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Radiation-induced embrittlement of nuclear steels is one of the main limiting factors for safe long-term operation of nuclear power plants. In support of accurate and safe reactor pressure vessel (RPV) lifetime assessments, we developed a physics-based model that predicts RPV steel hardening and subsequent embrittlement as a consequence of the formation of nano-sized clusters of minor alloying elements. This model is shown to provide reliable assessments of embrittlement for a very wide range of materials, with higher accuracy than industrial correlations. The core of our model is a multiscale modelling tool that predicts the kinetics of solute clustering, given the steel chemical composition and its irradiation conditions. It is based on the observation that the formation of solute clusters ensues from atomic transport driven by radiation-induced mechanisms, differently from classical nucleation-and-growth theories. We then show that the predicted information about solute clustering can be translated into a reliable estimate for radiation-induced embrittlement, via standard hardening laws based on the dispersed barrier model. We demonstrate the validity of our approach by applying it to hundreds of nuclear reactors vessels from all over the world.

Multiscale modelling in nuclear ferritic steels: from nano-sized defects to embrittlement.

Introduction

Nuclear power plant lifetime extension and new builds are assets to fight climate change [START_REF]IEA report, Nuclear Power in a Clean Energy System[END_REF]. The main lifetime limiting factor for nuclear power plants is the integrity of the steels composing the pressure vessel, as their mechanical properties degrade under neutron irradiation. Reactor pressure vessel (RPV) steels in "western" nuclear power plants, as well as their Russian counterpart, "VVER" steels, become increasingly brittle with increasing irradiation dose at operating temperature [START_REF] Odette | On the history and status of reactor pressure vessel steel ductile to brittle transition temperature shift prediction models[END_REF]. Ferritic steels are also foreseen in new generations of nuclear reactors, where they will be subjected to harsh environments never experienced at large industrial scale before, noticeably in terms of temperature and neutronic dose. Ferritic/martensitic (F/M) steels, candidate materials for fourth generation fission reactors and fusion applications [START_REF] Zinkle | structural materials for fission & fusion energy[END_REF][START_REF] Fazio | European cross-cutting research on structural materials for Generation IV and transmutation systems[END_REF][START_REF] Cabet | Ferritic-martensitic steels for fission and fusion applications[END_REF], are also subjected to radiation-induced embrittlement. Systematic microstructural investigations on all these steels to determine the features of potentially embrittling defects are clearly not viable. By understanding the fundamental processes that take place in materials under irradiation [START_REF] Samaras | Modelling in nuclear energy environments[END_REF], however, it is possible to develop models that provide this information and enable high quality predictions, which can be used in support of degradation monitoring procedures and safe plant lifetime extension. A model of this type is proposed in this work.

The most challenging aspect of the problem is that it all starts at the nanometer [START_REF] Marquis | Nuclear reactor materials at the atomic scale[END_REF], or even at the atomic [START_REF] Nordlund | Improving atomic displacement and replacement calculations with physically realistic damage models[END_REF], scales, with consequences on the integrity of massive components that weigh several tons. It is indeed well-established that the degradation of most structural materials under irradiation unfolds from the formation of nano-sized defects (diameter D = 1-4 nm) that are finely dispersed in the bulk (number density N = 10 22 -10 24 m -3 ) and cause hardening and ensuing embrittlement, at temperatures relevant to operating light water reactors (LWRs) [START_REF] Zinkle | structural materials for fission & fusion energy[END_REF][START_REF] Bergner | Application of a three-feature dispersed-barrier hardening model to neutron-irradiated Fe-Cr model alloys[END_REF]. Such defects result from the diffusion and interaction of radiationgenerated point defects between themselves, with the pre-existing microstructure and with alloying elements and impurities [START_REF] Nordlund | Improving atomic displacement and replacement calculations with physically realistic damage models[END_REF][START_REF] Fu | Multiscale modelling of defect kinetics in irradiated iron[END_REF]. In the specific case of ferritic steels, atomic transport mechanisms [START_REF] Messina | Systematic electronic-structure investigation of substitutional impurity diffusion and flux coupling in bcc iron[END_REF][START_REF] Messina | Solute diffusion by selfinterstitial defects and radiation-induced segregation in ferritic Fe-X (X=Cr, Cu, Mn, Ni, P, Si) dilute alloys[END_REF] enrich point-defect clusters with Ni, Mn, Si, P and Cu [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF]. Except in the case of the last element, enrichment is largely proportional to the abundance of each element in the matrix. This is revealed by atom probe tomography (APT) techniques [START_REF] Marquis | Nuclear reactor materials at the atomic scale[END_REF][START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF][START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF][START_REF] Soneda | Embrittlement Correlation Method for the Japanese Reactor Pressure Vessel Materials[END_REF][START_REF] Miller | Evolution of the nanostructure of VVER-1000 RPV materials under neutron irradiation and post irradiation annealing[END_REF][START_REF] Miller | Atom probe tomography characterizations of high nickel, low copper surveillance RPV welds irradiated to high fluences[END_REF], as illustrated in Fig. 1, and by small angle neutron scattering (SANS) techniques [START_REF] Mühlbauer | Magnetic small-angle neutron scattering[END_REF]. These nano-sized clusters of solute elements obstruct the motion of dislocations, thereby hindering the blunting of crack tips. The dispersed-barrier hardening model [START_REF] Seeger | On the theory of radiation damage and radiation hardening[END_REF] relates the increase y of the yield strength (hardening) with √𝑁𝐷 of the nano-clusters. In turn, the shift 𝛥𝑇 in the ductile-to-brittle transition temperature (DBTT) is correlated to y [START_REF] Nanstad | Some Useful Mechanical Property Correlations for Nuclear Reactor Pressure Vessel Steels[END_REF]. (The DBTT is the main parameter that is used at industrial level to define the lifetime of the vessel.) Thus, if N and D are known for a given steel, irradiated under known conditions, the corresponding 𝛥𝑇 can be estimated. [START_REF] Miller | APT characterization of high nickel RPV steels[END_REF][START_REF] Miller | APT characterization of irradiated high nickel RPV steels[END_REF][START_REF] Kuleshova | Degradation of RPV steel structure after 45 years of operation in the VVER-440 reactor[END_REF], while closed symbols denote NiMnSiPCu-rich precipitates in 74 different materials [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF][START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF][START_REF] Miller | Atom probe tomography characterizations of high nickel, low copper surveillance RPV welds irradiated to high fluences[END_REF][START_REF] Almirall | On the use of charged particles to characterize precipitation in irradiated reactor pressure vessel steels with a wide range of compositions[END_REF][START_REF] Auger | Synthesis of atom probe experiments on irradiation-induced solute segregation in French ferritic pressure vessel steels[END_REF][START_REF] Dohi | Effect of Neutron Flux at High Fluence on Microstructural and Hardness Changes of RPV Steels[END_REF][START_REF] Edmondson | Using complimentary microscopy methods to examine Ni-Mn-Si precipitates in highly-irradiated reactor pressure vessel steels[END_REF][START_REF] Styman | Postirradiation annealing of Ni-Mn-Si-enriched clusters in a neutron-irradiated RPV steel weld using Atom Probe Tomography[END_REF][START_REF] Wells | The Character, Stability and Consequences of Mn-Ni-Si Precipitates in Irradiated Reactor Pressure Vessel Steels[END_REF][START_REF] Jenkins | The effect of composition variations on the response of steels subjected to high fluence neutron irradiation[END_REF][START_REF] Takeuchi | Effects of chemical composition and dose on microstructure evolution and hardening of neutron-irradiated reactor pressure vessel steels[END_REF][START_REF] Lambrecht | On the correlation between irradiation-induced microstructural features and the hardening of reactor pressure vessel steels[END_REF][START_REF] Kuleshova | Mechanisms of radiation embrittlement of VVER-1000 RPV steel at irradiation temperatures of (50-400)°C[END_REF][START_REF] Odette | Precipitation in reactor pressure vessel steels under ion and neutron irradiation: On the role of segregated network dislocations[END_REF]. Note that Cu is the only element that strongly deviates from the linear correlation with the element abundance in the alloy. Mn also slightly deviates because it is a carbide former, so part of the content of this element is found in carbides.

