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CEA: French Alternative Energies and Atomic Energy Commission

CEA is a French public government-funded research organization,     in the 
areas of energy, defense and security, information technologies and health 
technologies.

 9 main facilities and 8 regional platforms for technology transfer
 over 20,000 employees
 budget of about €5.1 billion/year

CEA is divided into four divisions:

Military Applications Division (DAM)
 Fundamental Research Division (DRF)
 Technological Research Division (DRT)
 Energies division (DES)
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Energy Division (DES): missions

3

The DES is responsible for structuring and piloting the research programmes on energy at CEA. 

 Decarbonized
production
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materials
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Energy Division (DES): projects for nuclear energy

• Design studies: feasibility/performance of concepts, 

aiming at simplifying the architecture of the reactor;

• Extension of the operating life of reactors or files 

related to structural integrity;

• New fuels or management methods for fuels;

• Development of new technologies and systems for in-

situ controlling;

• Evolution of codes and standards, operating rules, 

and safety regulations;

• New strategies in terms of incidental and accidental 

reaction;

• Development and improvement of numerical tools 

(neutronic, thermal hydraulics, mechanics, fuel, etc.)

4th Gen. reactors
program

2nd and 3rd Gen. 
reactors program

Fusion reactors
(ITER, DEMO)

SMR program

DES

4



29 novembre 2022Commissariat à l’énergie atomique et aux énergies alternatives D. GONCALVES | NeT 20th Anniversary Workshop 

Weld joints: the Achilles heel of nuclear reactors
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Weld joints: the Achilles heel of nuclear reactors

MESSAGE /!\

Nuclear reactors may show problems related to welding (or other manufacturing process), 
which can be enhanced by  corrosion, temperature, pressure and so-on.

Welded steel

Cracking in the ZAT of a welded 800H steel [Wortel, 2007] 

Today, many are still to be done for 
understanding how welds affect the 
material behavior, and for improving 

components life time  
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Laboratory of Assembly Technologies (LTA)

Mastery of welding and additive manufacturing 
processes, accounting for metallurgical weldability 

and welding procedure, based on experimental tests 
and numerical modelling.  

The LTA also applies to the development of remote 
(cutting and repair) processes (tools and basic 

knowledge).

LTA members are present in groups for nuclear codes 
and standards (i.e RCC-MRx) of both welding and 

additive manufacturing.

Additive 
manufacturingWelding

Remote cut
processes

Modelling

LTA

Experimental and numerical platform

16 employees 
+ ~2 PhD students/year
+  post-doc fellows and interns
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Weld joints: a complex problem

Effect of welding on the microstructure, affecting the 
mechanical properties

(microscopy and mechanical tests and numerical simulations) 

Residual stress 
and plastic strain

Distortion 
of 

structure

Metallurgy

Hardness profile and EBSD of welded 316L(N) steel [Py-Renaudie, 2022] 

Numerical results of the competition growth of crystals 
obtained using a CA-FE model [Baumard et al., 2021]
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Weld joints: a complex problem

Effect of welding on the components dimensions
(prototypes for the industry assisted by numerical simulations)

Residual stress 
and plastic strain

Distortion 
of 

structure

Metallurgy

Feasibility study of European ITER Test Blanket Modules (full 
scale) [Forest et al., 2018, 2021] 

Simulation of the welding deformation, 
Breeding blanket (full scale) [S. PASCAL, 2020]
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Weld joints: a complex problem

Residual stress 
and plastic strain

Distortion 
of 

structure

Metallurgy

Borland specimen: experimental measurements and numerical 
predictions of residual stress [Gonçalves, 2019] 

Effect of welding on components properties
(experimental measurements and numerical simulations)

Contour method (Cetim, France)
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Experimental and numerical simulations at CEA/LTA

Welding and additive manufacturing processes

• Shield Metal Arc Welding (SMAW)
• Gas Tungsten Arc Welding (GTAW)
• Laser Welding (LW)
• Pressure Resistance Welding (PRW)
• Wire-Arc Additive Manufacturing (WAAM)
• Wire-Laser Additive Manufacturing (WLAM)
• Laser Powder Bed Fusion (LPBF)

Numerical simulations at different scales

Coupled experimental 
simulation approach
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Numerical simulations at different scales

Multi-physics modelling

Flow of the liquid metal in the weld pool 
[Gounand, 2017]

Temperature field in an electric arc [Nahed, 2021]

Welding bead modelling Welded assembly modelling

Longitudinal stress simulated for the GEMMA project 
(narrow gap, GTAW, 316LN steel) [Gonçalves, 2021]

Crystalline microstructure and stress field (elastic behavior) 
resulted from the LPBF process (316L steel) [Baumard, 2021]

Experimental data, but also computation results (benchmark), are required for 
validating these simulations!!  
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Stress field of an additive manufactured block 
(WAAM, 316L steel) [Artières, 2021]
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NeT activities for improving welding simulation

Numerous problems examined, resulting in a large experimental and numerical 
database since its formation

 Validation of welding residual stress distributions predicted by CEA’s numerical welding 
models (finite element code Cast3M).

 Improvement of existing material property databases and fruitful discussions on suitable 
constitutive material behavior for welding simulations.

 Gain a better knowledge on residual stress profiles in multipass welded components thanks to 
neutron diffraction and other measurement methods.

 Access to open results of residual stresses measurements, welding experiments, or 
simulations that are very useful for benchmarking
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NeT activities for improving welding simulation

Numerous problems examined, resulting in a large experimental and numerical 
database since its formation

NeT TG8 simulation Protocol with Cast3M [S. Pascal, 2021]

Base Metal: 16MND5 steel / Filler metal: Ni alloy
5 finite lenght weld bead (~80 mm)
First simulations  validation to be done using NeT database

Mesh detail Temperature field Fraction of phases: austenite, ferrite and martensite.

