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A B S T R A C T   

Atomistic simulations were utilized to investigate the effects of interstitial carbon on the radiation tolerance of 
carbon-doped NiFe binary alloy (NiFeC). Cascade simulation and defect insertion method were implemented to 
systematically study the radiation-induced defect generation and clustering mechanisms. Results showed that 
the interstitial carbon reduced the defect counts during the thermal spike expansion in the ballistic stage. For the 
final survived defect clusters, the cluster size in NiFeC decreased significantly relative to that in NiFe alloy. The 
energetic and kinetic calculations verified the migration behavior of the interstitial and vacancy in NiFeC. The 
mobility of the interstitial was inhibited by the lattice distortion aggravated by interstitial carbon. The vacancy 
tended to bind with the carbon atoms and remained immobile. Both characteristics suppressed the formation of 
large-sized clusters, such as dislocation loop and stacking fault tetrahedra observed in NiFe.   

1. Introduction 

In contrast to conventional alloys, single-phase concentrated solid 
solution alloys (SP-CSAs), including high-entropy alloys, are composed 
of multiple principal elements but form simple crystal structure [1]. The 
unique design strategy of SP-CSAs provides possibilities to obtain ex
ceptional properties, such as an excellent combination of strength and 
ductility, high thermodynamic stability, superior resistance to corrosion 
and radiation [2–5]. Different from the widely used strategy of in
troducing extrinsic defect sinks [6,7], SP-CSAs exhibit excellent radia
tion tolerance attributed to their high compositional complexity. The 
intrinsic lattice distortion and sluggish diffusion arising from compo
sitional complexity can significantly modify defect kinetics and heat 
dissipation, suppressing radiation-induced damage accumulation  
[8–11]. Jin et al. compared the swelling properties between the single 
face-centered cubic (FCC) phase FeCoCrMnNi and pure Ni by using 
5 MeV Ni ion irradiation at 500 ℃. The volume swelling of FeCoCrMnNi 
(0.2%) was 30 times lower than that of Ni (~6.7%) [8]. Lu et al. 
showed that the magnitude of segregation at radiation-induced dis
location loops was minimized in CoCrFeNiMn at 500 °C under 3 MeV 
Ni2+ irradiation conditions [9]. Lu et al. reported a new single-phase 
body-centered cubic structured Ti2ZrHfV0.5Mo0.2, which exhibited 
scarce irradiation hardening after helium-ion irradiation [10]. These 
studies mainly focused on radiation-resistant enhancement through 

adding metallic elements but were limited to the substitutional solid 
solution strengthening. 

Interstitial strengthening offers another route to achieve improve
ments both in the mechanical properties and radiation tolerance. 
Interstitial solute atoms, such as C, N, and B, even have more con
tributions to solid solution strengthening in comparison with substitu
tional solute atoms [12–14]. Recent studies successfully produced 
single FCC interstitial strengthening SP-CSAs with carbon dissolved up 
to 1.84 at.% [15]. Yield strength and ultimate tensile strength increased 
remarkably in the carbon-doped SP-CSAs because of the transformed 
fracture mechanism induced by interstitial carbon. Meanwhile, inter
stitial carbon may modify the atomic-level chemistry disorder and in
troduce lattice distortion larger than the substitution of solute atoms, 
thus strengthening the radiation tolerance of SP-CSAs. In the present 
work, the effects of interstitial carbon on the evolution of defects in
duced by irradiation were studied using an atomistic simulation 
method. 

Although early studies on carbon-doped SP-CSAs mainly focused on 
alloys containing five elements. Evidences suggested that SP-CSAs’ ex
cellent properties, including sluggish diffusion, do not necessarily re
quire a large number of alloying elements [16–18]. Considering the 
limit of atomistic potential, this study selected equiatomic NiFe as a 
matrix model. The effects of interstitial carbon on radiation-induced 
defect generation and evolution were investigated using displacement 

https://doi.org/10.1016/j.nme.2020.100785 
Received 18 December 2019; Received in revised form 13 June 2020; Accepted 25 July 2020    

⁎ Corresponding author. 
E-mail address: tangxiaobin@nuaa.edu.cn (X. Tang). 

