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Abstract 
A R&D program is carried out in CEA and EDF laboratories to investigate separately the 
effects of factors which could contribute to IASCC mechanism. In the framework of this 
study, the influence of cold work on SCC of ASSs in primary water is studied to supply 
additional knowledge concerning the contribution of radiation hardening on IASCC of ASSs.  
Solution annealed ASSs, essentially of type AISI 304(L) and AISI 316(L), are generally 
considered very resistant to SCC in nominal primary water. However, Constant Extension 
Rate Tests (CERTs), performed on cold pressed humped specimens in nominal primary water 
at 360°C, reveal that these materials can exhibit a high SCC susceptibility: deepest cracks 
reach 1 mm (mean crack growth rate about 1 µm.h-1) and propagation is mainly intergranular 
for 304L and mainly transgranular for 316L. Indeed, work hardening in conjunction with high 
localized deformation can promote SCC. The influence of the nature of the cold work (shot 
peening, reaming, cold rolling, counter sinking, fatigue work hardening and tensile 
deformation) is investigated by means of screening CERTs performed with smooth specimens 
in 304L at 360°C. For a given cold work hardening level, the susceptibility to crack initiation 
strongly depends on the cold working process, and no propagation is observed for a hardness 
level lower than 300±10 HV(0.49N). The propagation of cracks is observed only for dynamic 
loadings like CERT, traction/relaxation tests and crack growth rate tests performed with CT 
specimens under trapezoidal loading. Although crack initiation is observed for constant load 
and constant deformation tests, crack propagation do not seem to occur under these 
mechanical solicitations for 17000 hours of testing, even for hardness levels higher than 
450 HV(0.49N). The mean crack growth rate increases when the hardness increases. 
An important R&D program is in progress to complement these results and to develop a SCC 
model for ASSs in primary water of PWR. 
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1. Introduction  
The factors which have been identified to possibly contribute to Irradiation Assisted Stress 
Corrosion Cracking (IASCC) of Austenitic Stainless Steels (ASSs) in Pressurized Water 
Reactors (PWRs), via a synergic effect, may be categorized as either radiation water 
chemistry (water radiolysis and the subsequent increase in the electrochemical potential – γ 
heating and local concentration of ions), direct microstructural effects (radiation induced 
hardening – hydrogen and helium embrittlement) irradiation creep or micro-compositional 
effects (radiation-induced segregation of impurities and redistribution of major alloying 
elements).  



To complement IASCC tests performed in hot cells, a R&D program is carried out in CEA 
and EDF laboratories to investigate separately the effects of factors which could contribute to 
IASCC mechanism. In the framework of this study, the influence of cold work on Stress 
Corrosion Cracking (SCC) of ASSs in PWR primary water is studied to supply additional 
knowledge concerning the contribution of radiation hardening on IASCC of ASSs. Testing of 
unirradiated materials in primary water conditions is intended to play a significant role in the 
attempt to discriminate the specific effect of material hardening on the susceptibility of ASSs 
to SCC. Susceptibility of sensitized ASSs to SCC is a well known phenomenon identified in 
BWR oxidizing environments. Long term research carried out in the case of BWR-type 
conditions have shown that respective minimum levels of chloride and oxygen are required 
for SCC susceptibility [1, 2]. Electrochemical potential identified in the case of ASSs exposed 
to hydrogenated PWR are usually considered as too low to promote SCC susceptibility. 
Solution annealed ASSs, essentially of type AISI 304(L) and AISI 316(L), are generally 
considered as immune to SCC in hydrogenated primary water and these materials are thus 
widely used in PWRs. The specific role of hardening could be thus envisaged as especially 
important in the case of IASCC of ASSs in deoxygenated PWR environments where 
irradiation induced grain boundary depletion of chromium appears not directly able to explain 
the susceptibility to SCC, the corrosion potential in these conditions remaining well below the 
critical cracking potential recognized for sensitized ASSs [3]. The detrimental role of cold-
work was clearly recognized in pure water BWR conditions in presence of oxygen [4-8]. 
Some rather recent data [10, 11] have then demonstrated that ASSs specimens including a 
cold deformed hump were susceptible to SCC in hydrogenated boric acid environment under 
CERTs conditions. The objective of this paper is to detail the results obtained in the 
framework of the CEA-EDF research program dealing with SCC of cold-worked ASSs. The 
main focus of this program was to determine conditions in term of types of cold-work leading 
to the susceptibility of ASSs to SCC in nominal hydrogenated PWR conditions, to define 
dedicated primary criteria of SCC susceptibility and to explore the range of susceptibility of 
these materials. 
 
