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ABSTRACT 
 
In-service cracking of Boiling Water Reactors (BWR) and Pressurized Water Reactors (PWR) 
internal components has been attributed to Irradiation Assisted Stress Corrosion Cracking 
(IASCC), a high temperature degradation process that austenitic stainless steels exhibit, when 
subjected to stress and exposed to relatively high fast neutron flux. Most of the cracking 
incidents in BWRs were associated to the heat-affected zone (HAZ) of welds. Although the 
maximum end-of- life dose for this structure is about 3·1020 n/cm2, below the threshold fluence  
of 5·1020 n/cm2 (equivalent to appr. 1 dpa) for IASCC in BWR of annealed materials, the 
influence of neutron irradiation in the weld and HAZ is still an open question. As a 
consequence of the welding process, residual stresses, microstructural and microchemical 
modifications are expected. In addition, exposure to neutron irradiation can induce variations 
in the material’s characteristics that can modify the stress corrosion resistance of the welded 
components. While the IASCC susceptibility of base materials is being widely studied in 
many international projects, the specific conditions of irradiated weldments are rarely 
assessed.  
 
The INTERWELD project, partially financed by the 5th Framework program of the European 
Commission, was defined to elucidate neutron radiation induced changes in the HAZ of 
austenitic stainless steel welds that may promote intergranular cracking. To achieve this goal 
the evolution of residual stresses, microstructure, microchemistry, mechanical properties and 
the stress corrosion behaviour of irradiated materials are being evaluated.  
 
Fabrication of appropriate welds of 304 and 347 stainless steels, representative of core 
components, was performed. These weld materials were irradiated in the High Flux Reactor 
(HFR) in Petten to two neutron dose levels, i.e. 0.3 and 1 dpa. Complete characterization of 
the HAZ of both materials, before and after irradiation is performed. Measurements of 
residual stresses by Neutron Diffraction, mechanical properties, sensitisation degree and  
microstructural and microchemical characterization are carried out. To evaluate the stress 
corrosion behaviour of the irradiated weld materials, Slow Strain Rate Tensile (SSRT) tests 
were used. Flat tensile samples, containing the weld seam and the HAZ of the weld were 
fabricated from the 304 and 347 weldments. Stress corrosion tests were performed at 290ºC in 
low conductivity water with 200 ppb dissolved oxygen. In addition, tests in inert gas at the 
same temperature were carried out as a reference. This paper describes the obtained testing 
results. 
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1. INTRODUCTION 
 
Core components of light water reactors (LWR), made of austenitic stainless steels (SS) and 
nickel alloys, subjected to stress and exposed to relatively high fast neutron flux may suffer a 
cracking process termed as Irradiation Assisted Stress Corrosion Cracking (IASCC). This 
degradation phenomenon is a time dependant process in which neutron and gamma radiation 
are directly implicated in the initiation and propagation of cracking [1]. Although this type of 
cracking was first recognized in Boiling Water Reactors (BWR), later service failures 
attributed to IASCC were also observed in Pressurized Water Reactors (PWR) components 
[2]. 
 
Cracking of welded reactor pressure vessel (RPV) internal components, such as core shrouds, 
has increased in BWR during the last years. Most of these cracking incidents were associated 
to the heat-affected zone (HAZ) of the welded components. As cracking was located in the 
HAZ, some core shroud failures have been attributed to classical Intergranular Stress 
Corrosion Cracking (IGSCC) of thermally sensitised stainless steels, due to the significant 
grain boundary carbide precipitation occurring in the HAZ during the welding process. 
However, the intergranular cracking of stabilized and L-grade materials, where carbide 
precipitation is minimized, can not be sufficiently explained by the thermal chromium 
depletion mechanism [3]. 
 
