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1. EXECUTIVE SUMMARY  
 
 
Test welds of SS type 304 and SS type 347 have been produced with weld residual stresses, 
microstructure and properties representative for core shroud application. These welds have 
been characterised for weld residual stress state prior to irradiation by destructive (ring core) 
and non-destructive (neutron and X-ray diffraction) methods. Stripes/slices and test specimens 
of the test weld were irradiated in two capsules to two relevant neutron dose levels: one under, 
0.3 dpa, and one over, 1.0 dpa, the threshold value, about 0.5 dpa, indicated for irradiation 
assisted stress corrosion cracking in BWRs. 
 
The in-service weld of the decommissioned BR-3 reactor is used to compare the results from 
the test weld with real internal component material. The irradiated materials have been 
distributed to the different partners to perform the post-irradiation test and examination. The 
weld residual stresses are measured by neutron diffraction on the low and high dose level test 
weld stripes and stripes from the unirradiated and irradiated in-service material. The corrosion 
behaviour of the material is determined by EPR tests (Note: EPR is not performed in BWR 
environment) and CERT in BWR and inert environment. The (micro) mechanical properties 
have been determined both on irradiated test specimens and specimens taken from the 
irradiated coupons and in-service material. The microstructure and microchemistry of the 
weld, heat affected zone and plate structure have been examined by optical, SEM, TEM, 
EPMA, STEM-EDX, SIMS and AUGER techniques.  
 
Finally, the results from the weld residual stress measurements, the corrosion behaviour, the 
(micro)mechanical properties and the microstructural and microchemical features are 
assessed. The correlation between the weld residual stresses and 
microstructure/microchemistry after neutron irradiation and the specific stress corrosion 
resistance of the core shroud weldment is synthesized. The indications on the mechanism of 
the cracking process and the controlling parameters, in particular the importance of the weld 
residual stresses versus local microstructure/chemistry, are deduced. 
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Abstract 
 
After many years of operation in Light Water Reactors (LWR), Irradiation Assisted Stress 
Corrosion Cracking (IASCC) of RPV internals has been observed. In particular the heat-
affected zone (HAZ) has been associated with IASCC attack. The welding process induces 
residual stresses and micro-structural modifications. Neutron irradiation affects the materials 
response to mechanical loading. IASCC susceptibility of base materials is widely studied, but 
the specific conditions of irradiated welds are rarely assessed.  

Core component relevant welds of Type 304 and 347 steels have been fabricated and were 
irradiated in the High Flux Reactor (HFR) in Petten to 0.3 and 1 dpa (displacement per atom). In-
service welds were cut from the thermal shield of the decommissioned BR-3 reactor. Residual 
stresses, measured using neutron diffraction, ring core tests and X-ray showed residual stress 
levels up to 400 MPa (parallel to the weld). Micro-structural characterization showed higher 
dislocation densities in the weld and HAZ. Neutron radiation increased the dislocation density, 
resulting in hardening and reduced fracture toughness.  

The sensitization degree of the welds, measured with the electrochemical potentio-dynamic 
reactivation method (EPR), was negligible. The Slow Strain Rate Tensile (SSRT) tests, 
performed at 290ºC in water with 200 ppb dissolved oxygen, (DO), did not reveal inter-granular 
cracking. Inter-granular attack of in-service steel is observed in water with 8 ppm (DO), 
attributed not only to IASCC, but also to IGSCC from thermal sensitization during fabrication 
and in-service ageing. These have caused Cr-grain boundary precipitation, indicating the 
sensitization. The simulated internal welds, irradiated up to 1.0 dpa, did not show inter-granular 
cracking with 8 ppm DO.  
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2.1. Introduction 
 
Significant cracking has been observed in core shrouds of BWR’s in Europe, the US and Asia 
[1,2]. The core shroud is one of the major internal components of BWR’s. Not only BWR 
internals can be affected by Irradiation Assisted Stress Corrosion Cracking, IASCC, but PWR 
have also have shown the phenomenon [3]. Core shroud cracking can finally lead to 
geometrical distortion of the fuel configuration. This can jeopardise the alignment of the fuel 
elements and might ultimately hinder proper operation of the control rods. Such a distorted 
core configuration is therefore potentially dangerous for the safe operation of nuclear power 
plants. Understanding the mechanisms occurring in the core shroud should be translated into 
countermeasures for avoiding and delaying core shroud cracking [4, 5]. The knowledge can 
be used to improve the design of new power plants.  

Six organisations CIEMAT, Madrid, Framatome ANP, Erlangen, JRC-IE and NRG, Petten, 
PSI, Villigen and SCK-CEN, Mol have co-operated in the INTERWELD project, partially 
financed by the European Commission. The overall objective of the project was to define the 
radiation induced material changes that promote cracking in the heat affected zone of PWR 
and BWR core internal components. In order to reach this overall objective the following sub-
objectives can be distinguished within the project: 

 
− Fabrication of industrial LWR core relevant welds with representative residual stresses, 

microstructure and properties and recovery of relevant in-service core shroud material 
− Irradiation of welded coupons under relevant LWR internals neutron fluence conditions 
− Determination of the evolution of weld residual stresses under neutron irradiation 

conditions 
− Determination of the stress corrosion behaviour of the material under neutron irradiation 

conditions and, 
− Determination of the (micro) mechanical, micro-structural and micro-chemical properties 

of the weld material under neutron irradiation conditions. 
− Synthesis of the experimental observations to improve the insight in the IASCC 

mechanism. 
 