Nuclear Materials and Energy 24 (2020) 100785

Available online 31 July 2020
2352-1791/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/23521791
https://www.elsevier.com/locate/nme
https://doi.org/10.1016/j.nme.2020.100785
https://doi.org/10.1016/j.nme.2020.100785
mailto:tangxiaobin@nuaa.edu.cn
https://doi.org/10.1016/j.nme.2020.100785
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nme.2020.100785&domain=pdf


cascade simulation and defect insertion method. These results illu
strated the role of interstitial carbon on radiation tolerance of carbon- 
doped SP-CSAs. 

2. Simulation methodology 

Given that the octahedral site is the most stable site for the carbon 
interstitial. The carbon-doped NiFe binary alloy (NiFeC) was modeled 
by placing carbon atoms randomly at the octahedral sites of the FCC 
NiFe lattice (Fig. 1). In accordance with previous studies [19,20], dif
ferent lattice constants were set to model NiFeC with varying con
centrations of carbon. Specifically, 3.583, 3.586, 3.596, and 3.61 Å for 
NiFe with 0, 0.1 at.% C (NiFe0.1C), 0.5 at.% C (NiFe0.5C), and 1 at.% C 
(NiFe1C). The embedded atom method potential developed by Bonny 
et al. [21] was used to describe the interactions between Ni atoms and 
Fe atoms. Fe–C interactions were described using the Tersoff/ZBL po
tential developed by Henriksson et al. [22]. Considering that the Ni–C 
interaction is weaker than the Fe–C interaction, 12–6 Lennarde–Jones 
type of van der Waals interaction was adopted to describe the Ni–C 
interactions, which has been successfully used in irradiation damage 
studies of other metal–C systems [23,24]. All calculations were per
formed with the molecular dynamics (MD) code LAMMPS [25]. 

A system with the size of 30 a0 × 30 a0 × 30 a0 (a0 is the lattice 
constant) was used for cascade simulations. Initially, each model was 
relaxed at the NVT ensemble for 10 ps at 300 K until it reached a stable 
state. Subsequently, a primary knock-on atom (PKA) was given kinetic 
energy of 3 keV in the [135] direction and run at the NVE ensemble 
with a time step of 10-4 ps for 3 ps. Then additional 30 ps with a larger 
time step of 10-3 ps. Finally, the system was cooled down to 300 K until 
no energetic interactions remained in the system. In addition, 10 in
dependent cascade simulations were performed in each model to reduce 
the statistical errors in the results. Cascade simulation can effectively 
present energetic ballistic events and the effects of thermal spike on 
defect production. However, the iterative time step should be small to 
accurately capture atomic forces during the ballistic stage. Because the 
kinetic energy of PKA is rapidly deposited and the atoms come close to 
one another. As a result, the cumulative irradiation damage simulated 
by overlapping single cascades is computationally expensive. 

A defect insertion method was adopted to simulate the evolution of 
large-number defects that accumulated under irradiation [26,27]. This 
method bypasses the ballistic stage and accelerates microstructure 
evolution by creating overconcentration defects. In comparison with 
cascade simulation, the defect insertion approach significantly de
creases the time needed to simulate the same degree of radiation da
mage. Several studies replicated the experimentally observed results by 

adopting this approach [28–31]. A small model (20 a0 × 20 a0 × 20 
a0) was used to reveal the underlying clustering mechanisms. 1 at.% 
Frenkel pairs, vacancies, and interstitials were introduced into the 
model separately and relaxed in the isothermal isobaric ensemble at 
zero pressure. 

The calculation results were visualized with OVITO. Wigner–Seitz 
(WS) cell method [32] was used to analyze the point defects. This ap
proach is good for substitutional solid solutions and requires mod
ification in the presence of impurity interstitial atoms. In the present 
study, WS analysis was performed only for nickel and iron atoms, 
carbon atoms were not considered so that interstitial carbon could not 
be interpreted as a point defect. The cluster size distribution was ana
lyzed by calculating the distance between each defect and all other 
defects. Defects within a fixed cutoff distance (3.6 Å) from each other 
were interpreted as a part of the same defect cluster. Both the WS 
analysis and Cluster analysis used here have been implemented in 
OVITO. In addition, the kinetic (mean square displacements, MSD) and 
energetic (formation energy, Ef) properties of point defects were cal
culated to reveal the role of interstitial carbon. MSD and Ef can be re
spectively obtained as follows: 

