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Abstract. CONNECT-NM is a recently launched co-funded European partnership that deals specifically
with boosting innovation in the field of nuclear materials. It pursues five research lines, dedicated to: (1)
knowledge and data management; (2) advanced materials development and manufacturing; (3) materials
and component qualification (testing, standardization and design rules); (4) non-destructive examination
and materials health monitoring; (5) advanced materials modelling and characterization. The present paper
details the methodology and the scientific and technical expected results for each of these research lines,
in pursuit of the corresponding five nuclear materials-dedicated end-products, respectively: knowledge
organisation system, materials acceleration platforms and advanced manufacturing processes, qualification
test-beds and accelerated qualification paths, intelligent materials health monitoring and advanced pre-
dictive methodologies. The work to be performed in connection with prioritization of research activities,
education and training, access to infrastructures, communication, dissemination and results exploitation
is also discussed, together with the expected impact.

1 Introduction

Nuclear power plants (NPPs) play a key role, along-
side renewables, in building a resilient and sustainable
Energy Union. They help Europe reduce fossil fuel use,
achieve lower geopolitical dependence and support the
goal of becoming climate-neutral by 2050. According to
OECD/NEA1 projections, global nuclear capacity must
at least double, possibly triple, by 2050, to reach net-
zero targets [1]. Many countries, including European
ones, are actively working toward this goal [2]. Like
all technologies, nuclear energy must continue evolving
toward greater sustainability. It is in this context that
CONNECT-NM (Coordination of the European Research
Community on Nuclear Materials for Energy Innovation)
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was launched on 1 October 2024. A co-funded European
partnership, CONNECT-NM builds on the Joint Pro-
gramme on Nuclear Materials (JPNM) of the European
Energy Research Alliance (EERA) [3,4], the Sustainable
Nuclear Energy Technology Platform (SNETP) [4,5] and
the preparatory project ORIENT-NM (Organisation of
the European Research Community on Nuclear Materi-
als) [6], which developed the relevant Strategic Research
Agenda (SRA) [7,8].

CONNECT-NM aims to provide the materials science
tools, knowledge and expertise for European countries to:
– maintain current nuclear capacity;
– develop advanced nuclear systems aligned with

national priorities;
– enhance sustainability in nuclear energy.

Materials research is central to this mission, as it supports:
– safe and cost-effective long-term operation of existing

Gen II and III light water reactors (LWRs);
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– design and construction of Gen III+ new builds;
– deployment of small and medium-sized modular reac-

tors (SMRs), of light water technology within the next
decade;

– faster, more cost-efficient development of advanced
reactors, including advanced SMRs, by 2040.

For instance, intelligent materials monitoring combined
with advanced manufacturing help detect damage early
and safely and affordably extend component lifetimes.
High-performance materials resistant to heat, radiation
and corrosion can improve both efficiency and safety, with
positive economic outcomes.

However, realizing this potential requires strong inno-
vation in materials science. CONNECT-NM’s core goal
is to drive innovation in nuclear materials, accelerating
the development and qualification of advanced materi-
als and manufacturing processes, while also integrating
principles of circularity and sustainability in materials
and component management. Improving the ability to
predict material and component behaviour in operation,
through continuous monitoring and digital tools, is also
critical for safe plant management and design. Achieving
these advances demands close and effective collaboration
between academia, research institutions, industry and reg-
ulators across Europe. As a goal-oriented co-funded part-
nership, CONNECT-NM is the crucible for the creation
of a network between all these actors and the tool to
produce the required shift of paradigm in nuclear mate-
rials, from ‘observe and qualify’ to ‘design and control’.
This vision is particularly timely, given that a wave of
European nuclear start-ups–backed by both public and
private funding–is developing innovative reactor concepts.
Most of these designs require either new materials or new
ways of producing them, along with integrated health
monitoring and digital inspection technologies, while the
time available for start-ups to achieve this goal is short.
CONNECT-NM can support these innovators by provid-
ing access to expertise, infrastructure and standards, help-
ing them accelerate their proof of concept. Similar efforts
are in fact underway in the U.S., as well (for instance,
the Advanced Materials and Manufacturing Technologies
programme [9]).

In this paper, we outline and discuss the objectives of
CONNECT-NM and the methodological paths to be fol-
lowed for their achievements, stressing aspects of scientific
and technical novelty, as well as its expected impact.

2 Objectives

2.1 Specific objectives and final products of
CONNECT-NM

The ambition of CONNECT-NM is to strengthen safety
and sustainability of nuclear energy by promoting inno-
vation in the field of materials. The purpose is to con-
tribute to high safety standards in power generation,
while accelerating the process of materials development,
improvement and qualification, thereby reducing time-
to-market. Its general objective is therefore to nurture

the joint and coordinated exploitation of national compe-
tences, facilities and infrastructures in Europe dedicated
to research, development and innovation, in the field of
nuclear materials, in pursuance of the above-mentioned
shift of paradigm. The enablers of this paradigm shift
are modern digital technologies, such as machine learning,
data analytics, semantic approaches, high-performance
computing, block-chain, digital twins and robotics, which
are at the core of data-driven modelling, along with high
throughput calculations and experiments, advanced man-
ufacturing techniques, as well as (when available) lifecycle
sustainability assessment tools. Table 1 shows the specific
objectives of CONNECT-NM, organized according to its
research lines. The same table also shows the final prod-
ucts targeted in CONNECT-NM, which are better defined
below. Importantly, except in rare cases, none of these
exist yet for nuclear materials, and often not for nuclear
technologies in general. They will be progressively devel-
oped in CONNECT-NM, so actual examples cannot be
provided. Their impact can therefore only be surmised
from applications in other technologies.

