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Abstract 
 

Molecular Dynamics Study for the Stress Effect on the Radiation-

Induced Defect of Refractory Materials 

Mosab Jaser Banisalman  

Dept. of Energy system engineering 

College of Engineering 

Seoul National University 

Tungsten (W), molybdenum (Mo), and vanadium (V) as candidate materials for plasma 

devices and fusion reactors are subjected to several sources of strain during operating 

conditions and these strain levels will affect the defects generation when the materials 

under collision cascades. To reveal the strain effects on radiation defects formation and 

evolution behaviors, we have evaluated the energy of defects formation, the number of 

defects generation, cascade pattern, and subcascade propagation under the effect of strain. 

At first, we evaluated the threshold displacement energy (TDE) as it is an important 

quantity used theoretically to determine the number of defects formed by irradiation of 

high-energy particles and it is well known to be used for the NRT model of damage 

quantification. However, TDE evaluated for the typical material of our study, i.e. W, have 

been reported with different values and then used in previous studies, which has caused 

inconsistencies in calculated damage amounts. At first, for our thesis objective, we 

evaluated accurately the free strained TDE using molecular dynamics (MD) method, where 

the TDE is defined as the average value of the minimum displacement energies over 

several sets of recoil directions. 

To determine the TDE accurately, the effects of calculation settings, such as the simulation 



II 
 

cell size, the number of sampled recoil directions, the incremental step of the recoil energy 

in searching the threshold energy, and the thermal vibration of atoms, were analyzed. A 

TDE of 85 eV was obtained for tungsten with a correlation factor of 4.5%. This TDE value 

is close to the one recommended by the American Society for Testing and Materials 

(ASTM), 90 eV. Consequently, we conclude that 90 eV is a reasonable choice for the TDE 

of tungsten. In the same manner, the Mo and V were evaluated following the recommended 

setting as 78 eV for Mo and 57 for V respectively. After we got the right free strained 

values and after we checked our MD results compared with the reported and experimental 

result we applied the strain condition and evaluated the strained TDE.  

We tested the influence of hydrostatic and uniaxial strains on Frenkel pair formation 

energy (FPE) and TDE for W, Mo, and V. Under applied strain the self-interstitial atom 

formation energy decreases significantly, while the vacancy formation energy slightly 

increases, which causes concurrent decreases in FPE and TDE.  The opposite responses are 

observed under compression strain. This result indicates that the radiation defect formation 

is enhanced by a tensile strain, while suppressed by a compressive strain. The strain effects 

on TDE and FPE are determined mainly by the volume change in the deformed crystal 

regardless of the strain mode. Both TDE and FPE under strain conditions are described by 

linear functions of the volume change. After successfully evaluated deformed TDE we can 

estimate roughly the amount of defects generated of the specific materials by applying the 

NRT model. However theoretical results expected to be different than the real MD results 

of cascade collision, especially at larger PKA energies and under larger strain levels.   

Simulation of different PKA energies between 1, 6 and 10 keV, under applied strain, was 

conducted at a fixed temperature. Simulation results showed that as the atomic 

displacement cascade proceeds under strains, the peak and surviving number of Frenkel 

pair defects increases with increasing tension; however, these increments were more 

prominent under larger volume changing due to dislocation segment formation at around 



III 
 

1.6 % of hydrostatic strain and under 10 keV of  PKA energy. The rate of increase/decrease 

in the number of Frenkel pairs, their clustering, and their cluster sizes under 

expansion/compression strain conditions were higher for higher PKA energy. Clusters 

formed of vacancies and interstitials were both larger under tensile strain conditions.  

We added further analysis in the appendix. A, for cluster’s evolution, as under strain 

condition the clusters from (1~3) SIA show stability under larger strain values. For the 

mobility, the diffusivity of the SIA clusters has a gradual transition from three dimensional 

(3D) to one dimensional (1D) path at the saturated strain. The 1D transition was observed 

for large clusters and large strain while the 3D transition was for small clusters and lower 

strains. Under cascade collision, defects generation and their mobility, growth rate, and 

distribution is the cornerstone for understanding the structural evolution of a material used 

under irradiation conditions. Overall, the present results suggest that strain effects should 

be considered carefully in radiation damage environments, specifically for conditions of 

low temperature and high radiation energy. Compressive strain conditions could be 

beneficial for materials used in nuclear reactor power systems. 

 

Keyword: Radiation-induced defects; Refractory materials; Molecular dynamics; TDE, 

Strain; Collision cascade; Defects evolution. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Research background 

In nuclear reactors, the collision of an incident energetic particle with the 

constituent atoms causes defect formation due to atomic displacement. Adverse effects on 

material properties, such as irradiation-induced hardening, the shift of the ductile to a 

brittle transition temperature, and the degradation of thermal conductivity are often caused 

by the formed defects. Therefore, to understand and control the adverse radiation effects, 

it is important to predict the types and number of radiation defects formed during reactor 

operation. 

Refractory metals such as tungsten (W), molybdenum (Mo), and vanadium (V) 

are promising candidate materials for the components of fusion reactors. For example, W 

and Mo are considered for use as plasma-facing components for diverters in plasma 

devices. V-based materials have significant advantages for structural materials due to the 

high melting temperature and lower levels of long-term activation of V. During reactor 

operation, the materials suffer many sources of strain, such as irradiation-induced swelling, 

alloying/solute precipitates, void swelling, and solute segregation. Void-metal interactions 

sometimes become extremely high [1], and the deuterium precipitates exhibit strain fields 

up to 5 % in one direction due to the local volume expansion [2]. In addition, the diverter 

of fusion reactors will be subjected to combined thermal flux and mechanical stress. Such 

stresses would affect the stable defect type, and the density and distribution of formed 
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defects, which changes the lifetime of the materials. Indeed, previous molecular dynamics 

(MD) studies of the collision cascades have shown that the stress changes the number of 

defects generated by collision cascades in alpha-iron [3–5] and copper [6]. With a low 

absorption neutron cross section of ∼0.24barns, W is a preferred fuel cladding material in 

pressurized water reactors operating at a moderate temperature. Target materials used in 

industrial applications endure highly energetic ion impact, high temperature, and severe 

strain environment [7–11].  

Interaction of energetic particles with target materials modifies the materials’ 

surfaces, structural properties, and mechanical properties [12,13]. Particles like protons, 

neutrons, electrons, and ions impart their energy to the surface atoms of the target materials 

and produce recoils, which are high-energy primary knock-on atoms (PKA) that initiate 

atomic displacement cascades. These displacement cascades lead to the formation of the 

localized point, line, and volumetric defects, which further aggregate to form defect 

clusters, voids and stacking faults, causing degradation of materials integrity and 

performance [13,14]. Many experimental efforts have been made for W and its alloys [15–

17] and few experimental studies for Mo, V by ion bombardments for chemical change, 

sputtering yield studies were reported [14,18–21]. It is nearly impossible to conduct 

experiments that would clarify the rapidly occurring cascade dynamics processes; 

characterized by time and length scales of the order of ps and nm, respectively, inside a 

material during irradiation [22,23]. Analyzing the cascade processes occurring at 

femtosecond scales provides deep insight into the primary damage states of materials, 

which give rise to subsequent microstructural and mechanical changes occurring over a 
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long period of time in engineering materials. Various computer simulation methods have 

been widely used to bridge the gap between known experimental results and measurable 

theories[24]. 

 The use of molecular dynamics (MD) has rapidly improved the initial 

investigations of displacement damages, including the ballistic collision phase, successive 

relaxation, and defect-recombination phase, as well as the number of defects surviving by 

the end of relaxation phase, their mobility and interaction[25–28]. These characteristics of 

displacement cascade specifically the defect clusters, clustering mechanism, and their 

properties consequently influence the successive microstructural evolutions in the 

materials over the large time-scale. 

 An imbalanced proportion of vacancy and interstitial clusters creates a complementary 

imbalance in the proportion of single defects, which diffuse in all directions and are 

responsible for solute transport. Among other nuclear reactor materials, W, Mo, and V 

refractory materials and its alloys have been subject to some studies and dynamics of defect 

production based on cascade simulations [29–32]. A. E. Sand, K. Nordlund et al[33] 

reported radiation damage simulations of W for PKA energies ranging from 0.1 to 100keV 

at 300K, 1025K and 2050 K showed that number of surviving Frenkel pairs (FP) at the end 

of the simulation cascade follows the empirical formula NF = an (EMD/Ed)
b, where EMD  is 

the PKA energy, a and b have the constant values 0.01~0.49 and 0.74~1.36, respectively. 

Theoretically, the number of FP’s generated under various radiation conditions could be 

affected by the threshold displacement energy (TDE). TDE is the minimum amount of 

kinetic energy required to displace a lattice atom from its lattice site to a defect position 
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and it is affected by different conditions, such as temperature and strain. Recently, TDE 

for specific directions under hydrostatic strains were investigated for pure W [34], the TDE 

strongly decreases with increasing tension and the TDE showed an increasing trend for 

compression. However, to our knowledge, there have been no literature reports regarding 

investigations of the effects of strain and on radiation damage generation and collision 

cascades for a wide range from compression to tension in tungsten at low temperature. 

In determining the primary state of radiation damage in materials, TDE is regarded 

as one of the most fundamental quantities. TDE is used in theoretical models, such as the 

Norgett-Robinson-Torrens (NRT) model [35], to evaluate the number of generated defects. 

In experiments, TDEs for some specific directions, such as <100> and <111>, were 

obtained in W [36], Mo [37] and V [38]. In MD simulations, not only TDEs of specific 

displacement directions but also the average values were calculated in W [39–41], Mo [39] 

and V [42,43]. However, all of these data were obtained for stress-free conditions. 

Knowing the TDE would be as a parameter where we can estimate the radiation damage 

by theoretical models such as NRT models and compare it with the defects generation by 

cascades collisions.  

In the present work, we studied the strain effects on TDE for W, Mo and V to 

predict how the radiation damage is changed by stress effect and how the number of 

Frenkel pair affected and evolve under strain. Specifically, the influence of the applied 

uniaxial and hydrostatic strain on TDE is evaluated with MD simulations for W, Mo and 

V. In addition, the formation energies of six point defects are evaluated with applied strain 

for those materials. A linear model to roughly estimate the stress effects on TDE is derived 
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from the results of MD simulations. The collision cascade event of high PKA energies was 

tested for the W as a typical material of refractory material.  

1.2 Research objects and scope 
 

The radiation damages are determined by two main factors: the first one is how 

many defects are created in radiation collision (formation number of defects) and the 

second one is how the defects evolve and develop with time (defects kinetics). For the first 

one, the threshold displacement energy (TDE) is one of the most important quantities for 

evaluation the defects quantification. The TDE is prominent to evaluate and theoretically 

estimate the radiation damage for specific material under the collision cascade. The 

collision cascade may also lead for further sub-cascades which will play an important role 

in the sub-sequent-chain of displacement events occurrences and generating more number 

of defects at higher PKA energies. For the second one knowing the defect’s cluster 

diffusion trajectories and its diffusion path is reflecting the defects kinetics. Hence if those 

parameters are known we would be able to reveal the strain effects on radiation defects 

formation and evolution. 
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CHAPTER 2. LITERATURE REVIEW 
 

 

For the materials used in nuclear reactors, the collision of an incident energetic 

particle with the constituent atoms causes defect formation, cascade evolution and 

propagation due to atomic displacement. Adverse effects on material properties, such as 

irradiation-induced hardening, the shift of the ductile to a brittle transition temperature, 

and the degradation of thermal conductivity are often caused by the formed defects. 

Therefore, to understand and control the adverse radiation effects, it is important to predict 

the types and number of radiation defects formed during reactor operation. 

Refractory metals such as tungsten (W), molybdenum (Mo), and vanadium (V) 

are promising candidate materials for the components of fusion reactors. During reactor 

operation, the materials suffer many sources of strain, such as irradiation-induced swelling, 

alloying/solute precipitates, void swelling, and solute segregation. Void-metal interactions 

sometimes become extremely high [1]. So it is important to study the radiation-induced 

defects under strain but before we start into tackling this issue we have.  The radiation 

damages are determined by two factors: How many defects are created in radiation 

collision (formation number of defects) and how the defects evolve and develop with time 

(defects kinetics). For the first one, the threshold displacement energy (TDE) is one of the 

most important quantities for evaluation number of defects.  

The TDE is prominent to evaluate and estimate theoretically the radiation damage 

for specific material under the collision cascade events. The collision events may also lead 

further for a sub-cascades formation which leads for sub-sequent-chain of displacement 
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event and generating more number of defects at higher PKA energy. Hence if those 

parameters are understood we would be able to evaluate the strain effect of radiation 

induced defects formation.  

Though the TDE parameter  was already known for several materials, it has large 

discrepancy from the reported values, this kind of discrepancy due to, experimental 

condition setting, the limited ability form engineering perspective to establish specific 

directions cascade, not carefully investigating and analysing the calculation settings as well 

as the different potential models which were used for the simulation. For example in TDE 

the work was reported by Setyawan, which was one of the most up to date works 

considering the using of MD simulation for evaluating the TDE’s values. However, he has 

reported several values of TDE  including the values for W and Mo. Setyawan et al in his 

work reported TDE to be 122 eV ~ 170 eV considering different potential models , while 

the value he got considering using the most accurate potential model was 98±3.7 eV [44] 

and it is the same potential model we have used with W  but he didn’t carefully investigate 

the calculation settings during the process of TDE evaluation. Mainly the energy increment 

value to be added for initiating the recoil event was 6 eV by Setyawan work, while we 

found the optimal value to be the minimum value with only 1 eV or even less. By such 

Setyawan has overestimated his TDE of W at least by around 10 eV on average.  Another 

TDE study by Jan Fikar et.al reported it to be  45-61 eV [45] for W, as they modified the 

potential model with its cutting distance and ZBL potential to be close to that experimental 

value which as it is around 50 eV, both Jan Fikar, and Setywan et al. they  determined by 

molecular dynamics (MD) calculations. In different approach of calculations was obtained 

by theoretical model and its value reported by 55.3 eV [46] using a few available 
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experimental values [47] as those value only estimated around <111> , <110> and <100>; 

hence the model didn’t take into account that the TDE is strongly dependent of 

displacement direction and there is a characteristic directions around <321> as we found 

has strong raise in TDE compared to those soft directions. The last one was reported to be  

90 eV, which is recommended by the International American Society for Testing and 

Materials (ASTM) recommendation[48] and it seems to be the most recommended value 

to be almost close to the accurate value.   

