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ABSTRACT 
 
Nickel Based alloys Stress Corrosion Cracking (SCC) has been a major concern for the nuclear power plant utilities 
since the 1970’s. Since 2002, SCC indications have been found on Steam Generator (SG) divider plates made of 
alloy 600 on French PWRs (Pressurized Water Reactor)900 MWe units. Although integrity is not questioned, many 
studies have been conducted to deepen understanding of the phenomenon. Among numerous studies to investigate 
the SCC damage phenomena, advanced mechanical analysis have been performed to improve the knowledge of the 
in-service loadings of the SG 900 MWe partition stub and divider plate. Manufacturing steps are taken into account, 
such as welding and the first hydro-test, to have a more precise description of the mechanical states in the vicinity of 
the welds where SCC is likely to occur. Recently, EDF hot laboratories made destructive examinations of a 
decommissioned SG. To fulfil the analyses computations have been carried out on the dedicated configuration. A 
3D FE model, including the simulation of the welding and hydro-test, as been set up. Comparisons with 
experimental investigations on the divider plate of decommissioned SG have shown a good agreement between 
experimental and numerical results. These results emphasise the redistribution of weld residual stresses after the first 
hydro-test, and the effect of hydro-testing on the plastic deformation of the stub only in some specific cases of  
900MWe SG. 
 
INTRODUCTION 
 

Nickel Based alloys Stress Corrosion Cracking (SCC) has been a major concern for the Nuclear Power 
Plants (NPP) utilities since the beginning of the 1970’s. From 2002, new cases of SCC were reported on some 
specific Steam Generator (SG) Divider Plates welded junctions made using Alloy 600 of 900MWe NPP. These 
cracks are periodically in-service inspected even if the safety is not affected. This issue has led to an important 
research program in different fields: development of specific non-destructive techniques, SCC propagation tests to 
reproduce the phenomena [1], mechanical studies, non-destructive and destructive examinations [2, 3], statistical 
analyses [4], manufacturing enquiries, etc… 

To improve the knowledge of the in-service loading focused on the welded area, enhanced mechanical 
studies have been carried out in order to take into account the manufacturing process. Thus, 3D thermomechanical 
simulations have been performed to consider the influence of the welding stage on the in-service loading. In parallel 
of these numerical studies, experimental investigations have been performed on the divider plate and partition stub 
(fig.2) of two decommissioned SG.  

This paper deals with the recent advances obtained from these models, coupled with experimental 
observations on samples taken from decommissioned SG. First, an overview of the conducted examinations on the 
decommissioned SG is given. Then, the numerical model is briefly described, and the experimental and numerical 
results are compared. The observations accredit strongly the simulation. A better description of the manufacturing 
process and in-service loading involves a good understanding of damage phenomena. 

 
EXPERIMENTAL INVESTIGATIONS AND FIELD EXPERIENCE 

 
The first SCC case was reported in 1994 on a steam generator whose water box was impacted by a loose 

parts. Cracks were only reported on the areas with severe local deformation, and their extension remained limited 
within the area which was strain hardened due to the impact of the tool [5]. In 2002, indications were detected on 
steam generator 2 of Chinon B4. In 2004, they were characterized as SCC cracks after a metallographic replica. 
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Then non destructive technique testing has been progressively generalized to all steam of 900 MWe (34 mm thick 
divider plate) and on some 1300 MWe plants (60 mm thick divider plate) equipped with stub in Alloy 600. 

Considering the usual qualified inspection area, non destructive technique (NDT) revealed the presence of 
cracks on twelve 900MWe steam generators (87 were inspected), with operating time within the range 120.000 - 
200.000 hours. In the same region, no cracks were observed on 1300 MWe plants. On 900 MWe plants, cracks are 
located in the stub, on the hot leg, generally along two main lines at the top and at the bottom of the stub, parallel to 
the weld axis (fig. 2). The dimension of the stub (~0.07 m high) relative to the partition plate (~2 m high) is 
depicted. All the cracks characterized by qualified UT technique are less than 2 mm in depth and no in depth 
evolution was shown between successive NDT investigations. Cracks are mainly located in the centre of the stubs 
and no crack has been detected near the junction between the stub and the steam generator channel head.  

Field experience clearly showed that affected stubs are those with low mechanical characteristics (below 
330 MPa), mainly when they are associated with divider plates having higher mechanical properties. In order to 
better understand these observations, destructive investigations have been performed on two Steam Generators of 
Chinon B1, with different mechanical properties, as reported in Figure 1. 