Nuclear materials acceleration platforms (nMAPs)
A materials acceleration platform (MAP) [10] is an
integrated system that leverages automation, artificial
intelligence and high-throughput experimentation and cal-
culation to accelerate discovery, development and deploy-
ment of new materials. MAPs enable materials to be
designed for fitness, safety and sustainability. Advanced
manufacturing processes are part of the platform and ben-
efit from it. MAPs are being developed and seeing their
first applications for instance in materials for batteries
[11,12].

Nuclear materials’ test-beds for accelerated qualification
A Test-Bed (TB) is a collaborative, accessible, integrated
platform that enables new materials to be tested and val-
idated using shared resources and standardized protocols
for accelerated qualification (exposure, characterisation
and testing protocols), denoted as accelerated qualification
paths, AQPs. An example of a first construction of this type
in the nuclear field does exist, on fuel materials [13].

Intelligent materials health monitoring
This is the combination of non-destructive examination
and testing (NDE&T) with suitable diagnostics and simu-
lation tools (both physics-based and data-driven), to mon-
itor materials and components, thus enabling the use of
digital twins for the optimization of safe component and
plant life management along the whole materials lifecy-
cle. An example of a system of this type applied to an
out-of-core nuclear component (water pumps) is presented
in [14]. The challenge is to extend systematically this
approach to in-core components.

Advanced predictive methodologies
These are defined in CONNECT-NM as the blend of
physical and data-driven (e.g., machine learning-based)
multiscale models, in combination, and possibly dia-
logue, with advanced microstructural characterisation.
The idea behind this definition is that purely data-driven
approaches remain largely empirical and do not improve
knowledge, while purely physics-based approaches are
often limited in their application to real systems, for
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Table 1. Specific objectives and final products of each research line in CONNECT-NM.
Research lines Specific objectives Final products

Advanced materials development
and manufacturing

SO1: To reduce drastically the time
required to Improve, develop, and
even discover new or advanced
nuclear materials and elaborate
advanced manufacturing processes

Nuclear materials acceleration platforms and
advanced manufacturing processes

Materials and component qualifica-
tion: testing, standardization and
design rules

SO2: To accelerate the qualification
of nuclear materials for safe opera-
tion.

Nuclear materials qualification test-beds and
accelerated qualification paths

Non-destructive examination and
materials health monitoring

SO3: To enable safer and more effi-
cient management of the liftime of
nuclear components

Intelligent materials health monitoring sys-
tems

Advanced materials modelling and
characterization

SO4: To improve the capability
of prediction of the behaviour of
nuclear materials in operation

Advanced predictive methodologies

Knowledge and Data Management

SO5: To create the conditions for
nuclear materials data to be cor-
rectly collected and stored, so as to
be fruitfully analysed and used

Nuclear materials knowledge organisation
systems

instance because they are hampered by the chemical
complexity of real materials. The combination of these
approaches are expected to improve significantly the pos-
sibility of models to be applied to materials of industrial
interest. The goal is to enable increasingly efficient and
reliable prediction of component behaviour in opera-
tion. Physics-based and data-driven methodologies are
described for instance in [15,16]. An example of multi-
physics model corrected using data-driven techniques
applied to the coupling of thermal-hydraulics and neu-
tronics is given in [17].

Nuclear materials knowledge organisation system [18]
This is expected to be a structured framework based on
ontologies (semantic technologies [19,20]) and appropri-
ate data formats, respecting both intellectual property
rights (IPR) and FAIR (findable, accessible, interopera-
ble and reusable) principles. The goal is to collect, catego-
rize, store, use and disseminate effectively information on
nuclear materials to support research, safety and regula-
tory activities. Knowledge organisation systems applied
to materials are currently very rare, often limited to
data from specific experimental techniques or modelling
methods, largely because of the complexity of materials
science techniques and the difficulty of producing the
relevant ontologies. The nuclear materials knowledge
organisation system candidates, therefore, to be a sort of
first-of-a-kind. An example of intelligent semantic indus-
trial data ecosystem dedicated to materials and their man-
ufacturing is given in [21]. Similar technologies have also
been used for batteries [11].

2.2 Operational objectives of CONNECT-NM

CONNECT-NM is committed at an operational level to
reach a number of objectives, among which:

– apply an open and transparent procedure for the pri-
oritization of case studies, used for the development of
the methodologies within each research line, by means
of open calls for projects;

– put in place a system of project monitoring and inter-
action with stakeholders;

– promote access to specific infrastructures, necessary
for nuclear material research activities;

– promote high quality and targeted education and
training;

– maximise impact, by means of suitable communication
and dissemination actions, as well as through the iden-
tification of the most effective paths for the exploita-
tion of the results, with the support of ad hoc advisory
groups.

3 The research lines of CONNECT-NM

3.1 Knowledge and data management

Methodology
Nuclear materials science produces complex, multidisci-
plinary data that must be well-managed to support safe,
sustainable technologies and enable AI-driven develop-
ment. This requires a structured system to enable experts
as well as non-experts to easily access and manage data,
ensuring effective knowledge sharing within the relevant
community around materials, models and experiments.
Semantic technologies [19,20] play a key role, by enabling
an open environment for collaboration and efficient knowl-
edge sharing. Using ontologies, metadata and special-
ized databases, data can be managed according to FAIR
principles (Findable, Accessible, Interoperable, Reusable
[22]), while still protecting sensitive information. Seman-
tic systems also allow federated data distribution with a
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virtualization layer to improve scalability and reduce
fragmentation. Ontology-based Knowledge Organization
Systems (KOS) [23] are already widely used in other sec-
tors, for their ability to improve interoperability and min-
imize data loss.

