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1. INTRODUCTION

[Please write individual section introductions and Andrea can massage them together.]

1.1 TANNER’S INTRO

Nuclear energy has several key advantages, such as low CO, emissions, high reliability, and
the potential to recycle spent fuel [2-5]. However, irradiation damage in structural materials
limits nuclear energy’s potential, requiring part replacement and therefore increasing cost. This
becomes even more important as advanced reactors are implemented because they require higher
temperatures and higher neutron fluxes [6]. Irradiation damage can, however, be mitigated by
several methods. Thus we briefly review irradiation damage and then discuss one method for its
mitigation.

Irradiation damage begins with the collision of a high energy particle (i.e., neutron) with an
atom in a material. This interaction transfers kinetic energy from this atom to others, cascading to
destroy material’s atomic lattice. While most of this lattice damage is annealed due to the resulting
high local temperature of the cascade region, vacancies and other defects remain. The vacancies
then, given the high ambient temperature nuclear reactor structural materials experience, diffuse
and begin to cluster together, forming a sink for other vacancies. These clusters form voids and
then microcracks, which undermine the mechanical strength of the structural material. However,
if vacancy diffusion in the structural material were slowed or stopped, the formation of voids
and microcracks could be avoided and material mechanical strength preserved. The vacancy
migration energy barrier (VMEB) plays a key role in determining the diffusion rate of these
vacancies, and is exponentially inversely proportional to their hopping rate (diffusing from one
atomic site to another) according to Einstein’s diffusion equation [7]. Thus, increasing the vacancy
migration energy barrier can maintain the mechanical strength of nuclear structural materials.
One common method to change VMEB is alloying, thus we consider an existing alloy: stainless
steel-316 (SS-316).

The SS5-316 alloys have a history as nuclear structural materials ( 80 years in the case of
SS-316H) [8], and at least one alloy (SS-316H) has been considered for generation IV reactors
(molten salt, sodium-cooled fast, lead-cooled fast, and super critical water reactors) [9]. It is
also one of the only alloys the American Society of Mechanical Engineers has qualified for high
temperature applications in nuclear reactors [10]. However, the sensitivity of VMEB on vacancy
nearest neighbor is not understood, which may be critical to understanding which compositions
offer the highest VMEB, and therefore, best irradiation damage resistance. Unfortunately, this
is difficult to explore experimentally due to, among other reasons, the length scale, speed, and
temperature at which these vacancies diffuse. Thus, we apply density functional theory (DFT) in
combination with an Ising model and the machine learned nudged elastic band (MLNEB) method
to calculate VMEB for SS-316. As an initial case, and for comparison, we also calculate VMEB for
face-centered cubic (FCC) Fe.



In this work, we apply DFT in combination with MLNEB to calculate VMEB for S5-316 and
FCC Fe. FCC Fe is included because it shares the FCC crystal structure, bulk paramagnetism
at temperatures of interest [1, 11], and the majority of its composition with S5-316. We note
that paramagnetism is often modeled by non-magnetic (NM) calcualtions, and that there is some
experimental confirmation for bulk NM behavior [12]. An Ising model is applied in order to
include finite temperature effects in both systems and justify 0 K calculation results at finite
temperature. We predict that vacancy presence in FCC Fe induces a local ferromagnetic domain,
and increases the net magnetic moment of S5-316 by 3.7 up (the antiferromagnetic ordering of
S5-316 is maintained). While vacancy induced local magnetic changes have been documented in
BCC Fe [13], the same has not been reported for FCC Fe. We further predict that inclusion of
a vacancy either in FCC Fe or SS-316 increases the paramagnetic transition temperature of the
material. Finally, we predict a low VMEB for FCC Fe (0.25 eV) and higher, though varied VMEB
in S5-316, which are sensitive to the element diffusing opposite the vacancy (0.65, 0.82, and 1.2 eV
for Cr, Fe, and Ni, respectively).

