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Abstract

Lifetime extension of existing nuclear power plants, or new builds, are efficient assets for the
fight against climate change. Radiation-induced embrittlement of the steels constituting the
reactor vessels, aimed at containing the radioactive fission products, is one of the main
limiting factors for safe operation. In support of the fundamental understanding of the
phenomena responsible for these degradations, we developed a framework that explains
hardening and the subsequent embrittlement by the formation of nano-clusters of minor
alloying elements. This is the first in its kind, enabling full predictability of embrittlement for
any ferritic material. The core of our theory is a multiscale modelling tool that predicts the
kinetics of solute clustering, given the steel chemical composition and its irradiation
conditions. We prove that the formation of nano-clusters ensues from atomic transport
driven by radiation-induced mechanisms that differ substantially from classical nucleation-
and-growth theories. We then shown that the predicted information about solute clustering
can be translated into an 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.

1 Introduction

Nuclear power plant lifetime extension and new builds are assets to fight against climate
change [1]. 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 [2]. 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 [F, 3, 4], are also subjected to radiation-induced
embrittlement. Systematic experimental investigations are not viable, regarding the lack of
relevant irradiation facilities and the prohibitive costs associated to large explanatory
campaigns. It is hence essential to understand the fundamental processes taking place in
ferritic materials under irradiation [B], to ensure a safe extension of the neutron dose, and
the design for new applications in harsh conditions.

The most challenging aspect is that all macro- and micro-structure changes start at the
nanometer scale [A], or even at the atomic scale [6]. It is indeed well-established that
materials degradation under irradiation unfolds from the formation of nano-sized defects
(diameter D = 1-4 nm) finely dispersed in the bulk (number density N = 10?2-10%* m3), mainly
causing hardening and ensuing embrittlement [15]. Such defects result from the diffusion and
interaction of radiation-generated point defects between themselves, with the pre-existing
microstructure, and with alloying elements and impurities [5, 6]. Atomic transport
mechanisms [7, 8] enrich point-defect clusters with Ni, Mn, Si, P and Cu [9]. This is revealed
by atom probe tomography (APT) techniques [A, 9-13], illustrated in Fig. 1a, and by small
angle neutron scattering (SANS) techniques [14]. These nano-clusters obstruct the motion of
dislocations, thereby hindering the blunting of crack tips. The dispersed-barrier hardening
model [16] relates the increase Aoy of the yield strength (hardening) with V/ND of the nano-
clusters. In turn, the shift AT in the ductile-to-brittle transition temperature is correlated to
Aoy [17]. Thus, if N, D and f are known for a given steel irradiated under known conditions,
the corresponding AT can be estimated.
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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 [18], while closed symbols denote NiMnSiPCu-rich
precipitates [9-13].

Thermodynamic-driven precipitation of Cu and Cr occurs under irradiation below 300°C in
materials containing more than ~0.1at.% Cu or ~9at.% Cr [4, 19]. In this class of materials, Cu-
rich or Cr-rich precipitates are a clear cause of embrittlement [20], and thermodynamic
models can be 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 [21, 22], or an irradiation-induced
process that would not occur without irradiation [23, 24]? Recently, Ke et al. [22] 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 may play a marginal role 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 [25]) 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 [18, 19] (open symbols in Fig. 1b) or Cr-rich [4] clusters are found.

c) Clusters are dilute, as they contain a significant fraction of Fe [10, 12, 13]. APT often finds
iron contents 250% [26], while other techniques (electron microscopy, SANS) [14, 26]
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 self-

interstitials due to irradiation. This mechanism is different from classical precipitation by
nucleation and growth and is the foundation of our theory to describe the formation of

NiMnSiPCu-rich clusters under irradiation.