Another works for TDEs at some specific directions, such as <100> and <111>, 

were obtained in W [36], Mo [37] and V [38] experimentally, our results were nicely 

confirmed with these main directions results using the accurate calculation settings set. 

However, in MD simulations, not only TDEs of specific displacement directions but also 

the average values were calculated in W [39–41], Mo [39] and V [42,43], all of these data 

was applied over enough averaging set though it is not  considered carefully for the right 

calculation setting to be applied hence overestimated of underestimated for the result was 

reported. However, all of those reported data were obtained for stress-free conditions. 

Considering the normal operation conditions, we applied our recommended calculation set 

to evaluate the TDE under strained conditions.   

For bcc-W, a greater hydrostatic tensile strain causes the formation of more 

Frenkel pairs by collision cascade with 5 keV [49] by D.Wang, and his work was one of 

the main studies in the strain effect on the tungsten, but he only simulated the result for 

only four main directions as <111>,<110>, <100> and <135>. For other bcc-Fe, the TDE 

decreases with increasing uniaxial tensile strain [50] which was tested for only two 
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hydrostatic strain values 2% and 5% it may give general understating for the trend of TDE 

behavior under strain. 

In a previous study, it was found that the effect of strain on defect generation by 

atomic collision is almost proportional to the volume change, i.e., almost no effect by shear 

stresses and a larger effect in the hydrostatic deformation than the uniaxial deformation if 

the strain amplitude is the same, only four directions were considered [3]. All of these 

above studies either its applied over specific direction, not considering several effects, like 

energy increments, vibration timing, in the case of free strained, and different material, a 

small set of strain as well the condition not applied. Also, the potential models they have 

used were not stiff enough, or it was referred to an experimental result only for its fitting 

so up to this point there was not enough study to evaluate the TDE of W, Mo, and V under 

strain conditions. And this value we have accurately estimated in our thesis work and an 

empirical relation was derived to give a common understating for the general bcc-metals 

behaviors under strain. 

The TDE value is still the main terminology to be also evaluated for the cascade events. 

As it is known TDE is the energy needed to form a Frenkel pair. Now after TDE under 

strain is evaluated, we would like to know the formation number of defects. Respectively 

the W is chosen to be a typical material for the cascade study, however, we could not find 

so far any completed study perform the cascade collision under the strain effects. Among 

other nuclear reactor materials, W, Mo, and V refractory materials and its alloys have been 

subject to some studies and dynamics of defect production based on cascade simulations 

[29–32]. A. E. Sand, K. Nordlund et al[33] reported radiation damage simulations of W 
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for PKA energies ranging from 0.1 to 100K at 300K, 1025K and 2050 K showed that 

number of surviving Frenkel pairs (FP) at the end of the simulation cascade follows the 

empirical formula NF = an (EMD/Ed)
b, where EMD  is the PKA energy, a and b have the 

constant values 0.01~0.49 and 0.74~1.36, respectively. Theoretically, the number of FP’s 

generated under various radiation conditions could be affected by the threshold 

displacement energy (TDE). TDE is the minimum amount of kinetic energy required to 

displace a lattice atom from its lattice site to a defect position and it is affected by different 

conditions, such as temperature and strain. Recently, TDE for specific directions under 

hydrostatic strains were investigated for pure W [34][51], the TDE strongly decreases with 

increasing tension and the TDE showed an increasing trend for compression. However, to 

our knowledge, there have been no literature reports regarding investigations of the effects 

of strain and on radiation damage generation and collision cascades for a wide range from 

compression to tension in tungsten at low temperature. 

For strained conditions, the iron cascades of 10 keV primary-recoil energy have 

been simulated in a single crystal with a strain of 0%, 0.1%, 0.5% or 1% applied along a 

<111> axis, with at least four events modeled for each condition. In the next study of a-Fe 

was under different non-uniform stress fields is studied by a computer simulation method. 

It is shown that such fields can significantly change a cascade region structure. The 

depleted zone becomes more compact; the number of stable defects produced is less than 

that in an unloaded crystal. The cascade development and TDE calculations in a-Fe under 

a uniform load  [3–5]. For copper (PKA) energies of 1–30 keV. When 1% strain was 

applied, the number of surviving defects increased at PKA energies higher than 5 keV, 

although they did not increase at 1 keV. The rate of increase by strain application was 
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higher with higher PKA energy and attained the maximum at 20 keV PKA energy with a 

subsequent gradual decrease at 30 keV PKA energy The cluster size, mostly affected by 

strain, was larger with higher PKA energy [6]. For unstrained and +1.6% hydrostatic 

strains, the relationship between the number of surviving Frenkel pairs and the PKA energy 

showed a good empirical power law fit of the form [52]. Recently, Gu énol é et al.[53] 

investigated the effects of intrinsic uniaxial, biaxial, and hydrostatic strains on the TDE for 

pure Al and Pure Si, and demonstrated that for hydrostatic strain the TDE strongly 

decreases with increasing tension; however, for uniaxial/biaxial strains, the TDE showed 

an increasing trend for compression, but remained unchanged for expansion. The decrease 

in the number of Frenkel defects for both uniaxial and hydrostatic strain fields. These 

increases/decreases in the number of produced and surviving Frenkel pairs with 

expansion/compression suggests that the applied strains influence the cascade process by 

affecting the energetics of the formation and recombination of Frenkel pairs [54]; however, 

it becomes stable or slightly increased for higher PKA energies because of the formations 

of several sub-cascades[55,56] the peak number of defects, and the fraction of point defect 

survival under expansion/compression [49].  

The results showed that the Frenkel pair formation energy decreases as strain 

moves from compression to tension and this decrease is quite rapid for the hydrostatic 

strain system[49]. In short, the occurrence probability of larger clusters increases for both 

vacancies and interstitials under volumetric expansion [6]. For the uniaxial case, the strain 

was varied between -1% and 1%. Defect production rate in cascade increased significantly 

under uniaxial tensile stress, and even under uniaxial compressive one.  
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However, the collision cascades under strain lead to the different type of defects 

to form, and some of those defects accumulate as groups to form clusters [57]. 

Understanding defect kinetics in a stress field is important for multiscale modeling of 

materials degradation of nuclear materials. By means of molecular dynamics simulations 

several studies have been performed to obtain formation and migration energies of defects 

in specific metals such as alpha Fe by using molecular dynamics (MD) simulations [58–

61] and all of these studies were at free strain condition while there are  other simulation 

studies considered the stress application on defects formation and TDE changes [3]. Ab-

initio calculations were employed to investigate the stability of single self-interstitial atom 

(SIA) in alpha Fe under external deformation [62]. Only single SIA atom was considered 

for the archived studies on stress effects on defect formation and defect migration in alpha 

Fe. However many of these studies kind were conducted from Zr [63]. However limited 

study was proposed for the clustering and kinetic evolution behavior under strain, but one 

recent study investigated the effect of stress on the defect clusters generation in the onset 

stage of displacement cascade formation and evolution for larger clusters in alpha Fe [64]. 

For Tungsten achieving a better understanding of the thesis goals we conduct the cluster 

evolution behavior under strain mainly the trajectory behaviors and that what we are 

approached and the results introduced in appendix A as extra analysis. It is worthy of note  

From the multiscale point of view, the lack of knowledge on SIA’s clusters (containing 

more than one SIA) has been an issue as it is difficult to acquire the experiential results for 

such studies. So by which we concluded it is limited to any available study to cover how 

many of defects are created in radiation collision (formation number of defects) and how 

the defects evolve and develop with time (defects kinetics) under strained conditions. 
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CHAPTER 3. RESEARCH METHOD AND 

DESIGN 

 

This chapter details the research methodology and research process adopted for 

this study. The atomistic tools we have used included the MD with LAMMPS code, 

analysis codes, for example, the defects formation detection and counting code by applying 

the Wigner seize cell method and other processing codes for handling the large size of data. 

We used ORIGIN software for visualization and processing the data and showing the 

results. We also used OVITO code for cascade and trajectory of defects generations. 

OVITO code also was used to extract the cluster configuration as time evolve. Each part 

of the work and its method specified within the research approach, simulation settings and 

analytical techniques adopted to satisfy the developed research objectives. A detailed 

explanatory method was introduced for each part to meet the research objectives. 

3.1 Overview of the research method and design 

This study adopts a stepwise procedure design through development, simulation, 

analysis of both quantitative as several values were evaluated and tested to achieve the 

objective goals and qualitative data resulted by finding the accurate and best calculation 

settings. The settings include the TDE evaluation settings, after that apply those setting 

into a strained condition, after that, we applied the higher PKA cascade on those generated 

structures and finally evaluate the cluster trajectories for kinetics study. The sections are 



 

14 

 

approach to provide a better understanding of the research questions and problems, which 

strengthens the research design and completes the research through the provision of more 

detailed info on the methods, and to analyze the effect of strain on refractory materials.  

This chapter divided into five parts first part about Calculation setting of TDE 

evaluation, the deformed structure preparation, cascade collision, and cluster evolution.  

3.2 Calculation setting for TDE 

MD simulations were performed by using the Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) code [65].  LAMMPS code [66]. The 

interatomic interactions are described using the embedded atom method (EAM) potentials 

that were originally parameterized by Derlet et al.[67], Mo and V, and revised by Björkas 

et al.[42] (DB) for recoil simulation for W and V. A bcc-W crystal was modeled with 

supercells of various sizes under periodic boundary conditions. In bcc metals, since the 

<111> collision sequence often occurs, the damage region and reentered atoms along the 

<111> collision sequence could overlap if a cubic supercell is used. To avoid the overlap, 

we utilized orthorhombic (2nsize)×(2nsize)×(3nsize) supercells with an integer size, such as a 

6×6×9 supercell with nsize = 3, where the number of atoms (Natom) is equal to 24
3

sizen .  

Before starting a recoil event, the systems were equilibrated at 0 Pa and 30 K under 

an NPT ensemble of the Nose-Hoover thermostat [42][68], where 0 Pa is practically 

equivalent with the atmospheric pressure. For example, the volume difference between 0 

Pa and 105 Pa is just around 0.00005% in bcc-Fe according to the bulk modulus of bcc-Fe 
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(210 GPa). Additionally, 30 K is within a typical temperature range of recoil simulations 

for the TDE evaluation. 

Recoil MD simulations were performed under the NVE ensemble. Each recoil 

event was initiated by giving recoil energy, as additional kinetic energy, to an atom, which 

is regarded as the primary knock-on atom (PKA). The total energy of the system is 

conserved after the introduction of the recoil energy. In the present study, we always 

selected the same atom as the PKA. Electronic stopping was not considered because the 

utilized recoil energies were not high. 

An adaptive timestep implemented in the LAMMPS code was used. Specifically, 

in every 5 steps, the timestep was first estimated so that the maximum displacement (xmas) 

of atoms per step became less than 0.01 Å . Then, if the estimated timestep was larger than 

tmax, which was 2 fs in the present study, the timestep was reset to tmax. We confirmed that 

this adaptive scheme with xmax = 0.01 Å  and tmax = 2 fs is accurate enough for the present 

study by comparing the results for some different xmas and tmax values.  

Each recoil MD simulation was performed up to around 5 ps after the onset of the 

recoil event. For the last structure of each recoil simulation, whether a defect was formed 

in the system or not was judged by Wigner-Seitz defect analysis [69] using the LAMMPS 

Voro++ package [70]. Specifically, we first defined Wigner-Seitz cells concerning the 

initial atomic configuration, which is a perfect bcc-W lattice at 30 K. Then, in recoil 

simulations for which there was a Wigner-Seitz cell that did not contain an atom, the cell 

was regarded as a vacancy, and we judged that a defect was formed. It should be noted that 

if the size of the supercell is small, the system starts to move/drift significantly when a 
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recoil event is initiated because the introduction of recoil energy induces a momentum in 

the system under the NVE ensemble. The movement/drift of the system sometimes causes 

a misjudgment in the Wigner-Seitz defect analysis. Therefore, to avoid this, the center of 

mass of the system was fixed during recoil simulations. We confirmed in some test cases 

that the Wigner-Seitz defect analysis with a fixed center of mass appropriately detects a 

defect in comparison with visual analysis of the MD results. 

To determine the minimum displacement energy for each recoil direction, we 

conducted the following two steps: 

 (Step-1) The recoil energy was first set to 25 eV, and it was then increased by  ∆Estep 

eV until a defect was first detected;  

 (Step-2) After the first detection of a defect, the recoil energy was decreased by 1 

eV to determine the minimum energy for defect formation.  

The minimum energy for a specific recoil direction is denoted as Ed,i hereafter, 

where the index i indicates the recoil direction. We also use a similar notation to represent 

the Ed,i value for a specific recoil direction, for example, Ed,<100> represents the Ed,i of the 

<100>. 

For this part of settings, we first prepared 1000, 2400, 4800, 10000 and 15600 

nearly uniform points on a unit surface. Then, thanks to the symmetry of the bcc lattice, 

we only needed to consider points whose coordinates satisfy 𝑥 ≥ 𝑦 ≥ 𝑧 ≥ 0 , which 

resulted in a set of the so-called irreducible crystallographic directions (ICDs). The number 

of ICDs (NICD) is approximately one forty-eighth of the original number of nearly uniform 
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directions: NICD = 19 for 1000 uniform directions, NICD = 50 for 2400, NICD = 97 for 4800, 

NICD = 210 for 10000, and NICD = 329 for 15600. 

We explain how the ∆Estep value (3) and thermal vibration (4) affect Ed,i in Fig.3. 

1. Fig 3.1(a) shows the results of <321> recoil simulations as a function of recoil energy 

up to 300 eV at 1 eV intervals. The probability of defect formation is not a simple step 

function as previously reported [71]. Rather, it often occurs that a defect is formed with a 

certain energy but not formed with another energy above it. Fig 3.1 (b) shows another set 

of results from the <321> recoil simulations, whose conditions differ from those of Fig. 