1.2 MATHEW’S INTRO

The quantitative irradiation-driven microstructure evolution prediction requires accurate
predictions of the number of remaining point defects generated by irradiation damage cascades
after their initial recombination. Two different metrics to model defect recombination include the
recombination radius and spontaneous recombination distance [14, 15]. There is an underlying
assumption that defect recombination is the same in the two processes used to model defect
recombination and that the same metrics can be used to measure and describe them (e.g., the
distance that defects must be separated to avoid recombination). However, the pros and cons of
each of these methods have not previously been directly compared.

In this work, we used molecular dynamics simulations of collision cascades to investigate
how different materials respond to radiation induced damage, which provides a test bed to
compare both defect recombination models over a variety of material systems. This comparison
also provides additional valuable insight about the collision cascade and recombination that
takes place after the thermal spike phase of the collision cascade. Five different materials with a
combination of face-centered cubic (fcc) and body-centered cubic (bcc) metals were investigated
in order to capture the defect dynamics and microstructural evolution of metals with a variety
of different material properties. The metals studied in this work are nickel (Ni), aluminum (Al),
copper (Cu), iron (Fe), and molybdenum (Mo). A detailed profile of the time evolution of a
collision cascade was calculated for each material at a range of initial energies. The effect of
the initial energy and material properties on the maximum extent of the cascade damage was
investigated, and both the recombination distance and recombination radius of the point defects
during the recombination process were calculated.



2. Machine Learning and Density Functional Theory

2.1 Methods
2.1.1 Density Functional Theory

DFT is a quantum mechanics-based method that allows for solutions to Schrodinger’s equation
[16], defined as:
AY = EY (1)

where H is the Hamiltonian that operates on ¥, ¥ is the wavefunction, and E is the energy of the
system. Applying the Born-Oppenheimer approximation, which assumes that the electronic and
nucleic wavefunctions can be treated separately due to mass differences (treating the nuclei as
spatially static relative to the electrons), Eqn. 1, as applied to the electronic energy of the system,
can be expanded to:

N # N N
> (=5 Vi) +) V() +) Ulri,r)| ¥ = EY 2
! i=1

i=1 i<j

where 71 is the reduced Planck’s constant, m; is the mass of the ith electron, V refers to the potential
energy originating from the atomic nuclei, r is the position vector, and U is the potential energy
originating from the electron-electron interaction. DFT arises from two results by Hohenberg
and Kohn in 1964 [17]: (i) the electron density can be used by functionals to describe the external
potential felt by electrons (V(r)) and (ii) the ground state energy (Eg) is a minimum bound,
given the electron density is exact. Kohn and Sham [18] later developed equations based on the
time-independent Schrodinger equation [16] allowing for external potential calculation. These
equations allow DFT to be a viable computational method for modeling materials. Because
the equations developed by Kohn and Sham are time-independent and Egs occurs at 0 K
by definition, DFT calculations deal with static systems at 0 K. Electronic wavefunctions are
commonly expanded to one of many basis sets, which, in solid state calculations, is often the plane
wave basis set. A mesh of reciprocal space points is used to take advantage of the crystallinity
inherent in many solid systems. Given that E¢s is a minimum bound for a given structure’s
energy, coefficients associated with the chosen basis set are adjusted iteratively until convergence
criteria (usually minimum energy or force values) are. This process affords DFT considerable
accuracy, though with expensive computational cost, usually limiting calculations to 1000 atoms.

All quantum mechanical properties were calculated using DFT in the Vienna Ab-initio
Simulation Package (VASP) [19, 20] within the periodic boundary condition approach. The
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA) exchange-
correlation functional [21] with the projector augmented wave (PAW) pseudopotentials [22]
were employed. No Hubbard correction was used due to the metallic nature of the systems
investigated. Typically PM systems such as FCC Fe and SS-316 have been modeled by non-
collinear or NM calculations [23], though FM and AFM have also been applied [24]. However,



