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ARTICLE INFO ABSTRACT

Communicated By Lilia Woods The aim of this study is to elucidate the mechanisms of irradiation damage to reactor pressure vessel (RPV) steel
using a machine learning algorithms and high-throughput calculations. Various Fe-Ni alloy structures were
generated based on structural enumeration for high-throughput first-principles calculations, with the Fe-Ni
interatomic potential trained using a Gaussian approximation function. Simulations were conducted using
LAMMPS software to investigate the effects of neutron irradiation on the tensile properties of Fe-0.74 wt.% Ni
alloy, utilizing the well-established Fe-Ni interatomic potential. The irradiation dose significantly impacts defects
in the Fe-Ni alloy. Synergistic effects of alloy solute element content and temperature with irradiation defects
reveal that defect numbers at irradiation points increase linearly with MD-dpa and PKA energy. During irradi-
ation, Ni atoms diffuse via the exchange with vacancy, synergizing with other Ni elements. Notably, Ni content
inversely affects yield stress, resulting in lower yield stress in irradiated materials compared to pre-irradiation
levels. While temperature inversely affects yield stress, its synergistic effect with defects increases yield
stresses post-irradiation, known as irradiation hardening. Post-irradiation, the yield strain increases, and a flat
plateau stress region is observed in Fe-Ni alloys. Ni atoms act as a buffer during the stretching process,
contributing to a relatively gentle slope stress region despite increasing stress. The distribution of Ni atoms
significantly influences the stress-strain curve, in which the aggregated Ni atoms decrease yield strength, whereas
uniform distribution increases it, highlighting Ni atoms as buffering role during stretching process. These sim-
ulations yield valuable insights for exploring scalability and enhancing the development of irradiation hardening
and embrittlement models.
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1. Introduction

The service environment of nuclear reactor pressure vessel (RPV)
steel is extremely harsh, subjecting the material to high temperatures,
pressures, intense corrosion, and radiation over extended periods. These
conditions lead to profound changes in microstructure and mechanical
properties, significantly reducing the service life of nuclear materials [1,
2]. Looking forward to future Generation IV fission and fusion energy
systems, several key radiation-induced degradation effects affect struc-
tural materials, including low temperature radiation hardening and
embrittlement, radiation-induced and modified solute segregation,
phase stability, irradiation creep, ineffective swelling, and high tem-
perature helium embrittlement [3]. Neutron irradiation induces the
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aggregation and evolution of supersaturated point defects in RPV steels,
resulting in microscopic products such as dislocation rings, solute clus-
ters, voids, and laminated tetrahedra. These defects contribute to phe-
nomena like irradiation swelling [4], hardening [5-7], embrittlement
[8-10], segregation [11,12], and helium bubble formation [13,14].
High-energy particle collisions from irradiation create defects that
hinder dislocation slip, profoundly impacting the mechanical properties
of nuclear structural materials by increasing yield and flow stresses
while reducing ductility. Atomic-scale computer simulations [15] pro-
vide insights into how irradiation dose, solute element content, strain
rate, and temperature influence these cascade effects [16,17]. For
commonly used RPV material SA508-3 steel, irradiation defects notably
affect tensile properties. Recent research has focused on irradiation
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Fig. 1. (a) high-throughput calculations and machine learning potential construction diagram. (b) The formation energy of Fe-Ni alloy structures as a function of the
concentration of Ni element in the 2 x 2 x 1 supercell, and the red line show the structures at the convexhull, where the ground state alloy structures are plotted in
the left lower corner. (c) The linear relationship of the total energy predicted by GAP model and DFT. (d) The convergence testing of multiple Fe-Ni structures for GAP

model training.

damage in pure iron, the aggregation and evolution of irradiation point
defects [11,12,17], dislocation behavior [18-20], dislocation ring for-
mation [21,22], and the interaction between grain boundaries and
irradiation defects [23]. However, studies on the complex synergistic
effects of solute elements, irradiation dose, and temperature during
irradiation and tension in steel remain limited. Understanding how
tensile properties change at the atomic scale post-irradiation, compared
to their mesoscopic and macroscopic counterparts derived from finite
element modeling and experimental tests, presents challenges in data
transfer and evolution across scales in multi-scale simulation processes.