The goal is the assessment of the correlation of the weld residual stresses and microstructure/ 
microchemistry after neutron irradiation and the specific IASCC resistance of the core shroud 
welds. In particular the importance of the weld residual stresses versus local 
microstructure/chemistry in the mechanism of the cracking process on the controlling 
parameters should be resolved. 
 

2.2. Procedure 

2.2.1 Materials 

Weld manufacturing 
The objective was to obtain austenitic stainless steel type 304 and type 347 welds with weld 
residual stresses representative for LWR internals/core shroud applications. Initial goal for C-
contents of both materials was 0.05 wt% C representative for most LWR core shrouds of 
currently operating plants in Europe, but materials with such high C-contents are not available 
any more. The next available high C-contents materials were purchased.  Their chemical 
composition is shown in Table 1. The 2 different austenitic stainless steels are welded with a 
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combination of 2 welding processes GTAW (TIG) for root pass (first pass) and SMAW for all 
filler passes (pass 2-5). 
 
Table 1 Chemical composition of SS type 304 and SS type 347 and in-service material 
 
   C Si Mn P S Cr Ni N Nb Nb/C 
AISI 
type 

Werk 
stoff nr 

DIN wt% wt% wt% wt% wt% wt% wt% wt% wt%  

304 1.4301 X5CrNi18 10 0.042 0.310 1.63 0.03 0.010 18.36 9.50 - - -
347 1.4550 X6CrNiNb18 

10 
0.030 0.46 1.22 0.034 0.005 17.69 10.34 - 0.49 16.3

304  In-service 
mat. 

0.08 0.75 2 0.045 0.03 18 8 < 0.1 - -

 
The dimensions of the welded plates are 2500 x 400 x 12 mm. The thickness of the weld was 
restricted to 12 mm (Note: A limiting factor was also the dimension of the irradiation channel, 
as far as I can remember), because of the thermal stress levels during irradiation. The weld 
configuration is X-shaped. The production sequence for filler passes is: after the second pass 
the plate is turned and the third pass is welded. Then the fourth pass is welded the weld plate 
is turned again and the fifth is welded, see Figure 1. This procedure results in a representative 
core shroud weld and minimises the shrinkage and deformation. After welding, several 
specimens of Type 304 had a 4 h anneal at 580 oC followed by furnace cooling. The Post Weld 
Heat Treatment, PWHT, of Type 347 consisted of 4 h treatment at 450 oC followed by a furnace 
cooling. 

 
Figure 1 Weld configuration of weld plates for SS type 304 (Werkstoff nr. 1.4301) or SS type 347
  (Werkstoff nr. 1.4550) from Framatome ANP 
 

In-service material 
SCK-CEN has provided in-service material SS type 304 from the experimental BR-3 
pressurised water-cooled reactor, located near Mol, Belgium shut down in 1987. The material 
has been irradiated from 1962 to 1987 (5000 EFPD at 40MW), the coolant temperature was 
260 - 300 °C. The maximum dose irradiation was 2.4 1020 n/cm2. Since the wall of the BR-3 is 
thick, there is a gradient of the neutron fluence accumulated near the inner and the outer surface 
of the wall of almost a factor 1000 in the range from 0.005 to 0.36 dpa.  
 
The welding procedure consisted of preliminary fixation of the position of the rings by 
backing strips tack welded on the inner diameter. A V-shaped weld configuration was used.  
 
Two samples of the thermal shield were retained after the decommissioning of the reactor. 
One plate, A, was taken from the top of the thermal shield. The second plate, B, was taken at 
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23 mm above mid-plane. Specimens have been machined from specific locations in the weld 
metal, HAZ, and plate material.  

 

2.2.2 Neutron irradiation and conditioning of samples 
NRG subjected the specimens made from the welds to two neutron irradiations in the HFR 
Petten. One target neutron fluence was selected below the conventional threshold for IASCC 
in BWR environment:  0.3*1021 n.cm-2 and one significantly above the threshold: 1*1021 
n.cm-2. The measured mean doses are respectively: 0.35 dpa, displacement per atom, (0.28-0.39 
dpa), and 1.02 dpa (0.82 –1.22 dpa). The flux buckling causes the distribution around the mean 
values. The specimen temperatures remained between 280 and 320 oC, similar to operating 
temperatures of internals welds. The durations of the radiations were 4 and 11 months 
respectively, roughly an acceleration factor of 30 compared to the dose rate of in-service 
internals of commercial NPPs. The gamma heat generated in austenitic stainless steel welds, 
even in a peripheral position of the HFR, is so high that the thickness of the welds should be 
below 12 mm. Otherwise the temperature gradient across the weld thickness might affect the 
weld residual stress patterns.  

 

2.2.3 Testing techniques 
 
Weld residual stress measurements 
The welding process heating cycles and the constraint of the welded pieces cause elastic and 
plastic deformation resulting in weld residual stresses in and near the HAZ. Framatome ANP 
measured the residual stresses destructively with the Ring Core Technique. Electric discharge 
machining removes the material in a ring around a strain gauge rosette. The strain gage 
alignment measures the new stress arrangement occurring in the remaining cylinder with the 
strain gages on top.  
 