2. Experimental Procedure 
2.1. Materials  
Commercial purity AISI 304L plate material was the main materials used for the study. 
Average grain size is 50 µm and level of ferrite 5%. The chemical composition of the plate 
materials was measured as 0.026% C, 19.23% Cr, 9.45% Ni, 0.17% Cu, 0.24% Mo, 1.49% 
Mn, 0.52% Si, 0.027% P, 0.002% S, 0.064% N (in wt %). Some tests were performed on 
commercial AISI 316L stainless steels of the following composition: 0.027% C, 17.2% Cr, 
12.15% Ni, 0.12% Cu, 2.34% Mo, 1.76% Mn, 0.48% Si, 0.23% P, 0.001% S, 0.064% N (in 
wt %). The samples were fully annealed 1050°C during 30 minutes then quenched by argon 
flux under vacuum. Solution treatment was carried out before application of any cold-working 
procedure. 
2.2. PWR test procedure 
All of the tests performed in the framework of this study were carried out inside dedicated 
static 316L autoclaves including direct measurement of hydrogen partial pressure via the use 
of in-situ Ag-Pd probes. Hydrogen concentrations tested were located inside the range of 25 
to 35 cc/kgH2O.STP. The level of pollutants (chloride, fluoride, sulfate) is controlled after 
each test in autoclave via ionic chromatography in order to verify that concentration of each 
pollutant remain below the specified value of 50-100 ppb. 
Analysis of the fracture surface was performed using Scanning Electron Microscopy (SEM) 
in order to determine the morphology of fracture surface and the average depth of SCC. When 
mentioned, the average SCC growth rate was defined and calculated as follows: average SCC 



growth rate (µm/hour) = (maximum crack depth on fracture surface (µm)) / time to failure 
(hours)) 
2.3. CERTs on specimens not cold-worked 
As a basis regarding susceptibility of the material to SCC in PWR conditions for the whole 
study, CERT test was performed on smooth specimen of AISI 304L ASS not cold-worked 
before tensile testing. The cold-worked layer associated with previous manufacturing was 
suppressed by full annealing. The specimen was additionally electropolished before tensile 
testing. The initial surface hardness of the material in these conditions is lower than 150HV 
(0.98N). CERT test was performed in nominal primary water conditions with a deformation 
rate of 1.1x10-7s-1 at 360°C. A reference test on a same specimen was additionally performed 
in inert gas at 360°C. 
In order to analyze the incidence of stress triaxiality on the susceptibility of material to SCC, 
some tests were performed on smooth specimens comprising a circumferential V-notch 
perpendicular to the tensile axis. These specimens were fully annealed after the machining of 
the V-notch and thus no residual cold-work is intended. 
2.4. CERTs on cold pressed V-humped specimens 
The specimens cold-worked by a V-hump were manufactured from AISI 304L and AISI 316L 
of the composition mentioned above (Figure 1). Theses samples were prepared from initial 
flat tensile specimens fully annealed. The cold deformed hump was performed in the centre of 
the gauge length by the use of a dedicated die. The velocity of the crosshead of the tensile 
machine was fixed to 2x10-4 mm.min-1 during these experiments which corresponds to a local 
deformation rate of 10-6s-1 inside the hump. The maximum measured initial surface hardness 
is located at the inlet of the V-hump and corresponds to a value of 340HV (1.96N) before 
tensile tests for the 304L material. 
In order to complement this study, V-humped specimens were prepared from 304L plates 
initially cold-worked by cross-rolling (reduction of thickness 89%, initial surface hardness 
380HV). These specimens were then tested by CERT in primary water at 360°C. 
2.5. CERTs on specimens cold-worked by fatigue 
These specimens were extracted from 8 mm diameter, 16 mm long samples previously cold-
worked by fatigue at ambient temperature. The characteristics of the fatigue cold-working 
applied in the first stage are the following: tensile-compressive loading cycle, total 
deformation ± 2.4 %, extension rate 4x10-3s-1, 50 cycles. This treatment lead to an uniform 
cold-work inside the 4 mm diameter specimens extracted from the above samples. The 
resulting surface hardness is 320HV (1.96N) and Ferriscope measurements showed 
formation of 6% of martensite phase from austenite in the cold-worked material. Then 
specimens were tested in CERTs at 360°C and for a constant extension rate of 1x10-7s-1. In 
order to obtain references on the role of martensitic phases formed during cold-working 
regarding the susceptibility of the material to SCC, some specimens were extracted from 
samples previously cold-worked by fatigue at 200°C. At this temperature formation of 
martensite by cold-working is indeed not intended. In this latter case, the initial surface 
hardness of the material is lower compared to specimens cold-worked at laboratory 
temperature 255HV (1.96N) due to the absence of martensitic transformation. Due to the 
reduction of yield strength with temperature, the increase of the dislocation density generated 
by fatigue loading is higher inside the specimen cold-worked at 200°C. 
The specimens cold-worked by fatigue were tested by CERT at 360°C and 1x10-7s-1. All 
specimens were manufactured from AISI 304L of the composition mentioned above. 
2.6. CERTs on specimens cold worked by counter sinking and cold rolling 
For comparison purpose, some specimens were cold worked by conventional machining and 
rolling. The procedure in the latter case is a cross-rolling with a final reduction of thickness to 