It has been established that solutes such as Cu, Ni, Mn, and Si
significantly influence the irradiation embrittlement of reactor pressure
vessel (RPV) steels, each diffusing within the steel through distinct
mechanisms. Ni, Cu, and Si primarily diffuse via vacancy mechanisms,
whereas Mn predominantly uses interstitial mechanisms. Over the past
25 years, a series of advanced mechanistic models for radiation
embrittlement have been developed, offering comprehensive insights
into the intricate and synergistic effects involving solutes (Cu, Ni, P),
temperature, dose, and irradiation flux [8,10,24,25]. Studies by Vincent
et al. [26,27] underscore the critical role of solute elements in steel
interacting with irradiation-induced point defects. Granberg et al. [28]
demonstrated that irradiation effects vary with different Cr concentra-
tions, with low chromium alloys exhibiting ordered distribution and
high chromium alloys showing segregation. Molecular dynamics simu-
lations by Terentyev et al. [6] highlighted that both irradiation dose and
Cr concentration significantly affect yield stress, particularly through
chromium segregation on dislocation rings enhancing ferrite hardening.

Chen et al. [29] used transmission electron microscopy to study dislo-
cation loop growth under irradiation in alloys with 0.6 wt.% Ni, finding
distinct growth behaviors for different types of dislocation loops with
respect to irradiation dose. Jia et al. [30] investigated the impact of
alloying elements on RPV steel irradiation embrittlement, ranking their
influence as Cu > Ni > Mn / Si / P. They identified synergistic effects
between Cu-Ni and Mn-Ni using neural network approaches. These
findings collectively contribute to a deeper understanding of how solute
elements and their interactions with irradiation conditions influence the
embrittlement mechanisms in RPV steels, guiding the development of
more robust predictive models for material performance in nuclear
environments.

The impact of both irradiation dose and solute element content on
the macroscopic mechanical properties of materials is crucial and cannot
be overlooked. Understanding these relationships requires detailed
predictions at the microscale through extensive computational simula-
tions and correlation with microscopic testing methods. However, con-
ducting such studies at the microscopic level remains challenging and
less accessible. In this work, we investigate the effects of neutron irra-
diation on the tensile properties of Fe-0 .74wt.%Ni alloy using molecular
dynamics simulations with LAMMPS software based on machine-
learning interatomic potential, where trained data are generated from
first-principles calculations. The simulations explore the synergistic ef-
fects of cascade events and defects on the tensile behavior of the alloy by
varying three key factors: MD-dpa (displacements per atom due to
irradiation), solute element content in the alloy, and temperature. The
computational results presented in this paper contribute to the analysis
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Fig. 2. (a) Irradiated structural model of Fe-0.74 wt% Ni alloy and (b) the schematic diagram of uniaxial stretching.

and bridging of data from the microscale to the finer scales in multi-scale
simulations, facilitating the development and refinement of models for
irradiation hardening and embrittlement, thereby enhancing our un-
derstanding of material performance under extreme nuclear
environments.

2. Calculation models and methods

All simulations in this paper were performed using LAMMPS soft-
ware [32] based on the molecular dynamics method (MD) [31], using
the trained gaussian approximation potential [33] to describe Fe-Ni
atomic interactions. The OVITO software [34] was used for the visual
analysis of the irradiation and stretching results, and DXA [35] was used
for the identification of defects.

Based on density functional theory, first-principles calculations were
conducted using the Vienna ab initio Simulation Package (VASP) [36,37]
to evaluate the total energy of the Fe-Ni structures, where the inequi-
valent structures are generated by the Structures of Alloy Generation And
Recognition code [38]. The high-throughout calculation platform was
developed to perform automatic calculations and generate a database
upon completion for training machine learning interatomic potentials as
exemplified in Fig. 1(a). The exchange-correlation functional was
treated with the Perdew-Burke-Ernzerhof (PBE) formulation within the
generalized gradient approximation (GGA) framework [39]. A kinetic
energy cutoff of 400 eV was applied for the plane waves, and the energy
convergence criterion was set to 10> eV. The atomic positions and
lattice parameters were fully optimized until the forces on all atoms
were <0.01 eV/A. Since the Fe and Ni are magnetic materials, the
spin-polarization calculations were performed to obtain all the proper-
ties for Fe-Ni structures.