Thermodynamic-driven precipitation of Cu and Cr occurs under irradiation below 300°C in materials containing more than ~0.1at.% Cu or ~9at.% Cr [START_REF] Cabet | Ferritic-martensitic steels for fission and fusion applications[END_REF][START_REF] Buswell | Irradiation-induced microstructural changes, and hardening mechanisms, in model PWR reactor pressure vessel steels[END_REF]. In this class of materials, Cu-rich or Cr-rich precipitates are a clear cause of embrittlement [START_REF] Fisher | Identification of the Precipitate Accompanying 885°F Embrittlement in Chromium Steels[END_REF] and thermodynamic models can be largely used to predict their formation. We address here the formation of clusters rich in Ni, Mn, Si and P in materials where no element exceeds the solubility limit of the binary alloy. The mechanism of solute cluster formation in this case is still debated. Is it an irradiation-enhanced process, dictated by thermodynamics [START_REF] Wells | Evolution of Manganese-Nickel-Silicon-Dominated Phases in Highly Irradiated Reactor Pressure Vessel Steels[END_REF][START_REF] Ke | Thermodynamic and kinetic modeling of Mn-Ni-Si precipitates in low-Cu reactor vessel steels[END_REF], or an irradiationinduced process that would not occur without irradiation [START_REF] Meslin | Characterization of neutron-irradiated ferritic model alloys and a RPV steel from combined APT, SANS, TEM and PAS analyses[END_REF][START_REF] Huang | Atom Probe Tomography characterization of the microstructural evolution of a low copper reactor pressure vessel steel under neutron irradiation[END_REF]? Recently, Ke et al. [START_REF] Ke | Thermodynamic and kinetic modeling of Mn-Ni-Si precipitates in low-Cu reactor vessel steels[END_REF] developed a model based on the assumption that irradiation mainly accelerates the thermodynamics-driven kinetics of phase separation, due to the increased vacancy concentration. This model also included a corrective factor to account for possible "radiation-induced heterogeneous nucleation" of precipitates on point defect clusters produced in atomic displacement cascades. The application of the model revealed that the latter term is dominant by several orders of magnitude over the thermodynamic component, in some cases. This suggests that thermodynamics-driven processes are not dominant under irradiation.

APT provides several notable clues for the dominant radiation-induced driving force for solute clustering (Fig. 1): a) Segregation is ubiquitous: in addition to finely dispersed clusters in the bulk, high concentrations of solutes (especially P [START_REF] Marquis | Atomic Scale Analysis of Solute Behaviours by Atom-Probe Tomography[END_REF]) occur along dislocation segments, at carbides and at grain boundaries. b) Two classes of solute clusters can be distinguished by their chemical compositions. The composition of many solute clusters strongly correlates with the overall composition of the material (closed symbols in Fig. 1b). In contrast, in materials with high enough Cu or Cr content, Cu-rich [START_REF] Miller | APT characterization of high nickel RPV steels[END_REF][START_REF] Buswell | Irradiation-induced microstructural changes, and hardening mechanisms, in model PWR reactor pressure vessel steels[END_REF] (open symbols in Fig. 1b) or Cr-rich [START_REF] Cabet | Ferritic-martensitic steels for fission and fusion applications[END_REF] clusters are found. c) Clusters are dilute, as they contain a significant fraction of Fe [START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF][START_REF] Miller | Evolution of the nanostructure of VVER-1000 RPV materials under neutron irradiation and post irradiation annealing[END_REF][START_REF] Miller | Atom probe tomography characterizations of high nickel, low copper surveillance RPV welds irradiated to high fluences[END_REF]. APT often finds iron contents ≥50% [START_REF] Edmondson | Using complimentary microscopy methods to examine Ni-Mn-Si precipitates in highly-irradiated reactor pressure vessel steels[END_REF], while other techniques (electron microscopy, SANS) [START_REF] Mühlbauer | Magnetic small-angle neutron scattering[END_REF][START_REF] Edmondson | Using complimentary microscopy methods to examine Ni-Mn-Si precipitates in highly-irradiated reactor pressure vessel steels[END_REF] suggest instead a content 20% Fe. These clues advocate for a continuous process of solute deposition on a large density of nucleation sites, triggered and sustained by the continuous fluxes of vacancies and selfinterstitials due to irradiation. This mechanism is different from classical precipitation by nucleation and growth. It is the theoretical foundation that we rely on to present in this work a model describing the formation of NiMnSiPCu-rich clusters under irradiation.