Although the maximum end-of- life dose for BWR core shrouds is about 3·1020 n/cm2 [4], 
below the threshold fluence (5·1020 n/cm2) for IASCC in BWR of annealed materials, the 
influence of neutron irradiation in the HAZ of welds is still an open question. As a 
consequence of the welding process, residual stresses, microstructural and mechanical 
changes are induced in the welded stainless steels. In addition, neutron radiation can lead to 
critical modifications in material characteristics and in the surrounding water environments, 
which can modify the stress corrosion cracking resistance of the components. While the 
IASCC of base materials is being widely studied, the specific conditions of weldments are 
rarely addressed.  
 
An engineering and scientific approach to understand the behaviour of welds under irradiation 
was the base for the definition of the INTERWELD Project. The objective of the project is to 
explore the neutron radiation induced changes in the welding heat-affected zones of 
components, such as core shrouds of the BWR, that promote intergranular cracking. For this 
purpose the relation between the development of weld residual stresses, microstructure, 
microchemical and mechanical properties during irradiation and the stress corrosion cracking 
behaviour of the materials is investigated. This work was performed with the financial support 
from the European Commission, EURATOM FP5 (contract number FIKS-CT-2000-00103). 
A more detailed description of the project has been published previously [5]. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
Two austenitic stainless steels, type 304 and 347, were used for this experimental work. The 
chemical compositions of these materials are listed in table I. To produce the weldments, two 
plates of 2500mm x 200mm x 12mm of each material, 304 and 347 SS, were joined by 
welding along the long side of the rectangular strips. Figure 1 is a scheme of the welding 



profile. Gas Tungsten Arc Welding (GTAW) was used for the root pass (first pass) and 
Shielded Metal Arc Welding (SMAW) for all filler passes (passes 2-5). A double-V shape 
was selected to minimize the shrinkage and deformation of the weld plates. 
 

Table I: Chemical composition of the materials (wt.-%) 
 

Materials C Si Mn P S Cr Ni Nb Nb/C 
304 0.042 0.310 1.63 0.03 0.010 18.36 9.50 --- --- 
347 0.03 0.46 1.22 0.034 0.005 17.69 10.34 0.49 16.3 

 
 

 
Figure 1: Scheme of the welding(mm). Source: Framatome ANP 

 
 
2.2. Irradiation Process 
 
After the welding process, the two plates were divided and weld strips/slices, stress corrosion, 
tensile, microstructural and microchemical test specimens were fabricated. All these samples 
(specimens and strips) were inserted in the irradiation capsules and irradiated at 300ºC by 
NRG in the High flux Reactor (HFR) in Petten, NL, at two neutron fluences: 0.3 and 1.0 dpa.  
 
2.3. Materials Characterization 
 
Before and after irradiation the materials were fully characterized. The general microstructure 
was determined by optical and Transmission Electron Microscopy (TEM), for both base metal 
and HAZ. The grain boundary characterization at the HAZ was performed by Auger Electron 
spectroscopy. Vickers micro-hardness and tensile properties were determined in the base 
metal and HAZ. For mechanical characterization, flat micro-tensile samples of 0.3 mm 
thickness and 5.5 mm gage length were used. The mechanical properties at the HAZ were 
determined by fabrication of micro-tensile samples every 0.4 mm from the fusion line.  
 
The sensitization degree of unirradiated stainless steel 304 and 347 weldments was 
determined using the Double Loop-EPR (Electrochemical Potentiodinamic Reactivation) 
method. In order to get information about the HAZ, examinations were performed by 
successively cut tangential cross sections along the weld edge (weld direction) starting most 
near the fusion line and proceeding in defined distance steps (0.2 mm) towards the unaffected 
base metals.  
 

Base metals: 
304 or 347 

Base metals:  
304 or 347 SS 



2.4. Residual Stresses Measurements 
 
Weld residual stresses are determined by destructive and non-destructive methods. Before 
irradiation, weld residual stresses were measured by neutron diffraction and by the ring-core 
technique while after irradiation only neutron diffraction is going to be used was used.  
 