3.1 (a) only in the timing when a recoil event was started by 50 fs. There are some 

differences between the patterns in Figs 3.1(a) and 1(b): The locations of atoms are 

different if the timings are different. Thus, the collision dynamics develop in somewhat 

different manners. We call this the effect of thermal vibration. In a previous study, the 

effect of thermal vibration was indirectly reduced by randomly choosing different atoms 

as the PKA in MD simulations of different recoil directions [66]. In this case, each PKA 

holds a different amplitude and direction of vibration, and then, the effects are partly 

canceled out by averaging over the number of recoil directions. In the present study, we 

estimated the effect of thermal vibration by averaging the results of simulations of different 

recoil event timings while always selecting the same atom as the PKA.  

Fig. 3.1(c) illustrates how ∆Estep affects the Ed,i value, where ∆Estep = 1 eV and 3 

eV, respectively, give 138 eV and 142 eV for Ed,i. In the case of ∆Estep = 5 eV, Ed,i is largely 

overestimated to be 178 eV. 

In summary, Ed,avg was calculated as follows in the present study: 
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where Ed,i,j is the threshold energy determined for the i-th direction recoil at the j-

th timing simulation, and Ed,i is the averaged threshold energy determined for the i-th 

direction recoil. Apparently, Ed,avg is a function of Natom, NICD, ∆Estep, and Ntiming as follows: 

 , , , , , .d avg d avg atom step ICD timingE E N E N N    (3.2) 

The true value of Ed,avg is obtained when Natom, NICD and Ntiming are sufficiently large 

and ∆Estep is sufficiently small, namely, Natom → ∞, NICD → ∞, Ntiming → ∞ and ∆Estep → 0. 

In practice, however, we need to set finite values for Natom, ∆Estep, NICD, and Ntiming. In 

Chapter 3, we will show how these four calculation settings affect the calculated value of 

Ed,avg. 
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Fig. 3.1. Effects of the recoil event timing and ∆Estep on calculated the Ed,i value 

for <321> recoil simulations. (a), and (b) are the simulation results for different recoil 

event timings: the event was started 50 fs later in the case of (b). (c) Illustrates how ∆Estep 

alters Ed,i. 

3.3 Strained structure preparation 

3.3.1 TDE calculation: 

 As already proposed in section 3.2, an average value of  𝐸𝑑,𝑖  which is the 

37.sufficiently large number of displacement directions. The average value is called Ed.avg. 

In analogy, we define the deformed TDE as an average value of 𝐸𝑑,𝑖
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑, which is the 

threshold displacement energy for a strained structure at specific direction i. The average 
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value determined in a system under a deformation (strain) is called 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑. In order to 

determine the TDE as accurately as possible, the calculation setting that we tested is used. 

All MD simulations are performed using LAMMPS. The same  potential models were 

used for TDE evaluation which gives reasonable agreement with experimental data on 

Ed,<100> and Ed,<111>  for all materials as shown in Table 3.1, where the experimental values 

are of 10–40 K for W [36], 8 K for Mo [37] and room temperature for V [38], while the 

calculation values are of 30 K. We confirmed that the temperature dependence of Ed,<100> 

and Ed,<111>  are not significantly large for 0–300 K in the calculation. 

 Hence we use it as a scale for the validity of the calculation setting preparation. 

Material Type Ed,<100>   (eV) Ed,<111>  (eV) 

Exp. MD Exp. MD 

W 42 ± 1 43 44 ± 1 41 

Mo 35 34 45 ± 3 41 

V 30 ± 2.1 30 34.2 ± 2.3 34 

 

Table 3.1. Comparison of threshold displacement energies in <100> and <111> 

directions between experiments and MD calculations. The experimental data are taken 

from ref. [36] for W, ref. [37] for Mo, and ref. [38] for V. 
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In the MD simulations, first of all, the simulation cell of a free deformation 

structure is equilibrated with 30 K and 0 Pa, which are used as the initial conditions before 

the application of stress. The system is an 8×8×12 supercell of BCC, containing 1536 

atoms. Subsequently, as illustrated in Fig 3.2, hydrostatic strain or uniaxials strain is 

applied from −2 % to 2.2 % in incremental steps of 0.6 %, resulting in 8 different 

simulation cells for each strain mode.  

 

Fig. 3.2. Illustration for the deformation of uniaxial and hydrostatic strain modes. The 

embedded table shows changes in the cell constants and volumes from the non-deformed 

values (x0, y0, z0, V0) with a strain of Δ for each strain mode.  

 

In the case of uniaxial strain, for each deformed structure, the strain is applied to 

the simulation cell along the [100] direction. This is done by deforming the simulation cell 

in the x-direction at a deformation rate of 0.002 ps-1 up to the target strain under the NVT 
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ensemble. The lateral boundaries were fixed so that the cell lengths along y-direction and 

z-direction are unchanged. For hydrostatic strain, all boundaries are subjected to the same 

amount of strain, i.e., strains are applied on each face of the simulation cells along the 

[100], [010], [001] directions. Now we will apply the recoil event, by the MD simulation 

for around 5 ps. An adaptive time step was used with a maximum displacement (xmax) of 

0.01 Å  per step and maximum time step (tmax) of 0.002 ps and the rest or settings are exactly 

same settings which were introduced in section 3.2 to be applied over the deformed 

structure. 

 Each recoil MD simulation is initiated by applying a recoil energy to an atom 

located around the lattice center, which is regarded as the primary knock-on atom (PKA). 

The recoil energy is converted to the velocity components of the PKA when introduced. 

Starting with 5 eV, the recoil energy is increased by 1 eV until defects are first detected. 

By that, we reach the minimum energy for defect formation of the strained structure, which 

is defined as 𝐸𝑑,𝑖
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑. 

 For evaluating the directional dependency, the 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 of 100~400 quasi-

uniform directions of the deformation structures are evaluated. The quasi-uniform 

directions are prepared by the method reported in [40,71]. Because all recoil simulations 

are performed at 30 K in the present study, there is some deviation in calculated TDEs due 

to the vibration of atoms, which we call thermal vibration effect [40]. To suppress this 

effect, we conduct 4 (for Ed.avg and 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 ) or 20 (for 𝐸𝑑,𝑖  and 𝐸𝑑,𝑖

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  of several 

directions) different simulations, where the recoil events are started at different timings, 
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and then take an average of the results. The intervals of the recoil event timings are set to 

be 50 fs, which is sufficient to suppress the time correlation in the simulation results.   

3.3.2 Calculation setting of defect energies: 

The formation energies of point defects are calculated under constant strains. 

Several point-defect configurations are tested, i.e., octahedral (octa) interstitial, tetrahedral 

(tetra) interstitial, ⟨111⟩-dumbbell (dumb111), ⟨110⟩-dumbbell (dumb110), ⟨100⟩-

dumbbell (dumb100), crowdion (crowd) interstitial, and vacancy. For all materials, we 

confirmed that ⟨111⟩-dumbbells are changed to crowdions by geometry optimization. 

Therefore, crowdions are considered instead of ⟨111⟩-dumbbells. The formation energy of 

a defect (Ef) can be calculated as 

𝐸𝑓 = 𝐸𝑑𝑓 − 𝐸𝑝𝑒𝑟𝑓 
𝑁𝑑𝑓

𝑁𝑝𝑒𝑟𝑓
,  (3.3) 

where Edf  is the total energy of the system including the introduced defect, Eperf is 

the total energy of a perfect system without defects, Ndf is the total number of atoms in the 

defective system, and Nperf is the total number of atoms in the perfect system. 

3.4 Cascade collision settings 

 Using lammps and same EAM potential we just introduced for W by Derlet, This 

EAM potential has well-established accuracy in predicting TDE and defect energies [40]. 

Initially, a BCC supercell of atoms with periodic boundaries was thermally relaxed at 30K 

and zero pressure before the displacement cascade event. Then, hydrostatic strains ranging 

between −1.4% and 1.6% were applied to the supercell, and the strained lattice was 
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allowed to equilibrate for 20 ps ~ 30 ps in canonical NVT ensemble (i.e., constant atoms, 

volume, and temperature). The strain was applied in all direction hydrostatically; negative 

values corresponded to compressive deformation, whereas positive values corresponded 

to tensile deformation.  

The displacement cascade was originated by imparting the required amount of 

kinetic energy in the form of instantaneous velocity to a selected PKA near the center of 

the simulation cell with various recoil directions (i.e., [111], [110], [100] and [321]). The 

cascade energy was varied between 1 to 10 keV, and the temperature was fixed at 30K for 

all simulations. All cascade simulations were conducted using the micro-canonical/NVE 

ensemble (i.e., constant atoms, constant volume, and constant energy). The simulation cell 

sizes were chosen to be large enough to ensure that no displacement cascade would reach 

the cell boundaries. Specifically, simulation supercells containing about 54000, 182250, 

and 432000 W atoms were built for the respective cascade energies of 1, 6, and 10 keV. 

For each PKA energy, the irradiation-induced displacement cascade was allowed to evolve 

for ∼30ps. The standard number of atomic displacement can also be numerically estimated 

by means of the Norgett–Robinson–Torrens (NRT) method, which is expressed as follows 

[40]:  

vNRT = 0.8 EPKA/2Ed. (3.4)  

Here, Ed  is the TDE of the material; in the present case of tungsten, it was chosen 

to be 90eV according to International American Society for Testing and Materials (ASTM) 

standards [48]. Table 3.2 summarizes the simulation parameters used and the standard 

NRT displacements. 
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Table 3.2. The simulation parameters used and the standard NRT displacements. The 16 

different simulations consist of 4 different directions and 4 different timings. 

The final atomic configurations were analyzed on the basis of the Wigner–Seitz 

(WS) cell method and by using OVITO post-processing and visualization software [72] is 

conducted. According to the WS cell method, an empty WS cell without W atom 

occupancy corresponds to a vacancy, whereas a WS cell with two atoms is defined as an 

interstitial. As in BCC lattice structure, each lattice atom has 8 nearest-neighbors 

(coordination number) at a distance of 0.866a, here a is the lattice constant. To determine 

the number and sizes of the defect clusters, an automated nearest-neighbor analysis method 

was used: point defects of one type those were located at a mutual distance below a certain 

cut-off were searched and associated with the same cluster. The interstitials and vacancies 

within third and second nearest neighbor distances were identified as a cluster, respectively. 

The interstitials within a second nearest-neighbor distance were identified as a cluster. 

However, the first nearest neighbor distance was considered for vacancy clusters. 

PKA energy 

(KeV) 

No. of 

simulations 

NRT Box size No. of 

Atoms  

Simulation 

time 

1 16 5 30x30x30 54000 20 

6 16 28 45x45x45 182250 20 

10 16 74 60x60x60 432000 30 
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3.5 Cluster evolution 

Even though this work is placed at Appendix A, for further works we are showing 

the method for this part as well. The supercell contains 8 × 8 ×12 (1536) atoms, and 

periodic boundary condition is applied. In order to obtain migration energies, MD 

simulations are performed at temperatures ranges from 350 K to 600 K, which are proper 

to obtain sufficient defect mobility and to avoid clusters dissociation. Under a given 

temperature the cell is first relaxed using Nose-Hoover style non-Hamiltonian equations 

of motion to generate positions and velocities sampled from the canonical (NVT) 

ensemble, the equilibration step allows the lattice to expand to the temperature with a 

pressure of 0 bar at each simulation cell boundary. Then, the simulation cell is deformed 

in the x-direction, while the lateral boundaries are controlled using the isothermal-isobaric 

(NPT) to zero pressure. 

 Stress is applied along [100] direction. SIA dumbbell was introduced by adding 

two atoms manually into the lattice site after its original atom removed from the deformed 

structure. The two added atoms were separated by 1Å . The symmetry fixed by zero forcing 

the y and z coordinates of the added SIA’s. OVITO code [73] is used to visualize the 

deformation event as well as to extract and visualize defect diffusion trajectories. MD 

perform constant NVE integration to update position and velocity for atoms each specified 

time step where V is volume and E is energy. By this NVE creates for around 1 nanosecond 

a system trajectory consistent with the microcanonical ensemble is performed to simulate 

defect migration.  
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Diffusivities are determined by 

 𝐷𝑁 = lim
𝑡→∞

𝑅2(𝑡)

2 𝑛𝑑 t 
 ,    (3) 

𝑅2(𝑡)  is the mean-square displacement of the SIAs for time t, nd is the 

dimensionality of the motion which its eitheir 1D or 3D dimnetions that means the nd value 

might be mainly 1 or 3, and t is the simulation time. The migration energies are obtained 

from temperature dependence of diffusivities as extrapolated from Arrhenius expression: 

 𝐷𝑁(T) = 𝐷𝑜,𝑁(T)e−Em/kBT                      (4) 

where T is the temperature,  kB is Boltzmann's constant, Em is the migration energy, 

and 𝐷𝑜,𝑁(T) is a pre-exponential factor.  
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CHAPTER 4. RESULTS 

 

In this section we are showing the outcomes from the simulation have been 

conducting and the processing for our result, this section subdivided into four main parts 

and each part has several subsections, the research output was treated by showing the main 

calculation setting for accurately evaluate TDE at first, then the result of strain on the TDE, 

FP and collision cascades as well as the cluster evolution. Starting with the Expected 

effects of the four calculation setting settings: For the effect of the system size (1), a result 

obtained with a larger supercell is more accurate because a larger supercell system is closer 

to reality. We estimated the system size effect by calculating the Ed,avg in systems of 

different supercell sizes. Ed,avg is expected to converge to a certain value as the system size 

increases.  

It is reasonable to consider the converged value as the true Ed,avg. In the present 

study, we did not control the temperature of cell borders, which has often been done in 

previous studies to prevent the artificial re-entering of energy and momentum into the 

simulation cell due to the periodic boundary conditions. We did not want to add the factor 

that affects Ed,avg: the control of temperature at the borders would be another factor. 

Nevertheless, whether the temperature control is employed or not should not affect the 

converged value of Ed,avg because the effects of the energy and momentum re-entry become 

negligible in a sufficiently large system with or without temperature control.  
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For the effect of the number of sampled recoil directions for averaging (2), if we 

consider more directions, the average value becomes closer to the true average of Ed,i over 

all directions. In the present study, we generated a set of nearly uniform recoil directions 

according to the method used in a previous study [66]. Specifically, we first randomly 

located point charges on a unit sphere and then minimized the potential energy of point 

charges. Subsequently, a set of nearly uniform directions were constructed as direction 

vectors from the origin to the final locations of the point charges. The uniform direction 

set was used for TDE evaluation in free and strained conditions.  

