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ABSTRACT 

 

Point-defect concentration and diffusivities are obtained from molecular dynamics (MD) 

simulations. It is found that self-diffusion in BCC-Fe is controlled by vacancy mechanism at all 

temperatures. The results obtained is due to the fact that the equilibrium vacancy concentration is 

always much larger than the equilibrium interstitial concentration. Molecular dynamics 

simulation is performed to study the self-diffusivities of BCC-Fe and Fe-Cr alloys with 

composition variation from 5%, 10%, 15%, 20% and 25% Cr respectively at temperature 50  

K,100 K, 300 K, 500 K, 700 K, and 1000 K in box size of dimension 50 50 50   Å
3
. The 

temperature range has been divided into three parts: below room temperature (50 K and 100 K), 

above room temperature (300 K, 500 K, and 700 K) and 1000 K. This temperature range will 

describe better diffusivities of BCC Fe and Fe-Cr alloys system. Mean square displacement 

method is employed to calculate the diffusivity values of BCC-Fe and Fe-Cr alloy system. Slope 

of the MSD vs. timestep in the diffusive region gives the self-diffusivity values of the elements. 

The calculated diffusivity value is in good agreement with other MD simulation and 

experimental data.   

 

Keywords: point- defect, mean square displacement, molecular dynamics simulation, embedded-

atom-method, LAMMPS, pure Fe, Fe-Cr alloys 
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Fig.4.10.2.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.100 K 

Fig.4.10.2.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.100 K) 

Fig.4.10.3.1 (a) & Fig.4.10.3.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.300 K. 

Fig.4.10.3.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.300 K 

Fig.4.10.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.300 K) 

Fig.4.10.4.1 (a) & Fig.4.10.4.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.500 K. 

Fig.4.10.4.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.500 K 

Fig.4.10.4.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.500 K) 

Fig.4.10.5.1 (a) & Fig.4.10.5.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.700 K. 

Fig.4.10.5.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.700 K 

Fig.4.10.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.700 K) 

Fig.4.10.6.1 (a) & Fig.4.10.6.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.1000 K. 

Fig.4.10.6.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.1000 K 

Fig.4.10.6.2 (a) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.1000 K) 
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Symbols 

K  Kelvin 

Å  Angstrom 

k  Boltzmann constant 

Ps  picoseconds 
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N  Total number of atomic site per mole 

ΔE  Activation energy for formation of vacancy 

n  Number of atomic site per mole 

t  Simulation time 

Ea  Activation energy 

2m   Square meter 

c 2m   Square centimeter 

1s   Per second 

0D   Pre-exponential constant 

 AD T  Diffusion coefficient 

V

fH   Vacancy formation enthalpy 

V

fS   Vacancy formation entropy 

Fi  Force acting on particle ‘i’ 

mi  Mass of atom ‘i’ 

ri  Position vector of atom ‘i’ 

Ei  Potential energy of an atom ‘i’ 
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rij  Distance between atoms i and j 

   Electron charge density from atom j of β type at location of atom i 

   Pair-wise potential function 
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1. Introduction 

1.1 Background  

Fe-Cr alloys play an important role as a main constituent’s element for the stainless steel. 

From the era of manufacturing and development of steel, stainless steel is classified into 

four major types: ferritic, martensitic, austenitic, and precipitation-hardened stainless 

steels. The main objectives for the invention of stainless steel to manufacture corrosion 

free steel. In 1912, two major types of stainless steel were discovered accidently just 

because of their corrosive behavior came into light [1]. H. Brearely discovered the ferritic 

stainless steel when he found difficulty in trying to etch gun barrels made from chromium 

steel. Secondly, austenitic stainless steel was discovered by E. Maurer in Germany when 

he noticed that certain chromium-nickel steels did not corroded even after placed in acid 

fumes environment. Steel considered as stainless must contain minimum under 12% Cr 

[2]. All the above four types of stainless steel have some amount of carbon content in 

their composition which is not desirable for binary Fe-Cr alloys as far Fe-Cr phase 

diagram [3] indicates.  

In the present scenario Fe-Cr alloy preferred as a structural building material in the field 

of nuclear power generation. In this regards, diffusion plays an important role in the 

kinetics of many materials processes [4]. Experimental measurements of diffusion 

coefficients are expensive, difficult and in some cases nearly impossible. A 

complimentary approach is to determine diffusivities in materials by molecular dynamics 

(MD) simulations [5]. In addition to predicting diffusion coefficients, MD simulations 

can provide insights into atomic mechanisms of diffusion processes, creating a 

fundamental framework for materials design strategies through control of diffusion rates. 

However much interest from both engineering and physical point of view, to know what 

kind of defects play major roles in phenomena related to radiation damage in materials. 

In particular, radiation-induced interstitial atoms, which have been reported to move very 

fast [6-7] will greatly affect the mechanical properties of materials by changing the 

growth and annihilation rates of radiation-induced defect clusters. Unfortunately only a 

few indirect methods such as measuring stress and magnetic relaxation as well as 

monitoring changes in residual resistivity and hardness have been available to estimate 

the behavior of defects that play roles at annealing stages after irradiation, and it is 

impossible to directly observe such small defects as self-interstitial atoms (SIAs) and 

vacancies in irradiated materials. Most promising methods overcoming this difficulty are 

theoretical calculations and atomistic simulations using proper interatomic potentials [8]. 

Using molecular-dynamics simulations, the present work aim is to measuring the 

diffusion coefficient of pure Fe and in Fe-Cr alloys under various temperatures.   
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1.2 Motivation for present studies 

Since nuclear power plant is good source of power generation all over the world. 

However, radiation damage causes a serious factor in this field. So Fe-Cr alloy 

considered as a suitable material in designing the parts of fluid flowing system and 

pressure vessel where radiation damage mostly occurs. In literature survey, many works 

were carried out experimentally and computer simulation has been done related to these 

alloys. This work adds a link to whatever work has been done till now. 

 

1.3 Research objective 

 To study the self-diffusion in pure Fe and effect of temperature on diffusivity 

value. 

 To study the effect of temperature and increasing Cr content on the diffusion in 

Fe-Cr alloys. 
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2. Literature review 

2.1. Introduction 

In this section, material and terminology used in research is explained. The topics which are 

discuss as: Solid solution, alloys, Fe-Cr alloys system, point defects, diffusion, and mean square 

displacement (MSD). This chapter also takes an overview of different individual’s work done on 

pure Fe and Fe-Cr system. 

2.1.1. Solid solutions, Alloys and Fe-Cr alloys system   

A solid solution is the solid state similar as liquid solution. Solid solution form when solute 

atoms are dissolved to a solvent. Solid solution is depending on the size of alloying elements. 

The dissolution may occur either substitutional solid solution or interstitial solid solution. Solute 

can be “substitute” as solvent atoms on lattice sites if the solute atoms are similar to the solvent 

(according to Hume-Rothery rules discuss below). If solute atoms are different (i.e. atomic radii 

differ by more than 15%, electro-negativities, coordination numbers are different) from the 

solvent, then an interstitial incorporation of solute atoms can occur where solute atoms occupies 

in between lattice sites, such as carbon atoms in steel. If solubility between solute and solvent is 

not present, then solute atoms may have a tendency to form cluster and trapped at defects within 

solvent (such as at grain boundaries and dislocations). If solubility is very low, then cluster 

behavior is predominated thermodynamically. 

The currently steels (such as 304 stainless steel) used in reactors are incapable in handling the 

increased irradiation over long period of time, and at elevated temperature. They shows 

considerable swelling under higher temperature and radiation dose therefore new steels are 

required to build next generation nuclear reactor. The composition of present steel used in 

reactor is given below: 

Table 2.1: Composition of 304 stainless steel [9]

 

The noticeable factor to choose Fe-Cr alloys system is that the actual steel used have 10 alloying 

elements and modeling such a complex system is impossible in present time. Fe –Cr system will 

be faithful and easy to model that can add information about the behavior of Fe-Cr based steels 

useful for next generation reactor. 

