack advance mostly was achieved in the 
cyclic phase to obtain reliable data [9]. 
 
After changing from cyclic to static load, immediate cessation of crack growth was observed in all 
labs at the applied stress intensity factors of up to almost 60 MPa√m. An example is presented in 
Fig 1. This confirms that material A, tested under these conditions, is not susceptible to EAC under 
static load (stress corrosion cracking, SCC). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Crack advance according to 
the DCPD signal versus testing time, 
showing cessation of crack growth at 
static load immediately after cyclic 
loading in the autoclave (oxygenated 
high purity BWR water of 288 °C). 

The cycle-based crack growth rate data da/dN measured during cyclic loading revealed a range of up 
to two orders of magnitude in the simulated BWR water environment under nominally identical condi-
tions (Fig. 2 and 3). This range is higher than is generally expected for similar materials and loading 
parameters in this test environment. However, a range of up to one order of magnitude is typically 
observed in this loading frequency range for RPV steels based on well-behaved crack growth of ho-
mogeneous material in a similar environment [9, 12] and all data obtained in the present study for 
larger crack extensions (∆a ≥ 0.2 mm) also falls within this with the exception of one single data point. 
This “outliner” was related to a highly uneven crack front and a repetition of the test in the corre-
sponding lab revealed a cycle-based crack growth rate da/dN in the expected range. Most of the data 
obtained in the CASTOC project with low crack growth rates were related either to load drops because 
of electric power interruptions, highly uneven crack front because of crack pinning, or short crack 
advances (∆a < 0.2 mm) and were believed to be non-representative for this material. 
 
EAC growth in simulated BWR environment is affected by the stress intensity, type of loading, the 
ECP related to the dissolved oxygen concentration, the concentration of specific anionic impurities 
(SO4

2-, Cl-, H2S, S2-, HS-, etc.) reflected by the conductivity of the water, the flow rate passing the 
crack mouth, the steel sulphur content, and the morphology/spatial distribution of the MnS-inclusions 
[12]. Variations of these parameters can result indifferent crack growth rates. Apart from material 
properties, all of these factors were fairly similar in all labs. A relevant part of the large data range 
may therefore be related to the inhomogeneous microstructure in this material: e.g., the investigated 
specimens showed a strong variation in the amount of MnS inclusions and local islands of intergranu-
lar fracture, indicating local segregation. Additionally the nature of the EAC cracking process itself 
can lead to local crack pinning, crack cessation/arrest and re-nucleation problems, and thus to lower 
crack growth rates than expected. EAC is a deterministic process, but singular results are influenced 
by the previously mentioned parameters, thus adding a probabilistic factor. Furthermore, crack growth 
data, which were derived from test periods with not long enough crack advance (∆a < 0.2 mm) with 
regard to the microstrucutre (e.g., grain size) and to the resolution of fractographic crack length 
determination and DCPD technique for crack length measurement, in particular in the lower range of 
da/dN, are associated with a higher uncertainty and thus are less reliable. This has to be considered 
with regard to practical applications. Several data points, from several specimens representing several 
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locations in a LAS material are needed before representative and conservative crack growth rate val-
ues can be derived with satisfactory confidence. From the results of the present work it was concluded, 
that a large enough (∆a ≥ 0.2 mm) crack advance is needed following any type of anomalous testing 
event before appropriate cyclic crack growth rate data are measured. If not further specified, the fol-
lowing cyclic crack growth rate diagrams therefore only contain data points with crack advances 
≥ 0.2 mm. 
 
The data were compared with the prediction line as presented in the ASME Boiler and Pressure Vessel 
Code, Section XI, Appendix A [10]. This comparison clearly reveals that a significant number of data, 
in particular those which were derived from test periods with sufficient crack advance, exceed the 
ASME prediction line. It can further be concluded that the lower cycling frequency (8.3·10-4 s-1, 
Fig. 3) tends to cause higher crack growth rates, than the higher frequency (8.3·10-3 s-1, Fig. 2). This is 
consistent with the general experience that EAC is a strong time dependent process. 
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Figure 2: Range of crack growth rates of material 
A at a frequency of 8.3·10-3 s-1 in oxygenated high 
purity BWR water of 288 °C. 

