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Maintaining the safety and reliability of nuclear engineering materials under a neutron irradiation environment is significant. 
Atomic-scale simulations are conducted to investigate the mechanism of irradiation-induced vacancy formation in CLAM, 
F82H and α-Fe with different neutron energies and objective laws of the effect of vacancy concentration on mechanical prop-
erties of α-Fe. Damage of these typical metal engineering materials caused by neutrons is mainly displacement damage, while 
the displacement damage rate and the non-ionizing effect of neutrons decrease with the increase of neutron energy. The elastic 
modulus, yield strength, and ultimate strength of α-Fe are in the order of magnitude of GPa. However, the elastic modulus is 
not constant but decreases with the increase of strain at the elastic deformation stage. The ultimate strength reaches its maxi-
mum value when vacancy concentration in α-Fe is 0.2%. On this basis, decreasing or increasing the number of vacancies re-
duces the ultimate strength. 
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1  Introduction 

Materials in reactors are associated with safe operation of 
nuclear power plants [1,2]. With the rapid development of 
modern nuclear power systems, harsh working conditions, 
including high operation temperature and increasing neutron 
flux, have raised the irradiation tolerance requirements for 
engineering materials used in reactors [3–7]. A large 
amount of research focusing on new materials has been 
conducted to meet the aforementioned requirements [8]. 
However, the breakthrough in new materials requires a 
profound understanding of the mechanism of material mi-
croscopic damage formation. Therefore, studying the failure 
and destruction of metals at atomic scale under high tem-

perature, high pressure, and strong irradiation within the 
reactors, which assures the life span of the reactor, is sig-
nificant. An earlier study observed that neutron irradiation 
causes degradation of metal performance through radia-
tion-induced hardening and embrittlement at low tempera-
ture [9,10], element segregation [11], creep [12], swelling 
[13], and helium-induced embrittlement [14] at high tem-
perature, which pose a security risk to nuclear power plant 
operations. 

The most obvious way to investigate the effect of irradia-
tion damage to the materials is to perform irradiation ex-
periments to explore the variation of macroscopic properties 
and microstructure of the specific material before and after 
irradiation. The limitations of experimental technique cause 
difficulty in controlling the experimental conditions and 
achieving accurate measurements. Specifically, the most 
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effective way to explore the microscopic mechanism of ir-
radiation damage of certain materials at atomic scale is to 
perform computer simulation. With the development of 
computer technology and theoretical basis of computer sim-
ulation, the mechanism of material irradiation damage has 
been revealed. Barashenkov presented Monte Carlo simula-
tions of ionization and nuclear processes initiated by hadron 
and ion beams [15]. Osetsky et al. [17] employed molecular 
dynamics (MD) method to research the formation of ex-
tended defect clusters [16] and stability and mobility of de-
fect clusters in α-Fe and Cu. A combination of MD and ki-
netic Monte Carlo (kMC) methods was taken by Caturla et 
al. [18] to investigate radiation damage evolution. Thus, 
computer simulation has become an important part of solv-
ing practical problems in material science. 

However, the mechanism of damage formation in specif-
ic materials used in reactors at present is still unrevealed. In 
this paper, the microscopic mechanism of damage of inter-
action between neutrons and structural materials in the re-
actor, as well as the mechanical properties after neutron 
irradiation, is studied. In this study, Monte Carlo method is 
employed to examine the mechanism of irradiation damage 
of CLAM steel, F82H steel, and α-Fe, which are widely 
used as structural materials in reactors, under bombardment 
of neutrons with energy of 2.45 and 14.1 MeV. Then, mo-
lecular dynamics method is used to study the stress-strain 
curve, elastic modulus, and ultimate strength of α-Fe after 
neutron irradiation, during which the irradiation-induced 
vacancies remain in the bulk α-Fe. 