We created a single-crystal iron (Fe) box with dimensions of
40ax40ax40a, containing a total of 128,000 atoms. A portion of the
iron atoms were selectively replaced with nickel (Ni) atoms to construct
Fe-Ni alloy structures with varying concentrations. And the Fe-Ni system
utilized three-dimensional periodic boundary conditions. In order to
simulate the dynamic evolution following irradiation, the system was
fully relaxed in an NPT (isothermal-isobaric) ensemble for 20 ps, with
the central atom of the box chosen as the primary knock-on atom (PKA)
with a randomly oriented velocity. Evolution over 20 ps was carried out
using variable time steps under the NVE (constant energy) ensemble
with atomic rate-limiting techniques. During this process, we monitored
the nature of defects, including interstitials and vacancies, at various
time intervals. Once the system reached ensemble equilibrium, we
began calculating the stress-strain curve to simulate the mechanical
properties of the system under specified temperatures and Ni

concentrations.
3. Results and discussions
3.1. High-throughout calculations and GAP model construction

For the Fe-Ni alloy structure, various atomic compositions and dis-
tributions should be considered to maintain the structural diversity of
candidates for the proceeding machine learning potential training. We
take a unit cell of 16 atoms for bcc Fe as the prototype structure to
enumerate all possible Fe-Ni alloy configurations. The formation energy
is defined by Ef = E[FeyNi;_,]— xE[Fe]— (1 — x)E[Ni], where
E[FexNi;_y)] is the energy of Fe-Ni alloy configuration, E[Fe] and E[Ni]
are the average energies of bcc Fe and Ni structure, respectively. The
formation energies are found to be negative at some certain concen-
trations, indicating that Fe-Ni alloy is the ordered substitutional solid
solution with approximately 25% Fe concentration as shown in Fig. 1
(b). Note that the ground state structure is FeNig structure as shown in
the left lower corner of Fig. 1(b), in which all Fe atoms are surrounded
by Ni atoms, demonstrating that the uniform distribution of Fe and Ni
can effectively enhance the stability of the system. When Fe and Ni
atoms aggregate separately, grain boundaries are formed, leading to an
increase in energy and a decrease in the stability.

Based on these inequivalent Fe-Ni configurations, we employ the
gaussian approximation potential (GAP) model to interpolating inter-
atomic potential energy surfaces of Fe-Ni system, using the smooth
overlap of atomic positions (SOAP) kernel. The total GAP energy for Fe-
Ni system is defined by a sum of the two-body and three-body potential
and the many-body SOAP kernel:

E= ZV<2) (r,-j) + ZV<3) (r,-j,rik,r,-k) + Z iw:asK(Riva)

i<j i<j<k i

where i and j represent the indices of the atoms within the Fe-Ni struc-
tures. The term V(®'denotes the two-body pair potential, while V®
signifies the three-body pair potential. K is the basis function of the
SOAP kernel, and R; represents the collection of relative position vectors
corresponding to the neighbors of atom i.

The initial training set included about 200 Fe-Ni alloy structures,
where two-body and three body interaction are considered to fit the GAP
model. The fitting consistency result is shown in Fig. 1(c), the total
energy predicted by GAP model has excellent agreement with the DFT
results, in which the mean absolute error is 2.62 meV/atom. For the
performance metric of our trained model is detailed in the support
information.
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Table 1
Parameter setting for the cascade collision process.
Simulation projects Cascade effect
Box size 40a x 40a x 40a
Potential functions GAP model
Number of atoms 128,000
Fe-Ni alloy lattice constants (A) a=2.9189
Time steps (ps) 0.001
Simulated temperature (K) 573
Ni element content (wt%) Fe-0.74%Ni
PKA energy (keV) 1,2,3,4,5
MD-dpa 7.8125x107°,1.5625x107%,2.3438x107%,3.125x107%,3.906 x10~*
Table 2 our trained model. Therefore, the trained GAP model was suitable for
able

Parameter setting for stretching process.