The nuclear industry typically employs empirical regressions [35] fitted from experimental
data to estimate, given the steel and the irradiation conditions, how AT will further evolve
with the received neutron dose. Even though they contain some physical information (e.g.,
explicit terms stand for the so-called “matrix damage”, others for the effects of solute-rich
clusters, etc.), their extrapolation capabilities are entirely pending on the choice of the
mathematical expressions being used. In this work, we aim at setting the bases for the
definition of models more strongly rooted on physics. To this purpose, we develop a
multiscale tool for describing the evolution of microstructure under irradiation. We combine
first principles calculations, molecular dynamics simulations and atomistic modelling within a
single coarse-grained tool that links the atomic to the nanometer scales, allowing for an
extension of the simulated time up to decades of neutron irradiation. The tool is therefore
driven by elementary, atomic-level reactions, and incorporates all of the above-discussed
evidence for radiation-induced clustering. Given the material and the irradiation conditions,
it predicts the evolution of N, D and f with the received irradiation dose. From this
information, we employ classical hardening laws, also strongly rooted on physics, to correlate
this information with the ensuing AT. This step can be regarded as a shortcut in the classical
multiscale approach [B] towards the desired macroscopic level, substituting the otherwise
employed mesoscale methods such as dislocation dynamics, continuous field models or finite
elements methods.

2 Material and Methods

2.1 Materials and experimental databases

This work is focused on the following families of materials:

e Base materials RPV steels: The pressure vessels of nuclear light water reactors
(LWR), i.e. pressurized (P) and boiling (B) water reactors (P/BWR) are made of low
carbon (<0.9-1.3 at%), low-alloyed (> 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"1° dpa/s and ~3-10
% dpa/s), and high, irradiated in an MTR (~107 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 high —
for RPV — Ni and Mn content, i.e. up to 2 at%. The irradiation conditions 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 V-
containing 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 were irradiated in MTR at high dose rate (~107 dpa/s) and in NPP at
low dose rates (101° to 10 dpa/s).

Model alloys for F/M steels, candidates for future generation IV reactors concepts
because of their limited swelling under irradiation and good thermal properties. F-M
are characterized by high Cr content (from 2.5at% up to 20at%) and comparatively
small concentration of other elements. Typically, among the elements that enter
solute clusters, they contain Ni and Si in the 0.1at%-0.2at% range, Mn in
concentration ~0.4at%, and P as impurity. Here we considered Fe-Cr-NiSiP model
alloys of this family.

Two databases of experimental data were collected from the literature for this work:

The microstructure database collects 94 experimental measurements with APT [Refs]
from 44 irradiated materials (30 RPV steels, 10 VVER steels and 4 model alloys for FM
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, D and f of the solute
clusters found in bulk, with the associated error bars, measured with APT when
available. It is worth noting that SANS measurements are also available for some of
the materials studied here. Nevertheless, there are known discrepancies between the
measurements of N and D from both techniques, due to their intrinsic functioning and
effective resolutions. This effect can be compensated, and it is possible to combine
data from both techniques within the same database, but it goes beyond the scope of
the present work. See a future publication by C. Courilleau et al. for a detailed analysis.
The embrittlement database collects 1201 experimental measurements from 416
irradiated materials (403 PRV steels, 9 VVER steels and 4 model alloys for FM steels).
Most of the data is taken from the PLOTTER database of international nuclear power
surveillance [Refs], which is complemented with data found in the literature [Refs]. In
the PLOTTER database, we only retained the materials that correspond to a Cu content
< 0.1 at%, and for which the received neutron dose reached at least 0.05 dpa. The
input data are identical as in the microstructure database, while the output data is the
embrittlement AT in °C. The specific range of uncertainty associated to each of these
measurements should ideally be provided case by case, from the experimental
procedures being applied. Since precise information is scarce, we assume that the
uncertainty on AT is £ 25°C.



This work aims at predicting the embrittlement AT. Experimental data found in the literature
often reports the hardening Aoy instead. As both are correlated [17], hardening data is here
converted into an estimated embrittlement value with the relation:

AT(°C) = 0.5913 Agy, (MPa) (1)

The coefficient of proportionality was derived from the experimental data in the
microstructure database.