4.1  Free strained TDE  

In this work, we aim to determine the TDE of W at first using the MD method as 

accurately as possible through careful analysis of the effects of MD calculation settings. 

The accurate setting would be applied similarly into Mo and V. We also aim to clarify the 

reason why the large discrepancies appeared among the previous studies. To achieve these 

aims, the first step of research is to define the TDE in the MD method. Indeed, the 

definition of the TDE is not very specific: it depends on the purpose and the method, as 

systematically discussed in a previous study for bcc-Fe [74]. In the present study, we define 

the TDE as the average value of the threshold displacement energies for all recoil 

directions, which has often been used as the definition of the TDE in previous MD studies. 

Hereafter, this average value is denoted Ed,avg, which is equivalent to Eav
d.ave in ref. [66]. 

The method employed in our work, including the calculation settings of MD recoil 

simulations and the procedure to search the threshold value, are described. In addition, 

calculation settings that affect Ed,avg are explained. Hence the MD simulation results used 
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to evaluate the effects of four calculation settings, namely, (i) the simulation cell size, (ii) 

the number of sampled recoil directions, (iii) the increment step of the recoil energy in 

searching the threshold value, and (iv) the thermal vibration of atoms, are presented and 

analyzed. Moreover, the results of two additional analyses on (1) the effect of direction 

deviation for the recoils of some typical directions, such as <100>, and (2) the validity of 

0 K MD simulations for the determination of Ed,avg are provided. Subsequently, in Chapter 

4, the most probable Ed,avg value with an estimated error is presented. In addition, we 

discuss the reasons why there are apparent inconsistencies between the present study and 

previous studies in the obtained TDE values. Finally, the paper is closed with concluding 

remarks 

4.1.1 Effect of the system size (Natom)  

Fig. 4.1 shows calculated Ed,avg as a function of Natom. Orthorhombic supercells of 

(2nsize)×(2nsize)×(3nsize) were used, where nsize was varied (2, 4, 6, 8, 10 and 14). The other 

calculation settings were set as follows: ∆Estep = 6 eV, NICD = 210, and Ntiming = 4 at intervals 

of 50 fs. Except for the smallest system, Ed,avg monotonically decreased as the system size 

increased. The monotonic decrease was interpreted as defect recovery. For a smaller 

system, a larger temperature increase was induced in the system, which increased the 

probability of the thermal recovery of created Frenkel pairs within the simulation time (~5 

ps). Consequently, a larger Ed,i value and then a larger Ed,avg value was obtained. As Natom 

increased, Ed,avg converged to a specific value as follows: 
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, , 4 eV, 210, 4

98.6 17.7 exp 1790   [eV].

d avg atom step ICD timing

atom

E N N N N

N

   

   
   (4.1) 

Eq. (4.1) Was obtained by fitting the results of the four largest systems (nsize ≥ 3). 

Ed,avg converges to 98.6 eV as Natom → ∞ in Eq. (4.1).  

The error caused by the system size can be quantified with respect to the converged 

value. For example, the Ed,avg values were determined to be 106.8 eV in the 8×8×12 system 

and 101.3 eV in the 10×10×12 system, which correspond to errors of 8.3% and 2.7% from 

the converged value, respectively. To balance accuracy and computational cost, we 

decided to use the 8×8×12 (Natom = 1536) and 10×10×12 (Natom = 3000) supercells in the 

following sections to check the effects of other calculation settings.   

The rise of the system temperature at the end of the recoil event is approximated 

as 

3 ,recoil atom BE N k T    (4.2) 

where Erecoil is the recoil energy, kB is Boltzmann’s constant, and ∆T is the expected 

temperature rise. If a defect is formed, the formation energy of the defect needs to be 

subtracted from Erecoil in Eq. (4.2). If the system is melted, the Wigner-Seitz defect analysis 

wrongly detects defects. This is a cause of the underestimation of Ed,avg in the 2×2×3 

supercell. According to Eq. (4.2), the 2×2×3 supercell system reaches the experimental 

melting point (3695 K) with Erecoil  = 23 eV. The difference between this estimate (23 eV) 

and Ed,avg in the 2×2×3 supercell (62.3 eV) is attributed to several reasons, such as (i) the 
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rise of the melting point as the system volume is kept constant in the NVE ensemble and 

(ii) the requirement of a temperature higher than the actual melting point for melting within 

a short simulation time (~5 ps).  

 

Fig. 4.1. Ed,avg values as a function of the number of atoms (Natom) in the unit simulation 

cell. 

4.1.2. Effect of ∆Estep  

Fig. 4.2 shows calculated Ed,avg as a function of ∆Estep. The other simulation 

settings were set as follows: Natom = 1536 or 3000, NICD = 210, and Ntiming = 4 at intervals 

of 50 fs. As ∆Estep increases, Ed,avg is overestimated in the range of 1-10 eV as follows: 
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N N

   

      
  (4.4) 

The trends in Fig. 4.2 are reasonable because searching Ed,i with a larger ∆Estep has 

a greater possibility of missing the true Ed,i value, which causes the overestimation. We 

consider the true Ed,avg value to be the value as ∆Estep → 0 eV, which can be estimated by 

extrapolation using Eqs. (4.3) and (6). It should be noted that the error in Ed,avg is twice as 

large as ∆Estep, approximately. Although the influence of ∆Estep has not been deeply 

investigated in previous studies, the present result indicates that the effect of ∆Estep needs 

to be appropriately reduced to achieve an accurate value of Ed,avg. 

In Fig. 4.2, the result of the 8×8×12 supercell (Natom = 1536) shows a qualitatively 

similar trend to the result of the 10×10×15 supercell (Natom = 3000). This means that the 

response of Ed,avg to ∆Estep is not strongly affected by the system size provided that a 

reasonably large system is utilized. In Section 4.1.1, the error due to the system size effect 

with ∆Estep = 6 eV was determined to be 2.7% with Natom = 3000. Assuming the same error 

percentage for ∆Estep = 0 eV, the expected value for 

 , , 0, 210, 4d avg atom step ICD timingE N N N N       is 83.8 eV. However, the error 

amount due to the system size seems to decrease as ∆Estep → 0 eV based on the comparison 

between Eq. (4.3) and Eq. (4.4) in Fig. 4.2. Hence, 

 , , 0, 210, 4d avg atom step ICD timingE N N N N       is likely to be located between 

83.8 eV and 86.1 eV. Consequently, we conclude that 
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 , , 0, 210, 4d avg atom step ICD timingE N N N N       is 85 eV with an error of 1.5%. 

If the same estimation is conducted for the results of the Natom = 1536 system, we obtain 85 

eV with an error of 4%, which nicely agrees with the estimates from the results of the Natom 

=3000 system. This agreement supports the validity of the estimation. 

  

Fig. 4.2. Ed,avg values as a function of the energy increment step (∆Estep). 

4.1.3. Effect of the number of recoil directions (NICD)  

The Figure. 4.3 shows calculated Ed,avg as a function of NICD. The other simulation 

settings were as follows: Natom = 1536 or 3000, ∆Estep = 6 eV, and Ntiming = 4 at intervals of 

50 fs. The error bar indicates the standard error of Ed,i. The dependence of the Ed,avg value 

on NICD is relatively weak. Even with the smallest number in the present study, which is 
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19 ICDs, the calculation result differs only by approximately 2% from the Ed,avg value of 

the largest number, which is 329 ICDs. This occurs partly because even 19 ICDs 

correspond to 1000 uniform directions, not a small number of sampling directions. The 

weighted least square regression indicates that the most probable values for Ed,avg are 105.6 

eV and 100.3 eV in the systems of Natom = 1536 and 3000, respectively. In the evaluation 

of the effects of Natom in Section 4.1.1 and ∆Estep in Sections 4.1.2, we used 210 ICDs. The 

error caused by NICD = 210 in those results is estimated to be 2% at most based on Fig. 4.3 

Fig. 4.3 shows the direction dependence of Ed,i with Natom = 1536 and NICD = 210. 

Similar profiles were obtained in the system of Natom = 3000 and the case of NICD = 329. 

There are several characteristic directions that have either relatively small Ed,i values, such 

as 43 eV for the <100> direction and 41 eV for the <111> direction, or relatively large Ed,i 

values, such as 138 eV for the <321> direction. The <100> and <111> directions are in the 

direction of the first and second nearest neighbors, respectively. The profile of direction 

dependence in bcc-W is qualitatively similar to that in bcc-Fe [66], although the values for 

bcc-W are almost twice as large as the values for bcc-Fe. 

Fig. 4.5 shows the probability density function of the sampled Ed,i values with 

different NICD values. As expected from Fig. 4.4, the probability density function has 

multiple peaks, reflecting the existence of the characteristic directions such as <100>, 

<110>, <111> and <321>. The profiles obtained with NICD = 50 and NICD = 210 reasonably 

agree with that obtained with NICD = 329, while that obtained with NICD = 19 does not. This 

means that NICD = 19 does not appropriately sample the probability density function of Ed,i. 

Although the Ed,avg value obtained with NICD = 19 is reasonably accurate, as shown in Fig. 
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4.3, it may be safer to use a larger NICD value, e.g., 50, to ensure an appropriate sampling 

of the probability density function of Ed,i. 

 

Fig. 4.3. Ed,avg values as a function of the number of ICDs (NICD) used in the recoil 

direction sampling. 
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Fig. 4.4 Contour plot of the three-dimensional surface of Ed,i. 

Fig. 4.5. Probability densities of Ed,i for different NICD values. 
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4.1.4. Effect of thermal vibration (Ntiming)  

As described in Fig. 4.6, simulation results may change if the timing of the recoil 

event is altered due to the thermal vibration of atoms at 30 K. To check this effect on Ed,avg, 

the MD calculations were performed with various recoil event timings. The other 

simulation settings were as follows: Natom = 1536, ∆Estep = 6 eV, and NICD = 210. Fig. 4.6 

shows Ed,avg determined with 18 simulations that differ in the recoil event timings at 

intervals of 25 fs. In the 18 simulations, 100.6 eV was recorded as the minimum value of 

Ed,avg and 108.3 eV as the maximum value. Under the assumption that the time correlation 

of the results is negligible, 104.7 eV is obtained as the mean value with a standard deviation 

of 2.29 eV. Consequently, the standard error with Ntiming = 4 becomes 1.15 eV, 

corresponding to approximately 1% error. We consider that the error due to the effect of 

thermal vibration does not largely depend on Natom, ∆Estep and NICD values provided that 

reasonable values are set for them because there are no conceivable mechanisms that cause 

correlations between the thermal vibration effect and the other effects.  
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 Fig. 4.6. Ed,avg values calculated for different recoil event timings. 

 

4.1.5. Additional analyses  

In addition to the investigation of the effects of the four calculation settings on 

Ed,avg, we analyzed two issues: (1) how a deviation of the recoil direction affects the Ed,i 

values for recoils of typical directions, namely, the <100>, <110>, <111> and <321> 

directions, and (2) whether the simulation at 0 K gives comparable results to the simulation 

at 30 K. The first issue is important for confirming the validity of the comparison between 

an experimental result and a simulation result of Ed,i, for example, Ed,<100>. In experiments, 

there is an unavoidable deviation in recoil directions, which may be as large as 20° [66]. 
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Hence, to appropriately compare a simulation result with an experimental result, it is 

important to know how the deviation of the recoil direction affects the Ed,i value in MD 

simulations.  

The second issue is important for the reduction of the calculation cost needed for 

Ed,avg evaluation. As shown in Section 3.4, if the simulation is performed at a non-zero 

temperature, the thermal vibration affects Ed,avg. On the other hand, if the simulation is 

performed at 0 K, one can exclude the vibration effect, which reduces error and the 

calculation cost due to the vibration effect. The reason why many previous studies used 

non-zero temperatures in TDE evaluation is that the simulation at 0 K often causes rare 

events such as a head-on collision between two atoms. Thus, in the present study, we 

checked the similarity and the difference in the direction dependences of Ed,i values 

between the simulations at 0 K and at 30 K to evaluate whether the simulations at 0 K give 

reasonable results. This investigation was motivated by a recent application of an ab-initio 

MD calculation to the TDE evaluation of bcc-Fe, where the calculation was performed at 

0 K [66].  

4.1.5.1 Effect of the deviation of directions on the Ed,i value  

Fig. 4.7 shows how the direction deviation affects the Ed,i values of <100>, <110>, 

<111> and <321> recoils. For <100> and <111> recoils, the Ed,i values slowly and 

smoothly change up to around 10° and 20° deviations, respectively. On the other hand, for 

<110> and <321> recoils, the Ed,i values change largely and non-smoothly even for small 

angle deviations, such as a few degrees. These results indicate that it is technically difficult 
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for experiments to accurately determine the TDE values for directions other than <100> 

and <111> because even small deviations in the recoil direction cause large changes in Ed,i. 

In a study of the TDE in W [75], Maury et al. conclusively presented Ed,<100> and 

Ed,<111> values in the abstract and the conclusion section of their paper, while only 

mentioning the Ed,<110> value in the results and discussion sections, where Ed,<110> = 70 eV 

seemed to best explain the experimental results [76]. In their paper for Mo [76], it is noted 

that the displacement cross-sections are only slightly sensitive to the value of Ed,<110>. As 

a result, Maury et al. stated only that Ed,<110> has to be more than twice the value of Ed,<100> 

in the case of Mo [77]. Similarly, the Ed,<110> value is not conclusively reported in other 

TDE studies by Maury and coworkers for Fe [77] and Cr [78]. In the case of W, if we 

compare the simulation results with the experimental result for Ed,<110>, by taking into 

account some angle deviations, a value of 99 eV is determined for Ed,<110> at the exact 

<321> direction and a value of approximately 85 eV is determined with an 11° angle 

deviation. These values reasonably agree with the experimental Ed,<110> values mentioned 

in ref. [79] for W and ref. [76] for Mo. 
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Fig. 4.7. Effects of angle deviation on Ed,i values around 4 specific directions. 