non-collinear calculations did not maintain a cubic structure, so NM calculations were performed,
along with FM (or spin polarized) calculations for comparison for FCC Fe. AFM calculations
are omitted because FM calculations have been shown to differ in vacancy formation energy by
only 0.02 eV [24]. Spin polarized (or FM) calculations allowed spins to relax. DFT calculations
used a summation of plane waves with energies up to 650 eV for FCC Fe (32 atom system) and
600 eV for S5-316 (54 atom system). Increasing the cutoff value to 700 and 650 eV altered system
energies by only 6.3 x 1072 and 7.6 x 1073 eV, respectively. Gamma point centered k-point meshes
of 12x12x12 and 4x4x4 were chosen for the FCC Fe and SS-316 systems, respectively, because
increasing these meshes to 14x14x14 6x6x6 only altered the system energies by 1.1 x 103 and
8.8 x 1072 eV. First order Methfessel-Paxton smearing of the bands were applied with a width
of 0.10 eV. The electronic convergence criterion was set to 1.0 x 107> eV for all DFT calculations.
Geometries were optimized until they converged to energy changes of less than 1.0 x 107 eV.
We note that vacancy concentration in FCC Fe and SS5-316 is very high (0.2 at. %). However,
the vacancy concentration in FCC Fe is decreased (to 2.5 x 10~ at. %), the predicted magnetic
transition temperature is the same. Thus, we consider our vacancy concentration value reasonable
for magnetic transition temperature prediction.

The stochastic nature of the solid solution SS-316 material was accounted for through
application of special quasirandom structures [25]. This is accomplished by generating a large
number of structures and comparing the radial distribution functions of each until a sufficiently
close match to the targeted random substitution is found. Our SQS generated SS-316 resulted in
an MAE of 1.2 x 1073 or 1.1 %. The SS-316 composition in this work omits minor compounds and
uses a composition of 66 at. % Fe, 22 at. % Cr, and 11 at. % Ni.

2.1.2 Machine Learned Nudged Elastic Band

Machine learned nudged elastic band (ML-NEB) builds on the well-established nudged elastic
band (NEB) method to learn the potential energy surface (PES) and activation energy barrier of a
given material. We first briefly review the NEB method, and then review the ML-NEB method.

The NEB method finds the saddle point and minimum energy path between a reactant-product
pair. This is accomplished by relaxing a series of interpolated atomic configurations, known as
images, along the reaction pathway while maintaining equal space between each image. This
spacing is maintained through spring forces applied along the band. These spring forces also
project a force component against the slope of the PES perpendicular to the band so that the
band is nudged towards the saddle point (or transition state) of the PES between the reactant
and product [26].

The ML-NEB method builds on the NEB method by application of Gaussian process regression
(GPR). Images are generated as in the NEB method, but they are relaxed electronically instead of
ionically. The potential energy surface is then regressed by GPR, and those images whose force
uncertainty (obtained from the GPR fit) is above a predetermined convergence criteria, are relaxed

ionically. This process continues until the convergence criteria, usually force uncertainty, is met



[27, 28]. We bench marked the MLNEB method against traditional NEB, and found MLNEB
completed 2.3 times faster and differed from NEB calculated migration energy barrier by only
2.7 x 1072 (1.0 %) for FCC Fe. S5-316 MLNEB calculations converged in under 48 hours; however,
because NEB calculations did converge within a month, no comparison was made.

2.1.3 Ising Model

The Ising model allows for application of DFT information to predict magnetic transition
temperatures. Because DFT calculations occur at 0 K (excepting ab initio molecular dynamics),
temperature effects, and by extension, calculation of magnetic transition temperatures, are not
possible. However, DFT can approximate the energy required to flip a spin a system, which the
Ising model can use to account for temperature effects. The Ising model uses statistical mechanics
to model ferromagnetism. This model constructs a periodically bounded lattice and assigns each
site a spin value of either +1 or -1 (thus Ising model results are not to be taken as actual spin
values, rather and indication of the magnetic structure). Neighboring sites interact: those with
like spin have lower energy than those with unlike spin. Though the system tends towards the
lowest energy configuration, temperature disrupts this, and so the magnetic structure can change
with changes in temperature [29].

Python code [30] available on Github that applied the Ising model on a 2-dimensional square
lattice was extended to a 3-dimensional face centered cubic lattice. A Metropolis algorithm was
used to apply the DFT calculated J term to the Ising model [31] using Monte Carlo moves. A 5x5x5
supercell was used, with a total of 62 atomic sites for both FCC Fe and SS-316.