On the other way, elements in alloy can mix with base lattice matrix (α-Fe lattice in case of Fe-

Cr system) in many ways. One common way that alloys elements can mix when alloying element 

occupies at lattice sites of host lattice. This is known as substitutional alloy since alloying 



 

6 

 

element is substituted to the original lattice atoms sites. The rule which describing whether two 

elements will form a substitutional alloy or not are called Hume-Rothery rules. These rule state 

as: 

1. The radii of the host lattice atom and alloying element atom could not differ by more than 15% 

2. The crystal structure of both elements must be same 

3. The number of bonds of each element must be same  

4. The electronegativity of each element must be similar 

All the above rule of Hume-Rothery rules are satisfied by Fe and Cr in every aspect. Thus Fe-Cr 

system forms a substitutional alloy. The atomic radii of Fe and Cr are 1.27 Å and 1.28 Å, 

respectively. Both have body-centered cubic (bcc) crystal structure, and due to close appearance 

in periodic table, they have same valencies and electronegativities. The phase diagram of Fe-Cr 

alloys system is given below in Fig. 1. Here α phase of Fe-Cr system shows bcc crystal structure 

like α-Fe. The γ phase has a fcc structure which is more ductile and softer than bcc phase. 

Alternating layer of Cr and Fe are distinguished through σ phase [10]. This phase diagram show 

in units of mass (or weight) percent, and since Fe and Cr are so close in term of mass, mass 

percent and atomic percent that they may interchanged with minor error. The sigma (σ) phase 

located at bottom center is not having bcc structure. It has some different structure that turns out 

to be quit brittle, and consequently avoided because of higher Cr wt%, that is not under this 

investigation. The atomic percent used in this research work range from 0at% Cr (pure α-Fe) to 

25at% Cr in the temperature range of 50 K-1000 K. 50 K and 100 K temperature are examined to 

check the diffusion behavior of Fe-Cr system. Apart from this temperature, 300 K-1000 K 

temperature have only bcc α phase. With 0wt% Cr to 15wt% Cr, γ phase appear only after 

~850⁰C till ~1400⁰C. The melting temperature of Fe and Cr are 1538⁰C and 1907⁰C 

respectively.         
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                                      Fig.2.1 Iron –Chromium Phase diagram [11]  

2.1.2. Point Defects 

 Point defects are lattice imperfection that occurs to the lattice site. These defects are classified as 

vacancies, interstitial, or substitutional. When point defects get introduced in crystal lattice, 

internal energy of the crystal increases. At equilibrium, the fraction of lattice that are vacant at a 

given temperature is given approximately by the Eq.  

E
kT

n
e

N



    

      Where n= number of vacancies per mole 

     N= total number of atomic site per mole  

      ΔE = activation energy for formation of vacancy 

     K =Boltzmann constant 

  T = Temperature  

When a lattice atom is removed from its position, the empty lattice position left behind is called a 

vacancy. Vacancies play a great role in diffusion of atoms in crystal lattice. They help in 

transport of atoms. Vacancies arise from thermal vibrations. The activation energy responsible 

for diffusion is the sum of the energy required to form a vacancy and the energy to move the 

vacancy. They also introduced during solidification. There is slight distortion in lattice planes 

due to vacancy because atoms surrounding a vacancy have tendency to come closer. 
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                              Fig.2.2 show vacancy mechanism helps in diffusion  

Substitutional defects are former to the vacancies that have been occupied by non-lattice atoms. 

For example Cr atom is attracted to the vacancies in Fe-Cr system and tries to occupy vacant site 

whenever possible. Thus substitutional diffusion rate depends on number of vacancies, 

temperature, and activation energy to exchange. Substitutional defect may occur by small or 

larger atom than the original lattice atom. 

                                         

Fig.2.3 (a) Small substitutional atom           Fig.2.3 (b) Larger substitutional atom 
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                   Fig.2.3 (c) show substitutional defect mechanism in diffusion 

A point defect produced when an atom is placed into the crystal at a site that is normally not a 

lattice point. Also an “alien” atom (such as C) in one of the interstitials in a structure. An 

interstitial view of an foreign atom is shown in figure.  

                              

                     Fig.2.4 Show the interstitial atom diffusing into interstitial site 

2.1.3. Calculation of diffusivity in point defects 

The diffusivity *

AD  of an atom A in a virtual specimen of alloy can be calculated by Einstein’s 

random-walk law [12]: 

 
   2

*

6
A

R t T
D T

t
  …………………. (1) 
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Where t is the simulation time and    2R t T  is the time increasing mean square displacement 

(MSD) of diffusing A atoms, that is calculated from MD simulation after running the code 

equilibrated at certain temperature T. vacancy concentration used in simulation, *

VC  is assured 

higher as comparable to equilibrium concentration at T,  
aE

kT
A OD T D e



  . Hence, the diffusion 

coefficient  AD T  can be compared with experimental data,  *

AD T  has to be corrected by a 

factor   *eq

V VC T C . Here   exp[ ( ) ]eq V V

V f f SC T H TS K T   , where 
SK  is Boltzmann constant and

V

fH , V

fS are, respectively the vacancy formation enthalpy and entropy. By repeating the 

calculation symbolized by Eq. (1) at different temperature (to which atom block was 

equilibrated) and applying the correction factor, the Arrhenius plot of the diffusion coefficient is 

obtained and, by interpolating with expression [13] 

 
aE

kT
A OD T D e



   …………………… (2)                    

both prefactor  Do and Ea as predicted by potential can be determined and compared with 

experimental data. 

2.1.4. EAM potential used for Fe and Fe-Cr alloys to calculate diffusivity value 

Mikhail I. Mendelev et al. [14] studied about interatomic interactions in bcc Fe through semi 

empirical interatomic potential developed as mention by G. J.Ackland et al. [15]. They study by 

calculating the equilibrium lattice parameter as a function of temperature. Simulation box 

contains 2,000 atom and periodic boundary conditions were employed. At a given temperature, 

NVT (constant number of atoms, volume, and temperature) ensembles selected to run MD code 

at several densities. After system equilibration with 20,000 MD steps (1 MD step= 2fs), statistics 

of pressure was collected in next 20,000 steps. In their work, diffusivity value calculated in bcc 

Fe through two different mechanisms of self-diffusion: one mediated by migration of vacancies 

and other by migration of self-interstitials. They found that self-diffusion in bcc Fe is controlled 

by vacancy mechanism at all temperatures. 

Katsuyuki et al. [16] worked on α-Fe. They employed an embedded-atom-method (EAM) 

interatomic potential that was proposed by Haftel et al. [17] for the construction of non-magnetic 

α-Fe crystals. In order to obtained diffusion coefficient of SIA in α-Fe crystal, crystals sized 223 

(21296 atoms contained) in a units of lattice parameter, were annealed for about 10 ns at fixed 

temperatures from 250 K to 1300 K. The interatomic potential used in the calculation was 

developed to reproduce only the properties of non-magnetic bcc iron. 

H. Chamati et al [18] The EAM potential was used to determine Fe properties at finite 

temperatures. They performed MD simulations in the canonical ensemble (NVT), using a system 
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of 4500 atoms arranged on BCC or FCC lattices. The simulation boxes contained 20 layers with 

225 atoms each, with periodic boundary conditions in all three directions. They performed MD 

runs of 10–50 ns (depending on the temperature) in the temperature range of 600–950 K. Below 

600 K the number of diffusion events is too small to obtain any realistic statistics. The 

temperature dependence of the diffusion coefficients for three diffusion mechanisms (hopping 

and two exchange processes) follows the Arrhenius behavior. The most important result is that 

the diagonal exchange diffusion process is energetically favored over the direct hopping 

mechanism. Finally, they found that the diffusivity by the diagonal exchange mechanism is about 

an order of magnitude higher than that by the direct jump mechanism and by the non-diagonal 

exchange mechanism. 

                          

So far, self-diffusion in Fe-Cr binary alloys have been considered it is limited to Fe rich solid 

solution range that must be less than 20at%Cr[19] because higher Cr content are considerably 

brittle. For RAFM steels, the chromium content mainly range from 10 to 20 %. Molecular 

dynamics (MD) simulations employing two different Fe-Cr potentials are used to study the effect 

of 10% Cr on self interstitial and small interstitial cluster migration. Studies of the effect of Cr on 

displacement cascade evolution in Fe-Cr alloys have observed no effect on defect production 

[20, 21]. Although no differences were observed in the absolute number of defect formed, Cr 

may have an influence on the migration properties of point defect clusters that can influence 

eventual defect fate and produce a large effect on microstructural properties. Two different Fe-Cr 

interaction potentials [21] were used, which show different size effects of Cr in body-centered 

cubic (BCC) Fe matrix. In this work, MD simulations on the effect of Cr on single, di-, and tri-

interstitial diffusion in Fe-10%Cr alloys was done. Simulations were also performed for Fe-

1%Cr alloys; however effect of Cr at 1% concentration was minimal. 