The primary aim of this RL is therefore to establish
a comprehensive knowledge framework for nuclear mate-
rials, the Nuclear Materials Knowledge Organization Sys-
tem (NM-KOS). This two-layer framework consists of:

– Nuclear Materials Data Management System (NM-
DMS): a lower layer of databases with raw data in
appropriate formats;

– Nuclear Materials Knowledge Base: an upper layer
that uses semantic technologies, to organize data under
FAIR principles for better access and integration.

To succeed, this initiative must integrate diverse datasets
and address challenges such as limited incentives for data
sharing and the need for FAIR-compliant infrastructure.
Specifically, three key actions are needed:

1. expand or create secure databases for nuclear materials
data, from properties to models;

2. implement strong data protection and clear policies;
3. develop user-friendly, possibly automated, data upload

tools.

With secure, standardized and accessible platforms, NM-
KOS will promote data sharing. Its FAIR-compliant
design and protective measures will make uploading easier
and foster a culture of collaboration in the nuclear materi-
als community. Figure 1 shows the NM-KOS architecture.

Pursued results
This research line will focus on building both layers of the
NM-KOS, with a well-documented and functional archi-
tecture. Key activities include:

– Database Creation/Expansion: develop or extend
databases to store experimental and modelling data
in areas like irradiation and characterization, which
are relevant for predicting and assessing material
behaviour. Projects must involve data-generating
organizations (e.g., research centres, companies) and
align database design with their needs.

– User-Friendly Interfaces: create intuitive tools for data
upload, access and analysis. Data formats should sup-
port easy use by non-experts, with each dataset clearly
documented and linked to reliable sources. Quality
assessment criteria must be included.

– Ontology Development: build a core domain ontology
and specific application ontologies for each database,
based on the accompanying dataset documentation.

NM-DMS databases should use technologies compatible
with graph database virtualization interfaces. The use of
established solutions, such as the extendable ENTENTE
database [24,25] or JRC’s MatDB [26], will make this
process faster and more efficient. The latest advances in
ontology development will be employed, e.g., EMMO (Ele-
mentary Multiperspective Materials Ontology), following
the guidelines provided by EMMC (European Materi-
als Modelling Council) and EMCC (European Materials
Characterization Council).

3.2 Advanced materials development and
manufacturing

Methodology
The timely development of innovative materials is
essential to drive nuclear innovation. However, current
methods–often based on trial and error–are slow and inef-
ficient. To accelerate progress, a shift toward a “design
and control” approach is needed, focusing on materials
tailored to specific applications. One promising method
is the use of MAPs [10], which combine machine learn-
ing, modelling, high-throughput manufacturing and rapid,
often non-destructive, characterization. These platforms
can quickly screen a wide range of materials to iden-
tify those that best meet defined performance indicators.
This research line aims to speed up the development of
advanced nuclear materials and processes, by creating
a nuclear-focused MAP (n-MAP). As much as possible,
this will be achieved by adapting existing non-nuclear
MAPs.

Key challenges include evaluating how manufactur-
ing affects material performance under irradiation and
predicting long-term behaviour from a small set of fast-
measurable indicators. Advanced predictive tools can help
identify valid indicators of this type or integrate mea-
surements with long-term extrapolations. For irradiation
screening, charged particles offer cheaper, faster and more
flexible alternatives to neutron irradiation, which addi-
tionally save the handling of activated materials [27].
These have been long used to try to emulate neutron-
irradiation induced damage, but ensuring the results are
representative of neutron damage remains a challenge [28].

Finally, advanced manufacturing methods must be
fine-tuned to ensure consistent material quality [29].
Applying n-MAPs to processes involving active materials,
such as fuel fabrication, could further accelerate develop-
ment. Related approaches focused on process optimization
will also be valuable.

Pursued results
This CONNECT-NM research line supports the develop-
ment of n-MAPs, by providing experimental tools and
AI-driven models to design, build, or enhance such plat-
forms. It may also contribute directly to their creation
and use. Materials screening activities are included if they
introduce innovations that speed up the process–especially
when combined with physical or AI-based models. Tar-
geted outcomes include:

– optimization of testing procedures to monitor materi-
als properties and performance during fabrication.

– Use of advanced manufacturing and subsequent treat-
ments to produce specimens in larger quantities,
exploring different compositions and architectures,
while guaranteeing reproducibility of properties.

– Improved fast-testing procedures to monitor properties
during fabrication.

– Advanced, often non-destructive, characterization
methods to gather data for predicting long-term
behaviour.
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Fig. 1. NM-KOS architecture overview.

– Development of predictive models combining simula-
tions and experiments in explicit support of materials
design.

– Identification of fast-measurable indicators of long-
term performance.

– Creation of guidelines for rapid testing of key proper-
ties (e.g., mechanical behaviour, corrosion resistance,
radiation tolerance...).

– Development of standards for fast irradiation test-
ing (e.g., with charged particles) and post-irradiation
examination (PIE), addressing result transferability to
neutrons.

A key focus is the step-by-step development of n-MAPs,
leveraging existing non-nuclear MAPs, through:
– identifying synergies with non-nuclear MAPs.
– Defining the required modules and their acceleration

potential.
– Exploring advanced manufacturing as both a MAP

module and a development tool.
– Designing a nuclear-specific irradiation and PIE mod-

ule.
– Developing MAP-oriented informatics tools for data

handling, including relevant ontologies.

This line also involves generating new data on advanced
nuclear materials to improve screening efficiency within
MAP frameworks.