The ring-core technique was used by Framatome ANP to determine the local weld residual 
stresses (WRS) in depth as a reference for the neutron diffraction technique. For this purpose, 
surface strains are measured using strain gages rosettes. A ring is machined around the strain-
gage-rosette by electric discharge machining (EDM). The removal of materials around the 
rosette leads to an elastic relaxation of the remaining core, on top of which the strain-gage is 
applied. With this procedure a depth profile of residual stresses can be determined. 
Measurements were performed locating the centre of the strain gage at 1mm from the fusion 
line. Three locations along the plate were measured: the centre and the two ends of the plate. 
More details about the technique were published previously [6]  
 
Neutron diffraction was used to determine the weld residual stresses before and after the 
irradiation. This technique is a powerful tool for non-destructive measurement of residual 
stresses deep within crystalline materials at reasonable spatial resolution. Bragg’s law is 
applied, which relates the average lattice spacing at a point in a component, from which 
neutrons with a certain wavelength are diffracted. By measuring changes in the lattice spacing 
one can determine the residual strains, and then derive stresses. Measurements in a sufficient 
number of directions – normally at least three – have to be made. Facilities at the HFR of the 
JRC in Petten, NL, and at PSI in Villigen, CH, were used for these measurements.  
 
2.5. Stress Corrosion Tests 
 
To evaluate the susceptibility of the materials to stress corrosion cracking, SSRT tests were 
performed at a strain rate of 3.5·10-7 s-1. Flat tensile specimens with a gage length of 16 mm 
and 1 mm thickness were fabricated. Samples were machined to contain part of the weld 
metal, the HAZ and the base metal in the gage length, figure 2.  
 

 
Figure 2: SSRT sample geometry (mm). Source: CIEMAT 

 
 
The unirradiated materials and materials having two levels of irradiation (0.3 and 1.0 dpa), 
respectively, were tested or will be tested. By the time of this paper only results of the 
unirradiated material and the irradiated material with 0.3 dpa were available. SSRT are 
performed using “as welded” materials. However, in the unirradiated condition, some samples 
of 304 and 347 SS were tested with a post weld heat treatment (PWHT): 580ºC, 24 hours for 
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304 SS and 450ºC, 24 hours for 347 SS. Tests have been carried out at 290ºC and 90 MPa, in 
pure water with inlet conductivity less than 0.1 µS/cm and 200 ppb of dissolved oxygen (DO). 
In addition, slow strain rate tests at the same temperature were performed in argon gas. Table 
II presents the test matrix. 
 

Table II. Slow strain rate test matrix for welded 304 and 347 materials. 
  

 Unirradiated 0.3 dpa 
Environment As welded PWHT As welded 

Pure water + 200 ppb O2 x x x 
Inert gas x  x 

 
 

SSRT are carried out in a refreshed autoclave incorporated to a high temperature/high 
pressure loop suitable to perform SCC with irradiated materials. During the tests, stress and 
strain of every sample are recorded, as well as water chemistry parameters and environmental 
conditions. All the tests have been carried out to the sample fracture at high temperature. 
After testing, the fracture surface and the gage length of the tested samples are examined by 
Scanning Electron Microscopy (SEM), to identify the presence of secondary cracking and the 
cracking morphology and to quantify the percentage of Intergranular (IG), Transgranular 
(TG) and Ductile (D) fracture mode. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Material Characterization. 
 
The microstructure of the base metals for both 304 and 347 SS contains a fully austenitic 
matrix with annealing twins. The number of twins decreases in the heat affected zone. No 
grain boundary precipitation was detected in both materials at any location. The grain size  
was 40 µm in the base metal of 347 SS and 50 µm in the base metal of 304 SS. In the heat 
affected zone an increase of grain size was observed: 60 µm for 347 and 65 µm for 304. The 
width of HAZ in terms of grain size variation can be estimated to approximately 600 µm.  
 
TEM observations of both unirradiated materials indicate a low dislocations density, typical 
for austenitic stainless steels (1013 m-2 for base metal 347 SS and 1014 m-2 for HAZ 347 SS). 
Some stacking faults and small precipitates were found. Close to the fusion line recrystallised 
regions are observed, surrounded by a matrix with a high dislocation density. In general, in 
both materials the dislocation density increases with decreasing the distance from to the 
fusion line. Welded 304 SS presents a slightly higher dislocation density than welded 347 SS. 
Some deformed samples were examined and the results indicate that the deformation takes 
place predominantly by twinning at room temperature and by dislocation motion at 300ºC, 
both in base metal and HAZ of 304 and 347 weldments. The characterization of irradiated 
materials is still in progress. 
 