=
=
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N

[ r (t)- r (0)]
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N
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2
(1)  

= ±E E - E Ef tot tot coh (2)  

where r (t)i refers to the atom position of the point defect at time t 
and i is the ith time interval for the trajectory in Eq. (1). The positive (or 
negative) sign in Eq. (2) corresponds to the vacancy (or interstitial) at a 
particular site . E (E )tot tot is the total energy of the system with (or 
without) the point defect. Ecoh is the cohesive energy (per atom) in the 
system [33]. 

3. Results and discussion 

3.1. Displacement cascades 

Fig. 2 shows the time evolution of the number of point defects in 
NiFe doped with different carbon concentrations during displacement 
cascades. The defects rapidly reached a peak due to the transient lo
calized melting caused by energetic PKA in the form of a thermal spike. 
Followed by cooling and partial recrystallization, they considerably 
decreased compared with the peak value. The difference in the final 
stable defect number between NiFe and NiFeC was negligible (see the 

Fig. 1. Atomic structure of NiFeC. The carbon atom (gray) lies in the octahedral 
site, and Ni atoms (purple) and Fe atoms (pink) are randomly placed to re
plicate the random nature of SP-CSAs. 

Fig. 2. Time evolution of the number of interstitials in NiFe, NiFe0.1C, 
NiFe0.5C, and NiFe1C during the displacement cascades. The number of final 
stable interstitials is shown in the inset. 
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inset in Fig. 2), suggesting that adding interstitial carbon exerts no 
noticeable effect. This result agrees with the null effect of carbon at its 
concentration on the number of survived defects in previous cascades 
simulations [34,35]. Whereas, the advanced thermal spike and reduced 
defect peak value during ballistic stage were found in the systems added 
with interstitial carbon. 

Previous studies revealed that the thermal spike is inhibited or ab
sented in graphite during the cascades simulation owing to the high 
displacement energy and atomization enthalpy of graphite [36,37]. In 
the present work, the advanced thermal spike and the reduction of 
defects in NiFeC may be attributed to the role of carbon atoms in in
hibiting the expansion of thermal spike. During the ballistic stage, the 
systems added with interstitial carbon have greater atomic density and 
lattice distortion, thereby shortening the mean free path of displaced 
atoms. The energy deposited more rapidly in the matrix, thus making 
the thermal spike time advanced. In the meanwhile, owing to the in
terstitial carbon atoms also absorb a portion of the energy of PKA, the 
energy delivered to metal atoms is reduced. Hence, the defects gener
ated in the ballistic stage were decreased by the addition of interstitial 
carbon. According to this, the reduced defects number is supposed to be 
positively correlated with carbon concentration. However, NiFe0.5C 
presented the best radiation response in this work with the lowest de
fect generation during the ballistic stage. This phenomenon is supposed 
to be the result of two competitive factors: on the one hand, carbon 
atoms absorbing the energy of PKA and reducing the defect generation 
of Fe and Ni atoms. On the other hand, the displaced carbon continues 
to produce lattice distortion, making the adjacent atoms deviated from 
their original lattice sites. Such distortion is counted as defects by WS 
method. 

As shown in Fig. 2, the number of point defects produced by NiFe 
was greater than that produced by NiFeC in the course of the ballistic 
stage. However, the number of defects after the kinetic stage almost did 
not differ. This finding indicates that the kinetic stage plays a dominant 
role in the evolution of defects. The kinetic stage was investigated in the 
subsequent study via the defect insertion method. The influence of the 
displaced carbon on the number of defects could be eliminated. As such, 
the effect of interstitial carbon on defect migration and recombination 
behavior could be accurately reflected. 

3.2. Frenkel pair evolution 

The systems containing 1 at.% randomly distributed Frenkel pairs 
(320 interstitials and 320 vacancies) were run for 5 ns at 300 K. Given 
that the vacancies hardly moved at this temperature and the number of 
residual vacancies was equal to that of the interstitials. Therefore, only 
the interstitial clusters were calculated. The number of interstitials in 
different cluster size distributions and the total amount of NiFe alloys 
with different carbon concentrations are shown in Fig. 3. A positive 
correlation between annihilated defect number and carbon concentra
tion was evident. The higher the carbon concentration in the system 
was, the fewer the residual defects were. This finding suggests that 
interstitial carbon may play a role of enhancing the recombination of 
Frenkel pairs. 

