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Abstract

A molecular-dynamics code has been developed for simulating the early process of

radiation-induced defects generation and aggregation during displacement cascades in a-iron.

This code reproduces the dynamics of various types of defects such as vacancies, interstitials,

and their clusters in a crystal composed of a million atoms. Main procedures and results of the

present simulation are as follows. Interactions among atoms were described by a many-body

EAM potential. Every simulation was performed under 3D periodical boundary conditions.

Cascades were introduced into crystals by giving a kinetic energy to a knock-on atom once at

a time toward a crystallographic direction along low index axes i.e. < I 00>, < I I 0> and <1 I I >

axes. The maximum number of Frenkel-type defects was generated for a case when the

knock-on direction was along <II 0> axis. Interstitial atoms surrounding residual vacancies

were observed to forrn several clusters shortly after pair annihilation of the Frenkel-type

defects. Fast massive migration of the interstitial clusters was also observed.

Keywords: a-iron, displacement cascades, vacancy clusters, interstitial clusters, molecular-

dynamics, EAM potential

1. Introduction

It will be of great interest for those engaged in the investigation of reactor materials

to grasp vividly the atornistic process of irradiation damaging and defects production.

Unfortunately the very early process of the iadiation damaging takes place within a very

short time of an order of picosecond and the process itself can never be directly observed by

experimental methods. A most promising method overcoming this difficulty is atomistic

simulations using an interatomic potential. So far we have developed a molecular-dynamics

code which we employed an embedded-atom-method (EAM) type interatomic potential repro-
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ducing the crystal structure and properties such as vacancy formation energy, cohesive energy,

and the elastic modulus of a-iron. It must be kept in mind that irradiation of a material by a

knock-on particle with a kinetic energy inevitably bring into a large temperature gain in the

material; a particle with IeV will give an energy of about 'kT to the material. So the

number of atoms in a system should be large enough to depress inadequate temperature gain

at the very early process of irradiation in the simulations. This situation for an atomistic

simulation of irradiation causes another difficulty in using computer resources under limited

availability; if we want to sustain the average temperature of a target sample below lOOK for

a particle with 10keV, we must use a sample composed of more than a million atoms,

resulting in a calculation costs such as a long CPU time and a large memory. We have found a

solution to these problems in two ways and made a molecular-dynamics code, details of

which will be described in the next section. As has been already reported experimentally,

residual vacancies and interstitial atoms make their several aggregates shortly after pair

annihilation of Frenkel pairs which are generated during initial displacement cascades. To

analyze the dynamical process, massive movement and change in shape, of the aggregates, a

cluster analysis code has been also developed.

2. Modeling and Method of the Present Simulation

2.1 Modeling of Samples

An a-iron crystal with a size of 78x8Ox82 in units of the lattice parameter was used as

a sample. This sample was composed of about a million atoms, among which forces act by

many-body interatomic potentials. The sample had not a cubic shape but a rectangular shape

with 3D periodic boundary condition. The rectangularity of the sample shape was intended to

avoid an occurrence of going and returning of a specific interstitial atom on a fixed axis in the

sample with the periodical boundary.

2.2 Method of Molecular-Dynamics Simulation

A potential based on an embedded atom method (EAM), which was firstly proposed

by Daw and Baskes 11, was applied for construction of et-Fe crystals used in the present MD

simulations. The EAM potential is written as,

E101 Oi (i),

I
Oi (r) Fi(pi) + -IV, (r,), (2)

2 j
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Pi = E fij (rij), (3)
i

where Fi(pi) isanembeddingfunctionofatomiinanelectrondensity pand �Ou(ru is

a pair interaction term between atoms i andj. Detailed explanation for the above forinulations

is given in the Daw and Baskes' paper. Various types of functions have been proposed for

actual form of the above embedding and pair interaction terms, and we used "Potential 3"

appearing in the paper of Haftel et al. 2]. This potential is well known to reproduce crystal

structure, elastic properties, and surface reconstruction of real et-Fe. With use of this potential

reasonable values for both the formation energies of <1 10> and <1 I 1> split interstitial as well

as that of a vacancy in cc-Fe have been also obtained by molecular static calculations 3].