Figure 3: Range of crack growth rates of mate-
rial A at a frequency of 8.3·10-4 s-1 in oxygenated 
high purity BWR water of 288 °C. 

4.2 Results from Cyclic Loading and Load Transients 
4.2.1 Effect of Material 
Material A was investigated extensively and showed consistently, that most of the da/dN data exceed 
the ASME XI prediction curve in high purity water (Fig. 2 and 3). Material B, representing optimised 
nuclear grade, showed significantly lower susceptibility to EAC and in most cases it was difficult to 
initiate fast EAC crack growth under cyclic load. Therefore, the range of da/dN data were generally 
almost one order of magnitude lower than that of material A (Fig. 4), but if once fast crack growth was 
initiated, the crack growth rates of material B, e.g., during slow load transients, were in the same 
ranges as those of material A [6]. The lower susceptibility to EAC appeared also in tests with PPU and 
during the applied chloride transient (compare Chapter 4.2.6) and was attributed to the more homoge-
neous microstructure, lower sulphur content and lower susceptibility to dynamic strain ageing (DSA) 
in this material. 
 
The weld metal and the HAZ of the joint weld of material A showed similar behaviour as the base 
material A (Fig. 5), although due to the limited number of tests and too short crack advances 
(∆a < 0.2 mm) in some cases no clear conclusion for the cyclic crack growth behaviour could be 
established in the framework of the CASTOC project. 
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Figure 4: Comparison of crack growth rates of 
material A and B under low frequency fatigue in 
oxygenated high purity BWR water of 240 °C. 

Figure 5: Crack growth behaviour of weld metal 
and HAZ compared to data for base material A 
under low frequency fatigue in oxygenated high 
purity BWR water of 288 °C. 

4.2.2 Effect of Oxygen Content 
The effect of dissolved oxygen content was investigated on material A in high purity BWR water. No 
significant effect of oxygen on EAC was observed at concentrations between 400 and 8000 µg/kg 
(Fig. 6), which is consistent with the only small differences in the measured ECP values. 
 
4.2.3 Effect of Temperature 
In BWR water environment experiments were carried out with material A and B at temperatures of 
180 and 240 °C in addition to those at 288 °C. An example is presented in Fig. 7 for material A, 
whereas material B showed a similar behaviour. In this temperature range, no clear temperature trend 
on the crack growth behaviour was observed due to the wide range of data, the limited number of tests, 
and too short crack advances (∆a < 0.2 mm) in some cases. However, literature data in BWR environ-
ment reveal an increase in crack growth rates with increasing temperature, sometimes with a maxi-
mum at intermediate temperatures (200 to 250 °C) in case of materials which show distinct DSA ef-
fects [11, 12]. 
 
4.2.4 Effect of Load Transients and Frequency 
By means of the DCPD measurement technique detailed insight into the crack growth behaviour as a 
function of time was obtained. Tests performed with PPU revealed very clearly that crack advance in 
high purity BWR water occurs only in the phases of rising load (e.g., Fig. 8). 
 
Fig. 9 shows an example of PPU tests in which the hold time was varied from 0 to 105 s (0 to 28 h). As 
long as EAC under static load during the hold time period at maximum load does not occur, the low 
frequency corrosion fatigue (LFCF) crack growth rate da/dN depends only on the number of loading 
events and thus the curve in Fig. 9 must result in a horizontal line. Differences appear in the crack 
growth rate due to different applied load ratios (R = 0.2 and 0.8) and different rise times to maximum 
load (100, 1000, and 4000 s). With the longer rise times (1000/4000 s), the load increase is slower, 
causing a lower strain rate in the crack tip region and hence the contribution of EAC is more 
pronounced and results in a higher crack growth rate da/dN. This behaviour is consistent with the 
basic mechanism of strain-induced corrosion cracking (SICC). 
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Figure 6: Effect of oxygen on crack growth rate 
under low frequency fatigue in BWR water of 
288 °C. 

