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SOTERIA is an on-going H2020 project which proposes a comprehensive research approach in order to
enable nuclear power plant operators, as well as regulators, to better understand and thereby predict the
ageing phenomena occurring in reactor pressure vessels and internal steels to ultimately ensure a safe
long-term operation of existing European nuclear power plants.
The SOTERIA approach is based on an end-user perspective and has planned the set-up of simulationoriented experiments aiming to validate models at different scales.
The fifth edition of the SOTERIA newsletter focuses on the technical progress of the different work
packages since last June, when the newsletter #4 was issued. In addition, there is a summary of the project
latest events: the Training School for students and early career professionals, held in September in Valencia;
the 3rd General Assembly meeting hosted by VTT in October and the Internal Review meeting where the
achievements of the project during the second period where presented to the internal evaluators for their
discussion and independent evaluation.
Remember that all the publications and presentations prepared by the SOTERIA team members since project
start are available on our public website, as well as further information.
We would also like to remind that the SOTERIA End-User Group is still open to equipment manufacturers,
vendors, and operators (if interested, please contact Julien Vidal at julien.vidal@edf.fr).
The SOTERIA project partners

Progress in radiation effects on microstructural evolution
of RPV and internals under different levels of fluence
and flux (WP2)
SOTERIA WP2 activities are focused on a deep microstructural examination of irradiated RPV steels,
austenitic stainless steels and model alloys. A strong effort was made to identify available materials to be
characterized within this WP. Pairs of RPV materials irradiated at the same neutron fluence and different
neutron fluxes to study flux effect on the microstructure have been identified at the beginning of the
project and were distributed to the labs. Ion and neutron irradiated model alloys were also selected to
understand the formation and evolution of irradiation induced defects and to produce well controlled
experimental data to feed modelling activities. Representative austenitic stainless steels for LWR and
WWER reactors are selected, irradiated in different condition: thermal neutrons, fast neutrons, ion and
proton irradiation to study both the flux and fluence effect on the induced defects but also to study
potential intergranular facture.
The effect of neutron flux on the neutron-irradiation-induced microstructure of RPV base and weld
materials and model alloys were analysed by a combination of microstructural techniques (SANS, APT, TEM,
PAS). Dislocation loops, vacancies, sub-nm vacancy clusters, solute atom clusters and segregated
dislocations were characterized and results indicate a common trend that an increasing flux gives rise to
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smaller sizes and higher number densities of solute atom clusters. APT additionally shows that the clusters
are more dilute at higher flux.

Figure 1 – Cluster size and composition of RPV base metal and welds irradiated at the same
neutron fluence and different neutron fluxes
Ion irradiated model alloys were also examined to analyse the role of Ni on radiation damage formation at
high fluence levels. A systematic microstructural analysis was performed at different depth levels. Results
shows the formation of dislocation loops, dislocation lines and cavities enriched in Ni, and second-phase
precipitates displaying a FCC lattice and containing 25at.%Ni. TEM examination of high irradiated SS show
voids and RIS of Cr, Ni, Si and Mn was observed at some high-angle grain boundaries STEM EDS.

Progress in evaluating uncertainties in fracture
toughness measurement on irradiated RPV steels and
mitigation approaches (WP3)
Representative unirradiated and irradiated RPV steels used in European LWR are being extensively
investigated to study the effects of material inhomogeneities on the mechanical properties and to address
specific uncertainties in RPV fracture toughness data. All mechanical tests and most of the fractographical
and microstructural analyses are completed. A technical paper on addressing of specific uncertainties in
determination of RPV fracture toughness in the SOTERIA project was presented at FONTEVRAUD 9
conference, 17 – 20 September 2018 in Avignon, France (see https://www.sfen-fontevraud9.org/).
Based on the results obtained it can be concluded that the specimen removal position and the results of
chemical analysis may contribute significantly to scatter in toughness data. Moreover, for Charpy impact
tests the effect of measurement uncertainty and usual material heterogeneities was quantified. In order to
consider inhomogeneous steels appropriately the fracture toughness data were evaluated with modified
Master Curve based SINTAP and multi modal approaches. A lower material inhomogeneity for the
irradiated material conditions was found (Figure 2).
From an end-user perspective it can be recommended to take into account any material inhomogeneity
relating to the specimen location and the specific microstructural features if existing on the fracture
surfaces for the evaluation of RPV fracture toughness results.
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The work will be continued by investigations of the impact of flux and neutron spectrum effects and of
single specimen fluences on the RPV irradiation surveillance results, and of the applicability of
Embrittlement Trend Curves for LTO.