Resent work by Terentyev [22] has demonstrated decreased interstitial diffusivity in Fe-12%Cr 

based on EAM Fe-Cr potentials. Fe-Cr alloys of different concentrations (5%, 10%, and 20%) 

have been produced and validated [23,24]. In this work, their validation is extended by 

computing, via MD, the diffusivity of Fe and Cr atoms in a Fe-12%Cr alloy. This composition 

was chosen as the closest Cr concentration to RAFM steels for which experimental data of Cr 

diffusivity are available [25]. 

Ivanov and Ivanchev [26] studied in 1958 the diffusion of Cr51 and Fe59 in Fe-26-82.5 mass% 

Cr alloys in temperature range from 1313 to 1523 K .The objective of report is to (i) investigate 

the effect of Cr on point defect properties and microstructural evoluation in irradiated Fe-Cr 

alloys. The initial focus was on single interstitial and small interstitial cluster transport using MD 

simulations, (ii) to determine the tracer self-diffusion coefficient of Cr51 and Fe59 in the high 

purity Fe-50 mass% Cr alloy in a wide temperature range across 1103 K. 
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Table 2.2: shows the diffusivity values of 12%, 10%, 1% Chromium content based on MD 

simulation and experimental work has been observed from literature listed in column given. 

 

Alloy 

composition 
Potential study 

Activation 

energy 

Ea (eV) 

Diffusivity 

value 

D0 (cm2/s) 

Paper 

Fe-12% Cr 5.16 

a)atomic 

diffusion via 

vacancy 

mechanism 

b)interstitial 

diffusion 

Cr 2.39 

Fe 2.54 
 

0.063 

1.117 

2.117 
 

3.03 410  

[27] 

Fe-10%C 

Fe-Cr I 

 

 

Fe-Cr II 

Single interstitial 

Di-interstitial 

Tri-interstitial 

 

Single interstitial 

Di-interstitial 

Tri-interstitial 

0.22 

0.11 

0.12 

 

0.24 

0.10 

0.10 

9.4 510  

6.5 310  

6.3 410  

9.6 310  

6.0 410  

7.3 410  

[28 ] 

Fe-1%Cr 

Fe-Cr I 

 

 

Fe-Cr II 

Single interstitial 

Di-interstitial 

Tri-interstitial 

 

Single interstitial 

Di-interstitial 

Tri-interstitial 

0.06 

0.06 

0.05 

 

0.11 

0.16 

0.03 

1.1 310  

9.6 410  

2.5 410  

 

2.4 310  

5.7 310  

5.6 310  

[28 ] 

 

 

Table 2.3: self-diffusion coefficient of Cr51 and Fe59 in Fe-50mass%Cr [29] 
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3. Theory & Computational Methodology 

3.1. Introduction to Classical Molecular Dynamics Simulation 

Classical Molecular dynamics (MD) is a computer simulation technique which give an idea 

about the time evolution of a group of interacting atoms and molecules organized in a system is 

followed by integrating their equation of motion. The word “classical” itself indicate that the 

core motion of the constituent particles obeys the laws of classical mechanics. The paths 

followed by interacting particles are solely determined by solving Newton’s equation of motion 

where forces acting between the particles and potential energy are defined by molecular 

mechanics force field. MD simulations generate information at the microscopic level i.e. atomic 

position, velocities, and forces. As far history concern about Classical Molecular dynamics 

method as it was first introduced by Alder and Wainwright in the late 1950’s and it was the first 

molecular dynamics study about the interaction of 500 hard sphere [30]. Many important insights 

concerning the behavior of simple liquids emerged from their studies. However, in 1964 , 

Rahman carried out the first simulation using a realistic potential for liquid argon in which 

investigation done on the particles motion of individual atoms [31]. Now a day MD simulation 

focusing towards biophysics problems, fracture, deformation studies of nano-composite material 

and many more area is routine. MD simulation is an effective way to investigate various 

properties of elements incorporated in a system at macroscopic level [32]. This is what we can 

say that objective of MD simulation of atomic & molecular system is to conversion of 

microscopic interaction to macroscopic behavior like pressure, stress tensor, strain tensor, energy 

etc. Some of the main strengths of MD simulation [33] which stand it better in position other 

than experimental work as (1) it is relatively easy to implement (2) exact dynamics for the 

chosen interatomic potential (no assumption of on-lattice behavior, known mechanisms, or 

thermal behavior) (3) very accurate compared to experiment, if potential is accurate, after the 

thermal spike stage (> ~1ps) (4) can probe behavior that is unavailable from experiment (5) some 

properties are relatively insensitive to the material, and hence are insensitive to errors in 

potential. For these properties, MD can provide meaningful, general results even with a cheap 

potential. Some limitation are also held with molecular simulation and modeling [33] i.e.(1) 

Time scale – currently limited to nanoseconds (2) it is only as good as interatomic potential (3) 

Thermal transport are not properly treated for metallic system (4) Electronic stopping are not 

directly treated. The main things in the MD simulation are assumption, approximations and 

simplifications of the model and computational procedure such that they contribute minimum 

inaccuracy means not affect significantly the property of interests [34]. 

3.2. Basic Principles  

The MD simulation method is based on Newton’s equation of motion, which described dynamics 

of atoms. The classical equation is written as [35]. 
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i i im r f  
i

i

f u
r




   ………………………………….. (1) 

In this equation, forces 
if  acting on the existing atom are to be calculated from a potential 

energy  Nu r , where  1 2 3,, , ........N Nr r r r r  is the set of 3N atomic coordinate. Potential energy u 

is calculated from above equation in two way (1) non-bonded interactions (2) bonding potential  

(1) Non-bounded Interactions: Potential energy u non-bounded indicates non-bounded interaction 

of atoms divided into 1-body,2-body, 3-body…..term 

U non-bounded =    ,i i j

i i j i

u r v r r


   …..(2) 

Where  u r represents externally applied potential field or the effects of the container walls. 

Now, we concentrate over pair potential and neglect the 3-body and higher order interactions. 

Most commonly used Lenard- Jones potential is as follows  

 
12 6

4ljV r
r r

 

    

     
     

 …………………………………. (3) 

Here, σ is a diameter and є is well depth. 

If electrostatic charges are presents then appropriate coulomb potentials are added as        

  1 2

04

coulomb Q Q
V r

r 
 …………………………………………. (4)  

Where Q1, Q2 are charges and 0 is the permittivity of free space. 

(2) Bonding Pontentials 

For molecular system, we simply build the molecules out of site-by-site potentials of the 

form of Eq. (3) or similar. Thus it is not much important for study. 

Force calculation 

After determination of potential energy u  Nr , next step is to calculate the atomic forces through 

following Eq. 

      N

i

i

f u r
r


 


 ……………………………………………… (5) 
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3.3. The velocity verlet algorithm [36] 

Velocity verlet integrator is a numerical method used to integrate the Newton’s equation of 

motion. It is used to calculate trajectories of particles in MD simulation. Let us we consider N 

number of particles in their 3D representation of position, velocity, and acceleration at time t 

given as    ,i ir t v t  and  ia t  respectively. Where i(1,2,….N) is the particle index . 

We known that drv
dt

  and dva
dt

 , then Newton’s Eq. for the system of 6N 1
st
 order 

differential equation become 

 i i i

d
r r V

dt



  …………………………………………….. (6) 

 i
i i i

i

Fd
V V a

dt m



    …………………………………………. (7)  

In the above equation, mass mi and force fi is acting on particle i. acceleration ai is the time 

dependent function of all the particles position and their velocities. 