The nuclear industry typically estimates the evolution of 𝛥𝑇 with the received neutron dose, for given steel and irradiation conditions, employing empirical regressions [START_REF] Soneda | 11 -Embrittlement correlation methods to identify trends in embrittlement in reactor pressure vessels (RPVs)[END_REF] that are fitted to experimental data. Even though these correlations are inspired by physics (e.g., explicit terms stand for the so-called "matrix damage", others for the effects of solute-rich clusters, etc.), their extrapolation capabilities depend entirely on the choice of the mathematical expression that is used. In this work, we aim at setting the bases for the definition of models that are more strongly rooted in physics. For this purpose, we develop a multiscale tool that describes the evolution of the microstructure under irradiation. We combine first principles calculations, molecular dynamics simulations and atomistic modelling within a single coarse-grained tool which links the atomic to the nanometer scales, allowing the simulated time to be extended up to decades of neutron irradiation. The tool is therefore driven by elementary, atomic-level reactions, which implement the abovediscussed evidence for radiation-induced solute clustering. This tool is a generalization of a previous model [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF] which, given material composition and irradiation conditions, predicts the evolution of N and D, and thus of the related cluster volume fraction, f, with the received irradiation dose. We then employ classical hardening laws, also rooted in physics, to correlate this information with the corresponding 𝛥𝜎 and the ensuing 𝛥𝑇. This step can be regarded as a shortcut in the classical multiscale approach [START_REF] Samaras | Modelling in nuclear energy environments[END_REF] towards the desired macroscopic level, as we replace mesoscale methods such as dislocation dynamics, continuous field models or finite elements methods with simpler laws and the correlation between hardening and embrittlement. However, this route remains open for future work based on the knowledge of N and D.

Materials and Methods

Materials and experimental databases

This work is focused on the following families of materials:

 Base materials RPV steels: The pressure vessels of LWR, i.e. pressurized (P) and boiling (B) water reactors (P/BWR) are made of low carbon (<0.9-1.3 at%), lowalloyed (> 95 at% Fe) bainitic steels. The main alloying elements common to all RPV steels are Mo (~0.3 at%), Ni (~0.5-1.0 at%), Mn (~0.5-1.5 at%), and Si (~0.2-0.8 at%), chiefly added for strengthening purposes. We consider here experimental data from samples irradiated at different dose rates: low and medium, corresponding to surveillance samples (~2.5•10 -10 dpa/s and ~3•10 -9 dpa/s), and high, irradiated in a material test reactor, MTR (~10 -7 dpa/s).  Weld materials RPV steels: these materials are also bainitic steels, but their composition is different, typically they are characterized by higher Ni and Mn content and more impurities; in particular, this class includes steels with very highfor RPV -Ni and Mn content, i.e. up to 2 at%. The irradiation conditions considered here are similar to those of the RPV-BM.  Materials used for the RPV of Russian design nuclear reactors (VVER): these are bainitic steels that contain, in addition to the alloying elements added to western Europe RPV steels, also Cr (~2.0-2.5 at%) and V (0.1-0.35 at%), to provide higher thermal ageing resistance through formation of several types of Cr-and Vcontaining carbides and carbonitrides. The Ni content varies in a wider range for these materials, as it can be either relatively high (~1.5 at%) or very low (< 0.1 at%).

The samples considered here were irradiated in MTR at high dose rate (~10 -7 dpa/s) and in nuclear power plants at low dose rates (10 -10 to 10 -9 dpa/s).

Two databases of experimental data were collected from the literature for the calibration and validation of our model:  The microstructure database collects 104 experimental measurements with APT [13, 14, 16, 17, 21, 25-31, 32, 33, 39, 40, 43-49] from 55 irradiated materials (46 RPV steels, 6 VVER steels and 3 model alloys for RPV steels). For each case, there are 9 input data: the materials chemical composition (Ni, Mn, Si, P and Cu contents in at%), the irradiation conditions (temperature in °C and the dose rate in dpa/s), and the received neutron dose (in dpa, which is equivalent to the irradiation time given the dose rate). The output data are N and D, and therefore f, of the solute clusters found in bulk, with the associated error bars, measured with APT when available.  The embrittlement database collects 1707 experimental measurements from 359 irradiated materials (2 model alloys, 347 RPV steels, 10 VVER steels). Most of the data is taken from the PLOTTER database of international nuclear power surveillance [START_REF]Adjunct for E900-15 Technical Basis for the Equation Used to Predict Radiation-Induced Transition Temperature Shift in Reactor Vessel Materials[END_REF], which is complemented with data found in the literature: see the microstructure database and the references provided above, further complemented with VVER data [START_REF] Ulbricht | Small angle neutron scattering analysis of the radiation susceptibility of reactor pressure vessel steels[END_REF] and recent embrittlement data derived for high Ni model RPV steels [START_REF] Kolluri | Influence of Ni-Mn contents on the embrittlement of PWR RPV model steels irradiated to high fluences relevant for LTO beyond 60 years[END_REF]. Overall, we only retained the materials that correspond to a Cu content < 0.1 at%. The input data are identical as in the microstructure database, while the output data is the embrittlement ∆𝑇 in °C, and/or the hardening Y in MPa. The specific range of uncertainty associated with each of these measurements should ideally be provided case by case, from the experimental procedure that is applied. Since precise information is scarce, we assume that the uncertainty on ∆𝑇 is ± 25°C.

Both databases are provided as supplementary materials. In both cases, original neutron fluence and neutron flux data provided in n cm -2 or in n cm -2 s -1 , respectively, are converted into displacement-per-atom, dpa, or dpa s -1 using a constant conversion factor: 1 dpa = 6.67 10 20 n cm -2 [START_REF] Jones | Influence of manganese on mechanical properties, irradiation susceptibility and microstructure of ferritic steels, alloys and welds[END_REF]. In addition, this work aims at predicting the embrittlement ∆𝑇 induced by radiation, but experimental data found in the literature often concern the increase in the yield strength (hardening) y instead. As both are correlated [START_REF] Nanstad | Some Useful Mechanical Property Correlations for Nuclear Reactor Pressure Vessel Steels[END_REF], hardening data is here converted into an estimated embrittlement value with the relation:

∆𝑇(°C) = 0.5913 ∆𝜎 𝑦 (MPa) (1) 
The coefficient of proportionality was derived from the experimental data in the microstructure database. It is clear that the use of a constant conversion factor both from fluence to dpa and from hardening to embrittlement will be a source of scatter; however, as will be seen, the overall uncertainty remains acceptable.

Multiscale model for microstructure evolution under irradiation

In this section, we describe our physical model aimed at predicting N, D and f of the solute clusters, as functions of the material chemical composition (Ni, Mn, Si, P and Cu contents in at%), the irradiation conditions (temperature and dose rate), and the received neutron dose (equivalent to the irradiation time, given the dose rate).

