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Abstract
Molecular dynamics method is used to investigate the displacement cascades
in Ni-Mo binary alloy. Effects of the irradiation temperature, energy of the
primary knock-on atoms and concentration of solute Mo atoms are taken into
consideration on radiation damage to the Ni-Mo alloy. It is found that Mo
atoms reduce production of the Frenkel pairs at 100 K, while they enhance defect
production at 300 K and 600 K. Size of the largest defect clusters decreases with
increasing concentrations of Mo atoms (CMo) at 100 K, but it increases with
CMo at 300 K and 600 K. Most of the point defects get clustered in cascades
leaving only a few vacancies and interstitials isolated.
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Abstract: The molecular dynamics method is used to investigate displacement
cascades in Ni-Mo binary alloy. Effects of irradiation temperature, energy of
primary knock-on atoms, and concentration of solute Mo atoms on radiation
damage to the Ni-Mo alloy are considered. It is found that Mo atoms reduce
production of Frenkel pairs at 100 K, while they enhance defect production at
300 K and 600 K. The size of the largest defect clusters decreases with increasing
concentrations of Mo atoms (C_{Mo}) at 100 K, but increases with C_{Mo}
at 300 K and 600 K. Most point defects become clustered in cascades, leaving
only a few vacancies and interstitials isolated.
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Introduction
High-temperature molten salt reactors (MSRs) represent one of the most promis-
ing and safe types of advanced Generation-IV fission reactors [1, 2]. These re-
actors are expected to operate with fluoride salt melts as fuels and coolants
at high temperatures, which imposes several stringent requirements on candi-
date structural materials, including high corrosion resistance to fluoride salt
melts, good manufacturability, high-temperature strength, and sufficient radia-
tion resistance [3]. Hastelloy, particularly Hastelloy N, with Ni and Mo as its
predominant constituents, represents an important candidate for in-core struc-
tural materials in MSRs due to its high corrosion resistance to fluoride salt melts,
high-temperature strength, and good manufacturability [4].

Nevertheless, bombardment by energetic particles induces elastic and inelastic
collisions in materials, causing thermodynamic phenomena such as local heat
spikes and radiation heat waves [5]. Available experimental results demon-
strate that ions, electrons, and neutrons can cause significant damage to the
microstructures of Hastelloy, forming point defects, dislocation loops, stack-
ing fault tetrahedrons (SFTs), and precipitates, which leads to swelling, ductil-
ity loss, high-temperature strength degradation, hardening, embrittlement, and
other detrimental effects [6–10]. These phenomena can severely limit the lifetime
of MSRs. To improve the radiation resistance of nickel-based alloys, chemical
composition optimization—currently used for commercial alloys—may prove an
effective approach [11].

First-principles calculations have shown that solute atoms affect the cracking
properties of Hastelloy N [12], underscoring the importance of studying solute
atom effects on alloy radiation resistance. Cascade collisions occur on picosec-
ond timescales, which are too rapid for experimental observation. Molecular
dynamics methods have been widely employed to study displacement cascades
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since 1993, when they first succeeded in primary damage investigations [13], and
remain a standard tool for examining primary defect behaviors in materials [14–
16].

To the authors’knowledge, however, little attention has been paid to radiation
damage in Ni-Mo alloys [17], particularly regarding displacement cascades in
Hastelloy. Since Ni and Mo constitute the main components of Hastelloy N [4],
this paper constructs simplified Ni-Mo alloy models to investigate the effects of
irradiation temperature, primary knock-on atom (PKA) energy, and solute Mo
atom concentration on displacement cascades.

Models and Methods
Molecular dynamics simulations of displacement cascades in Ni-Mo alloy are per-
formed using modified MOLDY codes. A set of interatomic potential functions
based on the modified analysis embedded atom method (MAEAM) are fitted to
experimental and first-principles calculation results. A modified term is added
to scale errors resulting from the spherical approximation of non-s-electrons.
The total energy of a crystal (E_{tot}) with N atoms can be calculated by:

𝐸𝑡𝑜𝑡 = ∑
𝑖

𝐹𝑖(𝜌𝑖) + ∑
𝑖,𝑗,𝑖≠𝑗

𝜙(𝑟𝑖,𝑗) + ∑
𝑖

𝑀𝑖(𝑃𝑖)

where ∑𝑖 𝑀𝑖(𝑃𝑖) is the empirical modification term, 𝐹(𝜌) is the embedding
term, and 𝜙(𝑟) is the repulsive term. The cross-section describing the interaction
between Ni and Mo atoms can be described by 𝜙𝐴𝐵(𝑟) = [𝜙𝐴𝐴(𝐶1𝑟)+𝜙𝐵𝐵(𝐶2𝑟)],
where 𝜇, 𝐶1, and 𝐶2 are adjustable parameters. The formulae based on MAEAM
theory can be found in our previous papers [18]. Information from the Ni-
Mo binary alloy phase diagram is incorporated, with formation enthalpies of
common stable phases (such as 𝛿-NiMo, D0a and DO22 structural Ni3Mo, and
D1a structural Ni4Mo) fitted into the cross-interaction potential parameters of
Ni and Mo. The Mo solubility in Ni is considered and fitted approximately as
20 at.% atomic concentration, which agrees well with the Ni-Mo alloy phase
diagram.