Most popular velocity verlet algorithms for MD simulation to solve the 1
st
 order differential 

equation can be written as   

             2 31

2
r t t r t tV t t a t o t       …………. (8) 

       1 ,..., Na t t a r t t r t t    ;     1 ....., ;NV t t V t t t t   …. (9) 

          31

2
V t t V t t a t a t t o t          ……… (10) 

In simple MD problem without external magnetic fields, the particles acceleration doesn’t 

depend on their velocity, so Eq. (9) can be change by following equation 

       1 ,...., ;Na t t a r t t r t t t t     …………….. (11) 

Eq. (8) can be helpful in calculation of  r t t  at time t and from Eq. (11) we can find 

 a t t  finally to get  V t t  using Eq. (10). 

The advantages of this algorithm are (i) it is straightforward, and (ii) the storage 

requirements are modest. There is no compromise on precision. 

 



 

17 

 

3.4. Interatomic potential 

It is possible to model a few thousands to millions of particles in classical MD using 

phenomenological interatomic and intermolecular potentials. They are obtained by using the 

phenomenological approach of selecting a parameterized mathematical form for the interaction 

between atoms, and fitting its unknown parameters to various experimental or higher-level 

theoretical (e.g. ab initio quantum mechanics simulation) properties. In general, the flexibility, 

accuracy, transferability, and computational efficiency of the interatomic potentials each have to 

be carefully considered. 

 

3.4.1. Embedded atom method (EAM) [37] 

Embedded atom method is an approximate description of energy between two atoms. The energy 

is a function of a sum of function of the separation between an atom and its neighbors. In 1984 

EAM method was developed by Murray Daw and Mike Baskes in which they described the latter 

functions as the electron density. EAM is very closed to the second moment approximation to 

tight binding theory, also known as the Finnis-Sinclair model. These model are particularly 

appropriate for metallic system. EAM is widely used in MD simulations. 

In a simulation, the potential energy of an atom i, is given by 

   
1

2
i ij ij

i j i j

E F r r   
 

 
  

 
    

Where 
ijr is the distance between atoms i and j. 

 is a pair-wise potential function 

 is the contribution to the electron charge density from atom j of type β at the location of atom 

i and F is an embedding function that represents the energy required to place atom i of type α 

into the electron cloud. 

Since the electron cloud density is a summation over many atoms, generally estimated by a 

cutoff radius, the EAM potential is described as a multi body potential. For a single element 

system of atoms, three scalar functions must be specified: 

i) The embedding function  

ii) a pair-wise interaction 

iii) an electron cloud contribution function 

For a binary alloy, EAM potential requires seven functions: 
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a) three pair-wise interaction (A-A, A-B, B-B) 

b) two embedding function 

c) two electron cloud contribution functions. 

3.4.2. Pair wise potential and multi-body potential  

Pair-wise interaction and the multi-body are related to the EAM potential. A pair-wise potential 

(primarily repulsive in nature) shows the interaction of the positively charged metal core ions 

with one another [38] where as multi- body potential (attractive interaction) models refers to 

“embedding” a positively charged pseudo-atom core into “sea” of free electrons created by the 

surrounding atoms 

3.5 Periodic boundary condition  

In MD simulation, Periodic boundary condition (PBC) is a set of boundary conditions that used 

for simulating a large system by modeling a small part that is far from its edge. During 

simulation the atom present inside the simulation box moved towards one edge, it reappears from 

the opposite edge with same velocity. This phenomenon behaves like tiling of the system [39]. 

                                         

Fig. 3.1 shows 2D- representation of periodic boundary condition  

3.5.1 Limitation of Periodic boundary condition 

 The box size should larger than the double of cutoff distance (Rcut) of the 

interaction potential, if not so molecule may interact with its own image in a 

neighboring box 

 PBC doesn’t conserved angular momentum because it is not rotational symmetric, 

so it conserved only linear momentum 
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3.7 Mean Square Displacement 

For the calculation of diffusivity value of pure Fe and Fe-Cr alloys system, mean square 

displacement (MSD) model was used. In general, MSD is defining as a measure of the average 

distance a molecules travels. Mathematically it is expressed as [40, 41] 

                           
22

0i i iMSD t r t r t r     

In this equation,    0i ir t r  is the (vector) distance travelled by molecule / atoms I over time 

interval of length t, and the squared magnitude of this vector is averaged over many such time 

intervals. Often this quantity is averaged also over all molecules in the system, summing from 1 

to N and dividing by N. The MSD also contain information on atomic diffusion.  If the 

molecules doesn’t encountered with other molecules that means they traveled in a trajectory 

called ballistic region, then the distance travelled would be proportional to the time interval 

distance equals velocity-times, time and the MSD would be increases quadratically with time t. 

In denser phases, quadratic behavior holds only for a very short time interval, of the order of 

mean collision time. Beyond this time the motion is better described as a random walk, for which 

the MSD increases only linearly with time. The rate of growth of the mean square displacement 

depends on how often the molecules suffer collisions. At higher density, it will take longer to 

diffuse a given distance, as other molecules continually impede its progress. 

The limiting slope of MSD (t), considered for time intervals sufficient long for it to be in the 

linear regime, is related to the self-diffusion constant D.  

 

   
1

lim 0
6t

D r t r


   

 

The graph has shown below as an example how diffusivity value calculated. 
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Fig.3.2 MSD vs. timestep [42] 

 

 

 

                        
 

                       Fig.3.3 represents temporal variation of MSD for solid and fluid [43] 

 

3.8 Introduction to LAMMPS (Large-scale Atomic/ Molecular Massively Parallel 

Simulator) 

 

3.8.1 Background and Features  

LAMMPS stands for Large-scale Atomic/Molecular Massively Parallel Simulator is a classical 

MD simulation code designed to run effectively on parallel computer and desktop or laptop also. 

It was originally developed under US Department of Energy CRADA (Cooperative Research and 
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Development Agreement) with two DOE labs and three companies [44]. Later on this software is 

distributed by Sandia National Laboratory under general public license (GPL). Software has 

open-source code and can be modify with new capabilities. It is easy to operate by code and 

current version LAMMPS is written in C++. Some of the important features of LAMMPS are 

described as below: 

 runs on single processor or in parallel  

 distributed –memory message-passing parallelism(MPI) 

 open-source distribution 

 spatial-decomposition of simulation domain for parallelism 

 optional libraries used: MPI and single-processor FFT 

 runs from an input script 

 highly portable C++ 

 runs one or multiple simulations simultaneously (in parallel) from one script 

 syntax for defining and using variables and formulas 

 syntax for looping over runs and breaking out of loops  

 easy to extend with new features and functionality 

LAMMPS is very easy to be use as it is compiled in a specific computational language.  

Three basic files are needed to run the MD code on LAMMPS platform: input script, a 

potential file and an exe. File. LAMMPS input script has basically four parts; 

1.) Initialization 

2.) Atom definition 

3.) Setting 

4.) Run a simulation 

3.8.2 Force field 

Force fields are useful for analysis and running the input script. It is come under initialization 

part of LAMMPS. Some of them used in LAMMPS are as follows:  

 pairwise potential: Lennard-Jones, Buckingham, Morse, Born-Mayer-Huggins, 

Yukawa 
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 Charged pairwise potential: coulombic, point-dipole. 

 Many body potentials: EAM, Finnis/Sinclair EAM, modified EAM(MEAM) 

3.8.3 Atoms creation  

This section defines atoms in a simulation box. The code used in this work to create atom in 

simulation as given below: 

create_box       1 box  

lattice                  bcc 2.851 

region                  Fe block 0 50 0 50  0 50 units box 

create_atoms        1 region Fe units box 

create_box       1 box  

 

3.8.4 Ensembles and boundary condition 

In LAMMPS, three basic ensembles are used. They are: 

1) NPT (number of atom, pressure, temperature) 

2) NVE (number of atom, volume, energy) 

3) NVT (number of atom, volume, temperature) 

Boundary condition used in LAMMPS is: 

 p p p 

 p p f 

 s f fm 

Where ‘p’ is periodic, ‘f’ is non-periodic and fixed, ‘s’ is non-periodic and shrink-wrapped, 

and m is non-periodic and shrink-wrapped with minimum value. 

By default boundary condition used in MD code is p p p, where p shows box is periodic, so 

that atoms should interact across the boundary. 