2  Simulation model 

2.1  Monte Carlo model 

Monte Carlo simulation software Geant4 is employed to 
study the mechanism of irradiation damage [19]. Figure 1 
shows the geometric model that consists of three parts: the 
world part, the target part, and the sensitive detector part. 
The world part is a cube with a length of 450 mm. The tar-
get part, a cuboid with size of 400 mm × 320 mm × 320 mm, 
is filled with CLAM steel, F82H steel, or α-Fe. As shown in 
Table 1, the elementary composition of these three materials 
is different. The sensitive detector part is made up of 20000 
cuboid films with a size of 0.02 mm × 300 mm × 300 mm. 
In other words, the sensitive detector part divides the target 
part into 20000 pieces along the direction of incident neu-
trons. Thus, this part can gain the damage effect of the 
whole target by recording the information obtained on every 
single film. 

The direction of incident neutrons is [100], which is per-
pendicular to the surface of the target, and the incident dots 
distribute uniformly on the surface. The energy of neutrons 
is 2.45 and 14.1 MeV, respectively. According to the depo-
sition energy obtained by detectors, defect number can be  

 

Figure 1  Geometric model of Monte Carlo simulation. 

Table 1  Parameters of three different target materials 

Element 
Molar mass 

(g/mol) 
Mass fraction (%) 

CLAM F82H α-Fe 

Fe 55.847 88.69 90.01 100 
Cr 51.996 9.0 7.46 0 
C 12.011 0.12 0.9 0 

Mn 54.938 0.5 0.21 0 
P 30.973 0.03 0 0 
S 32.061 0.02 0 0 
N 14.006 0.02 0 0 
W 183.85 1.6 2.23 0 
Ni 58.701 0.02 0 0 

 
calculated as 
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where Nd is defect number, E is energy of primary knock- 
out atom, Ed is displacement energy threshold, and ED(E) is 
the energy available to generate atomic displacements, 
which can be determined by 
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where Z1 and Z2 are the atomic numbers of the projectile 
and target and A1 and A2 are the mass numbers of the two 
atoms [20,21]. Then we could use defect number to get the 
displacement per atom (DPA) and displacement damage 
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rate (DDR). In this paper, we calculated DDR at a neutron 
fluence of 1/1024 n/cm2 since only one neutron hit the tar-
get part at a single time. 

2.2  Molecular dynamics model 

In this paper, the Finnis–Sinclair potential [22] is used to 
describe the interaction of Fe atoms, which is expressed as 
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where N is the total number of atoms in the assembly, Vij is 
the pairwise repulsive part of the potential, and (xij) in the 
many-body, isotropic, cohesive term is also a pairwise func-
tion.  

Due to the dispersion of different chemical elements in 
CLAM and F82H, it is very complicated to model these two 
kinds of steel. Thus, we investigated mechanical properties 
of α-Fe by molecular dynamics method only. Figure 2 
shows the cuboid model of α-Fe used in the molecular dy-
namics method before and after stretching process. The 
crystal structure is a body-centered cubic with a lattice con-
stant a0 of 0.287 nm. Containing 48000 Fe atoms, the model 
has length, width, and height of 60a0, 20a0, and 20a0, re-
spectively. The temperature of the assembly is maintained 
at 300 K, which suits the room temperature [23–25]. In or-
der to investigate the influence of vacancy concentration on 
material strength, atoms in the model were deleted to form 
vacancy by degrees of 0%, 0.1%, 0.2%, 0.5%, 1%, 2%, 5%, 
and 10%, respectively. A constant engineering strain rate of 
1.5×102 ps1 was applied to the eight models with varying 
vacancy concentrations, as mentioned above, along the 
length direction to simulate the stretching process. Mean-
while, the value of stress and strain was recorded at each 
step of the stretching process, which is 1 fs (1×1015 s). The 
molecular dynamics simulations were performed using 
LAMMPS [26]. 

3  Results and discussion 

3.1  DDR distribution 

In this study, displacement damage rate generated in CLAM, 
F82H, and α-Fe by neutrons with energy of 2.45 and 14.1  

 

Figure 2  Geometric model of molecular dynamics simulation before (a) 
and after (b) stretching process. 