89%. The resulting hardness after cold-working is 380HV (1.96N) in the whole specimen 
thickness. The specimen was then tested in CERT at 360°C and 2.5x10-8s-1. 
The surface hardness resulting from cold-working by counter sinking is 400HV (0.98N), the 
depth of the cold-worked layer being roughly 250 µm. The specimen was then tested in CERT 
at 360°C and 1x10-7s-1. All specimens were manufactured from AISI 304L of the composition 
mentioned above. 
2.7. CERTs on specimens cold-worked by shot peening 
Shot-peening treatment was selected in order to reproduce practical cases of superficial cold-
working. The procedure of shot-peening provided a high initial surface hardness of 474HV 
(0.49N). The material hardness decreases with depth as shown in Figure 2 (profile of micro-
hardness measurements). The cold-worked layer has a total depth of 250 µm. The maximum 
residual stresses in surface of the material were in the range of 850 MPa (compressive). In the 
aim to study the specific effect of the initial surface hardness on material susceptibility to 
SCC, dedicated specimens were prepared from shot-peened samples in order to obtain 
progressive lower surface hardness. Electropolishing was used to eliminate a part of the outer 
hard layer obtained by shot-peening and obtain test specimens with a respective initial surface 
hardness of 300HV (0.49N) and 270HV (0.49N). All specimens were made from AISI 304L 
of the composition above and were tested by CERT at 360°C and 1x10-7s-1. 
2.8. Constant load tests 
These tests were performed on AISI 304L samples of the composition mentioned above. 
The procedure for specimen cold-working is based on theses used for CERTs. The objective 
of the long term constant load tests described here is to assess the susceptibility of ASS 
material under static conditions. One constant load test was performed on a specimen cold-
worked by shot-peening (initial surface hardness 474HV (0.49N)). The load applied is 
550 MPa (core of sample) which corresponds to a total deformation of 18%. 
The second test was performed on a cylindrical smooth specimen cold-worked by fatigue at 
ambient temperature (see procedure above). An additional circumferential V-notch was 
machined around the specimen to increase the severity of the test. The initial surface hardness 
before testing was 340HV (1.96N). The load applied corresponds to 80% of the maximum 
value reached during previous CERT tests on the circumferential V-notched specimens 
mentioned above. The constant load tests were carried out at 360°C in nominal primary water 
conditions. 
2.9. Constant deformation tests 
Systematic constant deformation tests were performed on AISI 304L and 316L U-bends and 
4-points bending specimens (respective deformation at the apex 10% and 4%). In the case of 
each material the following previous cold-working modes were applied: shot-peening (same 
procedure than mentioned above), rolling (50% reduction of thickness), bending and tensile 
deformation (20%). Additionally, U-bends of each material were prepared from plates not 
previously cold-worked. 
 