The novelty of our approach compared to standard theories (such as, e.g., in [START_REF] Ke | Thermodynamic and kinetic modeling of Mn-Ni-Si precipitates in low-Cu reactor vessel steels[END_REF]) is to explicitly account for the radiation-induced mechanisms discussed above, relying on elementary processes of diffusion, transport and binding at the atomic level. It is implemented through the coarse-grained object kinetic Monte Carlo (OKMC) computational method: see the schematic representation in Fig. 2. The fundaments of the model were defined in [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF], where we demonstrated that the dominant mechanism for nano-sized solute cluster formation is the interaction of solute atoms with self-interstitial defects generated under irradiation. The OKMC simulation volume (in this work 270 a0 × 300 a0 × 420 a0, thus including 68 million atoms in a perfect bcc lattice) is initially filled with the number of Ni, Mn, Si, P and Cu atoms that correspond to the targeted chemical composition. It is noteworthy that Cr atoms, that are present in the VVER steels in significant proportion, are not explicitly included in the simulation box, but their effect on the diffusivity of SIA defects is taken into account via an established grey alloy approximation [START_REF] Dubinko | Effect of Si-Ni-P on the emergence of dislocations loops in Fe-9Cr matrix under neutron irradiation: TEM study and OKMC modelling[END_REF][START_REF] Chiapetto | Effect of Cr content on the nanostructural evolution of irradiated ferritic/martensitic alloys: An object kinetic Monte Carlo model[END_REF]. Next, primary point-defects (vacancies, self-interstitials and their clusters) are injected at the right frequency (according to the specified neutron dose rate) using libraries of atomic collision cascade debris previously derived from molecular dynamics. Key features of the model are solute transport phenomena induced by the injected point-defects, and their deposition at sinks. When single vacancies or selfinterstitials encounter solute atoms dissolved in the matrix, they form stable pairs, with given binding energies. These pairs migrate with given activation energies towards sinks.

The characteristic energy values were calculated using density functional theory (DFT) methods [START_REF] Messina | Systematic electronic-structure investigation of substitutional impurity diffusion and flux coupling in bcc iron[END_REF][START_REF] Messina | Solute diffusion by selfinterstitial defects and radiation-induced segregation in ferritic Fe-X (X=Cr, Cu, Mn, Ni, P, Si) dilute alloys[END_REF]. In addition to pre-existing microstructural features, such as dislocations and grain boundaries, point-defect clusters also act as sinks, especially self-interstitial atom clusters (denoted as C1 in Fig. 2). These are immobilized because of strong binding interactions with solute atoms accumulated round them, thereby acting as nuclei for further solute clustering. While C1 self-interstitial complexes can be safely considered as indissoluble, the dissolution of C2 vacancy-solute complexes (Fig. 2) needs an appropriate description. The corresponding reactions are depicted in Fig. 3. Dissolution is a thermally activated process that takes place via two possible paths: emission of a single vacancy (henceforth denoted as "Va"), or emission of a vacancy-solute pair (henceforth "VaSo", where So is either Ni, Mn, Si, P or Cu). We estimate the dissociation energy 𝐸 𝑑𝑖𝑠𝑠 (𝑉𝑎,𝑉𝑎𝑆𝑜) with the well-established approximate relation:

𝐸 𝑑𝑖𝑠𝑠 (𝑉𝑎,𝑉𝑎𝑆𝑜) = 𝐸 𝑚 (𝑉𝑎,𝑉𝑎𝑆𝑜) + 𝐸 𝑏 (𝑉𝑎,𝑉𝑎𝑆𝑜) (2) 
Here, 𝐸 𝑚 (𝑉𝑎,𝑉𝑎𝑆𝑜) is the migration energy of a Va or VaSo pair in bulk Fe, which is known from DFT calculations [START_REF] Messina | Systematic electronic-structure investigation of substitutional impurity diffusion and flux coupling in bcc iron[END_REF]. In contrast, the binding energy 𝐸 𝑏 (𝑉𝑎,𝑉𝑎𝑆𝑜) of a Va or a VaSo pair to C2 complexes requires special attention. In the absence of a theoretical framework, the approach of Ref. [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF] can be used: they are determined by individual fitting, taking, for each given material, the binding energy that allows the OKMC model predictions for N, D and f to best match the experimental values from APT. However, in this way the model can only be applied to materials for which detailed microstructural data are available, such as those in the microstructure database described in section 2.1. It cannot be applied to the nuclear power plant surveillance materials collected in the PLOTTER database [START_REF]Adjunct for E900-15 Technical Basis for the Equation Used to Predict Radiation-Induced Transition Temperature Shift in Reactor Vessel Materials[END_REF] because, to our knowledge, no APT analysis is available for these materials. The goal of the present work is to make such microstructural analysis unnecessary for the application of the model, given that in most cases it is not given: the model should be applicable with input variables that are always given, i.e. material composition and irradiation conditions. Therefore, as described in section 2.3, in this work we remove the limits of applicability of the OKMC method and propose, based on atomistic modelling and first principle calculations, a general recipe to estimate 𝐸 𝑏 𝑉𝑎 and 𝐸 𝑏 𝑉𝑎𝑆𝑜 a priori, as functions of the chemical composition and the size of the solute clusters, as schematically shown in Fig. 3 and described next. 

Determination of key binding energies from atomistic modelling.

Small vacancy-solute complexes located on the left-hand side of Fig. 3 have been studied using DFT [START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF]. On the right-hand side of the figure, the other limiting case is a large complex, where the effects of the interface with the Fe matrix do not evolve with size any longer. The corresponding "saturated" binding energy values are denoted as 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 .

Intermediate cases can be interpolated using the 𝑉 𝐶2 -1/3 capillary law, where VC2 is the volume of the complex C2. The OKMC model is therefore fully parameterized once 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 are known, which solely depend on the chemical composition of the solute clusters.

To calculate 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 , we need a Hamiltonian for an atomic system that contains the Fe, Ni, Mn, Si, Cu and P species. This is offered by the DFT-rooted cluster expansion (CE) model derived in [START_REF] Bonny | The impact of alloying elements on the precipitation stability and kinetics in iron based alloys: An atomistic study[END_REF]. Given a chemical composition of the C2 complex, we first evaluated 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 using the method developed in [START_REF] Bonny | Exact mean field concept to compute defect energetics in random alloys on rigid lattices[END_REF], which enables the calculation of defect energetics in random alloys on a rigid lattice based on an exact mean field approach. This corresponds to assuming that the atoms are randomly distributed inside the complexes, which is a fair assumption, given their mechanism of formation by segregation on pointdefect clusters rather than via precipitation as phases. We applied this method for the materials listed in the microstructure database. Regarding the evidence shown in Fig. 1b, we assume that the relative chemical contents in Ni, Mn, Si, P and Cu are identical to those derived from the overall chemical content of the material. Finally, the Fe content in the solute clusters can be varied between 20 at% and 50 at% to cover the limiting cases between experimental evidence from SANS and APT, respectively.

