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ABSTRACT: Fe-Cr based Ferritic/martensitic (FM) steels are the candidate structural materials for future fusion 
reactors. In this work, atomistic simulations are used to understand the hardening of these materials due to 
irradiation. The molecular dynamics (MD) simulations are used to study the mobility of edge dislocation and its 
interaction with irradiation induced voids and bubbles. The results obtained from the MD simulations are in 
qualitative agreement with experimental results of hardening behavior of irradiated FM steels. 
  
INTRODUCTION 
 
The candidate structural materials in future fusion reactors are expected to operate above 5000C and see a damage of 
up to 150-200 displacements per atom (dpa) [1, 2]. FM steels with 9-10% chromium are the candidate structural 
materials due to their superior mechanical properties at high temperature and high resistance to radiation swelling 
[3, 4, 5]. It is a known fact that the materials used in reactors undergo high energy particle irradiation, which results 
in displacement cascades generating point defects and their clusters. Also, the helium atoms are produced due to (n, 
α) transmutation reactions caused by characteristic 14MeV neutrons in fusion reactors. The amount of helium 
produced in the fusion reactors is estimated to be 10-15appm/dpa [6]. These irradiation induced defects are known 
to degrade the mechanical properties of FM steels. Understanding the degradation of mechanical properties of FM 
steels due to irradiation is one of the key issues for research all over the world.  
 
It is a known fact that the material properties degrade due to the radiation induced defects such as voids/He bubbles 
etc [7-9]. Though, the helium is known to degrade the mechanical properties due to bubble formation, blistering and 
loss of fracture toughness [9, 10], till date the effect of helium on microstructure is not understood clearly. The 
microstructure evolution under irradiation environment is difficult to understand by conducting only the in-situ 
experiments. So experiments are coordinated with numerical tool such as MD simulations. These computer 
simulations provide an important means of obtaining insight into fundamental understanding of the atomic level 
process involving defects. It also helps in understanding the effects of these micro-structural details on material 
behavior at macro scale. At atomic scale, the interaction of edge dislocation (ED) with irradiation induced defects 
such as voids [11-17], loops [18-22], precipitates [12, 13, 23, 32, 33] and helium bubbles [24, 25] are investigated 
by many authors using MD simulations. It is shown that defects lying on dislocation slip plane offers resistance to 
dislocation motion resulting in the hardening of the materials. These simulations are extended to binary alloys such 
as Al in Ni [26,27], Mg in Al [28], Cu in Fe [29, 30, 31], Ni in Fe [ 31], C in Fe [31] and Cr in Fe [32,33], where it 
is shown that the addition of alloying elements significantly increases the flow stress of the materials.  
 
Theoretical study of micro structure evolution during irradiation in Fe, Fe-Cr alloys provides the basis for 
understanding property degradation in FM steels. The literature data available on MD simulations of dislocation-
defect interactions in Fe-Cr-He systems has been found be limited. In the present work, we consider the atomistic 
simulations to estimate the hardening behavior of FM steels due to irradiation. The MD simulations of motion and 
interaction of edge dislocations with irradiation induced defects in Fe and a Fe-10% Cr system are presented.  The 
effect of irradiation on edge dislocation motion in Fe and Fe-Cr is taken into account by considering a) voids b) 
helium bubbles and c) helium as substitutional atoms in Fe-Cr alloy.  
The remaining part of the paper is organized as follows. In section 2, the computational details for MD are 
presented. Section 3 discusses the results obtained from present MD simulations. Section 4 concludes the results 
obtained from present analyses.   
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COMPUTATIONAL DETAILS 
 
The MD simulations are carried out using public domain molecular dynamics code LAMMPS by Plimpton S J et al 
[34]. The potentials for Fe-Cr-He system are taken from the literature. One of the active slip system from <111> 
{110} is taken for simulation of ED motion in alpha iron having bcc lattice structure. The directions of BCC lattice 
<111>, <110> and <112> are oriented along x, y, and z direction. The dislocation is introduced in the crystal using 
the guidelines given in [11]. In the present simulations, deformation of the crystal is carried out by specifying 
incremental shear strain on the upper layer of the domain which results in the dislocation motion. The minimization 
is carried out at intermediate strain to ensure the minimum potential energy configuration of the system. The internal 
resisting force Fx acting on the upper layer of atoms along x direction in response to externally applied shear is used 
to obtain the shear stress , where A is slip plane area, in the minimum energy configuration. 
 