3.8.5 Integrators 

The integrator that are used in LAMMPS as given below: 
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 Velocity-verlet integrator 

 Energy minimization via conjugate 

 Rigid body integration 

 Brownian dynamics 

3.8.6 Energy minimization  

Syntax used for energy minimization is  

               minimize etol ftol  maxiter maxeval 

where  

etol = stopping tolerance for energy (unit less) 

ftol = stopping tolerance for force (force units) 

maxiter = max interation of minimize 

maxeval= max number of force or energy evaluations 

Energy minimization is done for the system by interatively adjusting atom coordinates. When 

one of the stopping criteria satisfied interation is terminated. At that point the configuration will 

be in local potential energy minimum. 

3.8.7 Output 

Output file is generated after completion of running the MD code. There is three file generated in 

this research work. 

1) DUMP file: this file gives the atoms position in all three direction and respective their 

velocity. 

2) Log file: This file contents the thermodynamic information of atoms like temperature, 

pressure, volume, and total energy. 

3) Log. lammps file 

3.8.8 Computing MSD via LAMMPS 

 MSD is calculated by using the syntax: 

compute            1 Fe msd  
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The above syntax is used for calculating MSD of pure Fe atom. Whereas syntax for MSD 

calculation of Fe-Cr alloys given as: 

compute            1 Fe msd  

compute            2 Cr msd  

 

3.8.9 Visual Molecular dynamics (VMD) 

For display, animation, and analyzing large atoms or molecules in 3-D graphical mode VMD 

(molecular visualization package) is used that is built-in scripting. In this work the entire atomic 

snapshots are taken by VMD software [45]. 
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4. Simulation Results & Discussion 

4.1. Creation of Pure Fe crystal at temperature 50 K & 100 K 

Simulation box size of dimension 50 Å
3
 containing 11,643 atoms were generated by running MD 

code. The code described the formation of sample equilibrated at temperature 50 K and 

movement of the atoms written in a infile. This infile is written in appendix I. 

4.1.1. VMD snap shots 

After running the MD code VMD snapshots of Fe-lattice has been taken as shown in following 

figures.  

                 

          Fig. 4.1.1 (a) & (b) shows VMD snapshot of Fe-lattice at temperature 50 K                                                                                                                            

                               

                    Fig.4.1.1 (c) & (d) shows VMD snapshots of Fe-lattice at 100 K 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms. 

4.1.2. MSD calculation 

                           

                Fig.4.1.2. (a) MSD vs. Time step plot of Fe-lattice at temperature 50 K 

                 

                        Fig.4.1.2 (b) MSD vs. Time step (self-diffusivity value of Fe-lattice at 50 K) 

Self diffusivity of Fe has been calculated from MSD vs. time step plots at temperature 50 K & 

100 K. Fig.4.1.2 (a) and Fig.4.1.2 (c) shows MSD vs. time step. The value of self diffusivity 

calculated from the diffusive region of the plot is shown in Fig. 4.1.2. (b) & Fig. 4.1.2 (d) 
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                    Fig.4.1.2. (c) MSD vs. Time step plot of Fe-lattice at temperature 100 K 

           

                    Fig.4.1.2. (d) MSD vs. Time step (self-diffusivity value of Fe-lattice at 100 K) 

4.2. Creation of Pure Fe crystal at temperature 300 K, 500 K, and 700 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-lattice is same as code written for Fe-lattice 

equilibrated at 50k. 
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4.2.1. VMD snapshots  

              

                Fig. 4.2.1 (a) & Fig.4.2.1 (b) shows VMD snapshots of Fe-lattice at 300 k 

              

                Fig.4.2.1 (c) & Fig.4.2.1 (d) shows VMD snapshots of Fe-lattice at 500 k 

               

                Fig.4.2.1 (e) & Fig.4.2.1 (f) shows VMD snapshots of Fe-lattice at 700 k 

In all the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms. 
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4.2.2. MSD calculation  

 

Fig.4.2.2 (a) MSD vs. Time step plot of Fe-lattice at temperature 300 K 

 

Fig.4.2.2 (b) MSD vs. Time step (self-diffusivity value of Fe-lattice at 300 K) 

 

Fig.4.2.2 (c) MSD vs. Time step plot of Fe-lattice at temperature 500 K 
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Fig.4.2.2 (d) MSD vs. Time step (self-diffusivity value of Fe-lattice at 500 K) 

 

Fig.4.2.2 (e) MSD vs. Time step plot of Fe-lattice at temperature 700 K 

 

Fig.4.2.2 (f) MSD vs. Time step (self-diffusivity value of Fe-lattice at 700 K) 
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Self diffusivity of Fe has been calculated from MSD vs. time step plots at temperature 300 K, 

500 K & 700 K. Fig.4.2.2 (a), Fig.4.2.2 (c) and Fig4.2.2 (e) shows MSD vs. time step. The value 

of self diffusivity calculated from the diffusive region of the plot is shown in Fig. 4.2.2. (b), Fig. 

4.2.2 (d) & Fig.4.2.2 (f) 

4.3 Creation of Pure Fe crystal at temperature 1000 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-lattice is same as code written for Fe-lattice 

equilibrated at 50k. 

4.3.1 VMD snapshots  

 

           Fig.4.3.1 (a) & Fig.4.3.1 (b) shows the VMD snapshots of Fe- lattice at temp. 1000 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms. 

4.3.2. MSD calculation 

 

Fig.4.3.2 (a) MSD vs. Time step plot of Fe-lattice at temperature 1000 K 
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Fig.4.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-lattice at 1000 K) 

Self diffusivity of Fe has been calculated from MSD vs. time step plots at temperature 1000 K. 

Fig.4.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the diffusive 

region of the plot is shown in Fig. 4.3.2. (b). 

 

4.4 comparisons of MSD values of Fe- lattice  

 Table 4.1: Diffusivity values of BCC-Fe at different temperature 

 

  

 

Temperature (K) Diffusivity (Å
2
/Ps) Diffusivity (m

2 
/s) 

50 1.28753 ×10
-8 

1.28753 ×10
-16 

100 6.64653 ×10
-9 

6.64653 ×10
-17 

300 2.5412  ×10
-6 

2.5412 ×10
-14 

500 5.59135 ×10
-6

 5.59135 ×10
-14

 

700 6.97013 ×10
-6

 6.97013 ×10
-14

 

1000 1.04201 ×10
-5

 1.04201 ×10
-13
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 Table 1 shows the diffusivity value of Fe atoms. Diffusivity value of pure Fe is lower at lower 

temperature (50 K, 100 K), but diffusivity value increases linearly above 100 K temperature. It also 

shown graphically in Fig.4.3 (b) that diffusivity increases with increase in temperature. Fig.4.3 (a) 

shows a comparative increase of diffusivity in term of MSD plot.   

4.5. Effect of Temperature 

           

                Fig.4.5 shows the increase in volume with increase in temperature 

Volume increases with increase in temperature, it is due to reason that increasing the temperature 

atoms collision gets faster because of higher activation energy.  

4.6 Creation of Fe-5%Cr alloys 

4.6.1 Creation of Fe-5%Cr alloys at temperature 50 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample is same as code written 

for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.1.1 VMD snapshots 

 

Fig.4.6.1.1 (a) & Fig.4.6.1.1 (b) shows the VMD snapshots of Fe-5%Cr alloys at temp. 50 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.1.2 MSD calculation 

 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plot at temperature 50 K. 