3. Results and discussion 

• Results obtained on not cold-worked specimens 
The measured deformation to failure for the annealed specimen tested (CERT, 1x10-7 s-1) in 
primary water is 39.5%. The fracture surface was ductile. Observation of lateral surfaces 
showed however the presence of small intergranular defects located in the striction area of the 
sample (see Figure 3). Preparation and observation of a specimen cross section showed that 
the average depth of these defects is always below 30µm (Figure 4). Observation of a same 
specimen tested in inert gas did not allowed to detect similar type of defect. A slight 
intergranular initiation appears then to be possible on annealed ASSs materials in 
hydrogenated primary water under severe testing conditions (CERT conditions, striction area) 



but no propagation occurred. Existence of strain/stress localization and triaxiality were, on the 
contrary, identified as having a decisive effect on material susceptibility to cracking. The 
smooth specimen circumferentially notched and annealed revealed a great susceptibility to 
cracking by SCC when tested in CERT conditions. An example of fracture surface obtained 
on these specimens is given on Figure 5. The initiation of cracks is located inside the notch 
and the mode of fracture obtained is intergranular with a slight transgranular initiation area. 
Conditions of stress/strain triaxiality on annealed specimen appear thus sufficient to lead to a 
noticeable susceptibility to cracking by SCC in PWR primary water conditions. 

• Influence of the cold work process  
o Tests on V-humped specimens 

Tests carried out on V-humped specimens confirmed the strong susceptibility of ASSs cold 
deformed in these conditions (see Figure 6). The deepest crack reached more than 1 mm for a 
test duration of 660 hours which corresponds to an average crack growth rate of 1.5 µm/h. 
Similarly to what it was observed in the case of circumferentially notched specimens, the 
mode of fracture is fully intergranular (see Figure 7) for AISI 304L with noticeable traces of 
plasticity observed on the face of grain boundaries (traces of slip bands). In the case of AISI 
316L, the mode of fracture obtained is a fully river pattern transgranular SCC mode. 
As mentioned above, conditions of triaxiality of stress/strain under dynamic deformation 
conditions (CERT) strongly favours the susceptibility of ASSs to SCC. A cold working 
process including an initial compressive stress state (V-hump) appears to promote 
susceptibility of materials to cracking under CERT conditions. 
On the contrary, V-humped specimens prepared form 304L plate cold-worked by cross-
rolling and then tested by CERT at 360°C in primary water did not show any susceptibility to 
SCC. The fracture surface obtained after tests showed only dimple ductile fracture. Excessive 
cold-work (reduction of thickness 89% was obtained by cross rolling) seems to prevent any 
SCC susceptibility of the material in some specific conditions. The cold-work itself is then not 
intrinsically a decisive factor of sensitization of ASS material to cracking by SCC in PWRs 
conditions. The susceptibility to SCC of V-humped stainless steels samples to SCC was 
originally observed by Smialowska et col. [10, 11] in borated, hydrogenated water at 350°C 
and more recently by Arioka [12, 13] and Kaneshima [14] after CERTs on V-humped 
specimens constructed from 316L stainless steel. The fracture mode observed by Kaneshima 
on 316L after CERTs at 360°C consists also of transgranular cracking but with some local 
intergranular area on samples previously annealed. Some specimens were also initially cold-
worked by rolling before the manufacturing of the hump. The authors observed that the 
amount of SCC brittle mode decreased when the initial deformation ratio increased, the 
fracture surfaces observed being completely ductile when the initial deformation ratio was 
beyond 50%. These observations are fully in agreement with this study where excessively 
initially cold-worked V-humped specimens (cross rolling) did not show any susceptibility to 
SCC during CERTs. 
The localization of deformation supplemented by the initial presence of compressive residual 
stresses appears as decisive factors promoting SCC of ASSs under dynamic deformation 
conditions (CERT). 