 All the simulations have been carried out at 10 K, with a strain rate of 10-3 ps-1 and a time step of 1 fs. 
Temperature of the crystal is defined by assigning the initial velocity to the atoms according to uniform distribution. 
Initial relaxation has been carried out for 25000 time steps which correspond to a total time of 25ps. The simulation 
domain has a size of 20×9×10 nm3 and contained approximately 140,000 atoms in the mobile region. The Cr and 
He atoms are randomly distributed in Fe-10%Cr and Fe-10%Cr-1%He systems using different random number 
seeds. The voids and bubbles of size 0.8nm, 1.2nm and 1.6nm are used in the simulations of interaction of ED with 
irradiation induced defects in Fe, Fe-10%Cr matrix. The center of the defects is placed at a distance of 5nm from the 
center of dislocation core on its slip plane in all the simulations. Periodic boundary conditions are applied along 
Burger vector and dislocation line directions. Temperature of the simulation domain is controlled by velocity 
rescaling method during thermal equilibration as well as during straining. Simulations are performed considering 
NVE micro-canonical ensemble. The Open Visualization Tool (OVITO) [35] has been used for visualization of 
dislocation defects interactions.  
 
CASE STUDIES, RESULTS OBTAINED AND DISCUSSIONS 
 
In the present study, MD simulations are used to study mobility of ED in pure Fe, Fe-10%Cr and Fe-10%Cr-1%He. 
The effect of irradiation is considered by taking the irradiation induced defects as obstacles to dislocation motion. 
The irradiation induced defects considered are, a) voids formed due to diffusion and accumulation of vacancies, b) 
Helium as substitutional atoms in Fe-10% Cr alloy, c) Helium bubble formed due to the diffusion of helium atoms. 
The dislocation motion in otherwise defect free crystal occurs at a stress value known as friction stress which is 
defined by the maximal stress i.e. the average of peak values in shear stress-strain (τ-γ) plot. The resistance for the 
dislocation motion due to obstacle is defined as CRSS i.e. the maximum stress required to overcome the obstacles. 
In the following section, various results obtained from the present MD simulation are given. 
 
Friction Stress for Edge Dislocation in Pure Fe, Fe-10%Cr and Fe-10%Cr-1%He 
The mobility of the ED in the absence of irradiation induced defects is investigated in this section. Under the 
applied external load the dislocation starts to move in its slip plane with periodic drop of stress values due to 
dislocation core movement by a distance of b/3 along x-direction [11], where b is magnitude of Burger’s vector. 
The periodic maximum and minimum values of stress are due to breaking and making of the bonds between atoms 
near the dislocation core. The flow stress, required to move the dislocation in its slip plane is found to be 81 MPa. 
Similarly, the flow stress for edge dislocation to move in Fe-10%Cr alloy matrix is also determined. The analyses 
are carried out for different random distributions of chromium atoms. The τ-γ plot for different random distributions 
of Cr is shown in figure 1(a). The peaks in τ-γ plot are amplified due to the presence of Cr atoms and are less 
regular in comparison to pure Fe. This is due to the pinning and releasing of the dislocation by cluster of two or 
more chromium atoms. This analysis shows hardening effect due to the presence of Cr atoms in pure Fe. The solute 
hardening behavior in [26-32] is found to be due to short range interaction of solute atoms. The average of maximal 
flow stress is 130 MPa as shown by dotted line in the figure. The alloy matrix Fe-10%Cr with 1% helium is used to 
assess the effect of irradiation on the dislocation mobility. The τ-γ plots for different random number seeds are 
shown in figure 1(b). In the presence of 1%He, the peak stress values are more amplified and the stress required to 
move the dislocation increases significantly and the average of maximal friction stress is found to be 230 MPa.  
Unlike in pure Fe, The dislocation line has been found to be curvilinear in later two cases. It is also found that the 
dislocation motion is jerky in nature. 
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Figure 1 Shear Stress-strain (τ-γ) plot for a) Fe-10%Cr and b) for Fe-10%Cr-1%He with different random 

distribution. 
 
Interaction of Edge Dislocation with Voids in Pure Fe, Fe-10%Cr and Fe-10%Cr-1%He 
The MD simulations of interaction of edge dislocation with voids are carried out to determine the CRSS. The voids 
are considered by removing the atoms falling with in a spherical volume of void diameters considered.  The figure 
2(a) shows τ-γ plot for interaction of edge dislocation with different void diameter considered in pure Fe.                             
Four regions can be observed on such plots, initial region correspond to dislocation glide in an otherwise perfect 
crystal and ends when the dislocation starts to interact with the voids. As void attracts the dislocation, the stress 
becomes negative and there is creation of a step of length b on the entry surface. The increase in applied strain 
results in bowing of the dislocation and finally ED is released from void at maximum stress value i.e. CRSS. The 
release of the edge dislocation occurs with the formation of a step of size b, where b is magnitude of Burger’s 
vector, on the void surface in all the simulations resulting in the shearing of the void as described in [12]. At critical 
stress value, the unpinning of the ED from void is accompanied with the screw segment formation for 1.2nm and 
1.6nm void diameter. In the case of 0.8nm void diameter no screw segment formation is observed. 
 