Figure 7: Effect of temperature on crack growth 
rate under low frequency fatigue in oxygenated 
high purity BWR water. 
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Figure 8: Effect of load transients (PPU) on the 
crack advance during the load transient and dur-
ing the hold time period; material A, high purity 
BWR water of 288 °C. 

Figure 9: Effect of hold time at maximum load 
during PPU on crack advance per reloading 
event; numbers in the diagram indicate the 
maximum KI  during the hold time. 

 
In Fig. 10 cycle-based crack growth rates of material A are plotted versus the loading frequency and 
compared to the corresponding ASME XI prediction curves. The crack advance per fatigue cycle 
da/dN increases with decreasing frequency, whereas sustained, stationary LFCF crack growth was 
observed down to very low frequencies of 10-5 s-1. The ASME XI prediction curves are significantly 
exceeded for all investigated loading frequencies under low-flow and oxidising conditions at 240 °C. 
 
4.2.5 Effect of Sulphate 
The effect of sulphate in BWR water, added as Na2SO4 and H2SO4 respectively, was predominantly 
investigated on material A. Although the sulphate content was realised up to values far beyond the 
onset of Action Level 3 of the EPRI Water Chemistry Guidelines according to the sulphate content of 
up to 1400 µg/kg, no enhanced crack growth rates were observed (Fig. 11). This is in good agreement 
with model predictions and most investigations under BWR/NWC conditions known from literature 
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[12]. In some few other experiments under BWR/NWC conditions, an accelerating effect of sulphate 
was observed, in particular in LFCF tests with low-sulphur steels at lower corrosion potentials, where 
crack growth rates in high purity water were close to those measured in air [12]. In the CASTOC 
experiments, however, the effect of sulphate addition was shaded because the investigated material has 
relatively high sulphur content, so that the dissolved manganese sulphides intersected by the plane of 
the growing crack strongly control the local water chemistry. The ranges of crack growth rate data 
without and with additional sulphate overlap completely and there is no tendency that crack growth 
data corresponding to EPRI Action Level 3 are higher than those corresponding to EPRI Action 
Levels 1 or 2. 
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Figure 10: Effect of loading frequency on crack 
growth rate in oxygenated high purity BWR wa-
ter of 240 °C. 

Figure 11: Effect of sulphate content in BWR wa-
ter of 288 °C on the crack growth rate of mate-
rial A under low frequency fatigue, sulphate con-
tent up to 150 µg/kg. 

 
4.2.6 Effect of Chloride 
To screen the effect of chloride on the crack growth behaviour of LAS a test with PPU with a hold 
time of 12 h at maximum load was performed introducing a chloride transient of about 50 µg/kg for a 
time period of 40 h. According to the chloride content, this water condition corresponds to Action 
Level 2 of the EPRI Water Chemistry Guidelines, whereas the electrical conductivity which is moni-
tored continuously in the plant, resulted in a value of about 0.27 µS/cm, which is still below the EPRI 
Action Level 1 limit. 
 