 

4.1.5.2 Validity of simulations at 0 K 
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4.7. This good agreement indicates that although Ed,i for a specific direction may not be 

nicely determined at 0 K, the average value (Ed,avg) reasonably agrees with that of the 30 

K simulations because of the cancelation of errors, provided that a large NICD value is used. 

If the 0 K simulation is conducted with a small NICD value, however, there is a possibility 

that some directions that give large errors in Ed,i are accidentally sampled. This then largely 

affects Ed,avg because the errors are not sufficiently canceled with a small NICD. Thus, when 

the MD simulation is performed at 0 K, it is better to use a relatively large NICD value, such 

as NICD = 50, to appropriately sample the probability density function of Ed,i, as shown in 

Fig. 4.5. 
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Fig.  4.8. Comparison of the direction dependences of Ed,i between the 0 K and 30 K 

simulations. (a) Results of the 0 K simulations. (b) Differences between the 0 K and 30 K 

simulations (∆Ed,i = Ed,i@0K – Ed,i@30K). 
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4.1.5.3 Temperature effect on the TDE Additional analyses 

Fig 4.9 sampling the Ed,avg at different temperature values. Temperature effects were 

analyzed for the range between 1 K ~1200 K, as it is known for the higher temperatures 

the defects move largely and then the recombination effects will be increasing mainly the 

thermal recombination effects. So in this figure, we see three main regions the 0 around 

the region, the middle region from 30 K ~ 700 K where the defects and TDE almost very 

close to its respective. While the last high region for Temperature > 700 K, where the speed 

of defects is very high, and the thermal recombination rate increases largely for higher 

temperatures. 
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Fig.  4.9. Comparison of TDE under temperature effect between 1 K ~ 1200 K. 

 



 

46 

 

4.1.5.4 Estimation of the Ed,avg value, and error 

The errors induced by the four simulation settings (Natom, ∆Estep, NICD, and Ntiming) 

are summarized as follows:  

(1) The result of the effects of Natom and ∆Estep indicates that 

 , , 0, 210, 4d avg atom step ICD timingE N N N N       is 85 eV with an error of ±1.5%, 

as discussed in Section 3.2. 

(2) The result of the effect of NICD in Section 4.1.3 indicates that the difference 

between the results with NICD = 210 and NICD → ∞ is approximately 2%. 

(3) The result for the thermal vibration effect in Section 4.1.4 indicates that 

the error with Ntiming = 4 is approximately 1%. 

Consequently, the true Ed,avg value, which is equal to

 , , 0, ,d avg atom step ICD timingE N N N N        , is estimated to be 85 eV with 

an error of ±4.5%. The obtained Ed,avg = 85 eV is comparable with the TDE recommended 

by ASTM, which is 90 eV. Therefore, we recommend the use of 90 eV as the TDE for W. 

 

4.1.5.4 Comparison with previous studies 

There are some apparent inconsistencies between the present study and previous 

studies. In this section, we discuss the reasons for this. 
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Fikar et al. reported the minimum threshold displacement energy over various 

recoil directions determined by MD [77]. It was found that the <100> recoil holds the 

minimum value, which ranges from 45 eV to 61 eV depending on potential models [45]. 

Since Fikar et al. evaluated the minimum value, not the average value over all directions, 

their result should correspond to Ed,<100>, which is 43 eV  in the present study (or Ed,<111> 

= 41 eV, the minimum value in the present study), not to Ed,avg. Thus, the result in ref. [45] 

is reasonably consistent with the present study. 

Setyawan et al. reported Ed,avg determined by MD in a study focusing on the 

cascade morphology transition in bcc metals [45]. An Ed,avg value of 98.0 eV was obtained 

using the same EAM potential model as the present study, and a value of 122.6 eV was 

obtained using another EAM potential model [44]. The present EAM potential model 

shows good agreement with the experimental results of the <100> and <111> threshold 

displacement energies but not with results of the other EAM potential model [41]. Thus, 

we consider that 98.0 eV is more reliable than 122.6 eV. The difference between 98.0 eV 

in ref. [41] and 85 eV in the present study is mainly attributed to the ∆Estep effect. In ref. 

[44], ∆Estep = 5 eV was used, which induces up to an approximately 13 eV error according 

to Fig.4.2 Considering this effect, 85 eV should be more proper than 98.0 eV as the Ed,avg 

of the present potential model. 

Mason et al. reported Ed,avg = 55.3 eV [44], which was obtained by using a 

theoretical equation proposed by Jan and Seeger [46]. In this equation, Ed,avg is calculated 

only from three Ed,i values, namely, Ed,<100>, Ed,<110> and Ed,<111>. In Mason et al.’s study 

[47], the values Ed,<100> = 42 eV, Ed,<110> = 70 eV and Ed,<111> = 44 eV were taken from 
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ref. [46]. However, as noted in Section 3.5.1, Ed,<110> was not determined in experiments 

as accurately as Ed,<100> and Ed,<111>. In addition, the theoretical equation of Jan and Seeger 

cannot appropriately predict Ed,avg, which was previously shown for bcc-Fe [76]. Fig. 4.10 

shows the direction dependente of Ed,i obtained with the theoretical equation, with Ed,<100> 

= 43 eV, Ed,<110> = 99 eV and Ed,<111> = 41 eV, which are the values determined in the 

present MD simulations, together with the differences between the theoretical estimates 

and the MD simulation results.  

In the theoretical equation, it seems to be assumed that (i) Ed,i smoothly changes 

around the <100>, <110> and <111> directions and (ii) the minimum and the maximum 

values of Ed,i are achieved in two of the three directions. Although the patterns around 

<100> and <111> are relatively smooth and thus the agreement between the theoretical 

estimates and the MD results is reasonably good around these directions, disregarding the 

largest Ed,i value around the <321> direction causes large underestimations of Ed,i values 

for many directions in the theoretical estimates, which results in the underestimation of 

Ed,avg. Overestimations are only observed around the <100> direction up to 10 eV. 

Therefore, we attribute the discrepancy between ref. [75] and the present study to the 

inappropriateness of the theoretical equation used in ref. [46] for Ed,avg estimation. 
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Fig. 4.10. Comparison between the theoretical model by Jan and Seeger and the MD 

calculation results. (a) Direction dependence of the Ed,i value of the theoretical 

estimates. (b) Differences between the theoretical estimates and the MD calculations 

(∆Ed,i = Ed,i@theory – Ed,i@MD). 
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4.2 Strained TDE for refractory materials 

In this section, we first introduce the strain effects on the formation energy of point 

defects, i.e., vacancy and SIA and then show how the FP formation energy (FPE) changes 

by strain. Since TDE is the energy needed for an FP to be formed by displacement, 

understanding of the strain effects on the point defects and FP would help properly 

interpret the strain effects on TDE. Subsequently, the strain effects on TDE, namely 

𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and 𝐸𝑑,𝑖

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑, are explained in Sections 4.2.1 and 4.2.2 Finally, the correlation 

between FPE and TDE is analyzed in Section 4.2.5. 

4.2.1 Effect of deformation on vacancy and SIA formation energies  

The formation energies of the six-point defects with hydrostatic and uniaxial 

deformations in W are shown in Fig. 4.11. Since all tested materials show similar trends 

qualitatively, the result of W is presented in this section as a representative case. In Fig. 

4.11, the results of the hydrostatic and uniaxial deformations are qualitatively similar to 

each other. For SIAs, the crowdion and <111> dumbbell formation energies are very 

similar, with the most stable configuration being the crowdion, independent of the 

amplitude of the strain. Similar results were obtained for transition metals including Mo 

and V by first-principles calculations and EAM potential models in a free strained system 

[67,80] although <111> dumbbell had a slightly lower formation energy than the crowdion 

in some materials. For a vacancy, the formation energy of free deformation is comparable 

with an experimental result (3.23 eV[81])         
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Fig 4.11. Effects of (a) uniaxial and (b) hydrostatic deformations on the formation energies 

of point defects in W. The 110, 100, and 111 dumbbell configurations were obtained as in 

ref.[61]. The <111> crowdion was formed by inserting an extra atom halfway between the 

nearest neighbors. 
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Changing from compression to tension, the vacancy formation energy increases 

slowly, which is similar to the vacancy formation energy under uniaxial deformation in 

copper [82]. This is due to the interaction between the local tensile stress induced by the 

vacancy formation and the applied stress. When a compression deformation is applied, the 

local tensile stress decreases, making the vacancy formation easier. The opposite effect is 

observed with tensile-strain deformation. 

In contrast to the vacancy, SIA induces local tensile stress, which increases the 

potential energy of the system. Tensile deformation of the system decreases this local 

stress, thereby decreasing the SIA formation energy. A similar trend for the strain effects 

on dumbbell SIA in α-iron was observed with DFT calculation [62]. It should be noted 

that, compared with vacancy, the formation energy of SIA changes at a faster rate with the 

deformation. 

4.2.2 Effect of deformation on Frenkel pair formation energy  

The FP is usually defined as a pair of vacancy and the most stable interstitial atom. 

In W, Mo, and V, a crowdion is one of the most stable self-interstitial configurations. 

Therefore, it is reasonable to define FPE as the sum of the vacancy and crowdion formation 

energies. Hereafter, FPE obtained under strain is specifically called 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑. 

In Fig. 4.11 the decrease in the SIA formation energy with the deformation strain 

is more significant than the increase in the vacancy formation energy. As a result, 

𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  decreases with deformation when moving from compression to tension, as 
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shown in Fig. 4.12. This trend is seen regardless of materials and deformation modes, 

although the hydrostatic deformation results in more significant changes compared with 

the uniaxial deformation.  
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Fig. 4.12. Dependence of the Frenkel pair formation energies on uniaxial and hydrostatic 

deformations in W, Mo, and V. 

 

4.2.3 Effects of deformation on average TDE  

𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  is obtained by averaging 𝐸𝑑,𝑖

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  over a sufficiently large set of 

displacement directions. In order to determine the conditions to estimate this value 

accurately, we first generated several sets of quasi-uniformly distributed directions, e.g., 

100 ~ 400 directions, and compared the average values as shown in Fig. 4.13. The error 
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bar for each data point in Fig. 4 denotes the standard error of the mean (SEM) calculated 

as SEM = 
σ

√𝑛
, where σ is the standard deviation of the average TDE values over four 

independent simulations of different collision event timings and n is the number of the 

independent simulations (n = 4). SEM is typically around ±0.5 eV for 300 directions and 

around ±1 eV for 100 directions. The results obtained with 300 directions are in agreement 

with that obtained with a larger number of directions, 400, while those obtained with 100 

are not. Thus, we concluded that 300 directions are enough to obtain the average 

accurately, and decided to use 300 directions for averaging.  
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Fig. 4.13. Effect of the number of quasi-uniform directions on 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 evaluated under 

uniaxial deformations in W. The error bar of each data point denotes SEM over four 

samples of different recoil even timings. 
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𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 calculated for both uniaxial and hydrostatic deformations are shown in 

Fig. 4.14. The non-deformed TDEs evaluated for W, Mo, and V are 92 eV, 78 eV, and 57 

eV, respectively, which are in good agreement with previous studies [39–41,43,83]. In our 

previous study, we determined the non-deformed TDE for W to be 85 eV, where errors 

induced by the calculation settings such as the system size were carefully corrected [40]. 

In the present part, we did not apply such corrections because applying the correction for 

all cases is not practical with respect to the computational time, while not significantly 

affecting the findings and conclusions of the present study. The justification for this is 

described in the supplementary material. If the correction were applied, calculated TDEs 

would be reduced by 5-10% i.e. 74 eV and 54 eV for W and, for V respectively. 

Regarding the effect of the strains, the three materials share the same trends: 

𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  decreases with deformation when moving from compression to tension 

regardless of the deformation mode. Similar findings were reported in previous studies. 

For bcc-W, a greater hydrostatic tensile strain causes the formation of more Frenkel pairs 

by collision cascade with 5 keV [84]. For bcc-Fe, the TDE decreases with increasing 

uniaxial tensile strain [50]. 

The comparison between the uniaxial and hydrostatic deformations in Fig. 4.14 

shows that the TDE changes more largely for the hydrostatic deformation compared with 

the uniaxial deformation, as the same with 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  in Fig. 4.13. In other words, 

uniaxial deformation has a lower influence on the 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑compared with the hydrostatic 

deformation if the strain amplitude is the same.  In a previous study, it was found that the 

effect of strain on defect generation by atomic collision is almost proportional to the 
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volume change, i.e., almost no effect by shear stresses, and a larger effect in the hydrostatic 

deformation than the uniaxial deformation if the strain amplitude is the same [3].  
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Fig. 4.14.  𝑬𝒅,𝒂𝒗𝒈
𝒔𝒕𝒓𝒂𝒊𝒏𝒆𝒅 as a function of strain for uniaxial and hydrostatic deformations in 

W, Mo, and V. Each point is the average value over 300 quasi-uniform directions. for 

four samples of different recoil timings. The error bar denotes SEM over the four 

samples. 

 

To check whether the effect of strain can be explained by the volume change 

regardless of the strain mode,  𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 as well as 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 are arranged as a function 

of the volume change. As a representative example, the result of W is shown in Fig. 4.15. 

It is confirmed that the effects of strains on both 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 are proportional 
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to the volume change, independent of the deformation mode. Similar results are also 

obtained for Mo and V.  
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Fig. 4.15.  𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 as a function of the volume change for uniaxial and 

hydrostatic deformations in W. 

 

4.2.5 Relation between TDE and FP formation energy 

To check the deformation effects of TDE for specific displacement directions, six 

different directions, as shown in Fig. 4.16, were simulated for hydrostatic deformations in 

W. Direction sets differing in their [ijk] indices are listed in (a)–(f). Each data point was 

obtained by averaging the results of 20 simulations of different collision event timings to 

reduce the statistical error and to properly understand the direction effect. The calculated 
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results for each direction under applied deformations are expressed with change rate (CR), 

which is defined as 

CR(%) = 100 ×
𝐸𝑑,𝑖

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑−𝐸𝑑,𝑖
0

𝐸𝑑,𝑖
0 ,    (4.5)  

where 𝐸𝑑,𝑖
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐸𝑑,𝑖

0  are the threshold energy for a specific direction i for 

deformed and non-deformed structures, respectively.  