Vickers micro-hardnesses of unirradiated welded 304 and 347 SS, from 0 to 3000 µm of the 
fusion line were determined. The hardness values range from 200 to 250 Hv, but these 
variations does not allow the determination of the HAZ, in terms of hardness modifications. 
 



Mechanical properties of unirradiated 304 and 347 SS were determined at room temperature 
and at 300ºC, both in the base metal and HAZ. Significant mechanical properties variations 
are observed from base metal to the HAZ in both materials. In general, an increase of yield 
strength (YS) is observed in the HAZ, figure 3, while ultimate tensile strength (UTS) and 
uniform elongation (UE) present no significant differences along the fusion line. In the base 
metal, the YS of 347 SS, at both room temperature and 300ºC, is higher than the YS of 304 
SS. However, the YS of 304 and 347 SS in the HAZ are comparable.  
 
Results of sensitization measurements show that all EPR values range from 0.05 to 0.45 %. 
Metallographic observations of the sample surfaces after the EPR tests do not indicate 
specific grain boundary attack. Accordingly, no sensitization of the materials due to the 
welding process was produced in 304 and 347 SS. Similar results were obtained by Auger 
Electron Spectroscopy used for grain boundary characterization of the unirradiated 304 and 
347 HAZ. No significant differences in the respective average of alloying elements 
concentrations, iron, nickel, chromium, in the intergranular area and the ductile areas were 
observed in both materials. A slight segregation of phosphorus was observed in a low 
percentage of the intergranular areas of 347 and 304. Examination of irradiated samples will 
indicate the possible modification of the grain boundary microchemistry induced by 
irradiation. 
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Figure 3: Yield strength of 304 SS as a function of distance form fusion line, at 
300ºC. Source: PSI 

 
3.2. Residual stresses measurements  
 
Residual stresses measurements by ring-core technique indicate no significant differences in 
the residual stress state of the two materials, 304 and 347 SS. Figure 4 shows an example of 
the stresses measured by this technique. In general, the profiles show prevailing tensile 
stresses although at some locations also compressive stresses were observed. The stresses 
parallel to the fusion line are significantly higher than stresses perpendicular to the fusion 
line. The stresses on the face containing the last welding pass are also significantly higher 
than those on the opposite face. During the sectioning of the plates into strip samples for 
irradiation and corrosion testing, a significant amount of residual stresses was also released.  
 
Residual stress measurements by neutron diffraction were performed in welded 347 and 304 
plates. Results on 347 SS indicate that the largest residual stresses are in the welding 



longitudinal direction. Stresses as high as 400 MPa were found in the long 347 SS specimens, 
while the shorter specimens, corresponding in size to the specimens irradiated at the HFR, 
exhibited significantly lower longitudinal stresses-up to 200 MPa, figure 5. Welding 
transverse and plate normal stresses were found to be far less significant and hardly 
influenced by shortening of plates. 
 
Measurements on welded 304 SS show a large scatter, attributed to the grain size of the 
material. Nevertheless, it is foreseen to test, whether this situation changes during irradiation. 
 

 
Figure 4:Depth profiles of the residual stress parallel to the weld direction in the 
HAZ in “as welded” 304 SS. Source: Framatome ANP 

 
 

Figure 5: As welded 347 SS: Mid-thickness longitudinal residual stresses for varying 
lengths of plate. Source: JRC 
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3.3. Stress corrosion cracking 
 
Typical stress/strain curves of unirradiated and irradiated (0.3 dpa) 304 and 347 SS, obtained 
at 290ºC in oxidizing water and inert gas, can be observed in figures 6 and 7. In the case of 
unirradiated 347 SS, no differences were found in the curves obtained in water and in inert 
gas. However, in the case of unirradiated 304 SS lower strain to failure and maximum stress 
were found in the samples tested in water than in the samples tested in inert gas.  
 