X-ray diffraction allows the measurement of the elastic strain re-distribution on the plate 
surface near welds. A wavelength of 0.21 nm (Mn-Kα) was used with annealed austenitic steel 
powder as calibration material. 
 
Neutron radiation allows the non-destructive measurement of the strains through the whole 
thickness of the welded plate, because of the deep penetration of the neutral particles in the 
metal lattice. Basically the residual weld stresses can be derived from the elastic strains 
resolved with the diffracted neutrons. Manipulation of the specimens in the neutron beam in 
three different directions is needed. In this way the full 3 dimensional information for the 
stress determination in the weld, HAZ and adjacent plate can be obtained. 
 
Corrosion testing 
The sensitisation for corrosion attack has been checked with the, double loop, 
Electrochemical Potentio-dynamic Reactivation, EPR, method.  The complete chain of plate 
HAZ and weld metal was subjected to the test, resulting in EPR values plotted against the 
distance from the weld fusion line. 
 
The slow strain rate test, SSRT, also known as constant extension rate test, CERT, evaluated 
the stress corrosion cracking tendency with an initial strain rate of 3.5*10-7 s-1 (note: technical 
strain rate is based on constant cross-head speed). The tensile specimen gage length, 16 mm 
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length and 1 mm in thickness, includes weld metal, HAZ and plate. The tests are carried out 
in a shielded autoclave in pure water with an inlet conductivity of 0.1 µS.cm-1 and plant 
relevant water chemistry, 200 ppb of dissolved oxygen, DO. Some additional tests were 
conducted with 8 ppm dissolved oxygen to investigate the sensitivity at artificially high 
oxygen levels. For comparison a number of SSRT tests was completed in an inert pure argon 
atmosphere. The test temperature is similar to the mean radiation temperature of 290 oC.  
 
Mechanical testing 
The small specimens, used for mechanical testing by PSI had a gauge length of 5 mm and a 
cross section of 2.5*0.3 mm. Strain rates were varied between 10-5 and 10-3 s-1. For the NRG 
fracture toughness tests CT-10 specimens were cut from the smaller weld coupons. The 
orientation of the crack plane is in the longitudinal direction of the weld (T-L)  
 
Microscopy 
Optical, transmission and scanning electron microscopy are the main tools for the 
investigation of the microstructure and the fracture surfaces of the mechanical test specimens. 
In addition STEM-EDX, SIMS and AUGER electron spectrometry techniques were applied 
for the study of the micro-structure and chemistry. 

 

2.3. Results 

2.3.1 Measurement of residual stresses 

Ring core and X-ray technique 
After finalising the welding the weld plates were examined with the Ring Core Technique to 
determine the weld residual stresses (WRS) in depth. All Ring Core measurements were 
performed 1 mm from the fusion line, as close as possible to the weld at the surface position. 
The axial measurements were performed at 3 different locations: two locations at both ends 
(referred to in Figure 2 as edge) of the length of the weld plate (axial direction) and one 
location in the centre of the weld plate.  
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Figure 2 Axial residual stresses (= parallel to weld) measured in Type 304 & 347 welds without 

SRHT by Ring Core Technique 
 
Note:  I will provide latest diagram versions from my final report separately. 
 
The axial (note definition: parallel to weld, longitudinal may also be appropriate, however, 
then all diagrams must be changed) residual stresses up to a depth of ± 1.6 mm are higher than 
the yield strength, Re,0.2 of both stainless steels: Re,0.2  SS304  = 233 MPa, Re,0.2 SS347 = 221 MPa, 
respectively. The axial residual stresses at the surface are in the range of 100 MPa tensile 
stresses. The higher measured values might be explained by constraint of the tri-axial stress 
state, whereas YS are always measured uni-axially. The profiles of the axial residual stresses 
are waved as if the axial stress levels undergo a stress relieving treatment with subsequent 
weld passes. All measurements are tensile stresses and for a depth of 1.6-5 mm are within 
180-280 MPa. 
 
The tangential (note definition: perpendicular to weld, transversal) residual stresses are 
determined by measuring at 3 different locations. Two locations are at both ends of the weld 
plate in tangential direction (referred to in Figure 2 as edge) and one location in the centre of 
the weld plate. The measured tangential residual stresses are both tensile and compressive 
stresses. Compressive stresses are measured for SS type 304 at centre position for all depths 
and for SS type 347 centre position from 4.4 mm depth onwards. All other measured stresses 
are tensile stresses. All the measured values are below the yield strength of the materials. The 
profile of the tangential residual stresses are waved, similar to the axial stresses, as if the 
tangential stress levels undergo stress relieving with subsequent weld passes. The tangential 
stress levels at the surface are 0 MPa. 
 
The results of the sectioning technique confirm the more detailed stress levels resolved with 
the ring-core technique. The results of residual stresses determined by X-ray diffraction show 
that stress relieve annealing relaxes the residual stresses in Type 304. In particular peak 
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stresses are reduced considerably. The effect was not tested in Type 347. In general the 
difference between Types 304 and 347 is the lower residual stress level observed in Type 347. 
The ring-core and X-ray diffraction are in agreement to an acceptable degree of accuracy. 
There is however one striking difference between on the one hand the ring-core and 
sectioning technique and on the other hand the X-ray diffraction. The X-ray diffraction does 
not reveal the difference in stress components parallel and perpendicular to the weld seam, 
observed with ring-core and sectioning technique.  
 