o CERTs on specimens cold worked by fatigue, cold rolling and counter sinking 
Despite the particular severity of the cold-working conditions mentioned above in the case of 
specimens cold-worked by counter sinking and cold rolling, CERTs in hydrogenated primary 
water conditions at 360°C lead only to ductile fracture. These 2 types of cold-work appear not 
susceptible to sensitize the material to SCC. The nature of the cold-working procedure is then 
especially important regarding susceptibility of ASSs to SCC in primary water conditions. On 
the contrary, AISI 304L previously cold-worked by fatigue is strongly susceptible to cracking 
during CERTs. Fracture surface of specimens cold-worked by fatigue at ambient temperature 



before CERT at 360°C showed large SCC propagation zones (Figure 8). The morphology of 
cracking was mixed (intergranular and transgranular) with a dominant transgranular mode of 
fracture. The measured average crack growth rate was over 1.6 µm/h. As mentioned above in 
the case of V-humped samples, a cold-working procedure including compressive deformation 
appears as a major contributor to the SCC susceptibility of ASSs under dynamic deformation 
conditions (CERTs). Specimens previously cold-worked at 200°C and tested by CERT in 
primary water at 360°C showed that no major effect of the pre-existing martensite phase on 
SCC susceptibility exist in the framework of these experiments. The extension of cracking is 
indeed similar on specimens containing no martensite (cold-worked by fatigue at 200°C 
before CERTs) with respect to specimens containing martensite (previously cold-worked at 
ambient temperature). A very limited role of the martensite was similarly underlined by 
Andresen [8] after testing carried out on ASSs in pure water under oxygenated and 
hydrogenated conditions. 

o CERTs on specimens cold-worked by shot-peening 
Specimens cold-worked by shot-peening and tested by CERT in primary water at 360°C 
showed strong susceptibility to cracking. As mentioned above, existence of residual 
compressive stress state before tests promote susceptibility to SCC. Large SCC fracture mode 
is identifiable on specimens fracture surfaces (see Figure 9). SCC propagation mode is 
transgranular and the measured average crack growth rate on fracture surface was beyond 
1 µm/h. A strong influence of the initial surface hardness on SCC susceptibility is observed. 
Figure 10 shows the evolution of the average crack growth rate depending on initial surface 
hardness measured before CERTs. The average crack growth rate strongly decreases with 
surface hardness. A criterion of 300  ±10HV (0.49N) can be proposed as a minimum required 
regarding SCC cracking susceptibility of ASSs. This criterion is quite similar to those that 
was proposed by Tsubota et col. [5] for SCC of ASSs in pure water containing oxygen at 
288°C. These authors observed that SCC of 304L under creviced bent beam conditions (CBB 
tests) in pure water saturated with oxygen occurred beyond a critical surface hardness of 
270HV. 

• Influence of the mechanical solicitation  
o Constant load tests 

The specimens tested under constant load in primary water at 360°C did not show any 
susceptibility to SCC. Slight initiation was however observed in the case of the two modes of 
cold-work previously applied: shot-peening and fatigue after long periods of tests. Figure 11 
show the SCC initiation cracks observed by SEM inside the notch of the specimen cold-
worked by fatigue, notched and tested under constant load in primary water during 
17 000 hours. To determine the depth of the identified SCC cracks, this specimen was opened 
by fatigue in air and the fracture surface observed by SEM. These latter observations showed 
that the maximum crack depth reached was lower than 20 µm. The morphology of cracking is 
transgranular. Same behaviour was observed on shot-peened specimen tested under constant 
load: initiation of SCC cracks was observed after 4 000 hours of test but no additional 
propagation of these initiated cracks was reported after 7 000 hours of total test duration. 
Observation of cross sections of the tested sample showed that the maximum depth of 
initiated crack was lower than 20 µm. 

o Constant deformation tests 
Similarly to what it was observed during constant load tests, susceptibility of ASSs to SCC 
under constant deformation is particularly weak. No cracking was observed in the case of all 
of the previously cold-worked AISI 304L or 316L samples after 9 000 hours of total test 
duration in primary water at 360°C. Slight, dispersed initiation of SCC cracks was only 
observed in the case of AISI 304L and 316L shot-peened specimens after 5 600 hours of test 
but no further propagation was reported. It is important to note that this slight initiation of 