Fig.4.6.1.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.6.1.2. (b) 

4.6.2 Creation of Fe-5%Cr alloys at temperature 100 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample equilibrated at 100 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.2.1 VMD snapshots 

 

Fig.4.6.2.1 (a) & Fig.4.6.2.1 (b) shows VMD snapshots of Fe-5%Cr alloys at temp. 100 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.2.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 100 

K as shown in below Fig. Fig.4.6.2.2 (a) shows MSD vs. time step. The value of self diffusivity 

calculated from the diffusive region of the plot is shown in Fig. 4.6.2.2. (b) 
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4.6.3 Creation of Fe-5%Cr alloys at temperature 300 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample equilibrated at 300 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.3.1 VMD snapshots 

 

Fig.4.6.3.1 (a) & Fig.4.6.3.1 (b) shows VMD snapshots of Fe-5%Cr alloys at temp. 300 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.3.2 MSD calculation 
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Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 300 

K. Fig.4.6.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.6.3.2. (b) 

4.6.4 Creation of Fe-5%Cr alloys at temperature 500 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample equilibrated at 500 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.4.1 VMD snapshots 

 

Fig.4.6.4.1 (a) & Fig.4.6.4.1 (b) shows VMD snapshots of Fe-5%Cr alloys at temp. 500 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.4.2 MSD calculation 
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 Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 500 

K. Fig. Fig.4.6.4.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.6.4.2. (b) 

4.6.5 Creation of Fe-5%Cr alloys at temperature 700 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample equilibrated at 700 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.5.1 VMD snapshots 

 

Fig.4.6.5.1 (a) & Fig.4.6.5.1 (b) shows VMD snapshots of Fe-5%Cr alloys at temp. 700 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.5.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.6.3.2 (a) shown below is MSD vs. time step. The value of self diffusivity calculated 

from the diffusive region of the plot is shown in Fig. 4.6.3.2. (b) 

 

Fig.4.6.5.2 (a) MSD vs. Time step plot of Fe-5%Cr alloys at temp. 700 K 
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Fig.4.6.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-5%Cr alloys at temp.700 K) 

4.6.6 Creation of Fe-5%Cr alloys at temperature 1000 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-5%Cr alloys sample equilibrated at 1000 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.6.6.1 VMD snapshots 

 

Fig.4.6.6.1 (a) & Fig.4.6.6.1 (b) shows VMD snapshots of Fe-5%Cr alloys at temp. 1000 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.6.6.2 MSD calculation 
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Fig.4.6.6.2 (a) MSD vs. Time step plot of Fe-5%Cr alloys at temp. 1000 K 

 

Fig.4.6.6.2 (b) MSD vs. Time step (self-diffusivity value of Fe-5%Cr alloys at temp.1000 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 1000 

K. Fig.4.6.6.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.6.6.2. (b) 

4.7 Creation of Fe-10%Cr alloys 

4.7.1 Creation of Fe-10%Cr alloys at temperature 50 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 50 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.1.1 VMD snapshots 

 

Fig.4.7.1.1 (a) & Fig.4.7.1.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp. 50 K 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.1.2 MSD calculation 
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Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 50 

K. Fig.4.7.1.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.1.2. (b) 

4.7.2 Creation of Fe-10%Cr alloys at temperature 100 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 100 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.2.1 VMD snapshots 

          
Fig.4.7.2.1 (a)                                                    Fig.4.7.2.1 (b) 

Fig.4.7.2.1 (a) & Fig.4.7.2.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp.100 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.2.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 100 

K. Fig.4.7.2.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.2.2. (b) 
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Fig.4.7.2.2 MSD vs. Time step plot of Fe-10%Cr alloys at temp.100 K 

 

 

Fig.4.7.2.2 MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.100 K) 

4.7.3 Creation of Fe-10%Cr alloys at temperature 300 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 300 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.3.1 VMD snapshots 
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                     Fig.4.7.3.1 (a)                                                Fig.4.7.3.1 (b) 

Fig.4.7.3.1 (a) & Fig.4.7.3.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp.300 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.3.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 300 

K. Fig.4.7.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.3.2. (b) 

 

Fig.4.7.3.2 (a) MSD vs. Time step plot of Fe-10%Cr alloys at temp.300 K 
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Fig.4.7.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.300 K) 

4.7.4 Creation of Fe-10%Cr alloys at temperature 500 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 500 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.4.1 VMD snapshots 

  

                  Fig.4.7.4.1 (a)                                         Fig.4.7.4.1 (b) 

Fig.4.7.4.1 (a) & Fig.4.7.4.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp.500 K. 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.4.2 MSD calculation 

 

               Fig.4.7.4.2 MSD vs. Time step plot of Fe-10%Cr alloys at temp.500 K 

 

 

Fig.4.7.4.2 MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.500 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 500 

K. Fig.4.7.4.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.4.2. (b) 

4.7.5 Creation of Fe-10%Cr alloys at temperature 700 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 700 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.5.1 VMD snapshots 

            
                   Fig.4.7.5.1 (a)                                                  Fig.4.7.5.1 (b) 

Fig.4.7.5.1 (a) & Fig.4.7.5.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp.500 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.5.2 MSD calculation 

 

Fig.4.7.5.2 (a) MSD vs. Time step plot of Fe-10%Cr alloys at temp.700 K 
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Fig.4.7.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.700 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.7.5.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.5.2. (b) 

4.7.6 Creation of Fe-10%Cr alloys at temperature 1000 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-10%Cr alloys sample equilibrated at 1000 

K is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.7.6.1 VMD snapshots 

 

   Fig.4.7.6.1 (a) & Fig.4.7.6.1 (b) shows VMD snapshots of Fe-10%Cr alloys at temp.1000 K. 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.7.6.2 MSD calculation 

 

Fig.4.7.6.2 (a) MSD vs. Time step plot of Fe-10%Cr alloys at temp.1000 K 

 

 

Fig.4.7.6.2 (b) MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.1000 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 1000 

K. Fig.4.7.6.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.7.6.2. (b) 

4.8 Creation of Fe-15%Cr alloys 

4.8.1 Creation of Fe-15%Cr alloys at temperature 50 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 50 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.1.1 VMD snapshots 

 

Fig.4.8.1.1 (a) & Fig.4.8.1.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.50 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms.  

4.8.1.2 MSD calculation 

 

Fig .4.8.1.2 (a) MSD vs. Time step plot of Fe-15%Cr alloys at temp.50 K 
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Fig .4.8.1.2 (b) MSD vs. Time step (self-diffusivity value of Fe-10%Cr alloys at temp.50 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 50 

K. Fig.4.8.1.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.1.2. (b) 

4.8.2 Creation of Fe-15%Cr alloys at temperature 100 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 100 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.2.1 VMD snapshots 

                  

 

Fig.4.8.2.1 (a) & Fig.4.8.2.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.100 K. 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.8.2.2 MSD calculation 

  

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plot at temperature 100 

K. Fig.4.8.2.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.2.2. (b) 

4.8.3 Creation of Fe-15%Cr alloys at temperature 300 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 300 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.3.1 VMD snapshots 

 

Fig.4.8.3.1 (a) & Fig.4.8.3.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.300 K. 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.8.3.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 300 

K. Fig.4.8.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.3.2. (b) 

 

Fig.4.8.3.2 (a) MSD vs. Time step plot of Fe-15%Cr alloys at temp.300 K 

          

 

Fig.4.8.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-15%Cr alloys at temp.300 K) 

4.8.4 Creation of Fe-15%Cr alloys at temperature 500 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 500 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.4.1 VMD snapshots 

         

                    Fig.4.8.4.1 (a)                                            Fig.4.8.4.1 (b) 

Fig.4.8.4.1 (a) & Fig.4.8.4.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.500 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.8.4.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 500 

K. Fig.4.8.4.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.4.2. (b) 

 

Fig.4.8.4.2 (a) MSD vs. Time step plot of Fe-15%Cr alloys at temp.500 K 
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Fig.4.8.4.2 (b) MSD vs. Time step (self-diffusivity value of Fe-15%Cr alloys at temp.500 K) 

4.8.5 Creation of Fe-15%Cr alloys at temperature 700 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 700 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.5.1 VMD snapshots 

                  

                  Fig. 4.8.5.1 (a)                                                                Fig.4.8.5.1 (b) 

Fig.4.8.5.1 (a) & Fig.4.8.5.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.700 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 



 

57 

 

4.8.5.2 MSD calculation 

 

                  Fig.4.8.5.2 (a) MSD vs. Time step plot of Fe-15%Cr alloys at temp.700 K 

 

 

       Fig.4.8.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-15%Cr alloys at temp.700 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.8.5.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.5.2. (b) 

4.8.6 Creation of Fe-15%Cr alloys at temperature 1000 K 
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Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-15%Cr alloys sample equilibrated at 1000 

K is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.8.6.1 VMD snapshots 

                  

                   Fig.4.8.6.1 (a)                                                            Fig.4.8.6.1 (b) 

Fig.4.8.6.1 (a) & Fig.4.8.6.1 (b) shows VMD snapshots of Fe-15%Cr alloys at temp.1000 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.8.6.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 1000 

K. Fig.4.8.6.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.8.6.2. (b) 

 

              Fig.4.8.6.2 (a) MSD vs. Time step plot of Fe-15%Cr alloys at temp.1000 K 
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   Fig.4.8.6.2 (b) MSD vs. Time step (self-diffusivity value of Fe-15%Cr alloys at temp.1000 K) 

4.9 Creation of Fe-20%Cr alloys 

4.9.1 Creation of Fe-20%Cr alloys at temperature 50 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 50 K is 

same as code written for Fe5%-Cr alloys equilibrated at 50 K mention in appendix II. 