Neutron diffraction  
A representative plot of the mid thickness stresses resolved in the Type 304 welded plate is 
shown in Figure 3. The three directions are named: S1: direction normal to the weld, S2: 
direction transversal to the weld, and S3: direction longitudinal to the weld. The residual 
stresses are observed in the longitudinal direction. Sensitivity analyses confirm the results of 
the POLDI (PSI) approach robustness. The analysis method and the number of diffraction 
lines do not affect the results significantly. The diffraction elastic constants have been taken 
from [6]. 
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Figure 3 Mid thickness stresses variations along a line perpendicular to the weld in plate 304F by 

PSI 
 

Though the Type 304 plates show large grain diameters, the results are still consistent due to the 
particular measurement technique applied in PSI. The uncertainty values indicated in the figure 
give an indication of the reliability of the measured data. The peak value of the stress in 
unirradiated Type 304 is in the longitudinal direction about 370 MPa.  

In case of the unirradiated Type 347 steel welds, the peak stress amounts to little over 200 MPa, 
that is about half the value observed in Type 304 is in the longitudinal direction. Both JRC and 
PSI measured the stresses in this welded plate and the results are in good agreement. 
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Both welds show a clear residual stress peak in the centre of the plate along the longitudinal 
direction as observed with conventional techniques. The longitudinal stresses in and around the 
weld are counterbalanced by the compressive stress further away from the weld metal. It has 
been observed that reduction of the specimen size causes a reduction of the peak stresses.  

PSI determined the residual stresses in the BR-3 thermal shield welds. Both plates A and B 
(section 2.1.2) had a free lattice parameter of about 0.3591 nm, determined from reference 
samples taken from each plate. A complication is the large grain size of the plate A1 material. 
This leads to a limited number of diffraction peaks: 1 or 2 instead of 5 to 7 as is normally the 
case. The scans are taken in 3 planes through the weld metal and HAZ: in the middle of the weld 
equidistant from both outside weld surfaces, and two levels beneath the weld surface. The results 
of the weld in Plate A1 indicate weak residual stresses in the interval between 0 and 100 MPa.  

The residual stresses measured in the BR-3 thermal shield welds are most limited. The residual 
stresses in the high dose plate though, seem somewhat lower than those measured in plate A. 
Due to the 75 mm thickness of the welds, they had to be sectioned, resulting in samples of only 
20 mm in thickness in the longitudinal direction in order to be measured in transmission mode. 
The sectioning might have relaxed the residual stresses.  

 

2.3.2 Corrosion 

Electrochemical Potentio-dynamic Reactivation testing 

For the EPR testing metallographic sections were cut parallel to the weld direction. The cuts 
start at the fusion line through the HAZ. The distances between the sections are 0.2 mm. This 
procedure allows the determination of the EPR values as dependent on the distance from the 
weld fusion line. The values in both Type 304 and 347 steel do not exceed the value of 1.2 %. 
There is thus no sensitivity. 
 
After the EPR test the metallographic sections do not show any local grain boundary attack. 
AUGER electron spectroscopy results confirm these observations. The main alloying 
elements iron, chromium and nickel have concentrations that do not locally deviate 
significantly from the mean values of the austenitic steel compositions involved. The 
conclusion is that the welding process has not sensitised the Type 304 and 347 
microstructures. 
 
Slow Strain Rate Tensile Testing of Type 304 and 347 welds 
SSRT results of tests conducted with a strain rate of 3.5*10-7 s-1 at 290 oC with reference Type 
347 steel in water and inert gas are quite similar. Some samples with a PWHT also behave 
similarly. The tests with reference Type 304 show that the tensile elongation observed in 
water is significantly lower than that observed in inert gas. The difference between the as-
welded and PWHT condition of Type 304 steel is negligible. 
 
After irradiation the yield stress, YS, increases with the irradiation damage increase up to 1.2 
dpa. The increases in YS observed in the irradiated Type 304 and 347 are in line with that 
expected for Type 300 steels [2]. The increase in strength is accompanied by a decrease in 
tensile ductility. This effect is the strongest for Type 304, as shown in figure 4. 
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Figure 4 SSRT results of Type 304 steel, in irradiated and reference condition, tested in water by 

CIEMAT 
 
The tendency in SSRT properties changes observed in the reference condition is retained in 
the irradiated condition. Type 304 steel shows a significant reduction in tensile elongation 
during testing in water. 
 
The steels in reference condition show complete ductile fracture when tested in inert gas. The 
reference condition Type 304 steel tested in water with 200 ppb DO shows some percentage 
of trans-granular fracture, whereas the Type 347 fracture surfaces show fully ductile features 
as observed with SEM. Steels irradiated to 0.3 and 1.2 dpa show fracture appearances similar 
to that in reference condition.  The hardening of the steel up to 1.2 dpa does not result in any 
inter-granular fracture irrespective of the testing medium. Even an increase in the 
aggressiveness of the environment, by testing the irradiated steels in water with 8 ppm DO 
does not bring about inter-granular cracking. 
 