Magnetic interaction terms (J) were approximated by linearly fitting the change in system
energy as a function of magnetic spin-flip. The relationship between energy and spin-flip was
established by enforcing different net magnetic moments on a given system and calculating their
respective energies by DFT. The | term was then determined by multiplying the resulting slope
by two to account for spin-flip effects on the net magnetic moment.

2.2 Results
2.2.1 Face Centered Cubic Iron

This section will first discuss determining the local magnetic structure of FCC Fe containing a
vacancy by application of DFT and the Ising model, followed by the prediction of the VMEB of
this material by MLNEB.

Ferromagnetic (FM) initialized DFT calculations are shown to be appropriate for vacancy
modeling in FCC Fe and imply vacancies induce local ferromagnetism. Calculations initialized
with FM ordering showed lower energy than NM calculations, both in the pristine case (difference
of 0.19 eV) and more so in the vacancy case (difference of 0.93 eV). Additionally, FM calculations
agree with experimental lattice constant measurements [32] better than NM calculations (errors of
0.01 A or 0.39 % and 0.20 A or 5.5 %, respectively). Finally, in agreement with previous work [24],
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Figure 1: Ising model results for FCC Fe. The T of pristine FCC Fe [1] is approximated and
ferromagnetism is predicted well beyond this temperature when a vacancy is present.

FM calculations approximate experimental vacancy formation energy well (error of 1.2 x 1072 eV
or 0.68 %) [33], as found by [24]. This agreement with experiment shows FM initialized DFT
calculations are appropriate for FCC Fe, especially in the presence of a vacancy. Further, the
increased energy difference from the pristine to vacancy system implies that the vacancy may
induce a local FM domain in FCC Fe. To validate these implications at finite temperature the Ising
model is applied.

Application of the Ising model confirms vacancies induce local FM domains in FCC Fe (see
Fig. 1). Extending these DFT results to finite temperatures, the Ising model approximates the
Curie Temperature (T¢) of FCC Fe [1]. In the presence of a vacancy, Tc approaches the melting
point (1811 K) [34] of FCC Fe. Therefore, we predict the FM ordering is appropriate for FCC Fe.
Now that the correct local magnetic domain has been determined, the migration energy barrier
can be calculated.

MLNEB predicts a low VMEB (0.25 eV) for FCC Fe (see Fig. 2), implying that pure FCC Fe has
poor radiation resistance. Interestingly, this FM calculated VMEB is over five times lower that NM
calculations. However, VMEBs can be increased through alloying, improving radiation resistance.
We therefore calculate the magnetic structure and VMEB for an Fe alloy: SS-316.

2.2.2 Stainless Steel 316

Ferromagnetic (FM) initialized DFT calculations are shown to be appropriate for vacancy
modeling in FCC Fe and imply a vacancy-induced increase in the magnetic transition temperature,
or Néel temperature (Ty). Calculations initialized with FM ordering again showed lower energy
than NM calculations, both in the pristine case (difference of 2.5 eV) and in the vacancy case
(difference of 3.0 eV). We note that despite a FM initialization, the spin of the Cr atoms show
antiferromagnetic (AFM) alignment with respect to those of the Fe and Ni atoms, in agreement
with previous work [35, 36]. We also note that the net magnetic moment increased by 3.7 g,
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Figure 2: Energy pathway for vacancy diffusion in FCC Fe, showing both FM and NM cases.
Image number refers to the images or spatial configuration of the atoms as the vacancy diffuses
from one site to another.

generally becoming more FM. The FM initialized lattice constant also shows better agreement
with experiment [37] as compared to NM calculations (error of 0.05 Aor14%and0.11 A or 3.2
%, respectively). Finally, FM initialized calculations agree well with previous DFT work for Cr
vacancy formation energies (error of 3.1 x 102 eV or 1.2 %) [38]. As with FCC Fe, this agreement
of FM initialized DFT calculations imply these calculations are appropriate for S5-316, especially
in the presence of a vacancy. Magnetically, the vacancy case increases spin per atom by 0.11 yp or
11 % relative to the pristine case. This implies a stronger locally ordered spin domain and should
result in an increase in Tyy. However, finite temperature effects, such as applied by the Ising model,
are required to verify this prediction.