4.9.1.1 VMD snapshots 

 

      Fig.4.9.1.1 (a) & Fig.4.9.1.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.50 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.9.1.2 MSD calculation 
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Fig.4.9.1.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.50 K 

 

 

   Fig.4.9.1.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.50 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 50 

K. Fig.4.9.1.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.1.2. (b) 

4.9.2 Creation of Fe-20%Cr alloys at temperature 100 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 100 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 
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4.9.2.1 VMD snapshots 

                    

               Fig.4.9.2.1 (a)                                                         Fig.4.9.2.1 (b) 

Fig.4.9.2.1 (a) & Fig.4.9.2.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.100 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.9.2.2 MSD calculation 

 

Fig.4.9.2.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.100 K 
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  Fig.4.9.2.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.100 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 100 

K. Fig.4.9.2.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.2.2. (b) 

4.9.3 Creation of Fe-20%Cr alloys at temperature 300 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 300 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.9.3.1 VMD snapshots 

 

Fig.4.9.3.1 (a) & Fig.4.9.3.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.300 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 
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4.9.3.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 300 

K. Fig.4.9.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.3.2. (b) 

 

Fig.4.9.3.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.300 K 

 

Fig.4.9.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.300 K) 

4.9.4 Creation of Fe-20%Cr alloys at temperature 500 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 500 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.9.4.1 VMD snapshots 
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                    Fig.4.9.4.1 (a)                                                        Fig.4.9.4.1 (b) 

Fig.4.9.4.1 (a) & Fig.4.9.4.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.500 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.9.4.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 500 

K. Fig.4.9.4.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.4.2. (b) 

 

                       Fig.4.9.4.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.500 K 
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Fig.4.9.4.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.500 K) 

4.9.5 Creation of Fe-20%Cr alloys at temperature 700 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 700 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.9.5.1 VMD snapshots                  

 

Fig.4.9.5.1 (a) & Fig.4.9.5.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.700 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 
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4.9.5.2 MSD calculation 

 

Fig.4.9.5.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.700 K 

 

Fig.4.9.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.700 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.9.5.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.5.2. (b) 

4.9.6 Creation of Fe-20%Cr alloys at temperature 1000 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-20%Cr alloys sample equilibrated at 1000 

K is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.9.6.1 VMD snapshots 
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Fig.4.9.6.1 (a) & Fig.4.9.6.1 (b) shows VMD snapshots of Fe-20%Cr alloys at temp.1000 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.9.6.2 MSD calculation 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.9.6.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.9.6.2. (b) 

 

Fig.4.9.6.2 (a) MSD vs. Time step plot of Fe-20%Cr alloys at temp.1000 K 
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Fig.4.9.6.2 (b) MSD vs. Time step (self-diffusivity value of Fe-20%Cr alloys at temp.1000 K) 

4.10 Creation of Fe-25%Cr alloys 

4.10.1 Creation of Fe-25%Cr alloys at temperature 50 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 50 K is 

same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.10.1.1 VMD snapshots 

                

                    Fig.4.10.1.1 (a)                                                      Fig.4.10.1.1 (b) 

Fig.4.10.1.1 (a) & Fig.4.10.1.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.50 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 
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4.10.1.2 MSD calculation 

 

Fig.4.10.1.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.50 K 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 50 

K. Fig.4.10.1.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.1.2. (b) 

 

Fig.4.10.1.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.50 K) 

 

4.10.2 Creation of Fe-25%Cr alloys at temperature 100 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 100 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 
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4.10.2.1. VMD snapshots 

 

 

Fig.4.10.2.1 (a) & Fig.4.10.2.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.100 K. 

 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.10.2.2 MSD calculation 

 

Fig.4.10.2.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.100 K 
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Fig.4.10.2.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.100 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 100 

K. Fig.4.10.2.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.2.2. (b) 

4.10.3 Creation of Fe-25%Cr alloys at temperature 300 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 300 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.10.3.1 VMD snapshots 

 

Fig.4.10.3.1 (a) & Fig.4.10.3.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.300 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 
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4.10.3.2 MSD calculation 

 

Fig.4.10.3.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.300 K 

 

 

 Fig.4.10.3.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.300 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 300 

K. Fig.4.10.3.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.3.2. (b) 

4.10.4 Creation of Fe-25%Cr alloys at temperature 500 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 500 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 
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4.10.4.1 VMD snapshots 

                        

Fig.4.10.4.1 (a) & Fig.4.10.4.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.500 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.10.4.2 MSD calculation 

 

Fig.4.10.4.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.500 K 
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Fig.4.10.4.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.500 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 500 

K. Fig.4.10.4.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.4.2. (b) 

4.10.5 Creation of Fe-25%Cr alloys at temperature 700 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 700 K 

is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 

4.10.5.1 VMD snapshots 

                 

Fig.4.10.5.1 (a) & Fig.4.10.5.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.700 K. 
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In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.10.5.2 MSD calculation 

 

Fig.4.10.5.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.700 K 

 

Fig.4.10.5.2 (b) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.700 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 700 

K. Fig.4.10.5.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.5.2. (b)                          

4.10.6 Creation of Fe-25%Cr alloys at temperature 1000 K 

Simulation box size of dimension 50 Å
3
 containing 11,600 atoms were generated by running MD 

code. The pattern of writing the code for creating Fe-25%Cr alloys sample equilibrated at 1000 

K is same as code written for Fe-5%Cr alloys equilibrated at 50 K mention in appendix II. 
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4.10.6.1 VMD snapshots 

 

Fig.4.10.6.1 (a) & Fig.4.10.6.1 (b) shows VMD snapshots of Fe-25%Cr alloys at temp.1000 K. 

In the above VMD snapshots circle region show the vacancy created by MD code and arrow 

indicates the movement of atoms during running the MD code. Purple color indicates Fe atoms 

and blue color indicates Cr atoms. 

4.10.6.2 MSD calculation 

 

Fig.4.10.6.2 (a) MSD vs. Time step plot of Fe-25%Cr alloys at temp.1000 K 
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Fig.4.10.6.2 (a) MSD vs. Time step (self-diffusivity value of Fe-25%Cr alloys at temp.1000 K) 

Self diffusivity of Fe & Cr has been calculated from MSD vs. time step plots at temperature 1000 

K. Fig.4.10.6.2 (a) shows MSD vs. time step. The value of self diffusivity calculated from the 

diffusive region of the plot is shown in Fig. 4.10.6.2. (b) 

All the diffusivity value calculated from MSD plots are tabulated shown in Table 4.2 
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Table 4.2: MSD values of Fe-Cr alloys with varying composition at various temperature 

 

 

  

Temp. 