The minimum threshold displacement energy is observed for the ⟨111⟩ directions 

for the non-deformed structure. This does not change by the application of stresses. For 

almost all the six displacement directions, except for direction (f), CR decreases with 

deformation when moving from compression to tension, although its amplitude is 

dependent on the displacement direction.  

To further analyze the direction dependence of CR, the results over the 300 

directions are shown in Fig. 4.17. CRs are calculated for hydrostatic deformations in W, 

and the results of (A) 1.6% tensile strain and (B) 2.0% compression strain are shown. 
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Fig. 4.16. Change rate of deformed threshold displacement energies for specific directions 

in W: (a) [111], (b) [110], (c) [100], (d) [321], (e) [1.12 3.8 -0.5], (f) [-0.441 -0.086 -0.894]. 

Each point is the average value over 20 different timings. Each point is the average value 

over 20 simulations of different collision event timings. 

 

Some anisotropy is observed. In Fig. 4.17 (A) and (B), the displacement directions 

close to the <111> miller indices are relatively weakly affected by the strain, which could 

be a result of the focused collision sequence. In the focused collision sequence, atoms 

sequentially collide along one direction, which would not be significantly affected by the 

change in the number density of atoms. In Fig. 4.17 (B), even at compression, the TDE 

decreases around the <432>  direction, as indicated by black color. However, as a general 
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trend, CRs become negative for a tensile strain while becoming positive for a compression 

strain in most directions. 
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Fig. 4.17. The change rate of deformed threshold displacement energies for 300 specific 

directions at 30 K. (a) is for hydrostatic tensile deformation and (b) is for hydrostatic 

compression deformation. 
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4.2.5 Relation between TDE and FP formation energy 

It is known that the FP formation energy correlates with TDE over various 

materials [85]. Similarly, our MD results showed that from the compressive to tensile 

deformation, both 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  decrease in a comparable manner. This 

indicates the effect of deformation on the threshold displacement energy is related to that 

on the defect formation energy. 

In Fig. 4.18, 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 are normalized with the free deformation 

values and are arranged as functions of the volume change. Both 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 

are reasonably described by linear functions of the volume change. A similar linear relation 

between deformed TDE and the volume change was found in alpha iron by Tikhoncheva 

et.al [86].  

The slopes for the normalized 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and the normalized 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  in Fig. 

4.18 are -0.0456 and -0.0291 for W, -0.0457 and -0.0247 for Mo, and -0.0603 and -0.0197 

eV for V, respectively. The former is larger than the latter in the absolute values for all 

materials, which means  𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 is more strongly dependent on the volume change than 

𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑. This would be caused by the fact that the defect formation energy is the energy 

difference between the perfect crystal and fully-relaxed defective crystal, while the 

threshold displacement energy is the energy needed to suddenly displace an atom from its 

original lattice location. In the former case, the effect of deformation would be mitigated 

by the relaxation of atomic positions. On the other hand, in the latter case, the effect is 
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hardly mitigated as the process suddenly occurs and thus the atomic relaxation cannot 

sufficiently occur.  

When values are normalized with the non-deformed values, the correlation 

between  𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  becomes clear. Fig. 4.19 shows the normalized 

changes of 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 as a function of the normalized changes of 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑, which can be 

approximately expressed as 

𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(∆𝑉)~1.75

𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(∆𝑉)

𝐹𝑃𝐸
0 𝐸𝑑,𝑎𝑣𝑔

0 ,   (4.6), 

where 𝐸𝑑,𝑎𝑣𝑔
0  and 𝐹𝑃𝐸

0 are the non-strained values. 

      Equation (4.6) is indicated as the solid black line in Fig. 4.19, which fairly 

agrees with the MD calculation results. This empirical equation let us easily estimate the 

effect of deformation on the TDE because 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐹𝑃𝐸

0 can be calculated even with 

the first-principles calculation and 𝐸𝑑,𝑎𝑣𝑔
0  is available in literature, e.g. International 

American Society for Testing and Materials (ASTM) recommendation[48]. In addition, 

this empirical equation can be used not only for the hydrostatic deformation but also for 

uniaxial deformation and so on, regardless of the deformation mode as the deformation 

effect is mainly of the volume change.  However, the error between the MD results and 

Eq. (4.6) is large in the case of the tensile deformation in V. In addition, the factor 1.75 

would be dependent on the material. To achieve a better estimate on the strain effect using 

this kind of empirical equation, we need to accumulate the correlation between 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 

and 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 for more materials, which is a subject of future work.   
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Fig. 4.18. Normalized (a) 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and (b) 𝐸𝑑,𝑎𝑣𝑔

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 as a function of the volume 

change under hydrostatic deformation for W, Mo, and V. The normalization was done by 

dividing with the non-deformed value. 
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Fig. 4.19. Correlation between normalized changes of 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and normalized changes 

of 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 under hydrostatic strains for W, Mo, and V. 

 

4.3 Strained Cascade 

Herein, strain effect on the FP’s production number as vacancies and interstitials 

were averaged over 16 independent MD simulations for each combination of PKA energy, 

and strain values as averaging over the four chosen PKA energies, for four different 

timings, at 30K. It is noted that error bars included in the figures denote the standard 

deviation error of the mean for a sample set of data. Because each strain value showed a 

similar thermal spike of a similar lifetime for all given PKA energies and materials,  
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Fig. 4.20. Time evolution of Frankel pairs produced during displacement 

cascade of 10 keV for various applied strain values. (a) It is at 1.2% of 

hydrostatic strain and (b) is the average over all directions and timing i.e. 16 

different samples. 

thus the typical response of damage evolution over time for 10 keV PKA energy is shown 

in Fig.4.20 as a representative graph of the impact of strain on the peak number of FP’s, 
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and the number of surviving defects over time. In Fig.4.20 under compressed strains, the 

peak onset occurred earlier while peaks attained a greater height and spanned more time 

under tensile strain. Therefore, to clearly determine the effects of each PKA energy and 

strain type, it is useful to compare the number of defects generated under each condition 

of PKA energy and strain. 

During irradiation damage, cascade evolutions can be divided into three stages as 

follows. The first stage once the PKA receives its impact energy, the number of atomic 

displacements increasing sharply during the ballistic phase which is the second stage, but 

most of the resulting defects move to original crystal lattice sites which are known as a 

recombination and relaxation phases with time as the last stage. The main characteristics 

of the ballistic stage are the peak and peak time, which is the period between the event 

initiations until the maximum number of defects generation reached. The results observed 

herein of peak and final defect numbers, defect mobility, and recombination phases were 

attributed to several competing factors under the volumetric changes corresponding to 

hydrostatic strains, which affect the displacement cascade core volume, which in turn may 

tend to affect the number of defects generated [49]. When an atomic crystal is compressed, 

its atoms are brought closer to each other. Therefore, the incident energy is dissipated over 

a smaller volume or creates a smaller displacement cascade region and the possibility of 

atomic movement is reduced for that fewer displaced atoms to be shown under strict of the 

compressed region. However, in the case of expansion strain, the interatomic distance 

increases, so the atoms with a larger amount of energy will have a higher probability to 

move away from the parent cascade core faster, which will increase the chances of making 

sub-cascades, thus decreasing the chances of recombination and producing more defects 
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generation. Through multiple atomic collision, PKA transfers its energy to many other 

atoms and cascade event proceeds with defects generation unless the energy transferred to 

the PKA is distributed over the entire volume of the simulation cell and no atom has energy 

greater than the TDE of that material [13]. The probability of the secondary PKA 

occurrence increasing events start with higher PKA and those secondary one lead the 

cascade with lower energy amount compared with parent PKA. 

4.3.1 PKA energy and direction effects  

First, we investigated the PKA energy and PKA recoil direction dependence in 

term of the number of FP surviving after relaxation time, at the end of the cascade 

simulations.  Fig. 4.21 present the surviving FP and the PKA recoil direction dependence 

for the ([111], [110], [100] and [321]) for the 6 KeV and 10 keV PKA, where the 10 KeV 

is chosen as a typical case under strain. Usually, the complex miler indices directions (i.e., 

[321]) seem to avoid channeling effect during radiation damage in lattice[87]. From results, 

no consistent trend of surviving number of defects was observed for PKA recoil direction 

dependence. However, Fig. 4.21 indicated that the results obtained for different directions 

varied in ± 4 FP for strains less than 1% while it has relatively a larger variance at 1.6%. 

However, the high-indexed direction [321] tend to avoid channeling while <111> 

has a probability for channeling effects to occur hence one of the highest numbers of FP 

generated would be with <111> direction, consequently <321> may produce less number 

of defects. 
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Fig. 4.21. Surviving number of Frenkel pairs as a function of (a) applied strain for 6 keV 

PKA and various PKA recoil direction strain and (b) PKA energy for 10 keV. 
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4.3.2 Strain effects  

Now it is clear the relation between TDE and structure volume change rate, hence 

using the empirical approximation equation of (4.2) to be used with NRT model we can 

get a general understanding on the number of  FP’s generated and by then we could 

quantify the radiation damage amount. In Fig 4.22 the linear relation between the number 

of FP and hydrostatic strain changes. These NRT results seem hypothetical for that we 

evaluated the number of generated during the collision cascades by MD calculation as it is 

not necessarily to be a linear shape relation. The NRT results and MD cascade results will 

be used to establish the efficiency of defects generation at different PKA energies and 

different strain volumes as will be shown in the next section. 
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Fig. 4.22. Number of surviving Frenkel pairs for various PKA energies versus applied 

and hydrostatic strain from NRT model applications VNRT=0.8*Epka/2 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(∆𝑉). 

From section 4.2.5 
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4.3.1 Point defects  

The peak number of FP are plotted as a function of strain for all PKA energies in 

fig.4.23 (a); the peak number of FP tended to increase with tensile strain most prominently 

at the condition of 10 keV PKA.  
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 Fig.4.23. (a) Estimated peak number of FP for various PKA energies as a function of 

applied hydrostatic strain (b) number of survived defects after 20~30 ps, the green lines in 

the box below-right the figure are the dislocation formed (c) Defects configuration types 

as 3 clusters and 5 monovacancies, and two dislocations. 
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Based on the result in Fig.4.21 and for simplicity, we have averaged the results 

over several simulations for 4 different PKA directions and timings at the center of 

simulation cell fig.4.23 (b). The tensile strain increases the cascade volume as in its 

consequences increases the damage production in the material[87]. There is a direct 

correlation between the volume change and the number of defects generated, as an increase 

in volume was observed to increase the number of generated survived point defects and 

vice versa. 

The survived number defects after equilibration time are of prime importance for 

estimating radiation damage effects, especially for understanding the subsequent processes 

of defect motion and clustering. In Fig.4.23 (b) the surviving number of FP varied 

significantly for the various PKA energies. For all PKA energies, the surviving number of 

FP increase with the increasing tension, as compared to free strain condition (i.e. 0% strain), 

however, survived FP decreases with compression strain compared with the free strain 

condition.  The FP survived number variation is prominent for higher PKA energies which 

agree with previous works for other materials [49,88] rather than W. In fig 4.23 for (a, b) 

the compressive strain showed obvious small changes in FP number especially for lower 

PKA energies. 

In Fig. 4.23. The high rise number of defects with increasing PKA energy; is 

because a subsequent chain of atomic displacement events is initiated in the sample 

material as soon as energy is transferred to a PKA. A larger number of defects is created 

under tensile strain and this is due to the fact that the FP formation energy increases from 

compression to tension as reported in our previous work [51]. Our reported FP result nicely 
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confirms with previous MD work conducted for the tungsten by Setyawan et.al [89] at free 

strain condition at 1 and 10 KeV of PKA energies.  As clearly shown in fig 4.23.. (a),(b) 

For around 1.6% of hydrostatic strain the large raise of defects generation was clearly 

occurred and with more deeper analysis for several possible causes we found it is due to 

the displacement formation as many of generated interstitial likely to be more stable with 

dislocation formation. The two formed segments of dislocation extracted using DXA 

algorithm by OVITO code. A number of dislocation and type of formed dislocation 

changes by the collision direction changes, but all the respective direction is shown some 

sort of dislocations generation. Closer clarification for the dislocation occurrence and it is 

effect on the raise for FP generation presented in fig. 4.23. (c). The dislocation lines show 

there are no common atoms between the cluster’s atoms and we can see the defects 

generated has three sources as monovacancy, clusters, and dislocations and for that, a 

larger number of the counted defect was found at 1.6%.  

Fig. 4.24 shows the defect production efficiency (NFP/NNRT) for strained conditions 

as a function of PKA energy; defect production efficiency showed similar trends for all 

strain conditions as decreasing by PKA increases except for 1.6% (4.8% volume change). 

The defect production efficiency decreases until 10keV; however, it becomes stable or 

slightly increased for higher PKA energies because of the formations of several sub-

cascades[55,56]. At higher PKA and higher tension strain mainly 10 KeV at 1.6 % the 

dislocation occurrence lead for further defects generations hence the efficiency increased 

again. 
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Fig. 4.24 Number of surviving Frenkel pairs for various PKA energies versus applied and 

hydrostatic strain from NRT model applications VNRT=0.8*Epka/2 Ed,j(∆V).  

The typical morphology of the displacement cascade for hydrostatic strained 

systems for 10 keV PKA is presented in Fig 4.25. The formation of the cascade for tension 

systems is apparent from OVITO snapshots; however, for tensile conditions, a large single 

cascade core region is observed. These dispersed defect cascades and increased number of 

defects under tensile state may limit the lifetime of materials used in radiation 

environments as it facilitates the large cluster accumulation. In fig. 4.25. The larger PKA 

energy and larger tensile strain result in a larger volume of displacement cascade or molten 

zone due to the increase in the number of created atomic defects and the size of the cascade-

damage core during the simulation time (Fig. 4.20) compared to the compression strain. 

These changes in the number of produced and surviving FP’s with strain changes suggests 
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that the applied strains influence the cascade process by affecting the energetics of the 

formation and recombination of FP [54].  