Application of the Ising model further supports a vacancy induced increase in Ty (see Fig. 3).
Because the Ising model assumes the system is at some temperature FM, there are discrepancies
with our DFT work, previous DFT work [35, 36], and experiment [11]. Instead of an AFM structure
at low temperatures (j 25 K), the Ising model predicts SS-316 to be FM, and consequently, the Ising
does not approximate Ty well for S5-316. Despite these disagreements, the is a clear shift in the
calculated magnetic transition temperature when a vacancy is present shows the vacancy’s impact
on local magnetism in SS-316. This is further supported given the fact that the S5-316 system,
though AFM, is mostly FM (76 % by composition, 82 % by spin), and so the FM assumptions in
the Ising model should approximate AFM to PM transition temperatures. Now that the correct
local magnetic domain has been determined, the migration energy barrier can be calculated.

MLNEB predicts VMEBs in qualitative agreement with experiment [39] (see Fig. 4).
Specifically, for atoms diffusing opposite the vacancy, Cr has to the lowest barrier, followed by
Fe, and then by Ni (values of 0.65, 0.82, and 1.2 eV, respectively). These results imply slower
vacancy diffusion in SS-316 relative to FCC Fe. Further, the differences in energies at image 6

in Fig. 4 imply that vacancy nearest neighbor configuration will affect VMEB values. However,
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Figure 3: Ising model results for SS-316. Ferromagnetism is predicted well beyond this
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more MLNEB calculations are required to understand the effects vacancy nearest neighbors on
VMEBs in S5-316. Once completed, these results can be applied to a kinetic Monte-Carlo model,

allowing for prediction of vacancy diffusion rates.

2.3 Impact
3. Molecular Dynamics of Collision Cascades in Metals

3.1 Methods

Molecular dynamics is a technique for modeling the behavior of a system consisting of an
ensemble of atomic particles using the classical Newtonian equations of motion. The motion
of each atom in the simulation is tracked through time by determining the forces acting upon
it using an interatomic potential and then numerically integrating in time to obtain its position
at the next time step of the simulation. In this work the MD simulations were performed
using LAMMPS (large scale atomistic/molecular massively parallel simulator), an open source
package developed by Sandia National Laboratories [40] that is highly optimized for running MD
simulations across many CPU cores and/or GPUs. Modeling the high energy collisions involved
in collision cascades, these simulations need to account for the forces arising from a variety of
physical phenomena, requiring the combination of several models to accurately represent the

forces in the system.

3.1.1 Molecular Dynamics Models

The forces between two interacting particles is considered to be the most fundamental aspect of
radiation damage, without which it is impossible to define microstructural properties and defect
energetics. These interatomic potentials are typically empirical functions created from fitting
either density functional theory or experimental data, and their accuracy is vital for the accuracy
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diffuses opposite the vacancy. Image number refers to the images or spatial configuration of the
atoms as the vacancy diffuses from one site to another.

of simulation outcomes. The forces modeled in this work can be broken down into three separate
components. The first is long range forces, which we are modeling using potentials based on the
Embedded Atom Method (EAM) [41]. In this work, the Embedded Atom Model (EAM) potentials
developed by Mendelev et al. [42], Bonny et al. [43], Mendelev et al. [44], Mishin et al. [45], and
Ackland et al. [46] are used to define the interactions of Al, Ni, Fe, Cu, and Mo, respectively, for
the collision cascade simulations. Short range forces resulting from screened nuclear repulsion are
modeled using the Ziegler, Biersack and Littmark (ZBL) potential [47]. The ZBL was phased in for
closely spaced atoms starting at 1.4 A and increasing to full strength at 1.0 A. The last component
is an electronic stopping model that accounts for the inelastic energy loss of fast moving atoms in
solids due to electronic collisions [48, 49]. The strength of the electronic stopping power in each
material was calculated using the Stopping and Range of Ions in Matter program (SRIM) [47].