 

 
Figure 1 – Mechanical properties of the decommissioned SG in the experience field of 900MWe. 

 
The destructive investigations have been performed on microstructure and chemical composition, 

examination of crack location and SCC phenomena and mechanical characterization. 
The cracking location was confirmed on the two decommissioned steam generators affected by SCC (figure 

2). Cracks initiated in grinded area on the warm side of the partition stub, where a significant cold work was present 
and where a limited intergranular precipitation was observed. 

Samples were cut by electron discharge machining at the upper side of the plate, including the stub, a part 
of the plate, and the welds (fig. 2). Tensile tests were performed on samples in the divider stub, as well as 
comprehensive micro-Vickers (500g) mapping covering the plate and the welds. For one of the SG, material 
characterization revealed a global hardening of the stub. 

 
 

destructive 

investigations
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Figure 2 Location of SCC cracks on divider stubs [2] 

 
Neutron diffraction measurements have also been performed at the Laue-Langevin Institute with the 

SALSA instrument [6]: both stress and strain have been measured. The neutron diffraction technique enables to 
access the in-depth stress measurement in comparison with other technique like X-Ray diffraction which provides 
measurement at the surface. A map of the cumulative plastic strain has been achieved by scanning a section of the 
partition plate. Indeed a calibration curve enables linkage between the peak width measurement and the level of 
hardening. Residual stresses have been measured along several profiles of the samples. 

 
FE MODEL DESCRIPTION 
 

As SCC occurs close to the welded zones, enhanced mechanical simulations have been performed to 
improve the knowledge of the in-service loading thanks to welding simulation. A 3D FE model of the SG water box 
has been set up, to take into account the different loading stages: manufacturing process, first hydro-test and 
operational state. The manufacturing step includes the welding between the tube sheet and the stub with the heat 
treatment and the welding between the stub and the plate (fig. 1). The deposit is made of alloy 182 coated electrode. 
Each weld contains almost 50 passes with an energy of approximately 8kJ/cm.  

 

~7 cm high

~2 m high
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Figure 3 View of the 3D FE model of the water box of the SG
 

 
At first, the welding is computed on a 2Dcross

weld passes. An uncoupled thermal and then mechanical transient simulation of each pass is perform
classical Von Mises thermo-elasto-
with a macro-bead simulation hypothesis, in which several passes are merged together. The heat input fitting in the 
macro-beads is realized so as to reproduce the results from the 2D multi

The post weld heat treatment
with a viscoplastic constitutive equation for the isothermal stage at 600°C. After 
between the stub and the plate, the loading corresponding to the hydro
the 3D FE model. The complete methodology is depicted in more details in 

The complete loading from the welding stage to the in
dedicated SG. Moreover, the cut of the samples, which involves a redistribution of the residual stresses field, is also 
taken into account by the simulation. This stage is 
modulus of the material surrounding the sample mesh, as a final step
 
RESULTS FROM THE NUMERICAL MODELS AND EXPERIMENTAL INVESTIGATIONS
 
Thermal behaviour 

The left side of Figure 4 shows a macro
revealed, the zone of carbide dissolution is highlighted in white in the vicinity of the weld deposit. On the right side, 
the maximum peak temperature, computed from 
isothermal lines at 1000°C and 1500°C are 
temperatures.  

Whereas the heat input was set directly from weld parame
without temperature measurements, there is a 
Indeed the peak temperature field follows the same trends as the metallurgical areas. 
deeper in the analysis. A refinement 
transient is very high. However the scale of the carbide dissolution band is also respected
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View of the 3D FE model of the water box of the SG

At first, the welding is computed on a 2Dcross-sectional multi-pass model, including the deposit of all the 
weld passes. An uncoupled thermal and then mechanical transient simulation of each pass is perform

-plastic constitutive equation. Then the welding is computed on the 3D model 
bead simulation hypothesis, in which several passes are merged together. The heat input fitting in the 

ized so as to reproduce the results from the 2D multi-pass model.  
post weld heat treatment (PWHT) of the weld between the tube sheet and the stub is also 

with a viscoplastic constitutive equation for the isothermal stage at 600°C. After the computation of the welding 
between the stub and the plate, the loading corresponding to the hydro-test, and the in-service state, are applied on 
the 3D FE model. The complete methodology is depicted in more details in a companion paper