Figure 2 – Fracture toughness testing according to ASTM E1921 for material FZD-4 (0.4T-SE(B), L-T)

Progress in environmental effects on IASCC
susceptibility of reactor internals (WP4)
WP4 progress is summarized next:
Regarding the effects of Helium on damage susceptibility, the results from CEA for Fe & Fe+He irradiated
material are complementary to those from PSI for He implantation only.
•

Clear confirmation from the PSI work that He implantation alone cannot lead to cracking
susceptibility despite much higher content than encountered in PWR.

•

In CEA’s case, where both irradiation damage and helium implantation are used, there is evidence of
cracking susceptibility when the irradiation temperature is higher. However, when the Frank loops
population is strongly reduced, the cracking sensitivity is strongly reduced and even can be
suppressed.

•

CEA’s comparison for irradiations with Fe at 450 °C and Fe+He at 450 °C do not show a detrimental
effect of He; additionally, the He contents used are much less than those used by PSI, i.e. CEA
simulates conditions observed in PWRs closer.

Additionally, work by CIEMAT has characterised the effects of hydrogen charging on oxidation.
•

Cathodic hydrogen charging leads to the formation of fine surface cracks.

•

Density of cracks decrease significantly on ground surfaces.

•

Presence of epsilon and alpha prime martensitic phases has been detected by GIXRD in the hydrogen
charged samples

•

The size and density of crystallites (Fe rich outer layer) are greater in hydrogen charged samples.
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•

Hydrogen charged samples present an inner layer with higher Cr content and Ni enrichment at the
oxide/metal interface.

•

Moreover, an inverse relationship between surface finish and hydrogen adsorption has been
observed.

Elsewhere within WP4 obtaining of neutron and proton-irradiated materials for testing has been completed
by VTT, Framatome and the University of Manchester.
•

65 and 100 dpa neutron-irradiated 316SS O ring specimens have been prepared and characterised
for testing at VTT.

•

5dpa proton-irradiated 316SS bend specimens have been prepared and characterised for testing by
Framatome and the University of Manchester.

•

Testing of proton-irradiated material has commenced at both Framatome and Wood.

Progress in the development, validation and integration
of models to assess RPV and internals components under
irradiation (WP5)
The progress of WP5 tasks is summarized below:
➢ In Task 5.1, a new version of a grey alloy-based Object Kinetic Monte Carlo has been applied to
industrially relevant RPV steels, showing a good description of the microstructure evolution under
irradiation for a wide range of conditions and chemistry with flux ranging from Material Testing
Reactor (MTR) to PWR types and fluences of interest for long term operation.
➢ In Task 5.2, a continuing effort in developing physically based constitutive laws for fcc and bcc lattice
including irradiation effects is still under way: validation of the laws on aggregate has shown the
capability of such constitutive law to describe macroscopic quantities such as tensile curves with
microscopic inputs and strengthen the link between microstructure and mechanical properties
within the multi-scale approach. Benchmarks between Fast Fourier Transform (FFT) approach and
Finite Element modelling (FEM) for the calculation of distributions of normal stresses at grain
boundaries have been carried out showing convergences of FFT and FEM results and superiority of
FFT over FEM from a numerical point of view.
➢ In task 5.3, fracture models accounting for heterogeneities in carbide location on a biphasic
bainite/ferrite system (see Figure 3 right) and grain boundaries effects and intergranular fracture
have shown significant effects on fracture toughness and failure probabilities, highlighting the
importance of the specimen location and the inherent material inhomogeneity in the determination
of fracture toughness as investigated in WP3.
➢ In task 5.4, the integration of INITEAC code modelling Irradiation Assisted Stress Corrosion Cracking
(IASCC) within the SOTERIA platform has been completed, including the full description of the
software within the platform tutorial pdf file (See Figure 3 left) and 12 launchable study cases
exploring the different capabilities of INITEAC. A new version of the SOTERIA platform including all
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development up to M36 of SOTERIA project has been made available to the SOTERIA consortium and
End-User group starting end of September 2018.

Figure 3 – (Left) Description of INITEAC software within the SOTERIA platform pdf file. (Right)
Failure probability for a biphasic bainite/ferrite with different distribution of the carbides.