𝛾

𝛼

𝛼’
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NeT activities for improving welding simulation

Numerous problems examined, resulting in a large experimental and numerical 
data base since its formation

GTAW specimen 
(11 weld runs)

SMAW specimen 
(65 weld runs) GEMMA PROJECT

Specimens manufactured (GTAW and SMAW processes)

Numerical benchmark  numerical parameters taken
from NeT [Murásnky et al, 2012]

Validation of predicted residual stresses in respect to
experimental measurements (neutron diffraction and
contour method)

This study was developed according to NeT mission:
undertakes measurement and modelling studies,
followed by the interpretation of results
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Residual Stresses: material properties and structural integrity assessment

Integrate the manufacturing history  Know the material behavior 
Welded components integrity

Experimental and numerical results are essential to improve 
safety of the of nuclear reactors, allowing the continuous 

updating of design and construction rules in respect to  
welding operations and their implementation

Scientific computing results can be 
used for assisting the welding 

operation, and predict materials 
changings related to the welding 
process (temperature gradients, 
material deformation, residual 

stresses, etc.) 

Validation using reliable 
experimental data

Occurrence of cracks between two 
repair welds in a 347H piping systems 

joints of a steam turbine after 
operation at 565 °C [Curran and Rankin, 

1957]

Intergranular cracks in type 304 steel 
pipe [Kass et al., 1980]
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Residual Stresses: material properties and structural integrity assessment

Study of the sensitivity of steels to stress relaxation cracking (reheat cracking) [Py-Renaudie, 2019-2022]
 Relaxation of residual stresses during service or PWHT, resulting in intergranular cracking

GTAW

Ԧ𝑥

Ԧ𝑦

F

Welding of 316L(N) sheets and CT-like
specimens machining [Py and Robidet, 2020]

Experimental compression at RT and numerical simulation 
using the Chaboche Model [Py-Renaudie, 2021]

Predicted residual stress within the CT 
specimen [Py-Renaudie, 2021]
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Residual Stresses: material properties and structural integrity assessment

Study of the sensitivity of steels to stress relaxation cracking (reheat cracking) [Py-Renaudie, 2019-2022]
 Relaxation of residual stresses during service or PWHT, resulting in intergranular cracking

Observation of cavities and cracks, mainly in the HAZ: effect of plastic strain, 
residual stress, grain size and absence of ferrite [Py-Renaudie, 2022]

Comparison of stress relaxation damage fraction, predicted 
post-compression residual stresses and cumulated plastic 

strain. 316LN steel, 575°C, 1470h [Py-Renaudie, 2022]

Criteria for SRC in 316L(N) steels
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uncracked

uncracked

cracked

Residual Stresses: material properties and structural integrity assessment

Study of the sensitivity of steels to hot cracking during welding
 presence of residual liquid films and stresses in the solidification front 

Definition of criteria for hot cracking of 316L(N) type steels, based on 
FEM predictions [Ayrault and Robidet, 2017-2021]

F

FF

F

“Butterfly” type specimen, used for hot cracking study 
[Ayrault and Robidet, 2017-2021]
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Study of the mechanical strength of plug-clad assemblies in ODS steels [Mabrouki, 2020-2023]
 How does PRW affect the ODS steel properties ?

Residual Stresses: material properties and structural integrity assessment

Force - Fw

Current intensity - Iw

Welding time - tw

 Welding parameters

Output

Final geometry of the welded joint

Temperature fields

Size of the HAZs

Strain rate

Plastic strain and residual stress fields

Proportion of metallurgical phases (not 
yet implemented)

2D axisymmetric modeling 
(ODS steel, elastic-plastic behavior)

Simulation of PRW process, in a plug-clad configuration [Mabrouki, 2022]
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Residual Stresses: material properties and structural integrity assessment

Study of the mechanical strength of plug-clad assemblies in ODS steels [Mabrouki, 2020-2023]
 How does PRW affect the ODS steel properties ?

Clad

Plug

Weld joint Clad

plug

Weld joint

The mechanical strength of the welded joint can be associated with the area undergoing 
large plastic deformation and exhibiting the highest hardness values.

View of the specimen after tensile test at 20°C: rupture at the level of the joint plane 
and the HAZ on the plug side [Mabrouki, 2022]

Predicted cumulated plastic strain [Mabrouki, 2022]

 Effect of residual stresses and microstructure 
on the mechanical behavior ?

• Very heterogeneous distribution
• PWHT effect on mechanical strength
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Displacement field prediction on deformed mesh (x5)

[Artieres, 2021]

Residual Stresses: material properties and structural integrity assessment

Study of the wire additive manufacturing (WAM) [Artières, 2021-2024]
 Interest of nuclear industry by additive manufacturing  FEM in order for mastering these processes

Wall A

Wall B
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Commissariat à l’énergie atomique et aux énergies alternatives - www.cea.fr

Thank you for your attention!

Numerical simulation: Serge Pascal, Stéphane Gounand, Charlotte Metton, Danièle Ayrault, Diogo Gonçalves

Experimental: Rémi Robidet, Morgane Guilbert, Hawa Badji, Diogo Gonçalves, Danièle Ayrault, Laurent Forest

PhD Students: Baptiste Py-Renaudie, Mohamed Mabrouki, Damien Artières

Supervision: Séverine Paillard

Contact: diogo.goncalves@cea.fr ; severine.paillard@cea.fr
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