The complete loading from the welding stage to the in-service state is performed on the 3D model for both 
dedicated SG. Moreover, the cut of the samples, which involves a redistribution of the residual stresses field, is also 

imulation. This stage is modelled through a progressive diminution of the Young’s 
modulus of the material surrounding the sample mesh, as a final step 

RESULTS FROM THE NUMERICAL MODELS AND EXPERIMENTAL INVESTIGATIONS

igure 4 shows a macro-graph of the SG-A after etching. Different metallurgical zones are 
revealed, the zone of carbide dissolution is highlighted in white in the vicinity of the weld deposit. On the right side, 
the maximum peak temperature, computed from the 2D cross-sectional model during the welding, is illustrated. The 

at 1000°C and 1500°C are denoted, corresponding respectively to the fusion and carbide dissolution 

Whereas the heat input was set directly from weld parameters and that the simulations were performed 
without temperature measurements, there is a pretty good agreement between the simulation and the macrograph. 
Indeed the peak temperature field follows the same trends as the metallurgical areas. The 

refinement would be needed between the isothermal 1000°C and 1500°C where the thermal 
transient is very high. However the scale of the carbide dissolution band is also respected.
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View of the 3D FE model of the water box of the SG 

pass model, including the deposit of all the 
weld passes. An uncoupled thermal and then mechanical transient simulation of each pass is performed, with a 

plastic constitutive equation. Then the welding is computed on the 3D model 
bead simulation hypothesis, in which several passes are merged together. The heat input fitting in the 

of the weld between the tube sheet and the stub is also modelled, 
the computation of the welding 

service state, are applied on 
a companion paper [7]. 

service state is performed on the 3D model for both 
dedicated SG. Moreover, the cut of the samples, which involves a redistribution of the residual stresses field, is also 

through a progressive diminution of the Young’s 

RESULTS FROM THE NUMERICAL MODELS AND EXPERIMENTAL INVESTIGATIONS  

after etching. Different metallurgical zones are 
revealed, the zone of carbide dissolution is highlighted in white in the vicinity of the weld deposit. On the right side, 

sectional model during the welding, is illustrated. The 
, corresponding respectively to the fusion and carbide dissolution 

ters and that the simulations were performed 
good agreement between the simulation and the macrograph. 

The mesh is too coarse to go 
needed between the isothermal 1000°C and 1500°C where the thermal 
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Figure 4 Comparison of the macrograph from a cross-section with the maximum reached temperature 

computed from the 2D multi-pass model – SG-A 
 

Mechanical state 
Figure 5 shows the residual stresses fields after the welding stage in the longitudinal and the transverse 

direction. In the longitudinal direction, the numerical simulation exhibits a residual stress field of tensile stress 
through the thickness. In the transverse direction, a tensile residual stress field is computed near the surface while 
compressive stress appears in the center. The maximal stress intensity is close to the yield strength of the base 
material, and the stress field spreads about ~30mm at each side of the weld. The welding is also responsible for a 
local hardening (maximum ~10% plastic strain) of the weld deposit and in the HAZ (i. e. about 20mm at each side 
of the welds). This is related to the cyclic hardening due to the thermomechanical loading induced by welding. 
Neutron diffraction strain measurement also confirmed a higher hardness in the HAZ (fig.7 and 8) for both SG’s.  

 

 
Figure 5: Transverse and longitudinal stresses isovalues computed after the welding 

 
When the first hydro-test occurs, a redistribution of the weld residual-stresses is observed. It leads to a 

strong diminution of the maximum stress values, particularly in the base metal. This stress relief is mainly due to a 
plastic deformation of the stub during the hydro-test.  

This plastic deformation is strongly dependent of the yield strength of the stub and the plate. For one SG, 
with low mechanical properties for the stub and high mechanical properties for the divider plate (average ∆YS = 
YS(partition plate) – YS(stub runner) = 203 MPa), a plastic deformation of the stub occurs with an average strain of 
~5%. Both computation and experimental investigation confirm the global hardening of the stub. Computed strains 
are in good agreement with the plastic strain measured by peak width of neutron diffraction (fig.7). This effect is 
confirmed by the increase of tensile properties relative to manufacturing data. In addition, computational results 
show that the stress decrease (especially in the longitudinal direction) is strongly linked with the plastic strain level 
of the stub. 
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The other SG exhibits lower differences between the material properties of the stub and the plate (average 
∆YS = 35 MPa). In this case, the measured global strain is approximately 1% and the computed residual strain 
remains less than 2% for the stub.  