MeV was calculated. Each simulation with various types of 
candidate materials and neutron energy was conducted six 
times, and for each simulation, the number of incident neu-
trons is 106. Figure 3 illustrates the displacement damage 
rate distribution that results from single neutron irradiation 
with different energy values in different materials. 

In Figure 3(a), displacement damage rate versus incident 
depth is illustrated in each type of material by the 2.45 MeV 
neutron. According to the area enclosed by the curve and 
the axis, which represents total displacement damage rate, 
we can determine that α-Feddr>F82Hddr≈CLAMddr, and the 
depth corresponding to the peak value of displacement 
damage rate in all materials is approximately 28 mm. DDR 
has a downward trend after rising first and decreases expo-
nentially at the end of the curve. Notably, the maximum 
DDR in these three materials is 2.45×1019 dpa/(n/cm2) in 
α-Fe. 

In Figure 3(b), we have found that α-Feddr>F82Hddr≈ 
CLAMddr at the same depth after 14.1 MeV neutron irradia-
tion. In these three materials, 24 mm is the depth that cor-
responds to the peak value of DDR, whose value is 1.86× 
1019 dpa/(n/cm2), 1.70×1019 dpa/(n/cm2) and 1.70×1019 
dpa/(n/cm2) for α-Fe, F82H, and CLAM, respectively. Sim-
ilar to the curve in Figure 3(a), the curve in Figure 3(b) also 
decreases after reaching the peak value. 

3.2  Non-ionizing effect of neutron 

Having figured out the distribution of neutron irradia-
tion-induced DDR and with the purpose of researching the 
mechanism of damage formation caused by incident neu-
trons, we employed sensitive detectors to record DPA re-
sulting from the non-ionizing effect of neutrons to deter-
mine the distribution of this kind of DDR with depth. The 
results are presented in Figures 4(a) and (b). 

The findings in these two figures lead to the conclusion 
that neutron non-ionizing effect induced damage is almost 
the same in all of the three employed materials. To facilitate 
realizing the characteristic of damage caused by neutrons in 
α-Fe, we present the data in Table 2. 

The depth of peak in Table 2 indicates the depth where 
DDR caused by the penetrating neutron reaches the maxi-
mum number, which is used to characterize the most se-
verely damaged area. Similarly, providing the most reliable 
estimate of life span of a certain material, the peak of DDR 
indicates the maximum damage that the incident neutron 
can cause in it. Finally, the depth of damage demonstrates 
the depth of incident neutron where DDR drops to half of 
the peak, which can be used to represent the effective dam-
age range of the neutron. 

Table 2 shows that the non-ionizing effect of 2.45 MeV 
neutrons on α-Fe is ten times more than 14.1 MeV neutrons 
with values of 1.411×1020 dpa/(n/cm2) for the peak of DDR 
and 20.22 mm for the depth of peak. Based on the preceding 
discussion, we can speculate that the contribution of non-  
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Figure 3  (Color online) (a) DDR distribution as a function of depth in three materials (CLAM, F82H, and α-Fe) after 2.45 MeV neutron irradiation, (b) 
DDR distribution as a function of depth in three materials (CLAM, F82H, and α-Fe) after 14.1 MeV neutron irradiation. 

 
Figure 4  (Color online) (a) DDR distribution generated by non-ionizing effect of neutron as a function of depth in three materials (CLAM, F82H, and α-Fe) 
after 2.45 MeV neutron irradiation, (b) DDR distribution generated by non-ionizing effect of neutron as a function of depth in three materials (CLAM, F82H, 
and α-Fe) after 14.1 MeV neutron irradiation. 