3.3 Materials and component qualification: testing,
standardization and design rules

Methodology
Once a new material for nuclear applications is iden-
tified, the time for its qualification and codification is
currently too often measured in decades, largely due to
extensive testing and irradiation requirements. To enable
the deployment of next-generation reactors by the 2030s
and support the energy transition, this timeline must be
significantly shortened. While the use of tailored mate-
rials development pursued in the previous research line
is expected to facilitate this goal, acceleration can be
achieved through two complementary approaches:
1) elaboration, evaluation and implementation of AQPs

for the various materials and nuclear systems [30,31].
2) Creation of (open) TBs that are fully equipped for the

implementation of AQPs, including suitable irradia-
tion capabilities [31].

Nuclear materials R&D is inherently time-consuming,
with qualification relying primarily on the traditional
“observe and qualify” approach. This involves sequential,
standardized testing of representative batches, followed
by data processing into engineering properties and even-
tual codification. A major limitation of this method is the
time needed for long-term tests (e.g., creep, corrosion,
irradiation, microstructure evolution). While test dura-
tion itself is hard to shorten, AQPs aim to reduce reliance
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on such tests by extracting more and better-quality
data from fewer experiments. This is mainly achieved
through predictive modelling, targeted non-destructive
characterization and machine learning-based data
analysis.

AQPs support a shift toward the more advanced
“design and control” paradigm. They reduce test volume,
increase throughput and enable the use of acceler-
ated methods like ion irradiation, separate effect test-
ing and extrapolation of data to operational conditions.
Small specimen techniques play a key role [32,33], even
if not always directly usable for licensing under cur-
rent standards. Their use, alongside ion irradiation, can
nonetheless guide licensing, provided that acceptability is
timely discussed with regulatory bodies and standardiza-
tion organizations, starting this dialogue from the very
beginning.

Another major challenge to accelerate qualification is
to avoid data scatter, due to the frequent lack of coordina-
tion across labs, which may stem from inconsistent sample
preparation, different testing and examination protocols,
control of environmental parameters and/or unequal cri-
teria for data quality. While this situation is generally mit-
igated by the existence of standards, a further reduction
in variability is achieved with TBs. These are conceived as
connected, high-quality infrastructures where comprehen-
sive and repeatable material testing is performed under
unified protocols by different laboratories. Ideally, these
platforms should comprise not only advanced experimen-
tal facilities (including for irradiation), but also common
modelling and data management tools.

Pursued results
This research line aims to help establish a characterization
TB focused on specific challenges and support the devel-
opment of AQPs by adopting a novel approach based on:

– Integrating modelling and predictive tools and/or
NDT&E techniques into current qualification paths to
accelerate them.

– Developing new accelerated tests, including appropri-
ate protocols and effective data collection and man-
agement methods.

– Creating protocols for tests that are not yet standard-
ized, including small specimen testing.

The definition and implementation of AQPs will be tai-
lored to specific applications, selected as case studies–
such as particular nuclear systems or materials–based on
deployment needs and priorities identified by the consor-
tium of organisations involved. Furthermore, to effectively
implement AQPs, collaboration with regulatory bodies,
their technical support organizations and relevant stan-
dardization stakeholders across Europe must be foreseen.
This collaboration should aim to define the standardiza-
tion framework, identify applicable existing standards and
design the testing plan toward eventual standardization.
Key pillars of this effort will include the development of
harmonized guidelines, best practices and standards, sup-
ported by round robin testing to ensure protocol qual-
ity. Additionally, a Quality Management System will be
required for the proper operation of the TB, particularly

for applying standardized and accelerated qualification
procedures. Advanced data analysis and storage systems
must be established to allow partners to share and con-
sult data at dedicated access points, in connection the
research line dedicated to the development of the NM-
KOS. All produced data must be accessible and reusable,
supported by comprehensive metadata.

In summary, this research line pursues the creation of a
Europe-wide, integrated TB network functioning as a hub
for pre-normative research. Establishing stable legal and
organizational structures is intended to allow these TBs
to operate as open-access infrastructures, offering a single-
entry point for nuclear materials qualification in Europe,
while protecting intellectual property and ensuring broad
usability.

3.4 Non-destructive examination and materials health
monitoring

Methodology
Monitoring the degradation of nuclear materials is essen-
tial for safely managing component lifespan [34].

It is therefore crucial to assess the real-time condi-
tion of materials, components and products, as well as to
implement smart maintenance and repair strategies, ide-
ally at the individual component level. Autonomous repair
systems typically rely on sensors that detect material
changes through physical principles or mechanical defor-
mation. Advanced sensing technologies, including embed-
ded micro sensors and distributed sensor networks, allow
continuous monitoring of material conditions and smart
use of data [35]. In the nuclear sector, however, NDT&E
has traditionally been limited to periodic defect detection,
missing its full potential when integrated from the design
phase. Key lessons in NDT&E show that:

– NDT&E can support all stages of the product lifecy-
cle, from material and product development to main-
tenance, repair and even recycling.

– Continuous in-service inspections are crucial for main-
taining high safety standards and reliable operation in
existing and future NPPs.

– Structural Health Monitoring (SHM) with per-
manently installed sensors complements traditional
NDT&E by enabling easier, safer and more cost-
effective inspections, with the added benefit of continu-
ous or frequent monitoring for predictive maintenance.

– Combining ageing models with physics-based and
machine-learning models to create digital twins–
updated by sensor data–enhances diagnostics and
prognostics.

– Digital twins that evolve with operational data
improve safety, assist in component selection, reduce
costs and extend component lifespans.

To enable all of this, materials and components must
be designed to be easily characterized using NDT&E
from the start. Design should also consider future inspec-
tion, replacement, or retrofitting. Systems that inte-
grate continuous SHM with digital twins–enabling timely
repair or replacement planning–are known as intelligent
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materials health monitoring (IMHM) systems. In the
long run, IMHM systems will enhance the performance,
longevity and efficiency of both structural and functional
components.