Slow Strain Rate Tensile Testing of in-service steel 
Four SSRT tests were conducted in water containing 200 ppb DO. This steel had neutron 
damage levels in the range from 0.12 to 0.35 dpa. The steel shows radiation damage 
hardening over 100 MPa accompanied by a reduction in total elongation, TE, from levels of 
around 20 % to 9.4 % at the higher dose. Using a shielded SEM shows that the fractures are 
nearly completely ductile. No inter-granular fracture, IG, was observed, and only in one 
specimen some isolated inter-granular grain facets were observed. 
 
The second set of tests was designed to force inter-granular fracture. Adding 8 ppm DO to the 
water resulted in a great reduction of the ductility. In addition the inter-granular fraction of the 
fracture surface rose to values over 50 %. The in-service material could thus be forced to 
fracture inter-granularly. The electrochemical potential of the specimens reflects the increase 
form – 400 mV, with 200 ppb DO, to – 150 mV with 8 ppm DO. 
 
The correlation between the ductile part of the fracture surface and the increase of YS, yield 
stress, or TE, total elongation, is weak. The TE values measured with 8 ppm DO are 
significantly lower, around 5 % roughly, than those observed with exposure to water 
containing 200 ppb DO, 10 to 20 %. 
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The fraction of intergranular failure is higher for the "unirradiated" materials; this is due to the 
fact that cracking in the irradiated samples occurs at higher stresses and the maximum crack 
depth for ductile overload failure is lower.  The fracture location shifts from far away from the 
weld (in the base metal, where sensitisation is strong) to close to the weld when the material is 
irradiated.  In these zones, no chromium carbide is visible on the grain boundary, but the 
hardness is higher than in the base metal. 
 

Further noticeable effects have to do with the sampling. Small specimens, 12 mm gage, contain 
more weld metal, whereas longer gages (25 mm) contain significant amounts of base metal 
reducing the measured strength. The larger specimens are considered the more relevant specimen 
geometry, because they include base and weld metal and the HAZ. Nevertheless the resolution 
between radiation effects and the materials composition of the specimen gage is not possible.  

 

2.3.3 Microstructure 

The grain diameter of the BR-3 HAZ is about 140 µm. There is a two-phase mixture in the weld 
consisting of nickel rich and chromium rich phases. Precipitation includes Mn and S elongated 
precipitation. Impurities such as oxygen and silicon are observed locally in the weld metal. 

The defect microstructure was quantified with TEM up to 0.35 dpa. The dislocation density in 
the un-deformed BR-3 in-service base metal is at a level of about 4*1010 n.cm-2. The dislocation 
density increases from about 5*1010 n.cm-2 to nearly 8*1010 n.cm-2 in the un-deformed HAZ in 
the dose range of 10–5 dpa to 10–3 dpa. For the higher dose levels black dots, dislocation loops 
and stacking fault tetrahedrons have been measured.  

The microscopy of the simulated shroud welds irradiated to 0.3 and 1.0 dpa respectively, shows 
that the defect densities in both base metal and HAZ of Type 347 is higher, 3*1022 m-3 than in 
Type 304: 1*1022 m-3. These values are quite normal for these damage levels. The black dot and 
dislocation density of the HAZ are considerably higher, by more than an order of magnitude, 
than in the base metal. Studying the defect size distributions has revealed that at 1.0 dpa the 
largest size and the narrower distributions occur. In the HAZ the distributions seem to be 
somewhat broader. Conventional dislocation motion controls the deformation at elevated 
temperature, 573 K. The deformation structure shows large numbers of twins. 

 

2.3.4 Mechanical characterisation 

The fracture toughness of the weld metal was determined using Compact Tension, CT, 
specimens with the defect running in the weld metal. Side grooving was applied to keep the 
crack propagating in the weld metal. The scatter in the Type 304 reference results is 
considerable, which is attributed to the statistics of the crack propagating through one or a few 
weld beads. On the other hand, it must be realized that the weld metal contains up to 10 % 
ferrite (according to the DeLong diagram) which embrittles the weld after irradiation. Type 
347 shows little scatter of the toughness in the reference condition, though. After irradiation 
the scatter in toughness data observed for Type 304 in reference condition has disappeared. 
The neutron irradiation effect for both Type 304 and 347 is a reduction of toughness by 50 to 
60 %. The effects of 0.3 of 1.0 dpa on fracture toughness differ little. Figure 5 shows the 
fracture toughness properties of Type 304 in reference condition, and with 0.3 and 1.0 dpa. 
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Figure 5 Fracture toughness properties of Type 304 before and after neutron irradiation by NRG 

 
The reduction in fracture toughness is highly significant, though: After irradiation up to 1.0 
dpa, the steel still is quite tough. The fracture surface appearance confirms that the steel 
fractures in a ductile manner. 
 