Determination of embrittlement from solute clustering

According to the dispersed barrier hardening model [START_REF] Seeger | On the theory of radiation damage and radiation hardening[END_REF], the radiation hardening ∆𝜎 𝑦 is a function of the density and the size of the array of obstacles to the motion of dislocations. In this work, we consider that the obstacles are the nano-sized solute clusters and apply the model originally proposed by Bacon, Kocks and Scattergood (BKS) [START_REF] Bacon | The effect of dislocation self-interaction on the orowan stress[END_REF], as formulated in [START_REF] Monnet | Multiscale modeling of irradiation hardening: Application to important nuclear materials[END_REF], which considers the elastic interactions between segments of bowed-out dislocations by a population of randomly distributed obstacles. Accounting for Eq (1), we write:

∆𝑇 (𝐵𝐾𝑆) = 0.5913 𝑀 𝛼 𝐵𝐾𝑆 3/2 ( 𝑙𝑛(𝐷 𝑏 ⁄ ) 𝑙𝑛(𝑙 𝑏 ⁄ ) ) 3/2 𝑙𝑛(𝑙 𝑏 ⁄ ) 2𝜋 𝜇𝑏√𝑁𝐷 (3) 
Here, M is Taylor's factor (taken to be 3), l is defined as the free distance between solute clusters (𝑙 = 1/√𝑁𝐷 -𝐷), 𝐷 is a harmonic sum (𝐷 = 𝑙𝐷 / (𝑙 + 𝐷)),  is the shear modulus and b is the dislocation's Burgers vector module. The factor 𝛼 𝐵𝐾𝑆 accounts for the strength of solute clusters impeding the flow of dislocations under the applied strain. Following Friedel's interpretation [START_REF] Monnet | Multiscale modeling of irradiation hardening: Application to important nuclear materials[END_REF], 𝛼 𝐵𝐾𝑆 3/2 can be directly related to the cosine of the bowing angle of the dislocations.

The solute clusters diameter D is typically observed to vary within narrow ranges of values in databases of irradiated ferritic steels, at least in the range of temperatures and neutron doses that were studied the most. Considering that the volume fraction f ≈ ND 3 and therefore √𝑁𝐷 ≈ √𝑓/D, D being almost constant, for simplicity and seeking for more accurate regressions, some authors [START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF][START_REF] Soneda | Embrittlement Correlation Method for the Japanese Reactor Pressure Vessel Materials[END_REF][START_REF] Wagner | Influence of the copper impurity level on the irradiation response of reactor pressure vessel steels investigated by SANS[END_REF] preferred to rely on this measurement of solute clustering directly. We hence write:

∆𝑇 (𝑉𝐹) = 𝛼 𝑉𝐹 √𝑓 (4) 
Here, the superscript (VF) stands for "volume-fraction-based model". Given our embrittlement database described in section 2.1 which provides values for ∆𝑇, and having √𝑁𝐷 and √𝑓 either provided by our microstructure database or estimated by our theoretical model described in section 2.3, numerical values for 𝛼 𝐵𝐾𝑆 and 𝛼 𝑉𝐹 can be estimated from linear regressions. We should emphasize that, for the sake of practicality, we adopt here a specific convention to define the volume fraction f, due to the fact that the latter is not systematically reported in APT examination work. We thus define 𝑓 = 𝜋 6 𝑁𝐷 3 , irrespective of whether N and D are calculated using the OKMC model, or obtained from APT measurement.

3 Results

Calibration and validation of the microstructure evolution model

Following the methodology described in section 2.3, we performed atomistic calculations of 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 for the materials listed in the microstructure database described in section 2.1. We found that the Fe content can be varied between 20 at% and 50 at% without qualitatively affecting the results. We also found that 𝐸 𝑏 * 𝑉𝑎 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 are strongly correlated with the relative Ni content in the materials, while the content in the other chemical elements play only a secondary role. Looked from that perspective, the values fall within a narrow range of variability. This is a crucial result of the physical atomistic model, as it greatly simplifies the form of the correlation we are looking for. As shown in Fig. 4, it is accordingly possible to write the following estimate functions, which hold for all chemical species (S = Ni, Mn, Si, P or Cu):

𝐸 𝑏 * 𝑉𝑎 | 𝐶𝐸 ≅ 1.2 -0.4 𝑥 𝑁𝑖 ± 0.01 (eV) (5) 
𝐸 𝑏 * 𝑉𝑎𝑆𝑜 | 𝐶𝐸 ≅ 1.56 -0.85 𝑥 𝑁𝑖 ± 0.15 (1 -𝑥 𝑁𝑖 ) (eV) (6) 
Here, 𝑥 𝑁𝑖 is the relative Ni content defined as CNi / (CNi + CMn + CSi + CP + CCu) and CNi,…,CCu are the chemical contents in the materials. The difference between the 𝐸 𝑏 * 𝑉𝑎 | 𝐶𝐸 curve and the 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 | 𝐶𝐸 curve for a given Ni content is consistent with estimates deduced from PAS experiments [START_REF] Konstantinović | Radiation induced solute clustering in high-Ni reactor pressure vessel steel[END_REF]. The estimates in Eq. (5-6) could in principle be used directly to parameterize OKMC simulations. However, the superposition of independent migration and binding energies in Eq. ( 2) does not account for dynamic effects that may affect the true value of 𝐸 𝑑𝑖𝑠𝑠 (𝑉𝑎,𝑉𝑎𝑆𝑜) . To improve accuracy without undue complications, corrections are introduced only on 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 . In the OKMC model, we therefore assume that:

𝐸 𝑏 * 𝑉𝑎 | 𝑂𝐾𝑀𝐶 = 𝐸 𝑏 * 𝑉𝑎 | 𝐶𝐸 (7) 
In contrast, a better estimate for 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 is derived from another function of the material chemical composition, determined as follows. OKMC simulations were performed for the materials listed in the microstructure database, in the corresponding irradiation conditions. In each case, 𝐸 𝑏 * 𝑉𝑎 was taken from Eq. ( 7) and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 was varied between 𝐸 𝑏 * 𝑉𝑎 | 𝐶𝐸 and 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 | 𝐶𝐸 , used as reference physical values, to determine the one that leads to the closest predictions of the solute clusters' volume fraction f, as compared to the APT data. The sofitted values for individual materials are shown by dots in Fig. 4. The error bars indicate the typical range of tolerance for 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 to achieve a good match with APT. Clearly, the optimal 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 values can be approximated by a regression of 𝑥 𝑁𝑖 , similarly to the cluster expansion finding in Eq. ( 5) and Eq. ( 6). We therefore derived an overall single regression that relates 𝐸 𝑏 * 𝑉𝑎𝑆𝑜 with 𝑥 𝑁𝑖 , which minimizes the average prediction error by the OKMC model for √𝑓 within the whole microstructure database, as follows: With Eqs [START_REF] Marquis | Nuclear reactor materials at the atomic scale[END_REF][START_REF] Nordlund | Improving atomic displacement and replacement calculations with physically realistic damage models[END_REF][START_REF] Bergner | Application of a three-feature dispersed-barrier hardening model to neutron-irradiated Fe-Cr model alloys[END_REF][START_REF] Fu | Multiscale modelling of defect kinetics in irradiated iron[END_REF][START_REF] Messina | Systematic electronic-structure investigation of substitutional impurity diffusion and flux coupling in bcc iron[END_REF], the OKMC model is fully parameterized, and can therefore be applied to assess solute clustering in any RPV material (i.e. of given composition in terms of minor solutes), under any irradiation condition. Fig. 5 shows a comparison between the predictions achieved with the model and APT data for the materials listed in the microstructure database. In Fig. 5a, we see that a reasonable correlation exists between the predicted and experimental volume fraction f of solute clusters, despite large scatter with the largest values. In Fig. 5b and Fig. 5c, we see that the OKMC model achieves this reasonable prediction of f by slightly overestimating the experimental N and, in general, underestimating the average D. The latter is predicted to vary within a much narrower range than observed experimentally. We interpret this discrepancy as the result of an expectable divergence in resolution between, on the one hand, an experimental technique where the smallest defects are invisible (APT), and, on the other, a theoretical model where all defects are accounted for. 

𝐸 𝑏 * 𝑉𝑆 | 𝑂𝐾𝑀𝐶 ≅ -

Predictions of radiation-induced embrittlement

Via the relations in Eq (2) and Eq (3), the coefficients 𝛼 𝐵𝐾𝑆 and 𝛼 𝑉𝐹 can be determined from linear regressions using a given set of data about solute clusters (√𝑁𝐷), and the corresponding T.

We start by performing this exercise using the experimental data from APT collected in the microstructure database. The obtained coefficients are listed in Tab. 1, and the achieved predictions of T are compared with the desired values in the top panels in Fig. 6. Both embrittlement laws appear to correlate the embrittlement T with the amount of solute clustering on the average. Next, we use the fitted 𝛼 𝐵𝐾𝑆 and 𝛼 𝑉𝐹 coefficients of Tab. 1, to correlate the OKMC model predictions of N, D and f with the embrittlement. This can be now done without further calibration to all materials and their respective irradiation conditions collected in the embrittlement database. The comparison between OKMC predicted and target values is shown in the bottom panels of Fig. 6. Remarkably, both embrittlement laws in Eq (3) and Eq (4) work well for nearly all T data-points, with high accuracy.

Discussion

Our results show that the linear between √𝑁𝐷 or √𝑓 and T as defined in Eq (3)

and Eq (4) are general and can be applied to any RPV material via our physical model, without the need of APT data from time-consuming and costly microstructural examination. Importantly, these relations work well also for the high dose data points of the database, suggesting that the model enables accurate extrapolation to higher irradiation doses than those of surveillance. These simple embrittlement laws, coupled with √𝑁𝐷 or √𝑓 computed using the OKMC model, can therefore be used to evaluate the integrity of the RPV in any of the world's operating nuclear power plants. Examples are shown in Fig. 7. It is worth noting that the rightmost irradiation dose of 0.4 dpa correspond to about 80 years of operation for pressurized-water reactors. To verify the robustness of our model, in Fig. 8 and Fig. 9, three industrial embrittlementdose correlations are applied to the same embrittlement database as in Fig. 6 and compared with the current model's results. The generated predictions are fully listed in the supplementary materials (Part 2 in the "Embrittlement database" tab). The study included: (a) The EONY correlation [START_REF] Eason | A Physically Based Correlation of Irradiation-Induced Transition Temperature Shifts for RPV Steels[END_REF], although thought for industrial use, is conceived as a physicsinspired model, by including embrittlement contributions from the so-called "stable matrix damage" and from Cu-rich precipitates; (b) The Regulatory Guide 1.99 Rev. 2 [START_REF]Radiation Embrittlement of Reactor Vessel Materials[END_REF], in contrast, is a fully industrial trend curve with embrittlement contributions from a chemistry factor and a fluence function, which is currently the reference correlation in the US and not only for integrity assessment; (c) The ASTM E900-15 correlation [START_REF]Standard Guide for Predicting Radiation-Induced Transition Temperature Shift in Reactor Vessel Materials[END_REF], which can be regarded as another trend curve fitted to more recent surveillance data, including some for which the Regulatory Guide 1.99 Rev. 2 noticeably failed. These three embrittlement-dose correlations were numerically fitted to surveillance data. It is clear from Fig. 8 and Fig. 9 that all correlations are accurate in most cases. However, in some cases, supposedly outside of the range of fitting, the industrial trend curves clearly fail and the error of prediction is large (up to 300°C). In Fig. 9 the evolution of the prediction error is also plotted as a function of the three most influencing input variables of the models, i.e., the Cu content, the Ni content, the temperature, and the neutron fluence. We observe that:

 The industrial correlations fail to make accurate predictions when the Ni content is high (above ~1.5%). This is of course expected for very high Ni contents (> 3 w%) that are atypical compared to industrially-relevant steels: these materials have been chemically tailored for specific scientific purposes [START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF]. Ni contents between 1.5 wt% and 2 wt%, however, are industrially relevant. The model proposed in this work achieves overall more accurate predictions compared to the industrial trend curves for these materials.  The industrial correlations commit the largest error of predictions when the neutron fluence is larger than 3 ⋅ 10 19 n cm 2 (equivalent to 0.05 dpa). On the contrary, the prediction error committed by the model proposed in this work is contained in a noticeably narrower range.  The model proposed in this work performs with equal accuracy in the whole range of irradiation temperatures (from 255°C to 300°C), even though a slight bias towards underestimation is detectable in the lowest temperature range. More low temperature (<275ºC) experimental data would be required to perform a detailed study, but the model proposed in this works seems to be at least as accurate as the Regulatory Guide trend curve for temperatures < 275°C, while the EONY model is perhaps slightly more accurate in this range. The success of our model strongly suggests that the effect of solute clusters dissolved in the bulk of grains is indeed the dominant factor to cause radiation-induced hardening and embrittlement in RPV steels. It also suggests that the fundamental physical mechanisms introduced in the microstructure evolution model are correct, or at least sufficient, to provide fair predictions of the density, size and volume fraction of these clusters. It is however important to discuss the limits of the assumptions made: a) The ensuing model is here applied up to 0.1 at% Cu. As discussed above, higher Cu contents imply an increasingly dominant effect of precipitation as dictated by thermodynamics. Consequently, the embrittlement evolution with dose should rapidly saturate, a trend that the model in its present form cannot predict. b) Irradiation doses well beyond those of relevance to RPV steel operation are known to induce the development of other microstructural features that influence their mechanical properties. For example, near or above 1 dpa, ferritic-martensitic steels develop dislocation loops and nanovoids, which also act as obstacles to the motion of dislocations [START_REF] Gaganidze | Assessment of neutron irradiation effects on RAFM steels[END_REF]. While the dispersed barrier hardening theory still holds, these additional obstacles are not explicitly accounted for in the present model: embrittlement laws that superpose different defect populations should be applied. c) If the P concentration is high enough, its segregation at grain boundaries is known to favour intergranular fracture [START_REF] Lu | Radiation-and Thermally-Induced Phosphorus Inter-Granular Segregation in Pressure Vessel Steels[END_REF], leading to embrittlement without hardening. This cannot be described by the dispersed barrier hardening model adopted here. Such effects should be assessed separately from the effect of bulk precipitation.