Pursued results
In this context, this Research Line (RL) of CONNECT-
NM aims to develop IMHM systems to evaluate both
microstructural parameters (defect location, density, and
size) and macro structural states (mechanical proper-
ties) of materials during service. It will also account
for operational factors such as temperature and pressure
cycles, as well as neutron exposure, through continuous
inspection. The research line will pursue innovative multi-
parameter NDT&E approaches for detecting material and
component degradation in NPPs, employing cognitive
sensors and digital twins to improve estimates of com-
ponent lifespan and support material development and
qualification.

The work will focus on the operational phase of
selected materials or components and define strategies for
developing corresponding IMHM systems. Since robust
monitoring technologies depend on model accuracy and
data quality, reliable experimental data under realistic
conditions must be collected. Digital twins are expected
to become the ultimate integration platform, where
physics-based and data-driven models combine: simula-
tions derived from physical laws will be refined using
empirical data and machine learning algorithms. The
research will include:

– development and optimization of cognitive, self-
adaptive sensors capable of identifying relevant data
autonomously, reducing noise and enabling focused
multi parameter analysis. Studies on reliability
and uncertainty–considering factors such as initial
microstructure and material variability–will also be
included.

– Application of digital technologies (e.g., digital twins,
advanced statistics, AI/ML) to enhance predictive
monitoring of mechanical and environmental degrada-
tion, and to guide sensor decision-making.

– Identification of defect origins by leveraging prior
knowledge made accessible through continuous mon-
itoring, even before formal inspections.

– Development of monitoring systems capable of contin-
uous multi sensor data acquisition in harsh conditions
(e.g., radiation, temperature), including data fusion
and correlation across NDT&E techniques. These will
allow system-level assessments and support predictive
decision-making.

– Analysis of fault tolerance in AI-driven decision-
making, including embedded methods for assessing
and qualifying the reliability of outcomes, which are
essential for autonomous operation.

– Development of protocols for training, testing and
especially validating machine learning techniques, to
enhance transparency in safety-critical applications
and support future standardization.

3.5 Advanced materials modelling and characterization

Methodology
Multiscale modelling approaches should enable the pre-
diction of material behaviour under reactor operating
conditions–especially regarding radiation effects–through
a multidisciplinary strategy. This should combine solid
and fluid physics, chemistry, thermodynamics and gen-
eral materials science theory with computer science, in
close interaction with advanced characterization. [15,36].
These approaches can now be complemented by modern
digital techniques, such as machine learning and artificial
intelligence, which leverage available data to identify com-
plex correlations between large sets of variables and key
material properties (so-called data-driven modelling [16]).
When blended with physical approaches, these techniques
allow researchers to overcome limitations–such as those
posed by local chemical complexity when bridging scales–
leading to high-fidelity and advanced numerical capabili-
ties [37–39]. The use of machine-learning approaches such
as ‘few-shot learning’ [40] is also especially promising, as
data in nuclear materials science are often scarce. Finally,
materials modelling should be directly integrated with
experimental techniques in a two-way process: experi-
ments feed the models, not only by comparison but also in
a digital twin logic, and models support the interpretation
of experimental results, including by the simulation of the
signals produced by specific experimental techniques.

Pursued results
This research line aims to enhance the capabilities of
Advanced Predictive Methodologies (APMs) for materi-
als used in current and future nuclear fission reactors–
including metallic materials, fuel cladding, fuel and con-
crete. The goal is to integrate physical and data-driven
approaches to make these methodologies directly applica-
ble at the industrial level, under increasingly broad oper-
ational conditions. These predictive techniques will work
in close interaction with advanced microstructural, micro-
chemical and micromechanical examination methods,
including non-destructive and tomography techniques.
Activities will include: i) advancing specific physics-
based models and analytical tools; ii) improving multi-
scale bridging techniques; iii) leveraging datasets through
machine learning to discover new solutions; and iv) con-
ducting targeted experiments to generate essential data
supporting the above. Examples of this include:

– development or enhancement of novel APMs to
address material degradation mechanisms in com-
plex material systems, such as multicomponent
alloys, mixed fuels and new concrete compositions.
Degradation modes of interest include: radiation-
induced hardening/embrittlement, swelling, creep, gas
production and its effects, corrosion and stress-
corrosion/dissolution/erosion due to fluid or solid con-
tact, thermal creep, various concrete degradation pro-
cesses and the effects of dose, dose rate and tempera-
ture.

– Development or enhancement of APMs to support
the design or discovery of materials with improved
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structural integrity and radiation resistance, including
the use of charged particle irradiation as a screening
method.

– Creation of analysis methods that interpret materials
simulation results through the lens of specific experi-
mental techniques, aiding comparison and supporting
non-destructive evaluation.

– Development of simulation methods that model how
an experimental technique would observe a specific
microstructure or material state, particularly in study-
ing microstructural evolution and atomic transport
under irradiation.

– Development of multi fidelity models that integrate
diverse data sources to enhance the predictive accuracy
of existing or new engineering and analytical tools.

– Execution of model-driven experiments and post-
irradiation examinations, provided they involve novel
analytical or interpretive approaches.

This research line will actively promote creativity in
developing new methodologies. Special emphasis will be
placed on innovative combinations of physics-based and
data-driven strategies to significantly boost predictive
capabilities. Purely physics-based or purely data-driven
approaches must demonstrate a convincingly transfor-
mative potential. Methodologies that integrate advanced
(and rapid) characterization, physics-based modelling and
data-driven techniques will receive particular focus.