2.2 Multiscale model for microstructure evolution under irradiation

In this section, we describe our theoretical model aimed at predicting N, D and f of the solute
clusters, as a function 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 [22]) 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 [9], where we demonstrated that the dominant mechanism for nano-cluster
formation is the interaction of solute atoms with self-interstitial defects generated under
irradiation. Primary point defects (vacancies, self-interstitials and their clusters) are injected
in our simulation volume at the right frequency (according to the specified neutron dose rate)
using libraries of atomic collision cascade debris previously derived from molecular dynamics.
Next, key features are solute transport phenomena induced by the injected point-defects,
and their deposition at sinks. When single vacancies or self-interstitials encounter solute
atoms dissolved in the matrix, they form stable pairs, with given binding energy. These pairs
migrate with given activation energy towards sinks. The characteristic energy values were
calculated using density functional theory (DFT) methods [7, 8]. 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 solute clustering.
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Figure 2 — Schematic description of the object kinetic Monte Carlo method. From left to right, after irradiation events take
place, elementary events describe thermally-activated processes of diffusion, dissociation and transport by point-defects,
parameterized from first principle calculations. They spontaneously lead to the formation of solute rich clusters: complexes
C1 and C2 contain sufficiently atoms to be resolvable with APT. The dominant mechanism [9] of formation is indicated by
solid line arrows, while dashed arrows indicate secondary mechanisms which are, formally, not excluded from the model.

While self-interstitial complexes C1 can be safely considered as indissoluble, the dissolution
of vacancy-solute complexes C2 (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 “V”), or emission
of a vacancy-solute pair (henceforth “VS”, where S is either Ni, Mn, Si, P or Cu). We estimate

the dissociation energy Egs’zs) with the well-established approximate relation:

wys) _ (VVs) (V,vs)
Ediss - Em + Eb (4)
Here, E,SIV’VS) is the migration energy of a V or VS in bulk Fe, which are known from DFT

calculations [7]. In contract, the binding energy EISV‘VS)of V or VS to C2 complexes, requires

special attention. In the absence of a theoretical framework, the approach in Ref. [9] was to
determine them by fitting, taking the binding energies that allows the OKMC model
predictions for N, D and f to match the experimental values from APT. The model could
therefore only be applied to materials for which detailed microstructure data is known, such
as those in the microstructure database described in section 2.1. However, the approach in
Ref. [9] cannot be applied to the nuclear power plant surveillance materials collected in the
PLOTTER database because, to our knowledge, no APT analysis is available for these materials.
As described in section 2.3, in this work we remove this lingering empiricism, and we
therefore remove the limits of applicability of our OKMC model. For this purpose, from
atomistic modelling and first principle calculations we propose a general recipe to estimate
E} and E}S a priori, as a function of the chemical composition and the size of the solute
clusters.
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Figure 3 — Schematic description of how the binding energy E,, of vacancies (V) and vacancy-solute pairs (VS) to complexes
C2 depend on cluster size. Values are normalized to the saturated value Eb*.

2.3 Determination of key binding energies from atomistic modelling.

The approach to estimate E} and E}° as a function of the size of the solute clusters is depicted
in Fig. 3. On the left-hand side of the figure, small vacancy-solute complexes are studied using
DFT [9]. 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}, and E}>. Intermediate

cases can be interpolated using the VC_21/3 capillary law, where V¢ is the volume of the
complex C2. The OKMC model is therefore fully parameterized once E}, and E}> are known,
which solely depend on the chemical composition of the solute clusters.