3.1.2 Collision Cascade Simulations

In order to model the development of a collision cascade and subsequent recombination
process we first start with a large simulation box with periodic boundary conditions. A
simulation with a supercell size of 70x70x70 unit cells was found to be sufficient to contain all of
the displaced atoms within the computational domain, avoiding the spurious effects of cascade
self-interaction with periodic boundary conditions. The typical lattice for each metal type was
then generated in the simulation box, and the simulation was then equilibrated for 50 ps at
temperature of 300 K and 1 bar using a Nosé-Hoover thermostat and barostat [50, 51].

The collision cascade simulations are then performed using primary knock-on atoms (PKA)
with a range of initial energies between 1 keV and 15 keV, with an additional set of simulations
for Mo at 20 keV. The displacement cascades were initiated by choosing a random atom near
the center of the computational domain as the PKA. The PKA was then assigned a velocity



corresponding to the desired initial PKA energy in a random direction. To capture the cascade
propagation with the correct dynamics, the time step size is adjusted at different stages of the
cascade propagation. During the ballistic phase, a time step of 0.01 fs is used to simulate the
collision cascade for the first 1.5 ps of the cascade. As the kinetic energy of displaced atoms
is transferred to other atoms and dissipated in the system, the velocity of the displaced atoms
decreases, and the time step is increased to 0.1 fs until 6.5 ps, and finally the time step is increased
to 1 fs for the rest of the simulation. The cascade simulations are run to 36.5 ps to achieve a steady
state in the number of remaining defects. It should be noted that the cascades generated in this
work produce most of the basic physical phenomena of primary radiation damage. To remove
the bias of the initial PKA direction on the collision cascades simulations, the simulations were
repeated using 10 random directions for each metal and PKA energy.

In order to remove the excess heat produced from the gradual dissipation of the applied kinetic
energy, a Nosé-Hoover thermostat is applied far away from the collision cascade. This thermostat
is used to keep atoms within 1 unit cell of the edges of the simulation domain at a temperature of
300 K. At the end of the simulation, the average temperature of the entire system has returned
to the initial value. The identification of defects, including visualization, quantification, and
categorization, is carried out using the Wigner-Seitz method [49], which is implemented both
in LAMMPS and with the visualization tool OVITO [52]. The Wigner-Seitz method compares the
crystal structure of the irradiated material system with a non-irradiated equilibrated material as
the reference structure. The number and location of defects is calculated every 1000 time steps.

3.2 Results

Collision cascade simulations quantify the recombination after the thermal spike phase,
allowing us to study the production and annihilation of defects at different stages of the
displacement damage cascade. Figure 5 shows the production and annihilation of the defects at
different steps of the displacement cascade for all five metals. As can be observed from the time
evolution of the cascade, the maximum size of the cascade has a non-linear relationship with the
initial PKA energy. Additionally the choice of metal also plays a significant role in the size of size
of the cascade, with higher mass elements generally corresponding to a smaller cascade size for a
given PKA energy.

After the cascade has reached its peak size between 0.2 ps and 1.2 ps, the number of defects
begins to decreasing due to the recombination of interstitial atoms and vacant sites. Eventually
the defect concentration reaches a quasi-steady-state concentration for times approximately > 10
ps. The PKA simulations are carried out up to 36.5 ps to confirm the quasi-steady-state defect
concentration. At the end of each cascade simulation, we observed a homogeneous temperature.
Regardless of the initial PKA direction, no radiation-induced amorphization is observed in the

cascade structure, which is in agreement with other MD simulations.

10
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Figure 5: The average time evolution of cascade-created Frenkel pairs in Al, Ni, Fe, Cu, and Mo.

(e) Mo

Each profile shown is the average of 10 simulations.
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Material System | ¢ [m/s]
Al 6420
Ni 6040
Fe 5950
Cu 4760
Mo 6250

Table 1: Experimental longitudinal speed of sound values at 293 K and 1 Atm of pressure from
CRC Handbook of Chemistry and Physics [53].