Simulation projects Uniaxial stretching

Read irradiation output files Last step(20 ps)

Potential functions GAP model
strain rate 5x10%s7!
Time steps (ps) 0.001

300,500,700,900 and 1100
0%,0.74%,1%,5%,10%,20%

Simulated temperature (K)
Ni element content (wt%)

To train a robust GAP model iteratively, we continued to generate
larger Fe-Ni structures to enhance the training database. As a result, the
fitting error finally converged to 2.62 meV/atom, as shown in Fig. 1(d).
The prediction error for the test dataset was 2.85 meV/atom, indicating
that the trained GAP model can accurately describe the Fe-Ni system.
Additionally, to perform large-scale molecular dynamic simulations, we
generated Fe-Ni structures consisting of 1024 atoms to compare the total
energy predicted by the GAP model and DFT. The mean absolute error
for these predictions is 3.15 meV/atom, demonstrating the accuracy of

performing molecular dynamics simulations on large Fe-Ni systems. The
specific simulation process is carried out in two steps as follows, and the
simulation schematic diagram is shown in Fig. 2.

3.2. Cascade effect

3.2.1. Cascade collision process simulation

A box of single crystal Fe with dimensions of 40a x 40a x 40a was
created for the simulation. The %, y, and z coordinates were aligned
along the [100], [010], and [001] directions, respectively, resulting in a
total of 128,000 atoms in the box. Some of the Fe atoms were replaced
by Ni atoms. To avoid edge effects, the system utilized three-
dimensional periodic boundary conditions. The time step was set to
0.001 ps, and the temperature considered was the actual operating
temperature of 573 K at the location of the nuclear power reactor
pressure vessel (RPV) steel. The simulated system required full relaxa-
tion (20 ps) in the NPT (isothermal-isobaric) environment, with the
central atom of the selected box being a primary knock-on atom (PKA)

.ZeV

0eV

Fig. 3. Evolution of the atoms in the shift cascade with cascade time at energy of 5 keV. (a:0.01 ps; b:0.05 ps; c:0.1 ps; d:0.5 ps; e:1 ps; f:1.5 ps; j:2.5 ps; h:3 ps; i:5 ps).
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Fig. 4. Evolution of point defects in the shift cascade with cascade time at energy of 5 keV (a:0.01 ps; b:0.05 ps; c:0.1 ps; d:0.5 ps; e:1 ps; £:1.5 ps; j:2.5 ps; h:3 ps; i:5

ps), (red for interstitial atoms, blue for vacancies).

oriented randomly. Evolution over 20 ps with variable time steps was
carried out under the NVE (constant energy) ensemble using atomic
rate-limiting techniques. The relationship between energy and PKA ve-
locity is given by E = mv?/2. To account for statistical error in the cal-
culations, each simulation was repeated 20 times and the average value
was taken. The relevant parameters considered in the model are shown
in Table 1. Furthermore, we have added the evidence for choosing the
PKA energy and simulation temperature in the Support information.

3.2.2. Uniaxial stretching process simulation

For the uniaxial stretching process simulation, the results file from
the irradiation simulation was used as input. The same potential func-
tion and periodic boundary conditions were applied as in the irradiation
simulation. Energy minimization of the irradiation simulation results
file was achieved using the conjugate gradient method, followed by full
relaxation of the minimized structural model using NPT ensemble to
bring the structure to its most stable state. Temperature control via the
Nose-Hoover method ensured that the simulated system reached equi-
librium at the specified temperature before loading. The model was then
stretched along the y-axis using the deform command with a strain rate
of 5 x 10%/s. The NVT ensemble was used for the stretching process, and
the relevant parameters were set as shown in Table 2. We have added the

evidence for choosing the Ni element content in the Support
information.

The evolution of atomic and point defects in the shift cascade with
cascade time at an energy of 5 keV are shown in Figs. 3 and 4, respec-
tively. The PKA atom, initially given a velocity, collides with neigh-
boring atoms, producing primary recoil atoms. These recoil atoms then
collide with their neighbors, continuing a series of collisions until the
process concludes.