We should emphasize that a similar microstructure evolution model as described here was previously applied with success to predict the evolution of solute cluster volume fraction in model alloys for F/M steels [START_REF] Dubinko | Effect of Si-Ni-P on the emergence of dislocations loops in Fe-9Cr matrix under neutron irradiation: TEM study and OKMC modelling[END_REF], as a function of the received neutron dose. This results further confirms the robustness of the assumptions made here in terms of microstructure evolution mechanisms, which extend from RPV to F/M steels. That is, the mechanism of solute cluster formation can be considered essentially identical in RPV, VVER, and F/M materials and is driven by single point-defect that drag solutes towards sinks. The sinks that dominantly provide nucleation sites for solute clusters are irradiation-generated pointdefect clusters. Thus, the radiation-induced character of the process is dominant over the radiation-enhanced one. A quantitative prediction of T in F/M steels based on this sole information like for RPV steels is most likely not possible, for at least two reasons: (1) the significant difference in composition and microstructure between RPV and F/M steels, and between different types of F/M steels, which produces features such as secondary phases and makes it difficult to define the actual grain sizes that need to be introduced in the underlying hardening law (see, e.g., Ref. [START_REF] Monnet | Multiscale modeling of irradiation hardening: Application to important nuclear materials[END_REF]); (2) unlike the majority of RPV and VVER steels, nanovoids and dislocation loops are not negligible in the case of F/M materials, especially considering that (much) higher neutron doses are generally reached there (> 1dpa in contrast to < 0.3 dpa for RPV and VVER materials). Discussing these aspects in detail goes beyond the scope of this paper. Nevertheless, our OKMC model is clearly applicable to predict the kinetics of solute clustering in any ferritic material relevant for nuclear application, i.e., RPV, VVER, and F/M steels, regardless of their intrinsic differences. This is an important point in support of the generality of the fundamental physical mechanisms that drive the microstructure evolution under irradiation.

Another important consideration stemming from our model is that the direct use of microstructural information in embrittlement correlations, and damage models in general, seems to significantly simplify their mathematical form: this can be appreciated by comparing Eq (3) and Eq (4) with the mathematical expression of, e.g., the EONY model or other correlations [START_REF] Soneda | 11 -Embrittlement correlation methods to identify trends in embrittlement in reactor pressure vessels (RPVs)[END_REF]. The whole dependence of radiation embrittlement on chemical composition, temperature, dose and dose-rate is fully accounted for by N and D and f, which are computed applying a microstructure evolution theory. The rest of the mathematical expression is just a coefficient. The present work thus suggests that, even though the longterm goal of multiscale approaches [START_REF] Marquis | Nuclear reactor materials at the atomic scale[END_REF] is to predict materials behavior with models that describe all fundamental processes along increasing time and space scales, it is also possible to improve the reliability of engineering correlations by directly coupling them with microstructure evolution theories. Specifically, in this work we produced a tool that provides reasonable estimates of microstructural variables, starting from information that is always available (steel composition, temperature, dose and dose-rate), without the need to perform long and costly microstructural examinations (e.g., APT), and enabling the direct assessment of mechanical properties. We argue that, with the help of modern techniques, such as machine learning, this approach can be directly used for engineering purposes, by training an artificial intelligence model to provide similar, but faster, predictions of N and D or f , given the steel and the irradiation conditions [START_REF] Castin | Advanced atomistic models for radiation damage in Fe-based alloys: Contributions and future perspectives from artificial neural networks[END_REF]. Alternatively, this microstructural information can be used to feed more refined correlations with embrittlement, perhaps better rooted in physics, leading to even further reduced uncertainty in the prediction of T.

Conclusion

We have developed a robust microstructure evolution theory and model that quantitatively predicts the formation of solute clusters under irradiation in ferritic steels given their composition and the irradiation conditions. This piece of microstructural information proves to be sufficient to assess in a very simple way embrittlement as a function of the nuclear power plant operation time. The embrittlement of ferritic steels under irradiation is therefore dominated by the formation of nanometric solute clusters. The simple embrittlement law provided here in Eq. ( 3) and Eq (4), coupled with our microstructure evolution model for the assessment of solute clustering, proves to be even more reliable than existing correlations that are currently used to assess the integrity of reactor pressure vessel steels beyond the planned surveillance programs.