To calculate E},’*and EYS, we need a Hamiltonian for an atomic system which contains the Fe,
Ni, Mn, Si, Cu and P species. This is offered by the DFT-rooted cluster expansion (CE) model
derived in [28]. Given a chemical composition of the C2 complex, we evaluated El',/*and El‘,/f
using the method developed in [29], which enables the calculation of defect energetics in
random alloys on 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. 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 50at% to cover the limiting cases between experimental
evidence from SANS and APT, respectively, without affecting the obtained results. We found
that El‘,/*and El‘,/f 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. 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):
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Ep,

g = 1.2 — 042y, £0.01 (ev) (5)

Vs
Ep,

g = 1.56 — 0.85xy; £ 0.15 (1 —xy;) (eV) (6)
Here, xy; is the relative Ni content defined as Cni/ (Cni + Cwvn + Csi + Cp + Ccu) and Cyi,...,Ccu are
the chemical contents in the materials. These estimates could in principle be used directly to
parameterize OKMC simulations. However, the superposition of independent migration and
binding energies in Eq. (4) does not account for dynamic effects that may affect the true value
of E((;l./s’zs). To improve accuracy without undue complications, corrections are introduced only

on E}S. In the OKMC model, we therefore assume that:

(7)

While an estimate for EYS 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, EJ/, was taken from Eq. (7) and E}> was varied between EJ, o and EYS o to determine
the one that leads to the closest predictions of the solute clusters volume fraction f as

compared to the APT data. We demonstrate in section 3.1 that the optimal E},’f values can be
approximated by another regression of xy;.

2.4 Determination of embrittlement from solute clustering

According to the dispersed barrier hardening model [16], radiation hardening Ag, can be
solely related to the solute clusters that become obstacles for the motion of dislocations. In
this work, we apply the model originally proposed by Bacon, Kocks and Scattergood (BKS) [C],
as formulated in [D], which considers the elastic interactions between segments of bowed-
out dislocations by a population of randomly distributed obstacles. Accounting for Eq (1), we
write:

Iin(D/b)\ In(1/b
AT = 05913 M a3, (;((l /b))) 2O bVND (2)

Here, M is Taylor’s factor (taken to be 3), / is defined as the free distance between solute

clusters (I = 1/@ — D), D is a harmonic sum (5 = Ild / (1 + D)), pis the shear modulus
and b is the dislocation’s Burgers vector module. The factor aggs accounts for obstacles
strength by the solute clusters for the flaw of dislocations under the applied strain. Following
Friedel’s interpretation [D], a;ézs can be directly related to the cosine of the bowing angle 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 f = ND3/3 and therefore VND = \/f/D, for



simplicity and seeking for more accurate regressions, authors [10,11,E] have preferred to rely
on this measurement of solute clustering directly. We hence write:

ATV = ayp JF (3)

Given our embrittlement database described in section 2.1 which provides values for AT, and

VND and ./ f either provided by our microstructure database or estimated by our theoretical
model described in section 2.3, numerical values for aggs and ayr can be estimated from
linear regressions.

3 Results

3.1 Final calibration of the multiscale microstructure evolution model

Following the methodology described in section 2.3, we performed OKMC simulations for the
materials listed in the microstructure database described in section 2.1. The values for E},
are taken from Eq (7) while the values for E}S are fitted in such a way that the OKMC
predictions of the solute cluster volume fraction f matches the APT measurements. The fitted
values are shown by dots in Fig. 4. The error bars indicate the typical range of tolerance for
E,‘,/*S to achieve a good match. Interestingly, similarly to the cluster expansion finding in Eq. (5)
and Eq. (6), all data collapse around a clearly defined, single average curve, with parabolic
shape. These can be estimated with a unique and simple function of xy;, as follows:

E)S = 1.255 — 0.168 xy; — 0.326 xy;2 + 0.03 (eV) (8)