Ni-Mo binary alloy models with solute Mo atom concentrations (C_{Mo}) of
3.0 at.%–15 at.% are established, with Mo atoms randomly distributed at substi-
tutional sites. All alloy models with dimensions of 20𝑎0×20𝑎0×20𝑎0 are relaxed
to equilibrium under the NPT ensemble for approximately 250 picoseconds to
obtain lattice constants at each temperature and Mo concentration. All displace-
ment cascade simulations are performed in larger boxes of 60𝑎0 × 60𝑎0 × 60𝑎0
at temperatures of 100 K, 300 K, and 600 K under the NVE ensemble, where
𝑎0 is the lattice constant corresponding to the temperature and C_{Mo}. PKA
energies of 5 keV, 10 keV, 20 keV, 30 keV, and 40 keV are used. To avoid chan-
neling effects, all PKAs are set along the ⟨135⟩ direction, one of the high-index
directions. The time step is one femtosecond in general, with each cascade sim-
ulation running for 15,000 time steps (approximately 15 ps). The Wigner-Seitz
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cell method is adopted to identify defects in each cascade simulation [19]. An
additional cutoff separation of 1.25𝑎0 is used to identify defect clusters, such
that two point defects belong to the same cluster if they are within 1.25𝑎0 of
each other. All defects generated in cascade collisions are quenched to 0 K
before cluster analysis. Each cascade is run five times for improved statistics.

Results and Discussion
Dislocation loops greatly affect defect numbers, so defects within dislocation
loops are excluded from statistical analysis of defect counts. The number of
defects increases rapidly with PKA energy, as PKAs initialized with high kinetic
energy cause severe collisions under the NVE ensemble, displacing numerous
lattice atoms. Consequently, more defects remain in the system after cascade
cooling, although most displaced atoms can recombine with vacancies.

Figure 1 shows that the number of defects resulting from cascade collisions de-
creases slightly with increasing Mo atomic concentration at 100 K, but increases
rapidly with C_{Mo} at 300 K and 600 K. Mo atoms appear to play opposite
roles in defect generation: they suppress defect formation at low temperatures
but enhance it at higher temperatures. This can be understood as a synergis-
tic effect of irradiation temperature and Mo atom concentration. Randomly
distributed solute Mo atoms in Ni-Mo alloy can prevent atoms from being dis-
placed and from recombining with vacancies during displacement cascade pro-
cesses. Lattice atoms are more difficult to displace at low temperatures than
at high temperatures because thermal vibrations are weaker in low-temperature
environments. Consequently, low temperature combined with high Mo concen-
tration inhibits defect production. At high temperatures, lattice atoms can
be displaced more easily, and once displaced, recombination becomes difficult
because Mo atoms prevent displaced atoms from recombining with vacancies,
substantially increasing defect numbers.

In Fig. 1(b), the result at C_{Mo} = 3.0 at.% and PKA energy = 40 keV at
300 K is anomalous due to the formation of large dislocation loops in the stable
state, where atoms aggregate into dislocation loops leaving an amorphous zone
in the system. The distribution of cascade defects in Ni-Mo alloy is similar
to that in iron and tungsten: irradiation-induced vacancies distribute in the
cascade center while interstitials migrate to the periphery [20, 21].

Most defects generated in cascade processes distribute in clusters, and the num-
ber of small clusters increases with PKA energy. Further analysis of cluster
distribution shows that most defect clusters are smaller than 10 defects, with
the number of small clusters increasing with PKA energy. Typical results for
cluster number distribution as functions of PKA energy and cluster size are
shown in Fig. 2. The increasing number of small clusters occurs because high-
energy PKAs generate high-temperature zones where interstitials and vacancies
migrate and aggregate more easily. The clustering behavior of cascade defects
in Ni-Mo alloy differs from that in Fe-W alloy, where interstitials typically occur
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as dumbbells, crowdions, or sometimes dislocation loops [22–24]. In Ni-Mo alloy,
however, most interstitials cluster into SFTs or interstitial loops, with only a
very small fraction remaining isolated.

The Mo concentration in Ni-Mo alloy also influences the size of the largest clus-
ter. As shown in Fig. 3, the number of small clusters decreases slightly with
increasing C_{Mo}. The size of the largest clusters in Ni-Mo alloy decreases
with increasing Mo atomic concentration at 100 K, but increases sharply with
Mo content at 600 K. This may be because the cascade simulation time is insuf-
ficient for vacancies to migrate and form clusters. Consequently, small cluster
formation depends on interstitial atom aggregation rather than vacancy clus-
tering. Adding more Mo atoms to Ni-Mo alloy reduces the total number of
point defects at low temperatures, making interstitials unavailable for cluster
formation, hence decreasing both the number of small clusters and the size
of the largest clusters with increasing C_{Mo}. In high-temperature environ-
ments, Mo atoms increase defect numbers and most displaced atoms collapse
into dislocation loops because the limited time prevents recombination. So-
lute Mo atoms at higher atomic fractions lead to more interstitial aggregation
into loops, which also limits available interstitials and decreases the number of
small clusters. Therefore, the number of small clusters decreases with increasing
C_{Mo}, but the size of the largest clusters increases with C_{Mo}.

Conclusion
The effects of solute Mo atoms, irradiation temperature, and PKA energy on
displacement cascades in Ni-Mo alloy are investigated using molecular dynamics.
The conclusions are as follows: (1) Solute Mo atoms decrease the size of defect
clusters. At 100 K, they reduce Frenkel pair production, while at 300 K and
600 K they enhance defect production. (2) Most point defects become clustered
during cascade processes, with only a few vacancies and interstitials remaining
isolated. Dislocation loops can form in cascades under high PKA energies and/or
high temperatures. (3) Most vacancies generated in cascade processes remain
in the cascade center, leading to formation of a depleted zone in the cascade
region. A small fraction of single point defects and small clusters can form far
from cascade centers.
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