Table 2  Neutron damage data in α-Fe 

Type of damage 
Neutron 
energy 
(MeV) 

Depth of 
peak 
(mm) 

Peak of 
DDR 

(1021) 

Average 
order of 

magnitude of 
damage 

Depth of 
damage 
(mm) 

Total damage 
2.45 28.32 244.7 1019 109 
14.1 24.28 186.1 1019 113 

Non-ionizing 
damage 

2.45 20.22 14.11 1020 125 
14.1 36.38 1.378 1021 162 

 
ionizing damage effect is decreased with the increase of 
neutron energy. Nevertheless, for total damage, the peak of 
DDR generated by the 2.45 MeV neutron is nearly 1.31 
times more than that generated by the 14.1 MeV neutron 
while the depth of peak and depth of damage are almost the 
same. Therefore, the difference in the peak of DDR results 
from the damage degree decreasing nonlinearly at every 
unit of depth after the increase in incident neutron energy.  

3.3  Stress-strain curve 

The stress-strain curve of perfect α-Fe (which means that it 
has no defect) during the stretching process is shown in 
Figure 5. This figure indicates that the entire stress–strain 

curve is consistent with the engineering tensile stress–strain 
curve for plastic metals. During the tensile deformation, the 
model underwent elastic deformation, yield, and plastic 
deformation stages until it finally ruptured. Figure 6 shows 
the schematic corresponding to these four stages. 

The main reason for the phenomenon described is that  

 
Figure 5  (Color online) Stress-strain curve of perfect α-Fe during 
stretching process. 
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Figure 6  Schematic of stretching process. (a) Elastic deformation stage, 
(b) yield stage, (c) plastic deformation stage, and (d) ruptured. 

the stress  and strain  maintain a linear relationship at the 
elastic deformation stage in accordance with Hooke’s law, 
which is expressed as follows: 

 ,E   (7) 

where E is the elastic modulus (also known as Young’s 
modulus) that is numerically equal to the slope of the stress- 
strain curve at the elastic deformation stage. Since the mod-
el not only can be seen as a single crystal material but also 
can be loaded axially, the following equation can be estab-
lished at the yield stage: 

 cos cos ,     (8) 

where  is the angle between the crystal slip direction and 
given force,  is the angle between the normal slip plane 
and center axis, and τ is the shear stress on the slip direction. 
When the shear stress  in eq. (8) reaches a critical value, 
the slip between the crystal planes begins, which corre-
sponds to yield. Single crystal plastic deformation occurs 
because of the atom dislocation slip. The single crystal 
starts plastic deformation when the atoms stack along the 
stretch direction instead of staying in their original places 
under the effect of axial static tensile loading. 

According to the data obtained by simulation, the aver-
age elastic modulus of perfect -Fe along the [100] direc-
tion can be calculated as 168.6 GPa. Reflecting resistance to 
elastic deformation, elastic modulus is a key parameter to 
characterize the bond strength of atoms in the internal mate-
rial. The greater its value, the more difficult the material 
deforms elastically. However, a closer look at Figure 5 
shows that the slope of the curve, i.e., the elastic modulus, is 
not constant at the elastic deformation stage. To show the 
changes in the elastic modulus, Figure 7 illustrates a curve 
of elastic modulus versus elastic strain in the range of elas-
tic deformation of perfect α-Fe obtained by derivation cal-
culus of stress to strain. This figure also indicates that the 

elastic modulus is not constant but decreases with the in-
crease of strain during the elastic deformation stage. The 
variation may be due to the inhomogeneity of the cross- 
section of α-Fe during the tensile process, which results 
from the surface effect [27] and reduces the elastic modulus 
of the bulk until the yield stage to produce yield effects. 

3.4  Point defect effect 

The tensile stress–strain curve that corresponds to different 
point defect concentrations in -Fe is shown in Figure 8. 
The shape of each tensile stress–strain curve has the same 
character as the shape of the defect-free -Fe curve, which 
undergoes elastic deformation, yield, and plastic defor-
mation until it finally fractures. All of the curves shown in 
Figure 8 exhibit a significant decline stage when the α-Fe 
model fractures. Thus, we have to pay attention to the 
aforementioned stages instead of studying the meaningless 
part of the curve after fracture. 