However, the direct effect of strain is to increase or decrease the energy needed to 

form FP  mainly the defect formation energy and TDE, and that what we reported in our 

previous work [51]. Under hydrostatic strain from −1.4% (compression) to 1.6% (tensile), 

for W, the TDE decreased from 110.4 to 72.16 eV while the FP formation energy 15.6 and 

11.9 eV, respectively. The influence of strain fields on FP formation energy is presented 

in Fig.4.15. Strained FP formation energy and strained TDE i.e. 

𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  𝑎𝑛𝑑  𝐸𝑑,𝑎𝑣𝑔

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 respectively calculated as [51]. In Fig 4.15. The results showed 

that the FP formation energy decreases as strain moves from compression to tension and 

this decrease is quite rapid for the hydrostatic strain system[49]. Tensile strains enhance 

the sub-cascades formation and reduce the FP formation energies which in turn generates 

a number of defects as clearly shown in Fig.4.23. These results show that the tensile strain 

conditions should be avoided, especially under high energies, for materials used in 

irradiation environments. 
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Fig.4.25. The typical case for the morphology of the displacement cascade for hydrostatic 

strained systems for 10 keV at <321> directions at the peak time of collision event and 

after 30 ps of collision event i.e. at the equilibration state. The shape of the peak cascade 

area is usually ellipsoidal under tensile strain. 

4.3.2 Defect clusters and size distribution 

Clustering of vacancies and interstitials plays an important role in material 

degradation under irradiation damage accumulation by affecting the production and 

growth of microstructural changes. Fig.4.26 presents the maximum sizes of vacancies and 

interstitials in the clusters at 30K for all PKA energies as a function of strain value. For 

tensile strain, a clear trend of steadily increasing defect clusters was visible. Relative to the 
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compressed, the uniaxial expansion showed an increase in the maximum sizes of vacancies 

and interstitial clusters. The tensile strain produces a more linear increase in clustered sized 

for higher PKA energies. For 10 keV PKA, relative to reference no strain condition, 

vacancy, and interstitial clustering size increases around 10 and 7 times, respectively, for 

1.6% uniaxial strain whereas under −1.4% into 0.4 % these effects are not very pronounced. 

However, overall, the vacancy showed a higher tendency to agglomerate into clusters. As 

expected to owe to the combined effects of energy and strain, the cluster size and the 

number density were higher with high PKA energy and the largest vacancy clusters 

observed were of 35 vacancies, whereas the largest interstitial clusters were of 20 

interstitials. 

These variations in defect clusters maximum sizes under strain could be due to 

volumetric changes, which can respectively affect the defect formation energies and 

successively tend to increase or decrease point defect production and clustering [49]. The 

number density of vacancy and interstitial clusters is higher for higher PKA energies in 

strain systems [56].  
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Fig. 4.26. Effects of volume change on clustering of (a) vacancies and b) interstitials for 

all PKA energies. 
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For this work, we observed the number of survived mono vacancies and mono 

interstitials was higher for tensile strain and lower for compression strains. The 

compressive strain results for interstitial and vacancy cluster size distribution were similar 

to those for the unstrained reference condition. In short, the occurrence probability of 

agglomerate of defects into larger clusters increases for both vacancies and interstitials 

under volumetric expansion 26, although vacancies show a greater tendency to agglomerate 

into large clusters under applied tensile strain. This tells that the defect cluster size, which 

may lead to the formation of voids or dislocation loops is prominent under tensile strains. 

Clustering distributions are used in microstructural evolution predictions and can also be 

used as input data in radiation damage accumulation models [90]. If PKA energies 

generated by fusion neutron then the energy are definitely higher than those by fission 

neutrons, we expect the enhanced formation of larger interstitial clusters by fusion 

neutrons. This finding gives rise to a question of the increase in FP when structural 

materials are used under both applied strain and 14 MeV neutron irradiation. Overall, these 

results revealed that the larger defects and clusters were easily formed for expansion.  
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CHAPTER 5. CONTRIBUTION AND IMPLICATION 

 

5.1 Research objectives and outcome 

We aimed to investigate the radiation-induced defects under strain conditions, and 

for that, the understanding can be basically determined by two factors. The first one is how 

many defects are created in radiation collision which also referred to as the formation 

number of defects. The second factor is how the defects evolve and develop with time 

during cascade which also can be known as the defects kinetics and trajectory path 

behavior. For the first one, we successfully calculated the threshold displacement energy 

(TDE) accurately for W, Mo, and V under free and strained conditions. The calculation 

settings we found can be recommended to be used for any BCC structural metal if there is 

a need to calculate their TDE values since this setting works nicely for any tested materials 

we have evaluated. We could estimate the deformed TDE value at any level of volume 

change by recommending an empirical equation from our work, and this equation will 

make it very trivial process for anyone interested in the deformed TDE values to calculate. 

The empirical equation is yet applied for W, Mo, and V but it can still work to get aboard 

understating for the deformed TDE value for another BCC metals as well.  

We have noticeably seen the strain effect on radiation damage and FP formations. 

By more tensile strain more defects were generated while FP was suppressed under 

compression strain. It is also worthy to mention that, by considering compression for the 

typical structure that would increase the sustainability in severe environments like for 
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reactors. We have also found that there is a specific phenomenon triggered by higher strain 

and higher PKA where the dislocation starts to occur and, hence large raise for defect 

generation for that material degradation likely to occur rapidly. Such an investigation was 

conducted by the atomistic level of simulation and coding which would be impossible to 

apply and evaluate in experimental and engineering scales. This kind of research under 

femtosecond or nanoseconds can tell more characteristics on the material at the early stage 

of the defects evolutions. The cluster and strain behave actively by preferably moving from 

3D into 1 D path by larger cluster’s sizes and higher strain level at relatively lower 

temperatures than 1200K. The overall conclusion of this study come by our 

recommendations for the reconsideration need of the strain effect on the material behavior 

for operating conditions. 

 

5.2 Study contribution 

Our MD results will have three main potential applications, the first one is for using the 

TDE results under strain condition for NRT model, the second application is by using the 

clusters which resulted from the primary damage configuration from collision cascade for 

larger scale models as for Monte Carlo and the third one is to understand the bulk material 

behavior under local strain sources. In detail explanation, we introduced the explanation 

below. 

5.2.1 NRT model application: 
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The TDE is prominent to evaluate and theoretically estimate the radiation damage for 

specific material under the displacement cascade. Hence we would be able with the value 

of deformed TDEs acquired in this study to evaluate the number of FP generated by 

collision cascades under strain conditions using the NRT model [35]. Usually NRT model 

does not refer to the deformed condition it is known to be applied at normal conditions and 

with ASTM standard values as free strained levels, but recent studies suggest the need for 

reconsideration for the NRT for rightly quantify the radiation damage. For that, we can 

update the NRT model to be work also under deformed conditions by applying our results 

with the deformed TDE. For that, the defects from cascade collision would be achievable 

theoretically under any strain level.  

5.1.2 Large scale modeling: 

 

Many major microstructural changes, such as the development of voids, dislocation 

networks and radiation-induced precipitation, that occur at temperatures, strains and high 

PKA where point defect mobility is significant, depend on long-range defect migration, 

i.e., over distances large compared to typical primary damage dimensions which can be of 

a few tens of nanometers. These microstructural changes can produce macroscopic 

changes such as embrittlement and swelling. 

The cascade damage process lasts for up to tens of picoseconds as the cascade energy 

dissipates, and the resulting debris consists of point defects and clusters concentrated in a 

relatively small volume, referred to as the ‘‘primary damage region’’. The initial number 

of surviving defects created in the displacement cascade, and their size and spatial 

distribution in the solid will ultimately determine their effect on the irradiated 
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microstructure as well as their subsequent reaction and diffusion kinetics as a function of 

time and temperature. For example, a random distribution of Frenkel pairs compared to 

the heterogeneous distribution of defects produced in a cascade (as obtained from typical 

molecular dynamics (MD) simulations) will lead to very different damage evolution [91]. 

Therefore, it is important to get accurate and suitable primary damage cascades by MD 

and it will be surely difficult to predict the annealing behavior without actually carrying 

out a long simulation of tens of nanoseconds which is out of the MD limitation. 

The cascade annealing simulations provide an extension in time of the MD simulations. 

Moreover, it is also useful to know how much more annealing of the cascade damage is 

possible due to intra-cascade recombination beyond MD time-scales. This simulation can 

also provide additional information such as the fraction of defects that escape the cell and 

the fractions of defects that are immobile, remaining in the Cascade region. To understand 

the annealing of single cascades runtime information such as defect densities, reaction 

events (e.g., recombination, coalescence, emission, and transformation), average cluster 

sizes and their size distributions, and number densities of defects escaping the simulation 

cell as a function of time would be possible to examine at large scale modeling if the MD 

results are available. Evaluation of the annealing of cascades across different PKA energies, 

temperatures and strains are subjected to further research topics. 

In practical, our data can be applied as a comprehensive database of cascades obtained 

from molecular dynamics to be used for object kinetic Monte Carlo (OKMC) simulations 

of the annealing of primary cascade damage in bulk tungsten. 
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We can make a study to describe the primary knock-on atom (PKA) energy at different 

temperatures of 300, 700, 1200 K, etc and different strain level. We would investigate how 

the SIA clustering increase/decrease behavior per decrease/increase in vacancy clustering 

with increasing temperature, PKA, and strain changes.  The annealing efficiency (the ratio 

of the number of defects after and before annealing) relation shape as it is a linear, 

polynomial, a curve as a function of different conditions. We could use the capabilities of 

the newly developed OKMC code KSOME (kinetic simulations of microstructure 

evolution) to carry out these suggested simulations. KSOME is significantly more 

sophisticated, faster and flexible. Objects of interest include vacancies, self-interstitial 

atoms (SIA), interstitial impurities and clusters of these defects, produced during 

irradiation. KSOME keeps track of the locations (more precisely their center of mass) of 

these objects (defects) in time. Objects or defects are characterized by their type, size, 

shape, position, and orientation. Significant attention has been given to make KSOME as 

flexible as possible. KSOME does not have dedicated subroutines to deal with each 

individual type of defect, rather it is designed such that all the necessary information 

regarding the properties of defects such as type, size, location, orientation, anisotropy, and 

their diffusion-reaction processes, along with simulation parameters regarding the 

simulation box size, temperature, and boundary conditions, are provided via text-based 

input files. Correspondingly, as additional information is needed and available, KSOME 

can be used to carry out very detailed OKMC simulations with only minimal additional 

work required to modify the diffusion and reaction event databases 

Suggested Simulation Approach: 
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Our cascades damage simulation, included the (x,y,z) configuration of clusters after 30 ps 

will be inserted  into the center of the perfect crystal of ( cubic 500a and each side of 

tungsten atoms and the chosen size of the simulation cell is large enough to capture all of 

the intracascade recombination events, where a is the lattice constant). These inserted MD 

primary clusters will be treated as an isolated cascade at the initial SIA and vacancy defect 

distributions of cascade damage simulations. 

For employing absorbing boundary conditions in all 3 directions enables tracking of 

defects, in our case SIAs, which move far enough from the cascade region such that they 

can be considered spatially uncorrelated with the original cascade. The probability for 

these defects returning and contributing to intracascade recombination is negligible. Such 

defects, also sometimes called ‘‘freely migrating defects’’ (FMDs), are counted as escaped 

defects that can contribute to long-range defect migration. 

Note: The fraction of FMD defects is a critical parameter in the mean field rate theory 

(MFRT) treatment of microstructure evolution [13].  

The values of migration energies and pre-factors for diffusion and binding energies of 

defects can be collected from any literature study or we can calculate it by MD. The 

assumption for the merging of two SIA clusters results immediately in the formation of a 

single larger SIA cluster of all sizes. SIA clusters larger than size five are constrained to 

1D diffusion. In OKMC simulations defects are treated as point objects with a capture 

radius or reaction distance. This is the distance at which a defect interacts with other 

defects. If the capture radii of two defects overlap, then defects are allowed to recombine 

depending on their type. Also when a defect emits from a cluster it is placed outside this 
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capture radius. It can be assumed that the medium is homogeneous and continuous and 

that the interaction radii of the defects involved are isotropic.  

 

5.1.3 Expecting the behavior of defects under local strain conditions.  

 
The local strain can be a result of defects precipitates as He precipitates in W [17] or 

Nitrogen precipitates [92] in V. Most importantly, we propose a stress indicator of 

effective volume and stability of the defects under strain. When the defects as a He or N 

atoms are introduced at an interstitial site, the equilibrium state will be destroyed. Then, 

the defects will induce a lattice stress either compression or tension, which depends on 

both the atomic size effect and the electronic effect.  

The other bulk atoms will be subjected to such strain level and in our study, we have 

concluded that the defects under tensile strain will show lower FPE and lower Ed while 

under compression strain the defects have higher FPE and Ed. From our results, the 

behavior of the defects which are surrounded by a local strain source can be predicted such 

as less number of defects will be generated in the locally compressed regions of the bulk 

material and more resistivity to radiation damage.  
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CHAPTER 6. SUMMARY AND CONCLUSION 
 

 

6.1 Summary 
 

To handle the radiation damages effect on the three refractory materials W, Mo 

and V we basically need to determine two factors: How many defects are created in 

radiation collision which can be described as formation number of defects and how the 

defects evolve and develop with time or as can be presented by the defects trajectory. For 

the first factor by evaluating the accurate value of the threshold displacement energy (TDE) 

we can evaluate the number of generated FP theoretically. For the TDE of tungsten, 

different values have been reported and then used in previous studies, which has caused 

inconsistencies in calculated damaged amounts. In the present study, we evaluate the TDE 

using molecular dynamics calculations, where TDE is defined as the average value of the 

minimum displacement energies for creating a stable defect over all directions, namely, 

Ed,avg. 

 To determine it as accurately as possible, the effects of calculation settings, such 

as the simulation cell size (Natom), the number of displacement directions (NICD), the 

increment step of the recoil energy in searching the threshold value (DEstep), and the 

thermal vibration of atoms (Ntiming), were analyzed. As a result, we have obtained 85 eV as 

the TDE of tungsten with a possible error of approximately 4.5%. This value is reasonably 

close to the one recommended by the American Society for Testing. As well it is 74 eV 

and 54 eV for Mo and V. 
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By applying the calculation set to the strain condition the defect formation energies 

and the threshold displacement energy in W, Mo, and V using the MD simulation are 

evaluated. With the strain ranging from 2% compression to 2.2% tension, the formation 

energy of SIA decreases rapidly, while the vacancy formation energy increases slowly, 

which causes the decrease of FP formation energy.  Considerable results were also seen 

for PKA cascade of 1, 6 and 10 keV with a volumetric strain types (hydrostatic) and six 

different strain values for the strain were applied on the typical material as of W.   