4 The operational goals of CONNECT-NM

4.1 Calls for projects and scientific evaluation

Open calls for projects have been identified as the most
transparent and balanced method to define priorities.
They align top-down general requirements – defined
through the SRA, also considering the input of advisory
bodies (see below) – with the bottom-up formation of
open consortia around specific case studies (nuclear sys-
tems, materials, or components). A transparent yet rigor-
ous prioritization process is essential, given that available
resources are insufficient to cover the full range of poten-
tially relevant research activities within the Partnership’s
scope. However, the nuclear materials science community
cannot determine which materials and nuclear systems
take priority. This strategic choice lies with the consor-
tium of countries and/or organizations sharing common
goals. For this reason, the SRA is primarily a materials
science manifesto, advocating for top-down methodologi-
cal approaches that drive innovation, without prescribing
specific applications. Application areas emerge through a
bottom-up process, but evaluation focuses on how well
the proposed project advances the methodological goals,
rather than on the chosen system or material class.

Project submission will take place in two phases. In
the first phase, project ideas are proposed. Stronger con-
sortia are formed through an open brokerage event, in
order to move to the second phase, where these consortia
will submit full proposals. The evaluation of the latter will

be carried out by a committee of independent and impar-
tial experts, who will rank the proposals based on scores
from external reviewers. Final funding decisions will be
the responsibility of the governance bodies, considering
the ranking and general balance criteria.

Projects will be monitored by a Scientific Advisory
Board (SAB), an advisory body originating from the
R&D community. The SAB comprises internationally rec-
ognized experts in materials for nuclear energy and pro-
vides input to the governance bodies on operational and
strategic matters that influence the scientific and technical
direction of the Partnership.

4.2 Education, training and access to infrastructures

CONNECT-NM aims to become Europe’s main entry
point for organizing education and training (E&T) ini-
tiatives related to nuclear materials, where a clear, shared
need is identified in the Partnership’s research lines. These
topics inherently require multidisciplinary profiles that are
not always readily available. Particular emphasis is placed
on combining materials science expertise with skills in dig-
ital technologies and innovation promotion. To address
identified gaps, new activities are developed using state-
of-the-art information. E&T activities will be accordingly
built on four main pillars: i) promotion of mobility; ii)
training schools and online courses; iii) workshops for
young researchers’ networking; and iv) training through
research.

To maximize resource efficiency, E&T initiatives will
be organized, where possible, in collaboration with
other entities, ranging from international organizations
(e.g., IAEA and OECD/NEA) and European associ-
ations to various bodies (e.g., standardization bodies
or technical support organizations, TSOs), fusion and
non-nuclear energy sectors, specific infrastructures (e.g.,
Jules Horowitz Reactor community) and other ongoing
Euratom projects. Workshops and online training also
serve to keep industry and TSOs updated on the latest
developments in the nuclear materials field.

Access to major nuclear materials R&D infrastructures
will be pursued by establishing appropriate connections
and relationships with the main owners and managers of
such infrastructures in Europe, through running initiatives
such as the OFFERR [41] and the FIDES [42] projects, the
former a Euratom-funded action, the latter an initiative
of OECD/NEA that gathers all major materials testing
reactors that operate in the Western world.

4.3 Communication, dissemination and result
exploitation

CONNECT-NM strives to maximise the transfer of results
to their end-users by involving them directly in the Part-
nership and in its Projects. Both private companies (large
industries and start-ups or SMEs) and safety organisa-
tions (regulators and TSOs), which are no doubt the
main end-users of the research done in CONNECT-NM,
are participants of the Partnership, some of them being
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involved also in the elaboration of strategic choices, i.e.,
they are involved from the beginning of the research pro-
cess (see Section 5). To further amplify this transfer,
the strategy of CONNECT-NM is based on two corner-
stones: i) build a categorised map of stakeholders (inter-
national organisations and European associations, stan-
dardisation and data management bodies, regulators and
TSOs, fusion and non-nuclear energy, infrastructure man-
agers); and ii) elaborate a targeted communication and
dissemination plan that is aimed at establishing appropri-
ate interaction channels with each of these categories of
stakeholders.

Thus, there will not be a single ‘stakeholder group’,
but rather several groups, each of them interacting in the
most effective specific way with CONNECT-NM, which
will depend on the target of the interaction. Of special
importance is the creation and management of a group of
representatives of European regulatory bodies (Board of
Regulators), as well as of TSOs (Board of TSOs), as advi-
sory bodies for the Partnership. Another crucial part of
the plan is the creation of an Innovation and Exploitation
Group (IEG), comprised of individuals with expertise in
leading business, supporting entrepreneurship and com-
mercializing technology, in representation of the industry.
The IEG, led by industrial partners, advises CONNECT-
NM concerning strategic orientations in order to boost
innovation.

In parallel with all this, more ‘traditional’ dissem-
ination activities will be pursued, i.e., through estab-
lished nuclear materials related conferences, workshops
and symposia in large conferences. In this context, pro-
viding support to established initiatives is the most
cost-effective way to have an impact and achieve wide
visibility.

5 CONNECT-NM expanding consortium and
pursued impact

The CONNECT-NM consortium is composed of three
main types of participants: Beneficiaries (BEN), Affili-
ated Entities (AE) and Associated Partners (AP): BENs
are Euratom (or associated) national organisations, man-
dated by the corresponding ministry or agency to man-
age the participation of the country in the Partnership;
AEs are Euratom (or associated) national organisations
that have an established link with a beneficiary; APs are
generally non-Euratom national organisations that par-
ticipate entirely at their own cost. The starting Consor-
tium, represented in Figure 2, is rich both geographically
and in term of types of contributors (from research cen-
tres and academia to regulators and TSOs, as well as pri-
vate companies). This sets excellent bases for the achieve-
ment of the Partnership’s objectives, thanks to the wide
range of knowledge, skills, tools but also facilities and
infrastructures that are inherently included. This Consor-
tium is expected to grow further, through the open call
for projects, involving an even wider spectrum of partic-
ipants. This Consortium pursues a significant impact, as
described in what follows for each research line.