The difference in cluster size distributions between NiFe and NiFeC 
was significant. Interstitials prefer to form clusters, and several clusters 
containing more than 10 interstitial atoms formed in NiFe, leaving a 
small number of single interstitials. The number of larger-sized clusters 
apparently decreased in NiFeC, even there is no cluster containing more 
than 10 interstitials formed in NiFe1C. This finding indicates another 
role of interstitial carbon under irradiation, which is effectively in
hibiting the formation of large defect clusters. Through such function, 
the interstitial carbon also modifies the recombination of point defects. 
The mobility of interstitials is restrained after they form clusters, 
thereby excluding them from recombining with vacancies [38]. Thus, 
the obstruction for interstitials to form a cluster induced by carbon 
increases their probability to recombine with vacancies nearby. These 

results clarify the effect of interstitial carbon on defect recombination 
and cluster formation. The essential determinants of these behaviors are 
the mobility and diffusion pathway of interstitials and vacancies, which 
will be further studied in subsequent sections. 

3.3. Interstitial diffusion at different temperatures 

An important feature of the defect insertion method is that the types 
of defects are controllable. Such as interstitial kinetics, including their 
migrating behaviors and clustering processes, could be explored by 
introducing interstitial type defects only. The 1 at.% interstitials were 
randomly distributed in the models, and the simulations were run for 
5 ns at 300 K, 500 K, and 700 K. The numbers of interstitials in different 
cluster size distributions of NiFe and NiFe0.5C are shown in Fig. 4. The 
cluster size distribution of interstitials was relatively uniform at 300 K 
in NiFe. As the temperature increases, the interstitials apparently 
translated from the clusters containing few atoms to more than 50 
atoms. At 700 K, almost all interstitials formed a large-sized cluster due 
to the accelerated diffusion of interstitials at high temperatures. The 
same transition trend occurred in NiFeC, but the overall size distribu
tion of the clusters was considerably smaller than that of NiFe. At 
700 K, only a small number of interstitials formed clusters of more than 
50 atoms. The interstitial kinetics toward cluster formation in NiFeC 
alloy appear to be slower than that in NiFe, suggesting that the mobility 
of interstitials is definitely inhibited by interstitial carbon. 

The distribution of interstitial cluster size in NiFe or NiFeC changed 
obviously after the temperature increased from 300 K to 500 K. The 
interstitials in the two systems were visualized after relaxation at 500 K. 
A large interstitial cluster was found at the center of NiFe, as shown in  
Fig. 5(a), and it was an interstitial dislocation loop identified via dis
location analysis (DXA) [39]. Interstitial clusters in NiFeC were con
siderably smaller than that in NiFe. They hardly move to interact with 
each other, thus there is no further formation of larger clusters. In 
previous studies, simulations and experiments demonstrated that the 
addition of other metal elements (Fe, Cr, and Mn) in pure Ni to form SP- 
CSAs increases migration barriers and decreases overall diffusivity, 
leading to a slow defect cluster formation during irradiation [17,20]. 
The results presented here appear that adding interstitial carbon had a 
similar effect. MSD calculations were performed to quantify the mobi
lity of the interstitials, and the results showed the value of MSD in NiFe 
is about three times of that in NiFeC (9.08 and 2.95 Å for NiFe and 
NiFeC in 5 ns respectively). Therefore, interstitial carbon is able to 
further enhance the sluggish diffusion effect by turning the composition 
complexity of SP-CSAs. Then suppressing the formation of large inter
stitial clusters, such as dislocation loops. 