Figure 1 -

 1 Figure 1 -APT analysis of irradiated RPV steels. (a) 3-D atomic map reconstructed from a Cu-rich irradiated RPV steel. Several radiation-caused features are seen. Typical analyzed volumes contain 2-10 million atoms; (b) correlation between the chemical content in solute clusters in bulk and nominal concentration. Chemical contents are calculated in relative terms, excluding the Fe matrix atoms. Open symbols denote Cu-rich precipitates in 3 different materials[START_REF] Miller | APT characterization of high nickel RPV steels[END_REF][START_REF] Miller | APT characterization of irradiated high nickel RPV steels[END_REF][START_REF] Kuleshova | Degradation of RPV steel structure after 45 years of operation in the VVER-440 reactor[END_REF], while closed symbols denote NiMnSiPCu-rich precipitates in 74 different materials[START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF][START_REF] Almirall | Precipitation and hardening in irradiated low alloy steels with a wide range of Ni and Mn compositions[END_REF][START_REF] Miller | Atom probe tomography characterizations of high nickel, low copper surveillance RPV welds irradiated to high fluences[END_REF][START_REF] Almirall | On the use of charged particles to characterize precipitation in irradiated reactor pressure vessel steels with a wide range of compositions[END_REF][START_REF] Auger | Synthesis of atom probe experiments on irradiation-induced solute segregation in French ferritic pressure vessel steels[END_REF][START_REF] Dohi | Effect of Neutron Flux at High Fluence on Microstructural and Hardness Changes of RPV Steels[END_REF][START_REF] Edmondson | Using complimentary microscopy methods to examine Ni-Mn-Si precipitates in highly-irradiated reactor pressure vessel steels[END_REF][START_REF] Styman | Postirradiation annealing of Ni-Mn-Si-enriched clusters in a neutron-irradiated RPV steel weld using Atom Probe Tomography[END_REF][START_REF] Wells | The Character, Stability and Consequences of Mn-Ni-Si Precipitates in Irradiated Reactor Pressure Vessel Steels[END_REF][START_REF] Jenkins | The effect of composition variations on the response of steels subjected to high fluence neutron irradiation[END_REF][START_REF] Takeuchi | Effects of chemical composition and dose on microstructure evolution and hardening of neutron-irradiated reactor pressure vessel steels[END_REF][START_REF] Lambrecht | On the correlation between irradiation-induced microstructural features and the hardening of reactor pressure vessel steels[END_REF][START_REF] Kuleshova | Mechanisms of radiation embrittlement of VVER-1000 RPV steel at irradiation temperatures of (50-400)°C[END_REF][START_REF] Odette | Precipitation in reactor pressure vessel steels under ion and neutron irradiation: On the role of segregated network dislocations[END_REF]. Note that Cu is the only element that strongly deviates from the linear correlation with the element abundance in the alloy. Mn also slightly deviates because it is a carbide former, so part of the content of this element is found in carbides.

Figure 2 -

 2 Figure2-Schematic description of the object kinetic Monte Carlo method. From left to right, after the production of damage in collision cascades, elementary events take place, which are described as thermally-activated processes of diffusion, dissociation and transport by point-defects, all parameterized here based on first principle calculations. They spontaneously lead to the formation of solute rich clusters: complexes C1 and C2 contain a sufficient number of atoms to be resolvable with APT. The dominant mechanism[START_REF] Castin | The dominant mechanisms for the formation of solute-rich clusters in low-Cu steels under irradiation[END_REF] of formation is indicated by solid line arrows, while dashed arrows indicate secondary mechanisms which are, formally, not excluded from the model.
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 3 Figure 3 -Schematic description of how the binding energy Eb of vacancies (Va) and vacancy-solute pairs (VaSo) to complexes C2 depend on cluster size. Values are normalized to the saturated value Eb*.
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 4 Figure 4 -Saturated binding energy values estimated in different ways, as functions of the relative Ni content in the material. The acronyms PAS stands for positron annihilation spectroscopy (experimental measurement taken from [60]), and CE for cluster expansion (theoretical model based on density functional theory).

Figure 5 -

 5 Figure 5 -Comparison between the OKMC predictions and APT experimental data for the materials and irradiation conditions listed in the microstructure database.

Figure 6 -

 6 Figure 6-Application of the embrittlement laws from Eq (2) (right panels) and Eq (3) (left panels) using the microstructure database (top panels) and the embrittlement database (bottom panels) described in section 2.1. Black lines are the ideal match, and the dashed lines show the 95% interval of confidence (2 ). The horizontal error bars on the dots is set to 25°C, while the vertical error bars are derived from the experimental uncertainty of the APT measurements or of the OKMC predictions.

Figure 7 -

 7 Figure 7 -Physics-based law (volume-fraction model in Eq (3)) for radiation embrittlement applied to individual steels. Evolution with the received dose of the predicted (solid lines) and measured (dots) embrittlement ∆T for four individual steels (different colors). The 95% interval of confidence (±2 = 27.5°C) is shown as well (dashed lines). Chemical compositions are given in at%. The irradiation dose of 0.4 displacement per atoms corresponds to about 80 years of operation for pressurized water reactors.

Figure 8 -

 8 Figure 8 -Accuracy of prediction of T achieved by the EONY embrittlement correlation method[START_REF] Eason | A Physically Based Correlation of Irradiation-Induced Transition Temperature Shifts for RPV Steels[END_REF], The Regulatory Guide 1.99 Rev. 2[START_REF]Radiation Embrittlement of Reactor Vessel Materials[END_REF], and the ASTM E900-15 correlation[START_REF]Standard Guide for Predicting Radiation-Induced Transition Temperature Shift in Reactor Vessel Materials[END_REF], compared with the predictions achieved in this work. The black line is the ideal match, and the dashed lines show the 95% interval of confidence (2= 37 °C ).

Figure 9 -

 9 Figure9-Accuracy of prediction of T achieved by the EONY embrittlement correlation method[START_REF] Eason | A Physically Based Correlation of Irradiation-Induced Transition Temperature Shifts for RPV Steels[END_REF], The Regulatory Guide 1.99 Rev. 2[START_REF]Radiation Embrittlement of Reactor Vessel Materials[END_REF], and the ASTM E900-15 correlation[START_REF]Standard Guide for Predicting Radiation-Induced Transition Temperature Shift in Reactor Vessel Materials[END_REF], compared with the predictions achieved in this work. The panels plot the evolution of the prediction error with four key variables of the model.

  𝐶𝑢 is an additional binding energy term which accounts for the presence of Cu.We fitted a linear ramp step function that is effective from a moderate Cu content CCu:

	5.30𝑥 𝑁𝑖 2 + 0.109 𝑥 𝑁𝑖 + 1.178 + 𝐸 𝑏 * 𝑉𝑆 | 𝐶𝑢 ± 0.025 (eV)	(8)
	Here, 𝐸 𝑏 * 𝑉𝑆 | 𝐸 𝑏 * 𝑉𝑆 | 𝐶𝑢 = 0	if (CCu < 0.05 at%)	(9)
	= (CCu -0.05) * 0.035 (eV) if (0.05 at% ≤ CCu ≤ 0.07 at%)	(10)
	= 0.035 (eV)	if (CCu > 0.07 at%)	(11)

Table 1 -

 1 Coefficients derived for embrittlement laws using the BKS model or the volume fraction based model. The coefficients are either derived from APT experimental data, or from OKMC estimates, for N and D of the solute clusters. In each case, the 95% interval of confidence (2 ) and the correlation coefficients R2 are reported.

		BKS model Eq. (3)		Volume fraction model Eq. (4)
		𝜶 𝑩𝑲𝑺 (-)	2(°C)	R2	𝜶 𝒗𝒇 (°C)	2(°C)	R2
	N and D From APT	0.478 ± 0.0923	41.9	0.80	1383 ± 129.8	42	0.80
	N and D From OKMC	0.466 ± 0.0277	27.9	0.84	1550 ± 22.7	28.3	0.91
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