5.1 Knowledge and data management

This activity will enable a significant step toward estab-
lishing a unified, open knowledge framework for the Euro-
pean nuclear materials domain. It will provide common
access to nuclear materials databases, integrating data
from diverse sources while ensuring data quality con-
trol. The framework should enable rapid access to well-
structured, semantically enriched data, supporting the
reuse and understanding of existing datasets and facil-
itating the creation of meaningful training sets for AI
approaches that integrate both modelling and experimen-
tal data.

This initiative is expected to greatly accelerate innova-
tion in the nuclear field by reducing the time required to
introduce new materials for specific nuclear applications.
The duration and cost of materials testing and charac-
terization could be cut by at least half, by minimizing
material consumption and optimizing the use of person-
nel and instrumentation. By increasing the availability of
FAIR nuclear materials databases within existing domains
and expanding FAIR-compliant coverage to new areas, a
more structured and accessible information environment
will be created. Ultimately, this will lead to the forma-
tion of a collaborative network of stakeholders involved
in nuclear materials modelling, fostering shared exper-
tise and mutual support in advancing nuclear materials
research and applications.

5.2 Advanced materials development and
manufacturing

In this field, CONNECT-NM is expected to play a key
role in advancing several strategic objectives. It will boost
knowledge on promising, low-TRL materials and support
their progression toward near-qualified material solutions.
At the same time, it will enable the discovery of innovative
new materials by leveraging synergies with non-nuclear
MAPs, with the goal of enhancing the design of structural
components, core elements, advanced fuel types–such as
enhanced accident-tolerant and high-performance fuels–
and concrete structures, across various nuclear technolo-
gies and systems.

CONNECT-NM will also contribute to optimizing pro-
cess parameters and qualifying advanced manufacturing
techniques for materials already used in nuclear tech-
nologies. It will support the development of materials
design strategies that tailor specific process parameters in
advanced manufacturing to create new materials and will
explore and expand the practical application of these pro-
cesses to the design of nuclear reactor components, iden-
tifying the most promising technologies.

Furthermore, the initiative will extend the use of
advanced coating technologies for protecting nuclear
materials, by deepening the understanding of these tech-
niques and pushing them toward near-qualification. It
will also focus on developing screening methodologies, to
broaden the range of materials, conditions and manufac-
turing parameters that can be effectively investigated.
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Fig. 2. The starting Consortium of CONNECT-NM.

By facilitating the identification of optimized materi-
als solutions more efficiently, CONNECT-NM will acceler-
ate their development, contributing to enhanced nuclear
safety and improved industry sustainability. It will also
help identify innovative materials applicable across vari-
ous nuclear fission technologies, possibly in synergy with
fusion and other industries. Lastly, the initiative seeks to
minimize both the quantity of materials used and the time
and costs involved in the development of new, innovative
solutions.

5.3 Materials and component qualification: testing,
standardization and design rules

The implementation of TBs through the coordination of
existing and future infrastructures and skills are expected
to mark a significant step toward the harmonization of
European research in nuclear materials. Alignment on
qualification paths will enable more effective resource allo-
cation, avoiding redundancies, inefficiencies and missed
opportunities. This joint approach will help European
players remain at the forefront of nuclear materials R&D,
ensuring both the highest safety standards for nuclear
installations in Europe and improved global competitive-
ness in this dynamic technological domain.

Standardized and quality-controlled experimental pro-
cedures and methodologies will significantly enhance data
reliability, and in turn, the reliability of the qualifi-

cation process. Overall, this action will accelerate the
exploitation of innovative material solutions for (i) deploy-
ing advanced reactor concepts with improved safety and
lower costs, (ii) further enhancing the performance, safety
and lifespan of existing reactor fleets, and (iii) achiev-
ing greater economic sustainability, by reducing the time
and cost involved in licensing innovative materials and
solutions. It will also strengthen technical knowledge and
expertise in material qualification and standardization,
while improving collaboration between the nuclear materi-
als research community and stakeholders, including indus-
trial partners, nuclear regulators and standardization and
codification bodies.

5.4 Non-destructive examination and materials health
monitoring

The unique feature of NDT&E methods is their ability to
continuously detect and evaluate the progressive changes
in material properties of the same specimen or compo-
nent, in situ and/or operando. Activities in this research
line are expected to demonstrate the high added value of
these approaches in industrial nuclear applications, par-
ticularly in terms of increased safety and cost reduction.
This is especially relevant for improved estimation and
management of the NPP operational lifetime and of their
components, while also providing feedback and input to
models and design rules, which can, in turn, be refined.
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NDT&E techniques are also expected to contribute
to the development of n-MAPs and AQPs. Therefore,
although the focus is primarily on the operational phase, it
will also explore how techniques developed for this phase
could be applied to other segments, or even across the
entire component lifecycle, enhancing the overall safety
and sustainability, including economic, of nuclear energy.
The developed techniques will enable the monitoring of
various material properties from the beginning of compo-
nent development through to end-of-life. They will also
help reduce maintenance costs in a quantifiable way com-
pared to current state-of-the-art methods and contribute
to extending the longevity of materials, components and
products. Finally, the traceability of materials informa-
tion throughout the value chain will be improved, enabling
the identification of potential defect origins, thanks to the
significant amount of a priori knowledge made available
before each inspection (including multi scale modelling of
structures and correlations between structure and proper-
ties).