Figs. 3 and 4(a)~(c) depict the collision stage, where initial energy
transfer causes some atoms in the lattice to move, creating a highly
disordered region that grows rapidly. Figs. 3 and 4(d)~(f) illustrate the
thermal peak stage, during which atoms in a localized region with high
deposition energy density share collision energy, forming a melting
zone. Collisions among secondary recoil atoms convert kinetic energy
into thermal energy, raising the local temperature and resulting in a
collective effect. Figs. 3 and 4(g)~(i) represent the quenching stage,
where the molten zone solidifies, defects diffuse rapidly, most atoms
return to their perfect lattice positions, and non-thermal recombination
processes occur, leaving only a few defects. At this stage, vacant defects
mainly occupy the center of the defective site, while interstitial defects
are primarily located at the periphery and are more densely packed than
the surrounding interstitial atoms. Figs. 3 and 4(j)~(l) show the
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composite stage, where defects spread slowly and form clusters. The
temperature stabilizes, resulting in a primary damage state consisting of
point defects and their clusters. A complete cascade collision process
includes four stages: defect creation, dislocation peak appearance,
defect annihilation, and cascade annealing, leading to the formation of
stable defects.

In the evolution of point defects in Fe-Ni alloy, the dislocations un-
dergo a change in their configuration, resulting in the formation of
dislocation loops or rings. This transformation is typically observed in
materials under irradiation or high stress. Dislocations, which are line
defects in the crystal structure that facilitate plastic deformation, can
interact with other defects, such as vacancies or interstitial atoms
(created by irradiation or stress). When enough energy is introduced
into the system, these interactions can cause the dislocation lines to
close and form loops or rings. This process is particularly common in
irradiated materials, where defect clusters (like voids or interstitial
clusters) act as pinning points that cause dislocations to bow and
eventually close into loops. The formation of dislocation rings instead of
lines has significant implications for the material’s mechanical proper-
ties. Dislocation loops can hinder the movement of other dislocations,
increasing the material’s strength (a phenomenon known as radiation
hardening), but at the same time, they can reduce ductility, making the
material more prone to embrittlement under stress. This transformation
from lines to loops is an essential aspect of understanding material
behavior under extreme conditions, especially in nuclear or high-stress
environments.

3.3. Effect of MD-dpa on irradiation defects

In this work, the NRT model [36] is employed to predict the number
of atoms (Ng) that become delocalized in Fe-0.74 wt.% Ni alloy after
PKA atomic collisions, enabling the calculation of the delocalization
probability MD-dpa, as shown by the equations:

Ny = 0.8Ep/2E, @

DPA = Ny/ny (2)

According to the ASTM standard [37], E,4 for Fe is 0.04 keV, where ng
represents the number of atoms per unit volume of the material, and Ep
denotes the energy of the initial delocalized atom causing
delocalization.

Fig. 5(a) depicts the relationship between the peak number of
Frenkel pairs defects and PKA energy, as well as MD-dpa after irradia-
tion simulation. The darker regions in the five small plots indicate
disordered areas where atoms are delocalized at corresponding PKA
energies. PKA energy correlates proportionally with MD damage dose
without changing the size of the simulated box. As Ngp increases with
rising MD-dpa, higher PKA energies lead to more intense collisions with
neighboring atoms, thereby increasing the number of recoil atoms and
subsequently elevating the number of delocalized atoms.

In Fig. 5(b) and (c), the evolution of Frenkel pairs defects in relation
to PKA is further detailed. The cascade process progresses through four
stages: collision, thermal peak, compound, and stabilization, which
align with the cascade evolution illustrated in Figs. 2 and 3. As shown in
the inset of Fig. 4(c), we focus on the state when PKA is 5 KeV, where the
energy diffused from the center to neighboring rapidly due to the
cascade effect. The energy was initially Gaussian distribution, and
would evaluate to a uniform distribution after enough atomic collision.
The peak in Frenkel defect pairs increases with higher PKA energy, and
the time taken to reach this peak extends, indicating a prolonged ther-
mal peak phase. This extension is attributed to enhanced energy transfer
among atoms due to higher initial colliding atom energies, facilitating
sustained collisions that generate more recoil atoms and delocalized
atoms over an extended duration.