From the weld metal, HAZ and base metal of the BR-3 in-service welds slices 0.5 m in 
thickness were cut. From these slices micro tensile specimens were cut with gage length 5.5 
mm, gage width 2.5 mm, and 0.3 mm in thickness. This sampling procedure allowed 
measurement of the change in tensile properties relative to the fusion plane of the weld. There 
is a tendency, though not very strong, that with increasing distance from the weld the yield 
stress decreases and the uniform elongation increases. The HAZ shows a somewhat higher 
yield stress than that of the weld and the base metal. The Ultimate Tensile Strength, UTS of 
weld metal and plate are comparable. The Yield Stress, YS, of weld metal at the lower dose 
level, nearly reference condition, is about 150 MPa higher than that of plate in the same 
condition. The uniform elongation, UE, of weld metal is about half that of base metal, which 
amounts to 20 % or more. Neutron radiation increases the base metal YS by about 150 MPa. 
Irradiation to 0.35 dpa does hardly affect the weld metal YS. Thus after irradiation to 0.35 dpa 
the YS of weld and base metal are similar. The welds of Type 304 and 347 irradiated to 0.3 
and 1.0 dpa show an increase in YS with increasing dose in the order of 400 MPa. The 
increase is accompanied by a decrease in uniform elongation from about 20 % to 8 % at 300 
oC. No significant effects of the PWHT on the HAZ are observed. 
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2.4. Discussion 
 
2.4.1 Residual stresses 
 
Figure 6 provides an overview of the residual stress measurements and their location with 
respect to one another. It can be seen that, despite the large number of tests undertaken for 
each measurement method, there is only a very small number of overlapping test locations. 
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Figure 6 Test locations used for ring core, neutron diffraction and X-ray diffraction measurements 
 
The Framatome ANP ring core test locations were about 1 mm from the fusion line at the 
outer surface in the HAZ and performed X-ray measurements on both plates at the surface of 
the base material close to the fusion line at the surface. Neutron diffraction measurements at 
JRC and at PSI have been performed along lines oriented in the direction transverse to 
welding. Both partners have performed measurements along various lines located at different 
depths below the specimen, sized 270 x 100 x 12 mm3 surface.  
 
JRC performed also measurements on the SS347 after sectioning to 30 x 100 x 12 mm3. 
Reducing the specimen length from 270 mm to 30 mm decreases the maximum stresses found 
in the centre of the weld to about 50 %. 
 
Neutron diffraction has been established as a reliable method for determining residual stresses 
[7]. Its use for highly radioactive materials has to be established yet. Ring core measurements 
have been obtained a few cm from the start end of the weld (black, 347.E) and a few cm from 
the stop end of the weld (green, 347.F). The neutron diffraction measurements have been 
obtained on a 270 x 100 x 12 mm3 section of the plate that was cut from the stop end of the 
original weld. The strains measured with neutron diffraction have been converted to stresses 
using the theory given in [8]. It can be seen that the stresses measured by the ring core method 
near the beginning and the end of the weld differ significantly in this plate. As far as neutron 
measurements at JRC are concerned, there is good quantitative agreement between these data 
and ring core results from the start of the weld. However, there should be agreement with the 
ring core results from the stop end, and this agreement is not found. In Fig. 7 neutron 
diffraction data are directly compared to corresponding ring-core measurements in the plate 
made from SS347. Actually, the stresses measured by neutron diffraction are 70 to 120 MPa 
lower than the stresses measured by the ring core method at the stop end. This difference is 



   

 15

not accounted for by the experimental uncertainty, which is about ± 20 MPa in the case of the 
neutron diffraction data and 25% for the ring-core measurement. 
 
Taking average values of the data obtained, one can obtain quantitative and qualitative 
agreement between neutron and ring-core data in this case. The neutron data obtained by JRC 
on the plate from SS347 are of similar magnitude (~ 150 MPa). Only the ring-core 
measurements close to the stop end in the SS347 are actually deviating significantly from the 
other results presented here. 
 
The residual stresses vary with location. This is very obvious when moving away from the 
weld in the welding transverse direction, but is true to a certain extent also for corresponding 
locations at different positions along the weld. Sectioning of the specimen alters the stress 
field: longitudinal stresses are reduced when shortening the length of the test piece. The 
welding process has generated a residual stress field characterized by tensile welding 
longitudinal stresses in and around the weld, balanced by compressive stresses further away 
from the weld. 
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Figure 7 Comparison of the depth profile of welding longitudinal stresses measured by ring-core 

(Framatome ANP) and neutron diffraction (JRC-IE) techniques approx. 1 mm from the 
fusion line at the outer surface of the plate manufactured from SS347. Specimens 
designated 347.E and 347.F are cut from weld start and weld end position on the plate, 
respectively. 

 
The irradiation effect on the re-distribution of the residual stresses in BR-3 thermal shield welds 
is limited. The radiation seems to reduce the peaks somewhat, but the trend is weak. The 
specimen size reduction seems to have a stronger reducing influence on the residual stress peaks. 
 
 
2.4.2 Microstructure  
 
The Type 304 welds have a high carbon 0.08 % content (in-service material) and low 0.04 % 
content for the internal simulated weld. Chromium rich phase observation in austenitic weld 
metal has been reported elsewhere. The resulting ferrite content is dependent on the chemical 
composition of the weld metal. In this case an estimate of the ferrite number in the weld metal is 
about 5-10 %, according to the DeLong diagram. 
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The Type 347 internal simulated weld also has a low carbon, 0.03 %, content. All these welds 
have a microstructure that is quite representative for these classes of stainless austenitic steel. 
Some grain diameters are somewhat high, but this is not unique. 
  
The transmission microscopy characterisation of the defects in the in-service base metal lattice 
reveal densities and types of damage quite well known for these weld and irradiation conditions. 
Why the in-service HAZ shows a factor 50 higher black dot, and dislocation density cannot be 
explained directly with the observations. It might arise from the fact that the HAZ shows more 
defects form the weld sequence, which might stimulate the formation and stability of the 
radiation damage defects. 
 