5.5 Advanced materials modelling and characterization

Developments in this RL shall support n-MAPs, AQPs
and IMHM systems, and/or take important steps toward
advanced methodologies and engineering tools of direct
interest and use for industry and/or regulators. These will
enhance the capability to predict the behaviour of materi-
als in operation and to assess properties critical for com-
ponent lifetime management and safety, enabling more
reliable safety assessments. This may be achieved by both
underpinning and eventually replacing empirical or semi-
empirical correlations used at the industrial level, or by
supporting more accurate evaluation of potential failure
paths, which experimentally require large and costly pro-
grams that often yield simplistic results. Digital technolo-
gies are intended to help reduce the number of exposure
experiments and subsequent testing on activated materi-
als, thus significantly impacting time-to-market and cost
reduction. The methodologies shall be applicable under
an increasingly wide range of operational conditions and
assist in transferring experimental results obtained under
different irradiation conditions (e.g., ion irradiation vs.
neutron irradiation). Advanced predictive methodologies
shall also support the improvement of design and fuel per-
formance codes, along with various analytical tools used
to evaluate material properties. Advanced modelling is
additionally expected to play a crucial role in accelerated
qualification, as it provides the necessary links between
properties and should enable a more precise assessment of
degradation processes, including long-term effects, based
on physical insight.

6 Concluding remarks

CONNECT-NM is the culmination of the work done in the
last 10 years within the European research community on
nuclear materials, gathered around the EERA-JPNM and
in dialogue with SNETP, to organise itself in a structure

projected towards efficiency in research, with innovation
as a goal. The corresponding SRA, rather than prescribing
research on specific nuclear systems and materials, indi-
cates according to which methodology the work has to be
planned and performed, so as to develop skills and tools
that enable flexibility and accelerate progress. The idea is
that current materials science practices, strongly rooted
in modern digital technologies, open up new horizons for
the benefit of nuclear energy. All steps of the materi-
als cycle are holistically addressed, from conception to
development and qualification, until use in operation and
eventually also disposal, privileging reuse and recycling.
Concepts such as “safe and sustainable by design”, as well
as scientific and technical approaches oriented towards
optimised use of available resources are therefore pursued,
by promoting a shift of paradigm in the nuclear materials
field, from ‘observe and qualify’ to ‘design and control’.
This paradigm shift is highly challenging, but is neces-
sary in view of the fact that nuclear energy as a whole is
bound to move towards at least two changes of paradigm:
(1) toward small installations that, thanks to modularity
and standardization, should be financially more sustain-
able than large plants, whose construction times and costs
have grown unacceptably long and high; (2) toward reac-
tors that use resources in a much better way, through fuel
recycling and higher temperature. Growth or decline of
nuclear energy in the coming years will largely depend
on the capability of the nuclear industry to gain this bet
and be competitive. Both changes of paradigm rely on
the possibility that materials solutions of superior per-
formance are developed and qualified at a much faster
pace than in the past and that suitable methodologies to
monitor materials performance in operation, supported by
advanced predictive capabilities, enhance not only safety,
but also the sustainability of the whole material and com-
ponent lifecycle. In this endeavour, data and knowledge
management have an overarching importance. It is the
sum of all these considerations that has dictated the chal-
lenging strategy pursued in CONNECT-NM.
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24. J. Arenas, M.S. Pérez, M. Serrano, L. Malerba, H. Hein,
Specification of ENTENTE database, D2.2 of the H2020
ENTENTE project, (2022)

25. https://entente.linkeddata.es

26. H. Over, E. Wolfart, W. Dietz, L. Toth, Adv. Eng. Mater.
7, 766 (2005)

27. S. Taller, G. VanCoevering, B.D. Wirth, et al., Predicting
structural material degradation in advanced nuclear reac-
tors with ion irradiation, Sci. Rep. 11, 2949 (2021)

28. G.S. Was, Challenges to the use of ion irradiation for emu-
lating reactor irradiation. J. Mater. Res. 30, 1158 (2015)

29. M.M. Flores-Leonar, L.M. Mej́ıa-Mendoza, A. Aguilar-
Granda, B. Sanchez-Lengeling, H. Tribukait, C. Amador-
Bedolla, A. Aspuru-Guzik, Materials Acceleration Plat-
forms: On the way to autonomous experimentation, Curr.
Opin. Green Sustain. Chem. 25, 100370 (2020)

30. K.A. Terrani, N.A. Capps, M.J. Kerr, C.A. Back, A.T.
Nelson, B.D. Wirth, S.L. Hayes, C.R. Stanek, Accelerating
nuclear fuel development and qualification: Modeling and
simulation integrated with separate-effects testing, J. Nucl.
Mater. 539, 152267 (2020)

31. J.A. Aguiar, A.M. Jokisaari, M. Kerr et al., Bringing
nuclear materials discovery and qualification into the 21st

century, Nat. Commun. 11, 2556 (2020)
32. G.E. Lucas, Review of small specimen test techniques for

irradiation testing, Metall. Trans. A 21, 1105 (1990)
33. A. Prasitthipayong, D. Frazer, A. Kareer, M.D. Abad,

A. Garner, B. Joni, T. Ungar, G. Ribarik, M. Preuss,
L. Balogh, S.J. Tumey, A.M. Minor, P. Hosemann, Micro
mechanical testing of candidate structural alloys for Gen-
IV nuclear reactors, Nucl. Mater. Energy 16, 34 (2018)

https://ammt.anl.gov/
https://www.big-map.eu/
https://nextgen.dome40.io/about
https://entente.linkeddata.es


L. Malerba et al.: EPJ Nuclear Sci. Technol. 11, 36 (2025) 13

34. M. Rabung, M. Kopp, A. Gasparics, G. Vértesy, I. Szenthe,
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