There is no significant evolution of the mechanical state after the hydro-test when computing the in-service 
loading.  

 
Figure 6 Comparison between the computed and measured final thickness of the high ∆YS SG 
 
In case of a high ∆YS, a global hardening of the stub occurs during the hydro-test. As a consequence, there 

is a reduction of the stub thickness. The figure 6 above provides a comparison of thickness evolution between the 
numerical results assuming a perfectly planar geometry and the experimental characterization. Once more, there is a 
very good agreement of the results. 

 
Figure 7 Comparison between the plastic strains measured from neutron diffraction and the computed one 

for both decommissioned SG 
 

Figure 7 gives the maps of cumulative plastic strain for both SG, measured by neutron diffraction technique 
and identified by calculation. The comparison shows a good agreement, the pattern of the plastic strain is well 
reproduced by the numerical analysis in case of a high ∆YS. The scale of the plastic strain is also respected. The 
computation allows reproducing the difference of behavior of different material characteristic data sets for the stub 
and the plate. 
 

SG – A 
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SG – A 
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Plastic strain measured by 
neutron diffraction

0 10 %5%0 10 %5%
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An analytical formula correlates the yield strength to the micro Vickers hardness value (HV30). The left 
hand side of figure 8 gives the computed hardness by post-processing the yield strength at the last stage of the 
computation. Then, the hardening undergone during the whole manufacturing process can be extracted from the 
simulation. The experimental hardness mapping is depicted on the right. 

  
Figure 8: Hardness mapping of the two decommissioned SG –  

Calculated field on the left and measured one on the right.  
 
Along with the global hardening of the stub due to the hydro-test, micro-hardness characterizations showed that a 
surface cold work is also present on the surface, 300µm deep below the surface, attributed to grinding. In presence 
of such a grinding, a global plastic deformation of the stub can increase the stresses at the surface of the stub, and 
then raise the risk of SCC. Nevertheless, observed SCC micro cracks on the decommissioned SG only occur in 
region of high hardness [2]. This result is in accordance with the field experience on operating SG, showing the 
shallow cracks less than 2 mm deep. 
 
Residual stresses field 

Figure 9 shows the residual stresses measurement given by neutron diffraction technique, which gives 
access to in depth stress measurement through the thickness, and the computed residual stresses after the whole life 
of the stub including the specimen cutting. As noticed before, the machining of the sample has a significant 
influence on the stress relief in the plate. The stresses in transverse and longitudinal directions are both depicted 
through the thickness in the mid height of the stub. Despite some discrepancies, there is a good agreement between 
the measurement and the calculation results. The global trends are reproduced by the simulation regardless the rough 
modelling of machining stages (Young’s modulus set to zero in the element surrounding the sample in whole 3D-
model of the water box). 

The mechanical model seems to be efficient enough for evaluating realistically the mechanical state of the 
decommissioned SG. It means that the life relevant loading stages are correctly taking into account in the 
mechanical model. 

Hardness
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Hardness calculated
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                              a) Transverse stress                                                      b) Longitudinal stress 

Figure 9 - Residual stress profile along the thickness, through the stub at mid-height, comparison of the FE 
numerical results and with the neutron diffraction residual stress measurement  

 
Further investigations are still in progress: the signal processing of neutron diffraction is being improved to 

enable a measurement in the weld. Moreover, additional investigations are planned, guided by the numerical results 
and metallurgical analyses. 

 
CONCLUSION 
 

To better understand the SCC phenomena occurring on SG divider plates, multidisciplinary investigations 
have been conducted on two decommissioned SG. In the field of mechanical behaviour, both experimental and 
numerical conclusions exhibited the importance to take into account the welding and the first hydro-test to have a 
good description of the in-service loading. 

On 900MWe SG, with a 34 mm thick divider plate, the hydro test can lead to a hardening of the stub 
depending on the difference of the yield strength of the stub relative to the plate. These effects are quantified by 
different measurements techniques and are well reproduced by the simulation. This prior deformation with a surface 
grinding involves the initiation of SCC damage. 

Based on this understanding of SCC damage, and assuming that the relevant stages of the load history are 
taken into account, similar investigations have been performed on 1300 MWe steam generator (with a 60 mm thick 
divider plate). The results show that no plastic deformation of the stub occurred during the hydro-test, even in case 
of low characteristics for the stub. 
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