SCC was then identified only in the case of heavily cold-worked specimens showing the 
strongest initial surface hardness among all of the cold-working procedures evaluated. No 
initiation was also reported on notched specimens. 
It is important to note that noticeable SCC of ASSs in primary water of PWRs was thus only 
reported in the framework of this study under dynamic deformation conditions (CERTs). 
Under static conditions or for an excessively low deformation rate corresponding to the 
natural creep rate at 360°C, no propagation of SCC cracks was reported but crack initiation 
identified. Most of the results available in the open literature dealing with SCC of ASSs in 
PWRs conditions and where SCC propagation was identified, were obtained under dynamic 
deformation conditions. Crack propagation on pre-cracked fracture mechanics CT-type 
specimens was for instance obtained under cyclic loading (regular periodic unloading stages) 
[15] or trapezoidal wave loading [16]. It can be envisaged that a minimum deformation rate 
should be eventually required to allow crack propagation in the case of cold-worked ASSs 
exposed to PWRs conditions. 
 
4. Conclusion 

1. Strong SCC susceptibility of ASSs can be observed under dynamic deformation 
conditions (CERTs) in hydrogenated primary water of PWRs. This susceptibility to 
cracking is promoted by cold-work and/or localization of deformation. 

2. Cold-work procedure including compressive stage (fatigue, shot-peening) strongly 
favours SCC susceptibility in PWRs conditions and under dynamic deformation 
conditions. 

3. For a given cold-working procedure, SCC susceptibility of ASSs materials increases 
with cold-work. A threshold of susceptibility can be identified in the case of the shot-
peening procedure and for AISI 304L stainless steels in term of initial surface 
hardness before CERT. SCC crack propagation is observed beyond 300HV for shot 
peened specimens. For excessively severe levels of cold work by cold rolling, material 
appears not susceptible to cracking. 

4. SCC initiation but no propagation are identified under static conditions (constant load, 
constant deformation). Dynamic deformation conditions (CERTs, cyclic loading) 
appear as a prerequisite for SCC susceptibility of ASSs in PWRs. 
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Figure 1: View of a cold pressed V-humped specimen tested by CERTs 
 

 
 
 
 
 
 
Figure 2: Evolution of material hardness in the case of specimens cold-worked by shot-
peening, note the initial high surface hardness 
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Figure 3: Crack initiation observed in the striction area of non-cold worked specimens tested 
in CERTs, 304L, PWR primary water, 360°C 
 

 
 
 
Figure 4: Metallurgical cross section of the specimen presented in Fig.3, note the extreme 
limited length of the cracks observed in the striction area 
 
 

 
Figure 5: Fracture surface obtained after CERT on notched specimen not cold worked (full 
annealing performed after machining of the notch), note the intergranular nature of SCC, 
304L, PWR primary water, 360°C 
 
 

 

20 µm 



 
Figure 6: Large SCC susceptibility observed on 304L cold pressed V-humped specimen after 
CERT, PWR primary water, 360°C 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Intergranular mode of fracture caused by SCC, note the traces of slip bands on 
grain boundaries facets, CERT on 304L cold pressed V-humped specimen, PWR primary 
water, 360°C 
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Figure 8: Fracture surface of specimen cold-worked by fatigue at ambient temperature and 
then tested by CERT in PWR conditions, note the large susceptibility of material to SCC, 
304L, PWR primary water, 360°C 
 

 
 
 
 
Figure 9: Fracture surface obtained after CERT on specimen cold-worked by shot-peening, 
note the extensive brittle-like fracture corresponding to SCC, 304L, PWR primary water, 
360°C 
 

 
 



 
 
Figure 10: Evolution of the average crack growth rate on specimens tested by CERT versus 
the initial surface hardness, CW by shot-peening, PWR primary water, 360°C 
 

 
 
 
 
 
 
Figure 11: Crack initiation observed inside the notch of specimen initially cold-worked by 
fatigue and then tested under constant load, cross sections show that maximum crack depth is 
lower than 20 µm, PWR primary water, 360°C 
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