3.4. Vacancy diffusion 

The vacancies were completely immobile on the MD timescales until 
700 K, started to diffuse at 1000 K, and fully diffused at 1200 K in pure 
Ni [26]. Therefore, 1200 K was set as the simulation temperature to 
capture vacancy evolution. Fig. 6 shows the distribution of vacancies in 
NiFe and NiFeC at 20 ns. In contrast to most vacancies that migrated 
and aggregated to form clusters in NiFe, there is a significant number of 
individual vacancies in NiFeC. It is worth noting that stacking fault 
tetrahedra (four triangular planes bounded by six stair-rod partial dis
locations) was found in NiFe, which can be formed merely through the 
aggregation of vacancies as confirmed in Aidhy’s study [26]. Similar to 
the interstitial evolution, the vacancy kinetics toward cluster formation 
in NiFeC was slower than that in NiFe. In Lu’s study [5], the migration 
energy barrier of a single vacancy in NiFe was slightly lower than that 
in pure Ni and associated with the size difference of the atoms in the 
alloy. As such, the lattice distortion effect would accelerate vacancy 
migration, which contrasted with the phenomena observed in the pre
sent study. 

The formation energy Ef
v at varying distances away from the 
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interstitial carbon was calculated to understand the interaction between 
interstitial carbon and vacancy. When vacancy formed in the matrix, 
Ef

v = 1.51 eV. When vacancy formed adjacent to the interstitial carbon, 
Ef

v = 1.35 eV. Ef
v adjacent to interstitial carbon was lower than that in 

the matrix, indicating that the vacancy can be easily trapped by carbon 

atoms. The interstitial carbon occupying the octahedral site in the 
equilibrium lattice is scarcely moved. Thus, when the vacancy and 
carbon atom combined and formed a vacancy–carbon complex, their 
mobility was significantly inhibited. Rigorous ab initio calculations 
confirmed that interstitial carbon is strongly bound to a single vacancy  

Fig. 3. Number of interstitials in different cluster size distributions of NiFe, NiFe0.1C, NiFe0.5C, and NiFe1C after 5 ns relaxation. The number of total interstitials is 
shown in the inset. 

Fig. 4. Numbers of interstitials in different cluster-size distributions of (a) NiFe and (b) NiFe0.5C at 300 K, 500 K, and 700 K after 5 ns relaxation.  
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[40,41]. In the present study, the mobility of the vacancies and small 
vacancy clusters was restrained by the amount of interstitial carbon 
dissolved in the matrix, resulting in no SFT formation. 

4. Conclusions 

NiFeC models with different concentrations of carbon atoms occu
pying octahedral sites were built for MD simulation. The role of inter
stitial carbon in SP-CSAs under irradiation was explored, and the ra
diation tolerance of carbon-doped SP-CSAs was evaluated. The cascade 
simulation captured energetic ballistic events, including shock waves 
and thermal spikes. The defect insertion method simulates the evolution 
of large-number defects with low computation cost. Both methods were 
applied to systematically study the radiation-induced defect generation 
and clustering mechanisms. The conclusions drawn are as follows:  

1) A significant reduction of the defects number in the thermal spike 

was found in NiFeC. It is attributed to the role of interstitial carbon 
in inhibiting the expansion of the thermal spike.  

2) With the increasing of interstitial carbon concentration, the survived 
point defects in the systems inserted 1 at.% Frenkel pairs became 
fewer. And the size of the interstitial cluster also became smaller. 
The formation of clusters restrained the migration of the defects and 
reduced the probability of recombination.  

3) MSD calculation demonstrated that the mobility of interstitial was 
inhibited in NiFeC. Vacancy tended to bind with the carbon atoms 
and became immobile. The reduced mobility of point defects sup
pressed the formation of large-sized clusters, such as dislocation 
loop and stacking fault tetrahedra observed in NiFe. 

The effects of interstitial carbon found in NiFeC alloys may provide 
a promising method for carbon-doped SP-CSAs to obtain promoted ir
radiation tolerance and prevent material degradation in extreme ra
diation environments. 

Fig. 5. Interstitials (blue balls) distribution of (a) NiFe and (b) NiFe0.5C after 5 ns relaxation. The colored lines represent dislocations identified via DXA, and the 
grey meshes represent defect meshes. 

Fig. 6. Vacancies (light-red balls) distribution of (a) NiFe and (b) NiFe0.5C after 20 ns relaxation, the inset is the stacking fault tetrahedra identified via DXA (red line 
represents stair-rod dislocation line) and common neighbor analysis (red ball represents hcp structure). 
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