The deformation by twinning at lower temperatures also is a well-known property of austenitic 
steels that the in-service steel also displays. 
 
 
2.4.3 Corrosion properties 
 
Framatome ANP and CIEMAT determined the degree of sensitisation of the simulated internal 
welds made of Type 304 and Type 347. Before welding these two steels had a heat treatment at 
1050 oC followed by a water quench. After welding, Type 304 had a 4 h anneal at 580 oC 
followed by furnace cooling. The PWHT of Type 347 consisted of 4 h treatment at 450 oC 
followed by a furnace cooling. The measurements show EPR values lying in the range of 0.01 to 
1.05 %: all welds are in the non-sensitised condition. Micrographs also indicate that the welds 
are free of inter-granular attack with one minor exception. Type 347 with PWHT shows some 
minor un-systematic grain boundary attack near the fusion zone. 
 
In an environment of water with 200 ppb O2 or inert gas, all conditions of welds showed ductile 
fracture.  
 
Some intra-granular fracture has been observed in Type 304. This feature occurs frequently in 
annealed austenitic steels, but it has little if any practical implication in the reactor operation 
condition. In this particular study it seems that the elongated inclusions found in the material 
might have some influence on the initiation and propagation of cracks. The Type 304 fracture 
surfaces following testing in inert gas show only ductile dimples and some bigger voids with 
inclusions. Type 347 welds show ductile fracture characterised by small voids and some areas of 
big dimples. There is no distinction in the as-welded and PWHT condition. 
 
The tests conducted on in-service welds by SCK in water with 8 ppm O2 show inter-granular 
cracking, but this dissolved oxygen level is far, a factor 40, above the normal oxygen level. At an 
oxygen level of 200 ppb O2 the in-service material shows fully ductile behaviour irrespective of 
the neutron dose levels up to 0.35. 
 
The tests conducted by CIEMAT on Type 304 and 347 simulated internal welds neutron 
irradiated up to 1.2 dpa do not show inter-granular fracture in water with 200 ppb O2 at all. 
Welding of both materials has not been sufficient condition to promote intergranular fracture, 
even at an irradiation level of 1.2 dpa. Their behaviour is similar to the one expected in annealed 
material. As indicated in figure 8, for AISI 304 [9, 10] the highest dose (1,2 dpa) of the materials 
is around the threshold neutron fluence of annealed material with higher dissolved oxygen 
concentration.  
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Figure 8 IG cracking as a function of neutron fluence for AISI 304 [9, 10] 
 

The generally accepted threshold of about 0.5 dpa holds thus also for the materials used in this 
investigation, certainly as the water condition satisfies the 200 ppb O2  upper limit, but even up to 
the level of 8 ppm with a dose level of 1.2 dpa. The comparison of the present results with 
literature data [9, 10] shows that in base metal at much lower dose levels, inter-granular cracking 
has been observed. The present welds and HAZ were thus not sensitised, which is in line with 
our Electrochemical Potentio-dynamic Reactivation testing results.  

The in-service material does show some inter-granular features. It is clear that the steel exposed 
to lower neutron doses shows the higher inter-granular values. This might be contributed to the 
fact that with neutron irradiation, the stress at which cracks nucleate and propagate is increased.  
Therefore, the irradiated material will fail by ductile overload at smaller crack depths, due to the 
higher stress (and possibly the reduction in fracture toughness, due to irradiation). 

 
 
2.4.4 Mechanical properties  
 
The reference mechanical properties of the Types 304 steel, both in-service condition and as 
simulated internal weld, are in the range to be expected for Type 304 steel with carbon contents 
of 0.08 and 0.04 % respectively.  Since both types of specimens are sub-size – they do not have a 
normalised geometry – the comparison is satisfactory. 
 
The radiation hardening of the in-service and HFR irradiated material differs in relative terms 
about 25 %. This is no big surprise as the literature shows, within reasonable bandwidth, that 
there exists quite some scatter in the radiation hardening. The presently observed hardening fits 
well within the scatter band shown in open literature [5]. Also the radiation hardening of the 
welds is recently corroborated in literature [11]. The hardness measurements of the in-service 
material allow the estimate of the irradiation hardening. The estimate is about 240 MPa which is 
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an overestimate by about 90 MPa. This value still compares well with post-irradiation properties 
reported. 
 
Comparison of the 304 and 347 steel does not show significant differences between the two. 
In the un-irradiated condition AISI type 304 shows a little more toughness than AISI type 
347. However, due to the large scatter bands in most of the un-irradiated Type 304 results, the 
curves all lie in each other’s scatter bands. After irradiation the differences become 
considerably smaller. Based on these results it is concluded that no difference in toughness 
can be demonstrated between the two steels in this experiment. 
 
 
2.4.5 The conditions for stress corrosion cracking of welded joints  
 
Both the in-service weld of the BR-3 and the Type 304 and 347 austenitic stainless steel 
welds are representative for internal welds of LWR’s. The weld residual stresses patterns in 
Type 347 were more regular than in the coarser grained Type 304, and show residual stress 
peaks parallel to the weld direction. 
 