Starting in BWR water of high purity but with enhanced oxygen content of about 8000 µg/kg, crack 
advance was observed typical for PPU tests, i.e., crack growth occurred only in phases of rising load 
(compare Chapter 4.2.4 and Fig. 8). After an incubation time of about 3 h, onset of fast crack growth 
under static load (SCC) occurred in the specimen of material A (Fig. 12). The specimen of material B, 
which was in daisy chain with the specimen of material A in the same experiment, exhibited retarded 
crack initiation only after 32 h, i.e., after two reloading events in chloride containing water. 
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The detailed analysis of the DCPD signal showed that the chloride transient affected both, the crack 
growth behaviour under static load da/dt and the crack growth rate under cyclic load da/dN based on 
the number of reloading events (Fig. 13). The crack advance ∆a during reloading, however, was only 
slightly increased. This indicates that the mechanism of SICC which is acting during the reloading 
phase is not much affected by the presence of chlorides. The high value for the cycle-based crack 
growth rate da/dN has mainly to be attributed to the mechanism of SCC which occurs under static load 
at the level of the maximum stress intensity factor KI max. 
 
After returning to high purity water, crack growth in the phase of constant static load was still ob-
served, however, with strongly decreasing tendency over two more load cycles. This observation indi-
cates that a long-term effect (“memory effect”) of a chloride transient cannot be fully excluded. Simi-
lar behaviour was observed for material B but as already mentioned with retarded crack initiation, 
lower crack growth rate under static load and less crack advances during reloading. 
 
4.3 Results from Static Loading 
Based on well-qualified data for simulated BWR environment [13, 14], disposition lines for SCC 
crack growth in LAS during BWR power operation were proposed by an international group of 
experts, working within the framework of the EPRI BWRVIP Project, and accepted by the US Nuclear 
Regulatory Commission as an interim position [13]. The BWRVIP-60 SCC Disposition Line (DL) 1 
applies to crack growth in LAS under static loading and transient-free, stationary BWR/NWC or 
hydrogen water chemistry power operation conditions, whereas the BWRVIP-60 SCC DL 2 may be 
used for estimating SCC crack growth during and 100 h after transients in water chemistry (> EPRI 
Action Level 1 limit) or load transients not covered by fatigue evaluation procedures. For comparison 
purposes crack growth rate data of material A obtained from tests in high purity BWR water under 
constant load are displayed together with these DLs in Fig. 14. For stress intensity factors in the range 
of up to about 60 MPa√m crack growth was not observed in any of the C(T)25 specimens, which were 
tested in high purity BWR water. These results in which the crack growth rate was below the detection 
limit of the DCPD method of 10-12 to 10-11 m/s (60 to 300 µm/a) are displayed schematically in 
Fig. 14. When the stress intensity factor was increased far beyond the validity limits for linear elastic 
fracture mode (LEFM) continuous crack growth was observed even in high purity BWR water obvi-
ously due to yielding processes in the crack tip region. Although this plastic deformation occurs under 
constant static load, the EAC process may mechanistically be attributed to SICC. However, most of 
the data fall below the DLs. These data in general are not relevant for application to thick-walled pres-
sure boundary components, which are loaded in the LEFM regime during operation, as e.g., the RPV, 
because the LEFM validity criteria are violated. For thin-walled components, e.g., pipes, a careful 
assessment of LEFM applicability has to be performed depending on the load and flaw size. 
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Figure 12: Crack initiation in a C(T)25 specimen 
of material A during the phase of static load due 
to a chloride transient (50 µg/kg) in oxygenated 
(8000 µg/kg O2) BWR water of 288 °C. 

Figure 13: Crack growth behaviour (da/dN and 
da/dt) of material A before, during and after a 
chloride transient in oxygenated BWR water of 
288 °C. 
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The most important result from the investigations under static load was the reproducible observation 
of immediate crack cessation of growing cracks after changing from cyclic loading to static load for all 
investigated base materials in oxidising high purity BWR water at stress intensity factors below 
60 MPa√m (e.g., Fig. 1).  
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There were only few exceptions in which continuous crack advance was detected under static load. 
These are described in the following Chapters. 
 
4.3.1 Effect of Material 
As stated above, none of the investigated base materials showed any susceptibility to EAC under con-
stant static load in the relevant stress intensity range and normal BWR water chemistry. This behav-
iour was also confirmed for the weld metal of the joint weld in material A.  
 