Some samples of unirradiated 304 and 347 SS were tested with a PWHT. The results indicate  
no significant differences in the behaviour of both materials in “as welded” and PWHT 
conditions [6].  
 
Concerning the irradiated material (0.3 dpa), figures 6 and 7 show that neutron irradiation 
produces an increase of YS and maximum stress and a reduction of elongation in both 
materials. This hardening induced by neutron radiation is a well know effect on austenitic 
stainless steels. Accompanying an increase in hardness is a decrease in the ductility and 
fracture toughness. The YS of 300 series stainless steels at 300ºC can reach 5 times the 
unirradiated values for 7-10 dpa [7]. In fact, the increase in yield strength follows a square 
root dependence on dose. For a neutron fluence of 0.3 dpa, both materials, welded 304 and 
347 SS, show a YS around 400-420 MPa. These values agree with the general tendency for 
300 series stainless steels. 
 

  
Figure 6: Stress/strain curve of 304 SS 
tested at 290ºC. Source: CIEMAT 

Figure 7: Stress/strain curve of 347 SS 
tested at 290ºC. Source: CIEMAT 

 
Unirradiated samples of 304 and 347 SS tested in inert gas show 100% of ductile fracture. 
However, samples of unirradiated 304 SS tested in pure water + 200 ppb DO, show some 
percentage of transgranular fracture, figure 8, while samples of unirradiated 347 SS tested in 
the same water environment always present ductile fracture. 
 
In general, the transgranular fracture observed in non-sensitized materials tested in high 
temperature water may be considered as an artifact of the extreme severe mechanical 
conditions during SSRT [8]. However, similar severe mechanical conditions are achieved 
during testing of 347 SS and  no transgranular cracking was observed. Probably, elongated 
inclusions in 304 SS, observed in the fracture surface of tested samples, could have any 
influence on the initiation and propagation of the transgranular fracture. 
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Fracture surfaces of irradiated (0.3 dpa) 347 SS samples, tested at 290ºC in inert gas and in 
pure water show 100% of ductile fracture. However, the fracture surface of irradiated (0.3 
dpa) 304 SS tested in pure water + 200 ppb DO, shows some percentage of transgranular 
fracture, figure 9, while samples tested in inert gas show ductile fracture. No intergranular 
fracture was detected in any of the tested samples.  
 

 
 
 
 

14% Transgranular 
86% Ductile 

 
Figure 8. Fracture surface of unirradiated 304 materials tested at 290ºC in pure water + 
200 ppb DO. Source: CIEMAT 

 

 

 
Figure 9: Fracture surface of irradiated (0.3 dpa) 304 SS tested at 290ºC in pure water + 
200 ppb DO. Source: CIEMAT 

 
According to the literature [9], a threshold neutron fluence of around 5·1020 n/cm2 (equivalent  
to appr. 1 dpa) is necessary to induce any susceptibility to intergranular cracking in annealed 
material. In spite of the hardening observed in the material, irradiated 304 and 347 weldments 
with 0.3 dpa do not show any intergranular cracking in the tested environment. Future SSRT 
tests with welded 304 and 347 SS irradiated to 1 dpa will show if these materials are 
susceptible or not to intergranular cracking. 

25 % Transgranular 
75 % Ductile 



4. CONCLUSIONS 
 
The evolution of the weld residual stresses, microstructure mechanical properties and stress 
corrosion behaviour, induced by neutron irradiation, is being evaluated in the framework of 
the INTERWELD project. Material characterization, residual stress measurements and stress 
corrosion cracking tests were performed and are partially still in progress. Preliminary results 
indicate that in spite of the hardening observed in the material, the irradiated 304 and 347 
weldments with 0.3 dpa do not show any susceptibility to intergranular cracking at 290ºC in 
pure water with 200 ppb of dissolved oxygen, based on the results of SSRT. 
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