OKMC
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Fig. 5 shows a few examples of model predictions of \/7 versus irradiation dose for
different chemical compositions and irradiation conditions. The model matches well the APT
data-points and provides estimates for doses that were not investigated experimentally.
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Figure 5 — Application of the microstructure evolution model to the simulation of irradiation experiments in ferritic steels. The
individual solid lines (model predictions) depict the evolution with dose of Vf related to NiMnSiPCu-rich clusters in bulk, in
distinct materials (different colors in the figure). Chemical compositions are given in at%. Dots are experimental
measurements with APT taken from the microstructure database.
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3.2 Predictions of radiation-induced embrittlement

Via the relations in Eq (2) and Eq (3), the coefficients aggs and ayr can be determined from
linear regressions using a given set of data about solute clusters (N and D), and the
corresponding AT. 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 AT are compared with the desired values in the top panels in Fig.
6. Both embrittlement laws appear to correlate the embrittlement AT with the amount of
solute clustering on the average. Some predictions associated to VVER steels significantly
deviate from the desired value, however, but it must be deliberated with the large error bars
associated to the APT measurements. Common coefficients are found when RPV and VVER
are grouped in the same category of materials, while FM materials should be described by
separate coefficients.

Table 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. RPV
and VVER materials are grouped in a single category, while F/M materials are considered separately. In each case, the 95%
interval of confidence (2o ) and the correlation coefficients R, are reported.

BKS model Eq. (2) Volume fraction model Eq. (3)
apks () | 26(C) | R a,r (°C) | 26(°0) | R
RPV/VVER materials
N and D From APT 0.476 £0.088 | 38.6 0.838 1474 £ 111.1 37.2 0.840
N and D From OKMC 0.448 £0.024 | 20.7 0.922 1458 £+ 17.94 20.8 0.920
F/M materials
N and D From APT 0.730+0.409 | 19.6 0.806 2347 +715.7 20.3 0.886
N and D From OKMC 0.722+0.126 | 37.4 0.942 2760 +£199.3 36.6 0.945

12



Volume fraction model BKS model

350 T T T T T T v 350 T T T T T T 13
RPV —e— i L’
300 || VVER .’ &5 300 [ o 4
- F/M —e— ’O 'O o 'O 'O E
o 250 oS 8 20 A | B
N . : T™T }_ﬁ_.i._{ j
T 200 | P ¢ 200 . > 1 >
= L ‘b" ;,' v
E 150 | 58 ¢ . E 150 | F 5 41 4
& Vb - - (<8
% 100} Tl L 1 % 100¢f T“‘f 1 8
50 | pauph : o -
0 : e ] L L ] L 0 l ila L | L 1 L
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
Experimental AT (°C) Experimental AT (°C)
350 1 I | 1 1 I LI 350 1 I 1 I I I LI
300 |- NoE 300 /.
6 __'-_" . 6 - 4 §
£ 250 | R4 4 £ 250 1 5
H %)
€ 200} {1 ¥ 200 {1 <
5 b=~ S
150 | . < 150 .
g g 2
< 100 | 1 2 100 1 g
(o] (@] —
50 |- : 50 {1 ®
0 i i ! ! 0 / ; |
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350
Experimental AT (°C) Experimental AT (°C)

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 (2o ). 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.

Through Eq. (7) and Eq. (8), the OKMC model can be applied without further calibration to
the 167 materials and their respective irradiation conditions collected in the embrittlement
database. The derived apgs and ayp are listed in Tab. 1, and the comparison between
predicted and target values is shown in the bottom panels in Fig. 6. Remarkably, both
embrittlement laws in Eq (2) and Eq (3) work well for nearly all AT data-points, with a high
accuracy. The discrepancy between predicted and target values is significantly reduced
compared to

The coefficients ayr and agks are similar to those derived from APT experimental data. It is

therefore clear that the linear relations established between /f or bv/ND and AT are general
and can be applied to any material via our theoretical model, without the need of APT data.
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. The BKS embrittlement law in Eq. (2), coupled with bv/ND computed
using the OKMC model, can therefore be used to evaluate the integrity of the pressure vessels
in any of the world’s operating nuclear power plants. Examples are shown in Fig. 8, while ???
similar figures are collected in the supplementary information. It is worth noting that the
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rightmost irradiation dose of 0.4 displacement per atom correspond to about 80 years of
operation for pressurized-water reactors.