By comparing the elastic deformation stage and yield  

 

Figure 7  Curve of elastic modulus versus strain at elastic deformation 
stage of perfect -Fe. 

 

Figure 8  (Color online) Stress-strain curve of -Fe with different vacan-
cy concentrations during stretching process. 
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stage of each curve in Figure 8, we can observe that all 
these curves except the curve with 10% vacancy concentra-
tion almost overlap in the first two stages. This phenomenon 
results from atom migration during the relax and tensile 
process because minimal vacancies exist in the material 
with 5% or less vacancy concentration, thereby reducing the 
lattice distortion caused by vacancies. As a result, the elastic 
modulus and elastic limit have almost no difference. The 
large number of vacancies in the material, some of which 
may cluster into voids, result in ineffectiveness in reducing 
lattice distortion by atomic migration. Thus, the elastic 
modulus and elastic limit of the material with 10% vacancy 
concentration both decrease by 9.7% compared with the 
maximum elastic modulus and elastic limit shown in Figure 
8. 

Comparing the plastic deformation stage of all the curves 
reported in Figure 8, we have found that the curve with 10% 
vacancy concentration has no clear rising trend. The material 
maintains its yield stress horizontally at the initial plastic de-
formation stage, and then fractures after a certain deformation. 
The curve with 5% vacancy concentration also has no appar-
ent ultimate tensile strength; it has a short rise and the materi-
al fractures immediately after the rise. As shown in Figure 8, 
however, the curves with different vacancy concentrations 
from 0.1% to 2% all have a clear upward process and fracture 
occurs at different strains when the ultimate tensile strength is 
reached. The ultimate tensile strengths in these five curves 
are presented in Figure 9. As this figure shows, with the in-
creasing vacancy concentration, the ultimate tensile strength 
initially increases and then decreases after reaching the peak 
value of 22.9 GPa whose vacancy concentration is 0.2%. The 
reason for this phenomenon is easy to understand. Since the 
vacancy is produced as a defect, the dislocation, which is 
generated during the deformation process, is trapped by it. As 
a result, the movement of dislocation is blocked. Thus, the 
stress must be increased to make the dislocation move again, 
which causes the ultimate tensile strength to increase as 
shown in Figure 8. Nevertheless, this kind of effect becomes 
obvious only when the vacancy concentration is not ex-
tremely high, such as 0.1% and 0.2%. If the vacancy concen-
tration exceeds the limits, it becomes counterproductive. As 
the concentration increases, vacancies could possibly form 
dislocation more easily, which results in less effectiveness in 
blocking the dislocation and the reduction of the ultimate 
tensile strength of the material. 

4  Conclusion 

In this study, simulations have been conducted to study the 
mechanism of the irradiation-induced vacancy formation in 
iron materials under neutron irradiation environment. Three 
commonly used structure materials are considered in terms 
of DDR distribution along with depth and non-ionizing 
contribution to the whole DDR. The results indicate that the  

 

Figure 9  Ultimate tensile strength of α-Fe with five different kinds of 
vacancy concentration from 0.1% to 2.0%. 

material damage caused by neutrons is mainly displacement 
damage, while the displacement damage rate and the non- 
ionizing effect of neutrons decrease with the increase of 
neutron energy. At the same time, the non-ionizing effect of 
neutrons also contributes significantly.  

Objective laws on the effect of vacancy concentration on 
the mechanical properties of -Fe have been investigated as 
well. After the simulation of the stretching process of α-Fe 
under the atomic scale, some valuable conclusions can be 
made. The elastic modulus, yield strength, and ultimate 
strength of α-Fe are in the order of magnitude of GPa. 
However, the elastic modulus is not constant but decreases 
with the increase of strain at the elastic deformation stage. 
The ultimate strength reaches its maximum when the va-
cancy concentration in α-Fe is 0.2%. On the basis of these 
findings, decreasing or increasing the number of vacancies 
reduces the ultimate strength. 
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