3.4. Synergistic effect of Ni content and irradiation defects on tensile
properties

The tensile stress-strain curves for unirradiated and irradiated con-
ditions are systematically investigated under the ML-based MD simula-
tions. Unirradiated tensile stress decreases gradually (Fig. 6(a)), and
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stress curve under different temperature for Fe-0.74 wt.% Ni alloy.

strain at yield reduces with Ni content increases (Fig. 6(b)), suggesting indicates lower stress compared to unirradiated conditions. This is
Ni diffusion occurs via a vacancy mechanism during plastic deformation. attributed to dislocation formation between irradiation-induced point
This diffusion, combined with the aggregation of vacancies and irradi- defects and solute Ni elements under tensile stress.
ation defects, leads to the formation of holes and dislocations, causing Ni diffusion via a vacancy mechanism accelerates hole formation,
material embrittlement. After irradiation, the stress-strain curve easing plastic deformation and reducing required stress. For the higher
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Fig. 7. The stress-strain curve for different distribution of Ni atoms, where A is the uniform distribution and B is the phase-separated distribution. The Fe-Ni alloy
structures are plotted in the inset, where the yellow atoms denote Ni atoms and brown atoms denote Fe atoms.
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temperature, the atomic movement will be dramatically faster, and the
crystal structure will be more unstable, which induces that the stress will
be lower under the same strain when the temperature becomes larger. As
shown in Fig. 6(b), the stress peak decreases with the increase of tem-
perature for both unirradiated and irradiated cases, suggesting that the
high temperature will destroy the Fe-Ni alloy structure more rapidly.

Note that the Yield stress is a planitiae under the irradiated case
compared with the unirradiated case as shown in Fig. 6(c) and (d),
which attributes to the distribution of Ni atoms. After irradiation, Ni
atoms diffuse extensively in the Fe-Ni alloy, achieving a uniform dis-
tribution. This diffusion provides a cushioning effect during tensile
deformation, preventing fracture that would otherwise occur more
easily at the Fe-Ni grain boundaries.

To address this issue, we constructed two representative FeNi alloy
structures: in alloy A, Ni atoms are uniformly distributed, while in alloy
B, Ni atoms are segregated at grain boundaries in bce-Fe as shown in the
inset of Fig. 7. These two structures represent the phase-separated dis-
tribution of Fe-Ni before irradiation and the uniform distribution after
irradiation, respectively. As shown in Fig. 7, the stress-strain curve of
alloy A provides a cushioning effect during tensile deformation, result-
ing in a more gradual slope before fracture. For the alloy B, when the
stress reaches the yield stress, the alloy will rapidly fracture due to the Ni
grain boundary, indicating that the Ni distribution will effectively in-
fluences the behavior of the stress-strain curve. The uniformly distrib-
uted Ni atoms will effectively enhance the cushioning between Fe and Ni
atoms during tensile deformation, thereby improving the mechanical
properties of the Fe-Ni alloy and enabling it to withstand higher tensile
strain.

4. Conclusion

The neutron irradiation of Fe-0.74 wt% Ni alloys was systematically
investigated based on high-throughput density functional theory cal-
culations and molecular dynamics simulations combined with GAP
model, and the following conclusions can be drawn. The results can
provide data to support the linking of micro scale to fine scale ties and
the optimization of relevant irradiation models.

(1) Cascade Process: The irradiation induces a cascade effect
comprising four stages: collision, thermal peak, compounding,
and stabilization. There is a linear increase in Frenkel Pairs de-
fects with MD-dpa and PKA energy.

(2) Defect Interaction and Tensile Properties: Post-irradiation, re-
sidual point defects and Ni vacancy diffusion create holes and
dislocations. Increasing strain reduces voids and transforms
dislocation lines into rings, lowering tensile stress compared to
unirradiated material.

(3) Temperature Effects: Temperature influences defect evolution
and the strength of dislocation-defect interactions, modifying
defect density. Higher temperatures enhance dislocation annihi-
lation and decrease the defect hardening coefficient, leading to
lower macroscopic flow stress.

(4) Uniform distribution of Ni atoms: The uniformly distributed Ni
atoms can act as a buffer during the tensile deformation of the Fe-
Ni alloy, resulting in superior localized mechanical properties,
while the aggregated Ni atoms will serve as the grain boundary
and make Fe-Ni alloy more prone to fracture.
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