The neutron diffraction measurement of residual stresses of the in-service weld shows hardly 
any difference between the maximum dose level reached, about 0.35 dpa, and the nearly 
reference condition of the BR-3 shield. Both show stress peaks below 100 MPa in general. 
That is not to say that in the full weld higher residual stresses could be found. The sectioning 
of the shield did not allow making large specimens. The smaller size specimens show a 
decrease in residual stresses as compared to their larger size companions as has been 
experimentally proven. 
 
The simulated weld, showing much higher peaks, up to 400 MPa, had a much simpler 
geometry with 5 bead layers, than the in-service weld, which was a multi bead weld, 75 mm 
thick. The multiple character of the in-service weld causes each subsequent weld heat input to 
relax the previously introduced stresses more than in the case of the simpler weld geometry. 
The stress condition of the simulated internal weld might thus form an upper border for 
residual stresses. 
 
The neutron radiation in the HFR, Petten has provided two batches of specimens; one set is 
well below, 0.3 dpa, and the other well above, 1.0 dpa, the conventional threshold for IASCC: 
0.5*1021 n.cm-2, which is equivalent to about 0.5 dpa [12]. The hardening of the steel in the 
weld metal and HAZ from weld stresses, evident from the micro-mechanical testing and 
transmission electron microscopy, is increased by the radiation damage. This has become 
evident from the post-irradiation mechanical testing and microscopy. After neutron radiation 
the differences in mechanical properties of the weld, HAZ and base metal zones have more or 
less disappeared. The metallurgical notches at the interfaces have been resolved. 
 
The EPR tests show clearly that all investigated welds are not sensitised by the thermal 
treatment of the welds including PWHT. Local attack can be excluded as well considering the 
microscopy devoted to it. This means that if SSRT testing shows IASCC features, this must 
be attributed to radiation induced sensitisation. 
 
SSRT testing of material under the radiation damage threshold shows that the steels fracture 
in ductile or trans-granular mode. Only Type 304 shows some trans-granular fracture before 
and after irradiation and sometimes an isolated inter-granular facet. Type 347 steel shows 
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ductile fracture surfaces only. The steel welds irradiated to over 1.0 dpa did not show the 
susceptibility for IASCC expected of the more intensely radiated steels. Even an increase in 
the DO to 8 ppm did not result in inter-granular cracking. 
 
The major aim of the present study is the correlation of weld residual stresses, micro-structure 
and neutron radiation with the IASCC fracture mechanism. IASCC has only been observed in 
the case of in-service material when tested in water with 8 ppm of dissolved oxygen. The 
micro-structural features of the in-service weld on the outside of the shroud wall can explain 
the phenomenon. Residual stresses and neutron radiation can be ruled out in this in-service 
material case, because their levels were limited. 
 
The explanation of the absence of IASCC in the simulated Type 304 and 347 is the clean 
microstructure of the welds and HAZ from their 0.04 % and 0.03% carbon content. PWHT 
did not affect the weld vicinity micro-structure in an adverse way. Radiation Induced 
segregation, RIS, mentioned by others [13, 14] as decisive has not occurred. The neutron 
irradiation has brought about considerable hardening, but the post-irradiation ductility and 
fracture toughness are still quite high. To reduce toughness and ductility significantly further 
would require irradiation to 5 dpa or more [3], quite a distance above the threshold presently 
defined [12]. 
 
The residual stress effect is difficult to quantify. The larger specimens of simulated welds 
show high stress peaks, but the present experiments show that the peaks decrease significantly 
with specimen size reduction. The small size SSRT specimens stress peaks could be reduced 
to low values. Further experiments on the residual stress effects would have to address this 
phenomenon. 
 
 
2.5. Conclusions  
 
1. Test material and in-service material with considerable weld residual stresses have been 

acquired. The weld microstructure of the simulated shroud weld was not sensitised even 
after PWHT, because of the steel carbon content, and weld procedure. 

2. The weld residual stress measurements were adequate before and after neutron irradiation. 
They proved that specimen size reduction decreases the stress peaks. This phenomenon 
influences the results of tests using small specimens such as for the SSRT testing. 

3. SSRT test results did not show IASCC in water with 8 ppm DO, with the exception of the 
in-service material (all BR3 specimens cracked to a wide extent in the 8ppm DO water). 
When this material was tested in water with the un-typically high DO content of 8 ppm 
inter-granular fracture was observed. In this special case the intergranular fracture mode 
could be attributed to the microstructure of this steel containing 0.08 % carbon. The weld 
residual stress and neutron radiation level were far too low to affect the corrosion 
behaviour of the in-service material, though neutron irradiation did shift the fracture 
location from the base metal towards the HAZ. 

4. The simulated shroud welds of Type 304 and 347 had a sound micro-structure, not 
affected by PWHT. This condition allows the study of radiation and weld residual stress 
effects. The radiation effect was hardening the steel and reducing toughness and ductility. 
The remaining toughness levels were still high. 

5. The determination of the weld residual stress effect is hampered by the need to reduce 
specimen sizes for corrosion testing. The SSRT testing uses small specimens were peaks 
stresses might have been reduced. 
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6. Additional experiments to resolve the effects of radiation, residual stress and 
microstructure should aim for neutron dose levels over 5 dpa and larger specimens for 
retaining the peak stresses under investigation. 
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