3.2.1 Peak Cascade Damage

Specifically looking at early development of the cascade, it is clear that an PKA energy will
on average result in an increase in the maximum number of defects generated. However, this
relationship only holds for collision cascades in the same material. In order to better explain the
physical phenomena governing how large a collision cascade grows for a given amount of initial
energy, we need to identify a relation that can predict the maximum size that the cascade can grow
as a function of the initial energy and the material properties.

A particularly useful quantity for analyzing the interaction of fast and slow moving particles is
the Mach Number (Ma). This dimensionless quantity essentially describes the ratio between how
fast the PKA atom is moving to the speed at which the rest of the medium can react to the PKA’s
presence. Where the Mach Number can be calculated as:

v
Ma = -
c

)
where v is the initial PKA velocity and c is the speed of sound in the material. For this analysis
we will be using previously published experimental values for the longitudinal speed of sound
located in Table 1.

As shown in Figure 6, We find that there is a strong correlation between the initial Mach
Number for a PKA and peak number of vacancies created in a given cascade. The optimal fit

for the average number of peak vacancies was found to be
N, = 0.0325 Ma?, (4)

with an R? value of 0.93. This is quite interesting because it means that the initial Mach Number
of the PKA can explain the vast majority of the difference in peak cascade size. Additionally
this provides a convenient method for estimating the maximum cascade size using just the PKA

energy and experimental material properties, prior to running any atomistic simulations.
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Figure 6: Relation between maximum cascade size and the initial mach number of the PKA. Linear
regression shown has R? = 0.93

3.2.2 Recombination and Spontaneous Recombination Distance

After the collision cascade has reached its peak size, we enter the recombination phase
which is dominated by the recombination of vacancies and interstitials. This phase is governed
by defect morphology and the diffusion of vacancies and interstitials over short timescales.
More specifically we want to look at the Spontaneous Recombination Distance (SRD), from the
irradiation damage cascade simulations, as well as direct measurement of the final minimum
recombination radius (Rr). The meanings of SRD and R, are schematically represented in Figure
7. The spontaneous recombination distance is defined as the physical separation distance of
the interstitial and vacancy of a Frenkel pair needed to survive immediate recombination. In
practice, this is the distance between the outer edge of the vacancy core and the inner edge of the
interstitial shell that forms from a collision cascade [15]. Conversely, the recombination radius
treats the vacancy as a spherical sink with a radius, R,, that will capture and recombine with a
diffusing interstitial [14].

During the collision cascade, the kinetic energy of the incident neutron or ion is transferred
to the target material. Ideally for small PKA energies, the interstitial and vacancy zones are
considered spherical; however, in reality, the interstitial and vacancy contours have different
shapes. From this data, the difference between the contours can be identified and the approximate
distance between most of the vacancies and interstitials can be identified. The vacancies and
interstitials within the recombination radius are annihilated, leaving behind a perfect lattice. Only
a few defects remain, namely those which are sufficiently far apart, with the distance between

13
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Figure 7: A schematic representation of the SRD and the recombination radius (R,). White
circles represent individual vacancies and red circles represent individual interstitials. (a) The
spontaneous recombination distance in a collision cascade. The blue region represents the cascade
core, which is rich in vacancies, and the red region represents the region rich in displaced atoms
that forms an interstitial shell. (b) The recombination radius is calculated by treating the vacancy
as a spherical sink with a radius, R,, that will capture and recombine with a diffusing interstitial
and result in a perfect crystal lattice. The distance between the interstitial and vacancy is referred
to as the recombination radius.

them being greater than the spontaneous recombination distance.

To extract this data from our collision cascade simulations we measured the the contours of
the interstitial shells and vacancy cores using OVITO. Additionally, we also recorded the average
minimum recombination distance from our simulations during the relaxation phase in order to
allow for a comparison of these two methods. The results of this analysis are presented in Table 2.