Nuclear reactor operation time (years)

10 20 30 40 50 60 70 80
350 ! ! ! T T T T

Embrittlement AT (°C)

0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
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Figure 7 — Physics-based law (BKS model in Eq (2)) for radiation embrittlement applied to individual steels. Evolution with the
received dose of the predicted (solid lines) and measured (dots) embrittlement AT for four individual steels (different colors).
The 95% interval of confidence (+2c = 20.7°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.
Additional figures for the materials included in Fig. 6 are provided in the supplementary information.

4 Discussion

The theoretical model proposed in this work provides excellent predictions in all cases shown
in Fig. 7 and Fig. 8, within an acceptable and constant range of uncertainty. Crucially, the
trends versus dose for a given composition are always very well predicted. This strongly
suggests that the effect of solute clusters dissolved in the bulk and dragged to sinks is the
dominant factor to cause radiation-induced hardening and embrittlement in RPV steels used
in nuclear power plants around the world. It is important to discuss the limits of the proposed
theory:

a) The ensuing model is applicable 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 and stop
increasing, a trend that the model in its present form cannot predict. Instead, the model
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would conservatively overestimate embrittlement for these materials, by predicting a
continuous growth, as shown in the supplementary materials.

b) Materials irradiated to doses well beyond those of relevance to RPV steels are known to
develop other microstructural features that influence their mechanical properties. For
example, near or above 1 displacement per atom, ferritic-martensitic steels develop
dislocation loops and nanovoids, which also act as obstacles to the motion of dislocations
[33]. While the 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) Ifthe P concentration is high enough, its segregation at grain boundaries is known to favor
intergranular fracture [34], leading to embrittlement without hardening. This cannot be
described by the DBH model adopted here. Such effects should be assessed separately
from the effect of bulk precipitation.

The success of our model for different classes of steels has important implications. First, it
reveals that the mechanism of solute cluster formation in RPV, VVER, or F/M materials is
essentially identical and driven by solute dragging by single point-defects towards sinks. The
sinks that dominantly provide nucleation sites for solute clusters are irradiation-generated
point-defect clusters. Thus, the radiation-induced character of the process is dominant over
the radiation-enhanced one. This conclusion may prove useful for safety assessments in the
context of lifetime extension of present nuclear power plants.

Another important implication is that the direct use of microstructural information
significantly simplifies the mathematical form of embrittlement-dose correlations: this is
evident for instance when comparing Eq. (2) with “classical” correlations used in the industry
[35]. The whole dependence of radiation embrittlement on chemical composition,

temperature, dose and dose-rate is fully accounted for by \/f or bvND, which are computed
applying a microstructure evolution theory.

The long-term goal of multiscale approaches [A] is to predict materials behavior with models
that describe all fundamental processes along increasing time and space scales. However, the
present work suggests that 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). We argue that, coupled with modern techniques, such as machine learning, it can be

directly used for engineering purposes, e.g., providing similar, but faster, predictions of \/_ or
bVND, given the steel and the irradiation conditions [37], or more refined correlations

between /f or bv¥ ND and embrittlement, leading to even further reduced uncertainty in the
prediction of AT.
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5 Conclusion

We have developed a robust microstructure evolution theory that quantitatively predicts the
formation of solute clusters under irradiation. This piece of microstructural information
proves to be sufficient to assess 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. As such, the embrittlement law provided here
in Eq. (2), coupled with our multiscale model for the assessment of solute clustering, can be
used to assess the integrity of reactor pressure vessel steels beyond the planned surveillance
programs. These predictions will help underpin safety case arguments, enabling the
consideration of lifetime extension of existing nuclear power plants, with a positive impact on
the fight against climate change [1].
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