Similarly, interaction of ED with voids is studied in Fe-10%Cr system. The 10% Cr atoms are randomly distributed 
in Fe matrix. The presence of Cr atoms seems to decrease the CRSS for smaller size voids and have a softening 
effect on the strength of the void. This has been checked for various distributions of Cr atoms and this observation 
has been found to be consistent. Out of the three cases (i.e. 0.8, 1.2 and 1.6nm) reported in the present paper, there 
is a softening effect of Cr atoms for 0.8nm void. A transition behavior has been observed for 1.2nm void. Whereas, 
the CRSS is noticeably higher in case of 1.6nm void. The softening effect due to the presence of Cr atoms for lower 
diameter voids is still unknown. The effect of irradiation induced helium in FM steels on the interaction of ED with 
void is considered by randomly placing the substitutional He atoms in Fe-10%Cr matrix. The τ-γ plot for Fe-
10%Cr-1%He is shown in figure 2(b). In comparison to pure Fe and Fe-10%Cr, a significant increase in CRSS is 
observed due to the presence of 1%He.  
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Figure 2 Shear Stress-strain (τ-γ) plots for ED interacting with void of different diameters in a) pure Fe and b) Fe-
10%Cr. 
 
Interaction of Edge Dislocation with He Bubble in Pure Fe and Fe-10%Cr 
The bubbles of size 0.8nm, 1.2nm and 1.6nm are inserted by replacing Fe lattice atoms with He atoms in a spherical 
volume of given diameter, results in bubbles of type 1He-1V pair. The τ-γ plots for edge dislocation interacting with 
helium bubbles in pure Fe is as shown in figure 3(a). It is seen that He bubbles of 1He-1V type are weaker obstacles 
in comparison to the voids of same size as highlighted in [24]. The dislocation bubble interaction behavior is similar 
to that of the dislocation void interaction as described in section 3.2. In case of 1.6nm bubble, formation of screw 
segment is observed while releasing of ED by bubble. Similar exercise has been carried out for the interaction of 
edge dislocations with helium bubbles in Fe-10%Cr system. The τ-γ curves are shown in the figure 3(b). The 
simulation shows that the CRSS for an edge dislocation interacting with He bubble (1He-1V) is comparable to as 
that of a void. The CRSS for 1.6 nm diameter bubble is same as that of void in Fe-10%Cr, but for 0.8 and 1.2nm 
bubbles it is 157 and 129MPa greater than that of void.  The interactions of dislocation with He bubble as obtained 
by present computation are shown in figure 4(a) and (b).  It is observed that the dislocation curvature due to pinning 
by bubble in Fe and Fe-10%Cr are same. 
 

 
Figure 3 Shear Stress-strain (τ-γ) plot of interaction of edge dislocation with He bubble in a) Pure Fe and b) Fe-

10%Cr. 
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Figure 4 Interaction of ED with 1.6 nm bubble in Fe-10%Cr-1%He, (a) initial dislocation-bubble configuration, (b) 
bowed out dislocation line after pinning by bubble. (Cr atoms-blue color, He atoms-pink color, Fe atoms other than 

dislocation line is not shown here). 
 
CONCLUSION 
 
The MD simulations of dislocation defect interactions are presented, with an aim to understand the irradiated 
material behavior and to provide input to higher length scale simulations. From the present simulations it is 
concluded that: The average of maximal stress (i.e. flow stress) for dislocation motion in Fe, Fe-10%Cr, and Fe-
10%Cr-1%He are obtained as 80MPa, 130MPa  and 230MPa respectively. In dislocation void interaction, it is 
found that the CRSS increases linearly with increase in void diameter from 0.8 nm to 1.6 nm in all the systems 
considered. The CRSS required for edge dislocation to overcome the void of diameter 1.6 nm in Fe-10%Cr is 
slightly higher (35-40MPa) than that of pure Fe. However, the same for Fe-10%Cr-1%He is significantly (150-
160MPa) higher. The CRSS for interaction of edge dislocation with He bubble (1He-1V) in pure Fe is lower than 
that of voids. In case of Fe-10%Cr it is observed that the bubbles are stronger obstacles than voids. To get a 
statistically averaged value of CRSS in Fe-Cr and Fe-Cr-He system, more runs has to be taken with different 
random distribution of Cr and He atoms. 
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