The results indicate that both methods produce similar values for SRD and R,, which are
within the error bounds on our measurements. It evident from our results that there are pros
and cons to each method. When calculating the SRD, we rely heavily on the assumption that
the cascade damage is spherical. However, this assumption appears to start breaking down as
the PKA energy increases. For a PKA energy of 1 keV we find that our SRD measurment has a
relative error of 38%, but the relative error increases to 76% at a PKA energy of 5 keV. On the other
hand the relative error for the R, measurements were much more consistent, with relative errors
between 15% and 19% for all tested PKA energies. However this method did have issues in a few
specific simulations with very low PKA energies, resulting from there being very few vacancies

or interstitials.

4. CONCLUSIONS

[Please write individual section conclusions and Andrea can massage them together.]
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Material PKA Energy [eV] Average Radiusof  Average Radiusof SRD [A] R, [A]
System Vacancy Zone [A] Interstitial Zone [A]
Fe 1000 8.5 124 3.9 6.5
Fe 5000 13.5 19.3 5.8 8.5
Fe 10000 22.3 28.0 5.7 6.1
Fe 15000 36.2 42.3 6.1 6.4
Al 1000 13.9 17.9 3.9 11.2
Al 5000 28.2 33.4 5.2 9.7
Al 10000 39.7 44.6 4.9 7.4
Al 15000 50.9 57.0 6.0 7.1
Ni 1000 7.2 10.5 3.3 8.7
Ni 5000 13.1 17.7 4.6 5.7
Ni 10000 17.5 23.8 6.3 6.9
Ni 15000 25.8 33.1 7.3 4.8
Cu 1000 8.0 12.2 4.3 9.8
Cu 5000 15.1 19.7 4.5 10.6
Cu 10000 22.6 28.5 5.9 94
Cu 15000 322 38.3 6.1 8.9
Mo 1000 7.4 11.6 4.1 13.2
Mo 5000 15.3 19.9 4.6 8.8
Mo 10000 33.3 37.8 4.5 8.4
Mo 15000 25.1 30.2 5.1 6.4
Mo 20000 28.3 32.7 44 6.8

Table 2: Quantification of the average spontaneous recombination distance (SRD) and
recombination radius (R,) obtained from the collision cascade simulations.
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4.1 TANNERS CONCLUSION

FCC Fe and SS-316 have been studied through application of DFT, an Ising model, and
MLNEB. The DFT prediction of local FM and AFM domains in otherwise PM FCC Fe and S5-316,
respectively, and their confirmation by the Ising model at finite temperature, has mechanical
strength issues. These local magnetic domains can affect the phase [54-56], and thus mechanical
strength of metallic systems, making vacancies even more critical to mechanical failure. Further,
this implies magnetization of these materials could have a more significant impact on their
mechanical strength than other metallic systems. MLNEB predicted VMEB for FCC Fe further
shows the importance of magnetism, as the calculated FM VMEB is over five times smaller than
that of the NM case, which magnetic ordering has been measured by some to be the bulk ordering
[12]. MLNEB predicted VMEB for SS-316 show that both element diffusing opposite the vacancy
and the composition of vacancy’s nearest neighbors. In summary, this work shows the impact
defects can have on local magnetic structure in materials, and how they can affect the migration

of these defects, thus affecting the mechanical strength of these materials.

4.2 MATHEWS CONCLUSION

Molecular dynamics simulations of collision cascades have been used to study the behavior of
Frenkel defects in a variety of pure materials. The development of the cascade was profiled using
the Wigner-Seitz method to determine how the peak size of the collision cascade was influenced
by the choice of material. The size of the cascade was found to be strongly correlated with the
initial Mach number of the PKA, which suggests that properties related to the speed of sound
(such as bulk modulus and thermal conductivity) may influence the average number of initial
number of point defects created during a collision cascade.

Additional analysis of the collision cascade simulations was performed to investigate the
recombination of point defects during the recombination phase of the cascade. The distance at
which vacancies and interstitials recombine was calculated using two methods, spontaneous
recombination distance and recombination radius. Both methods produced similar values;
however the recombination radius method resulted in significantly less variance while also
working well at higher PKA energies. As such calculating the recombination radius should be the

preferred method going forward.
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