A different behaviour was observed in a test with a specimen from the HAZ of the joint weld in mate-
rial A. Even at a stress intensity factor of KI = 47 MPa√m, using a C(T)25 specimen, sustained crack 
growth occurred with a crack growth rate beyond the DL 2 (Fig. 15). Based on hardness measurements 
at room temperature in the base material (235 HV) and the HAZ (340 HV) and also, based on general 
experience, it may be concluded that the limit for plane-strain LEFM even at elevated temperature is 
significantly higher for the HAZ as compared to the base material. Therefore, the applied stress inten-
sity factor in this experiment is still supposed to fulfil the LEFM criteria. 
 
4.3.2 Effect of Environment 
As already stated (Chapter 4.2.5), additional high sulphate content in BWR water did not enhance the 
crack growth rate under cyclic load. The same is true for static load. In the relevant range of stress 
intensity, crack cessation occurred in all cases even at a sulphate concentration corresponding to Ac-
tion Level 3 of the EPRI Water Chemistry Guidelines. 
 
Clear evidence of crack growth under static load was obtained from tests with materials A and B when 
introducing a chloride transient. According to the chloride content (50 µg/kg), the conditions corre-
sponded to Action Level 2 of the EPRI Water Chemistry Guidelines, whereas the electrical conductiv-
ity was still in the range below Action Level 1. Crack initiation occurred during the phase of static 
load after a relatively short incubation time of 3 h and 32 h respectively (compare Chapter 4.2.6). The 
crack growth rate da/dt significantly exceeds the DL 2 (Fig. 15). For material A a crack growth rate of 
1.8·10-8 m/s (570 mm/a) was determined at a stress intensity factor of about 55 MPa√m. Material B 
showed a longer incubation time and lower crack growth rate under static load of 2.5·10-9 m/s 
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Figure 14: Crack growth behaviour of material A 
under constant static load in high purity BWR 
water of 288 °C, range of plane-strain LEFM 
validity indicated. 

Figure 15: Summary of conditions under which 
continuous crack growth was observed under 
static load in oxygenated high purity BWR and 
BWR water containing 50 µg/kg chloride. 
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(80 mm/a). Details are already shown in Chapter 4.2.6 and Fig. 12 and 13. After returning to high 
purity water, a decreasing tendency of the crack growth rate with some delay was observed indicating 
a kind of “memory effect” due to the residence time of the chloride ions in the crevice. 
 

5 Summary and Conclusions 
The CASTOC project has given more insight into both the phenomenology and the acting mechanisms 
on corrosion cracking in BWR water environment and the effect of transients. With regard to the ap-
plication of the results from the CASTOC project for the assessment of components in LWRs, the 
following aspects shall be considered: 
• Low-alloy steel base materials for RPV application revealed resistance to SCC crack growth under 

constant static load up to stress intensity factors of about 60 MPa√m in BWR/NWC environment.  
• Under certain environmental and material conditions, however, experimental results from tests 

performed under static load give rise for a more careful consideration of the assessment of compo-
nents. The screening experiments of this project revealed crack growth under constant load for the 
following conditions: HAZ of the joint weld of material A, and materials A and B during a water 
chemistry transient with 50 µg/kg chloride. 

• The proposed BWRVIP-60 SCC Disposition Line 1 [13] for crack growth under steady-state condi-
tions was essentially confirmed for base materials. With respect to the Disposition Line 2 for tran-
sients in load and water chemistry, however, further consideration is recommended based on the re-
sults of this project. 

• The project has revealed the general trend that the existing prediction curve presented in the ASME 
Boiler and Pressure Vessel Code, Section XI, Appendix A [10] for da/dN assessment of existing 
flaws in low-alloy steels may not be conservative under some specific conditions, e.g., low loading 
frequencies, since the observed crack growth rates at low frequency cyclic loading significantly ex-
ceeded the maximum rates of the Code. 
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