(in K) 

MSD (m
2
/s) 

value 

MSD (m
2
/s) 

value 

MSD (m
2
/s) 

value 

MSD (m
2
/s) 

value 

MSD (m
2
/s) 

value 

Fe 5% Cr Fe 10% Cr Fe 15% Cr Fe 20%Cr Fe 25% Cr 

50 7.28774

×10
-16 

9.88776

×10
-16

 

4.38255

×10
-15

 

4.3608 

×10
-15

 

8.70872 

×10
-16

 

7.05524 

×10
-16

 

4.32517 

×10
-16

 

5.5734 

×10
-16

 

1.40463 

×10
-16

 

8.33683

×10
-17

 

100 2.96927

×10
-16

 

8.28624

×10
-16

 

2.17472

×10
-15

 

3.18579

×10
-15

 

1.50651 

×10
-15

 

1.86851 

×10
-15

 

-3.55634 

×10
-16

 

-5.3634 

×10
-16

 

1.48484 

×10
-15

 

1.54536

×10
-15

 

300 1.4801 

×10
-14

 

1.58748

×10
-14

 

5.34843

×10
-15

 

5.61432

×10
-15

 

1.16118 

×10
-14

 

1.006997

×10
-14

 

4.95018 

×10
-15

 

4.884 

×10
-15

 

6.48741 

×10
-15

 

8.05405

×10
-15

 

500 -1.2931 

×10
-15

 

1.09154

×10
-15

 

1.44126

×10
-14

 

1.49625

×10
-14

 

-1.73582 

×10
-14

 

-16662 

×10
-14

 

1.11829 

×10
-14

 

1.0196 

×10
-14

 

2.43751 

×10
-14

 

2.80711

×10
-14

 

700 4.85047

×10
-14

 

5.04418

×10
-16

 

-9.0485 

×10
-16

 

-9.9740 

×10
-14

 

-8.04042 

×10
-14

 

-8.13671 

×10
-14

 

1.84416 

×10
-13

 

2.06982

×10
-13

 

3.19679 

×10
-15

 

8.2963×

10
-16

 

1000 -1.6400 

×10
-14

 

-5.9842 

×10
-14

 

2.21525

×10
-13

 

2.01564

×10
-13

 

8.61991 

×10
-14

 

8.42619 

×10
-14

 

1.82989 

×10
-13

 

2.11767

×10
-13

 

1.72142 

×10
-13

 

1.98279

×10
-13
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CHAPTER 5 

Conclusions
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5.1. Conclusions 

• Diffusivity value of pure Fe is lower at lower temperature (50 K,100 K), but diffusivity 

value increases linearly above 100 K temperature 

 

• Diffusivity value of Fe-Cr alloys is also increases with increasing the Cr percentage at 

300 K 

 

• In some composition MSD value are coming negative, it is due to condition setup that are 

not fully adjustable 

 

• Diffusivity value in Fe-25%Cr alloys Cr diffusivity value are increasing with respect to 

the Fe diffusivity values  

 

5.2. Suggested research for future work 

 Those diffusivity value are coming negative will be corrected by setting different 

condition  

 Some of the mechanical properties will be investigated that are responsible for wear and 

damage through radiation  
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Appendix I 

MD code written for Pure Fe-lattice & its MSD calculation 

# this MD code is for obtaining 3d-crystal lattice of Fe at temperature 50k 

units                              metal 

echo               both 

atom_style         atomic 

dimension         3 

boundary           p p p 

region             box block 0 50 0 50 0 50  units box 

create_box        1 box  

 

lattice          bcc 2.851 

region             Fe block 0 50 0 50  0 50 units box 

create_atoms      1 region Fe units box 

region              Fe1  sphere 25.0   25.0   48.44   2  units box 

group               void1  region Fe1 

delete_atoms   group void1 

region             Fe2  sphere 10.0   10.0   48.44   2  units box 

group               void2  region Fe2 

delete_atoms   group void2 

region             Fe3  sphere 20.0   30.0   48.44   2  units box 

group               void3  region Fe3 

delete_atoms   group void3 

region             Fe4  sphere 30.0   10.0   48.44   2  units box 
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group               void4  region Fe4 

delete_atoms   group void4 

region             Fe5  sphere 30.0   40.0   48.44   2  units box 

group               void5  region Fe5 

delete_atoms   group void5 

region             Fe6  sphere 5.0   10.0   48.44   2  units box 

group               void6  region Fe6 

delete_atoms   group void6 

timestep           0.002 

pair_style         eam/fs 

pair_coeff        * * Fe_mm.eam.fs Fe  

 

# Energy Minimization 

minimize          1.0e-7 1.0e-8 1000 10000 

 

thermo             100 

thermo_style      custom step temp  vol press pe ke etotal  

dump                    1 all custom 20 Fe_50k_crystal_void_dump.lammpstrj id type x y z vx vy vz 

log    log2Fe_50k_crystal_void_s.data 

velocity       all create 50 873847 rot yes mom yes dist gaussian 

#fixes 

fix                1 all nvt  temp  50  50  0.01     

run                10000 

unfix              1 
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After creating simulation box with Fe atoms filled inside it we go for calculating MSD value 

running the code given below: 

# msd calculation in Fe crystal at 50k file 

units        metal 

boundary         p p p 

atom_style        atomic 

read_data          Fe50k_void_data.txt 

group                 Fe type 1 

timestep                0.002 

pair_style          eam/fs 

pair_coeff           * * Fe_mm.eam.fs Fe  

# Energy Minimization 

minimize         1.0e-4 1.0e-6 10000 1000000 

velocity     all create 50 5812775 rot yes mom yes dist gaussian 

# MSD Calculation 

compute             1 Fe msd  

 

dump      1 all atom 1000 dump.Fe_msd_50K_11643_3d.dump.lammpstrj 

log    logFe_msd_50k_11643.data 

fix              1 all npt temp 50.0 50.0 0.2 iso -1000.0 -1000.0 0.2  

thermo   300 

thermo_style     custom step temp press vol pe ke etotal c_1[4]       

run           50000 

*********** 
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Appendix II 

MD code written for Fe-Cr alloy system & its MSD calculation 

# This MD code is for obtaining 3d-crystal lattice of Fe0.05Cr alloys with void at temperature 

50k 

units              metal 

echo          both 

atom_style        atomic 

dimension        3 

boundary          p p p 

region             box block 0 50 0 50 0 50  units box 

create_box        2 box   

lattice          bcc 2.851 

region             Fe block 0 50 0 50  0 50 units box 

create_atoms      1 region Fe units box 

set                region Fe type/fraction 2 0.05 12393 

 

region             Fe1  sphere 25.0   25.0   48.44   2  units box 

group               void1  region Fe1 

delete_atoms   group void1 

region             Fe2  sphere 10.0   10.0   48.44   2  units box 

group               void2  region Fe2 

delete_atoms   group void2 

region             Fe3  sphere 20.0   30.0   48.44   2  units box 

group               void3  region Fe3 

delete_atoms   group void3 
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region             Fe4  sphere 30.0   10.0   48.44   2  units box 

group               void4  region Fe4 

delete_atoms   group void4 

region             Fe5  sphere 30.0   40.0   48.44   2  units box 

group               void5  region Fe5 

delete_atoms   group void5 

region             Fe6  sphere 5.0   10.0   48.44   2  units box 

group               void6  region Fe6 

delete_atoms   group void6 

timestep           0.002 

pair_style         eam/cd 

pair_coeff        * * FeCr.cdeam Fe Cr  

 

# Energy Minimization 

minimize          1.0e-7 1.0e-8 1000 10000 

thermo             100 

thermo_style      custom step temp vol press pe ke etotal  

 

dump                         1 all custom 20 Fe5Cr_void_50k_s_dump.lammpstrj id type x y z vx vy vz    

log    logFe5Cr_void_50k_s.data 

velocity       all create 50 873847 rot yes mom yes dist gaussian 

#fixes 

compute            1 all rdf 100 

fix                1 all ave/time 100 1 100 c_1 file FeCr.rdf mode vector 
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fix                2 all nvt temp 50 50 0.01 

run                10000 

unfix             2 

After creating simulation box with Fe-Cr alloy atoms filled inside it we go for calculating MSD 

value running the code given below: 

# msd calculation of Fe0.05Cr crystal at temperature 50k in file 

units              metal 

boundary             p p p 

atom_style        atomic 

read_data            Fe5Cr_crystal_50k_data.txt 

group                 Fe type 1 

group                 Cr type 2 

timestep                0.002 

pair_style          eam/cd 

pair_coeff           * * FeCr.cdeam Fe Cr  

 

# Energy Minimization 

minimize         1.0e-4 1.0e-6 10000 1000000 

 

velocity     all create 50.0 5812775 rot yes mom yes dist gaussian 

 

# MSD Calculation 

compute             1 Fe msd  

compute             2 Cr msd  
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dump           1 all atom 1000 dump.Fe5Cr_50k_3d_11643_msd.dump.lammpstrj 

log    logFe5Cr_50k_crystal_msd_11643.data 

fix              1 all npt temp 50.0 50.0 0.2 iso -1000.0 -1000.0 0.2 

thermo   300 

thermo_style     custom step temp press vol pe ke etotal c_1[4] c_2[4]      

run           50000 

 

*********** 

 

 

 

 

 

  

 

 

 

 

 

 

 

 