Our results suggest that due to volumetric deformations, the application of tensile 

or compression strains respectively increases or decreases the peak number of Frenkel 

pairs (i.e., vacancy-interstitial pairs) as well as the final number of surviving Frenkel pair 

defects at the end of the atomic displacement cascade. Applied positive (tensile) strain 

states tend to decrease the Frenkel pair formation energy as well as the TDE. The fraction 

and average size of vacancy and interstitial clusters increase with increasing tension in 

both uniaxial and hydrostatic strain fields. Since TDE is the energy needed for an FP to be 

formed by displacement, the TDE decreases concurrently. This result indicates that the 

radiation defect formation is suppressed by a compressive deformation, while enhanced 

by a tensile deformation.  

With the same strain amplitude, the uniaxial deformation less affects the TDE and 

the FP formation energy, compared with the hydrostatic deformation.  This is because the 

deformation effects are determined mainly by the volume change in the deformed system 

regardless of the deformation mode. As for the directional displacement dependence of the 

strain effect, 𝐸𝑑,𝑖
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  in most directions respond to a deformation in a similar manner 
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to  𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 , although unexpected resposes are observed for some directions around 

<432> under a compression deformation.   

Both 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝐹𝑃𝐸

𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  are described by linear functions of the volume 

change under deformation strain conditions. However, 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  is more strongly 

dependent on the volume change than 𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑, which is attributed to limited relaxation 

of atoms in the atomic collision process. We propose Eq. (4.6) as an approximate equation 

to determine 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  from the deformation dependence of the FP formation energy. 

Since the FP formation energy requires a significantly lower calculation cost compared 

with the TDE and can be calculated even with more accurate method such as the DFT 

calculation, this approximated equation would be useful to roughly estimate the 

deformation strain effect on TDE.  

The deformed TDEs acquired in this study will be used to evaluate the number of 

FP generated by collision cascades under strain conditions using the NRT model [35], in 

which the TDE is used as the model parameter of the cascade damage quantification at 

strain conditions. The formation energy of SIA clusters is reduced as applied strain 

increased while the migration energy is decreased considering the same strain amplitude. 

For 1-SIA, the migration trajectory is 3D for all strains, and changes from 3D to 1D 

gradually with SIA cluster sizes and strains increasing as it becomes difficult for the 

defects top to rotate. However, the number of single vacancies and interstitials tend to 

increase/decrease under tension/compression for both uniaxial and hydrostatic strain fields 

as compared to the unstrained system. These rates mentioned above of changes become 

more pronounced with increasing PKA energies, especially at 1.6% where the dislocation 
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occurred. Overall, the results of the present work show that tensile loading should be 

avoided in materials used in irradiation environments; conversely, compression 

deformation could be beneficial for structural materials used in nuclear power reactors. 

  

6.2 Conclusion 
 

 TDE evaluation is strongly affected by calculation settings while TDE as well as the 

Frenkel pair formation energy decrease with deformation when moving from 

compression to tension, indicating that the radiation defect formation is suppressed by 

compressive deformation, while enhanced by tensile deformation. 

 The size of defects clusters increases with increasing tension as well as the defects 

efficiency decreases as PKA increase.  

 These results suggest that preloaded material in compression might demonstrate 

increased resistance to radiation.  These results provide an evaluation of the stress 

effect on the radiation defects formation. 

 The strain effects on the TDE and the defect formation energy can be given as a linear 

function of the volume change regardless of the strain mode. 

 𝐸𝑑,𝑎𝑣𝑔
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(∆𝑉)~1.75

𝐹𝑃𝐸
𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(∆𝑉)

𝐹𝑃𝐸
0 𝐸𝑑,𝑎𝑣𝑔

0 , Is the deformed TDE approximation, hence 

the acquired data are useful, as we may apply this approximation equation to evaluate 

the number of FP generated during cascades by NRT model. 

 This work would be important for multiscale modeling application, for example, such 

a result would be used in other large-scale simulation methods as in Monte Carlo 

simulations which treats defect clusters as point-like defects. 
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APPENDIX A: DEFECTS TRAJECTORISIES UNDER 

STRAIN. 
 

We have shown clearly the effects of strain on the defects generation under the 

collision cascade events by the TDE, FPE and number of FP generated changes. During the 

collision cascade the monovacancies, clusters, and dislocation created as well. The defects 

integration into clusters evolution is tested in term of defects kinetics and its trajectories. 

The strain expected to affect the generated defects and would stimulate its propagation 

from smaller into larger clusters. The diffusion trajectory and migration of the clusters 

from (1~3 SIA) distribution under uniaxial conditions is shown in the Figures from Fig.A.1, 

and Fig.A.2 for the representative material of W, at 500 K and 1200 K respectively.  

Diffusion trajectories are featured by blue dots forming scattered points along with the 

axes. For 1-SIA as shown on Fig.A.1. (a), (b) defect prefers 3D of diffusion trajectories. 

As strain increases, the migration of 1-SIA gradually changes from 3D as in Fig. A.1.(a) 

to 1D as in Fig A.1. (d). Visual inspection at much smaller length and smaller scales of 

time show that for stain > 0.4 %, <100> 1-SIA may irregularly change to <110> 1-SIA. 

But <110> 1- SIA quickly changes back to <100> and again start 1D diffusion. At the 

highest strain of 2.2% for 1-SIA the possibility of <100> to <110> transition is slightly 

reduced and diffusion by back and forth movements along <100> axis is slightly increasing. 
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Fig. A.1. (a-d). Migration path during uniaxial [100] strain application at 500K. Average 

migration path was extracted from the X, Y, Z coordinated for the cluster places at time 

evolution and WignerSezes cell analysis were used to establish the cluster visualization. 

The X, Y and Z coordination was extracted by using OVITO code. Simulation is done 

over 1.5 fs of thermal step over 1 ns of the total time of thermal evolution. Migration 

path for 3sia was averaged into a single point each time step. 

For 3-SIA, diffusion is largely changed to 1D at 0.4% compared with 1 SIA, with 

some contribution from 3D, as evidenced by relatively longer migration distance for 1-D 
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migration, as shown in Fig. A.1. (c). For larger strains, 1D diffusion is dominant, featured 

by line-like diffusion trajectories. The Defects clusters may end its 1D migration 

sometimes by changing back to other configuration as by changing to <110> direction. But 

at highest strains 2.2 % the <110> will be very limited and short hence the SIAs 

immediately rotate into another <100> configuration and start another 1-D diffusion. The 

effect of strain is quickly saturated. The saturation means that the diffusivities at the highest 

strain of 2.2 % are comparable with 0.4 % for the 3-SIA cluster sizes. 

Figure A.2. (a-d) shows the diffusion trajectory of the clusters at a higher 

temperature. At 1200 K, for 1-SIA and 3-SIA, the migration dimension is 3D under 0.4 % 

strain, while the larger cluster seems to not show any promotion to the 1 D diffusion as 

compared with the case at 500 K. That would be  due to the fact that at energy > 800 K the 

cluster of 2 SIA and 3 SIA will dissociate into single SIAs as reported by, N Anento.et.al 

for alpha iron clusters [93]. However by applying 2.2% tensile stress Diffusion and 

recombination of dissociates would be seen as in Fig 4.28 (d).  
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Fig. A.2. (a-d). Migration path during uniaxial [100] strain application at 1200K. 

Average migration path was extracted from the X, Y, Z coordinated for the cluster places 

at time evolution and WignerSezes cell analysis were used to establish the cluster 

visualization. The X, Y and Z coordination was extracted by using OVITO code. 

Simulation is done over 1.5 fs of thermal step over 1 ns of the total time of thermal 

evolution. Migration path for 3sia was averaged into a single point each time step. 
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Overall, these results revealed that the larger clusters were easily formed for 

expansion as it is a change from 3D ~ 1 D diffusion pattern and more likely to show a 

linear diffusion at 500 K, but for 1200 K the effect is not clearly shown since the cluster 

dissociation occurs. 
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Fig. A.3. <100> SIA (1~3SIA) dumbbell formation energy changes under uniaxial strain. 

Fig. A.3. Compare the defect formation energies of the (1~3) SIA clusters as a 

function of uniaxial tensile strain. All defect formation energies decrease with increasing 

strain and this consisted with our figures in 4.11. 

In Fig A.4. The uniaxial strain shows an increase for the diffusion coefficient value 

by higher strains value at temperatures < 450 K. But for temperature > 450 K the 2.2 % 

drops its value to be lower than the diffusion coefficient value at 1.6 %, it would be due to 

some sessile configurations formed as defects propagate into a locked position which lower 
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its diffusion coefficients. For that, the temperature effect is dominated over the stress effect 

at higher temperatures for this case. 
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Fig. A.4. Diffusion coefficients under a different level of [100] tensile strain for defect 

clusters containing 1- SIAs 

A higher strain results in a higher diffusivity and lower migration energy, and 

higher enhancement especially for larger SIA’s. From the diffusion coefficient evaluation 

at different strain application, the extrapolated migration energies can be calculated. Table 

A.1 summarizes the extracted migration energies and diffusivity pre-exponential factors 

of SIA defect under different strains. Regardless of strain levels, migration energies of 

defect clusters, in general, become smaller with increasing cluster sizes. Under -0.2% 

strain, diffusion energies change from 0.26 eV for 1-SIA to 0. 08 eV under 2.2% tensile 

strain.  
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Defects size Em-0.2% Em0.4% Em1.0% Em1.6% Em2.2% 

1 0.266021 

(28) 

0.238384 

(12) 

0.133647 

(5.5) 

0.134179 

(13.5) 

0.082928 

(13.5) 

Table A.1. Migration energies (eV) and diffusivity prefactors of 1 SIAs defects in 

parenthesis. 

 

Under uniaxial strain, linear diffusivity is further promoted, but its additional 

contribution to diffusivity enhancement is limited for larger defect clusters as it will be 

saturated with 1D finally. It is worthy although the EAM potential used was qualitatively 

regenerated the DFT results, it may underestimate the formation energy of the dumbbells, 

and differences between them, which may impact on the diffusion properties predicted. 

Secondly, we have tested for verification purposed the [100] uniaxial strain on the sample 

of the clusters generated, since this direction shows the least complexity in direction 

indices and following the same strain of uniaxial we used to apply for this work. Gathering 

the diffusion coefficient and migration energy for the main directions [111], [110] and 

[100] will be useful to present an estimated view for the direction’s effects to be used with 

the rate theory applications.  The effect of other strains could be very different for different 

strain direction and types.
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APPENDIX B: EXTRA ANALYSIS RESULTS  
 

 

During our simulation and calculation to achieve the target of this work we have 

done several important analyses which were needed at the beginning of our research. These 

Extra analyses work section are available for any researcher who could be interested in 

such studies.  We have tested using different potential models for estimating the force filed 

effects and to choose the best potential model fitting for our calculation especially the TDE 

and collision cascade events. Also, we have tested some values like the formation energy 

of the defects for different system sizes.  We have also shown the angle deviation of the 

Mo and V in term directional TDE. For this appendix, we are only showing the graph, and 

we expect it will be clear enough form the figures below to not go for more description.  
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Fig.B.1. Ed,avg values as a function of the energy increment step (∆Estep) including 

0.5 eV for step increments. System size is 8x8x12. 

 
 

Fig.B.2. The procedure for detecting the defects and visualizing the cascade 

structures as if we apply it with OVITO code. 

 

Elastic constants Ack 

[94] 

Bn 

[67] 

 

Experimental (GPa) a 

 

C11 

 

532.6 

 

642.2 

 

532.5 

 

C44 

 

163.2 

 

169.7 

 

163.8 

 

C12 

 

205 

 

207 

 

205 

 

B 

 

314.2 

 

 

352.1 

 

 

314.15 

 

 

Table B.1. Elastic constants and experiments for W. Ack potential agree well 

with the experiential elastic constant evaluation. However, the ASTM value for the bulk 
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modulus is 400 Gpa. Ack model was fitted by adding a core term to the pairwise 

repulsive part of FS potential to increase the short-range repulsion. The original FS 

model was fitted to the elastic constants. 
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Fig.B.3. A system size effects on the defect formation energy evaluation. The 

system size we have used for our defect formation energy calculation in this study was 

8x8x12, and it’s clear enough. (a) is the Vacancy formation energy using Ack EAM 

potential (eV) (b) is the Vacancy formation energy using BN EAM potential, and (c) is 

the interstitial formation energy using BN EAM potential. 
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Fig.B.4. (a) and (b). A larger number of directions to ensure an appropriate 

sampling of the Ed,i. In ACK potential [94] they fitted the short ranged part to a cubic 

spline: for TDE and the directional effect this may not be stiff enough. <111> direction 

show decrease in the TDE at around 1 % compression strain, with the high probability 

distributions of TDE around < 111> the average TDE in a result will be following the 

<111> directions trend. 
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Fig.B.5 (a-d) average 

migration path of the Alpha iron (1~3) 

clusters. Evolution during uniaxial 

[100] strain application at 500K. 

Average migration path was extracted 

from the X, Y, Z coordinated for the 

cluster places at time evolution and 

WignerSezes cell analysis were used to 

establish the cluster visualization. The 

X, Y and Z coordination was  

extracted by using OVITO code. 
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FigB.6. Diffusion coefficients as a function of temperature under a different 

level of [100] tensile strain for defect clusters containing (a) 2- SIAs, (b) 3-SIAs, 
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Table B.2. Migration energies (eV) and diffusivity prefactors of SIAs defects in 

parenthesis. 
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Fig.B.7. The volume expansion showed an increase in the fraction interstitial clusters. 

For 6 and 10 keV PKA, relative to reference no strain condition, interstitial clustering 

fraction increases around 10% and 20%, respectively, for 4.8% volume expansion, these 

effects are not very pronounced, for 1 keV. 
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Fig.B.8. Survived number of defects as a function of system size, 
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