SOTERIA Training School – 3-7 September, Valencia
The SOTERIA Training School was held from the 3rd to the
7th of September 2018 in the Polytechnic University of
Valencia (Spain), with the aim of transferring and
preserving the knowledge about nuclear reactor pressure
vessel and internals materials degradation mechanisms to
students, post-docs and early career professionals, as well
as to scientists and engineers working on these areas.
The training school hosted 60 participants, including
students, lecturers and organisers, with a share of 20%
women and 80% men. While most students were in their
early career, many 'advanced' students also attended.
The participants came from 29 different organisations, distributed in 13 different countries. About 80% of
the organisations represented at the school were European, but there was also an important presence
from non-European Union countries (Argentina, Rep. of Armenia, Mexico, Ukraine and Switzerland). Most
of the participants came from research and development (R&D) organisations although utilities, safety
authorities and technical safety organisations (TSO) were also represented, as shown in Figure 3.
The training programme, focused on the effects of irradiation on RPV and internals materials, with an
emphasis on a long-term operation approach, comprised 3 days of lectures and 2 days of interactive
sessions, with hands-on demonstrations, working with the new version of the SOTERIA platform. All the
presentations of the training school (including those from the interactive sessions) are available for
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download on the event website. A social programme with an evening activity (Horchata tour) followed by
an invited dinner was organised in parallel to the technical programme.

Figure 4 – Organisations of origin of training school participants
From the analysis of the questionnaire filled in by the school attendees (students and lecturers) at the end
of the event, it can be concluded that the training school was positively appreciated by the participants and
considered a useful tool for the education of the students.

SOTERIA General Assembly
The SOTERIA General Assembly was held on 9-10
October 2018, kindly hosted by VTT (Technical
Research Centre of Finland) in Helsinki, Finland,
gathering 35 participants. The objectives of the
meeting were to assess the overall work progress,
present major project achievements and plan the
activities until the end of the project (August 2019).
The meeting confirmed that data is being made
available and that interaction between WPs is optimal.
The SOTERIA platform (WP5) has been updated with
INITEAC and the WP6 dissemination activities are
abundant.
Discussions have also been held on the organisation of the final SOTERIA workshop – more information to
follow in the next issues.
During the meeting, VTT organized a tour of their new impressive facilities with hot cells and manipulators
designed to perform the surveillance programme tests of the under-construction and planned Finnish
reactors.
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SOTERIA Internal Review
The SOTERIA internal review was held on 15 November 2018 at the EC premises in Brussels, Belgium. Work
achievement and success stories were presented to the EC Project Officer (Panagiotis MANOLATOS) and to
the 4 internal reviewers – Javier GIL-SEVILLANO from the University of Navarra, Thierry COUVANT from
EDF, Thomas PARDOEN from the Catholic University of Louvain and Abderrahim AL-MAZOUZI representing
NUGENIA. Very constructive discussions followed the presentations made, interesting insights were
expressed and the recommendations, which will be made available by the end of November 2018, will be
highly appreciated by the consortium to steer future work.

The SOTERIA consortium includes the following organisations:
COMMISSARIAT A L’ENERGIE ATOMIQUE ET AUX ENERGIES ALTERNATIVES – CEA
WOOD GROUP (previously AMEC FOSTER WHEELER NUCLEAR UK LIMITED)
AREVA NP SAS
FRAMATOME GMBH (previously AREVA GMBH)
ARTTIC
CENTRO DE INVESTIGACIONES ENERGETICAS, MEDIOAMBIENTALES Y TECNOLOGICAS - CIEMAT
CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE - CNRS
CENTRUM VYZKUMU REZ S.R.O.
ELECTRICITE DE FRANCE - EDF
HELMHOLTZ-ZENTRUM DRESDEN-ROSSENDORF EV - HZDR
INSTITUT DE RADIOPROTECTION ET DE SURETE NUCLEAIRE - IRSN
JOINT RESEARCH CENTRE- EUROPEAN COMMISSION - JRC
INSTITUT JOZEF STEFAN - IJS
KUNGLIGA TEKNISKA HOEGSKOLAN - KTH
PAUL SCHERRER INSTITUT - PSI
PHIMECA ENGINEERING
CENTRE D'ETUDE DE L'ENERGIE NUCLEAIRE FONDATION D'UTILITE PUBLIQUE – SCK-CEN
TECNATOM S.A.
UJV REZ, A.S.
THE UNIVERSITY OF MANCHESTER - UoM
UNIVERSITAT POLITECNICA DE CATALUNYA - UPC
VATTENFALL AB
ECOLE NATIONALE SUPERIEURE D'ARTS ET METIERS
TEKNOLOGIAN TUTKIMUSKESKUS VTT OY - VTT
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