We applied the Verlet formula 4] for integrating the equation of motion, where the

initial size of the timestep was set to be 10-6t, t i 0.974xlo-l3s) and the size was gradually

set to be larger values of 10-3 t, as the fast reactions among atoms subsided into lowering the

atom velocities, of which the highest values were monitored at any time throughout the

simulation.

In case for a system with a million atoms, more than 95% of the total CPU time is

consumed for bookkeeping of atom positions. So we devised a pre-bookkeeping routine

called 'blocking'. In this routine the system was divided into blocks and bookkeeping was

made only between atoms in a specific block A and atoms belonging to blocks surrounding

the block A. It took only about 0. I% of the total CPU time for this blocking routine and the

CPU time required for the calculation of bookkeeping was reduced to 15% of the total CPU

time. We also tried to save the CPU memory required for making bookkeeping for a system

with 3D periodic boundaries. This was done by making no recording of atom positions in 26

imaginary boxes but only of the ones in a real box. In the present case, about 650MB of the

CPU memory was saved.

During the period from knocking-on to the completion of pair annihilation of

vacancies and interstitials reactions among atoms proceeded adiabatically due to very fast

movement of atoms. Then we made no control of pressure and temperature during that period.

If we made pressure control of the specimen at the very early stage of the knocking-on, the

system might have exploded into fragments. Of course we must raise the temperature of a

system when we want to accelerate the movements of defects, and in turn, we must lower

both the temperature and the pressure of a system when we intend to make a precise

determination of the formation energies and the activation energies of a defect. In the present

simulations, both the temperature and pressure of the system were controlled after almost all

the Frenkel pairs disappeared by pair annihilation of a vacancy and an interstitial atom.

Temperature control was done using the momentum scaling method [5]. Pressure control was

done with a slightly modified method of Abraham 6] A brief explanation for the present
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pressure control is as follows. According to the virial theorem, the pressure P is given as,

P = NkBT(I < T > 3NkBT) / V, (4)

where V is the volume of the system and is given as,

T ri dEl., / dri (5)

Now we assume that a very small change in the edge size of a simulation box with a length

la for a direction a will alter the thermodynamics parameters as,

(V, P, T) -). V (I Ala la ), P', T'). (6)

Then the change in the edge size is calculated from Eqs.4 and .

Ala ,, (3NkBT'P - 3P'V - T) 1(3P'V + (IF,, T2a)), (7)

a 2 dmE,,,
T.'a y (8)2'rij dr.'

Equating T' in Eq.7 to Tat pressure control, we can avoid an abrupt adiabatic volume change

which might have led to a sudden temperature raise or reduction of the system.

2.3 Method of Cluster Analysis

A cluster analysis was made for searching for the aggregates of interstitial atoms. We

applied an algorithm devised by Sakamoto and Yonezawa 7]. In the present study we had a

criterion for judging whether an atom belonged to an interstitial atom cluster or not; if a

distance between the center of two atoms was less than a critical distance d, the atoms were

decided to be of a cluster. The value of d, was set to be 0.82a, where a is the lattice parameter

of a-iron. Investigating the size distribution of distances between the centers of any two

atoms, we found that the value 0.82a was a minimum between two maxima, of which the first

maximum was at about 0.82a and the second one was at about 0.86a i.e. the nearest neighbor

distance between atoms in a perfect crystal of a-iron.
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3. Results

3.1 Displacement Cascades

Cascades were introduced into crystals by giving a kinetic energy (from 4keV up to

20keV) to a knock-on atom once at a time toward a crystallographic direction along low index

axes <100>, <110>, and <111>), and the time evolution of the number of vacancies was

monitored. The time giving the maximal number of Frenkel pairs changed from 0.3ps to 1.3ps

as the knock-on energy increased from 4keV to 20keV. Knock-on-direction dependence of the
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Fig. I The time evolution of the number of vacancies generated after the knocking-on.

maximal number of the Frenkel pairs was also investigated. In case for low knock-on energies

there was a tendency that the number of the Frenkel pairs were maximal when the knock-on

direction was long <1 10> direction, whereas in case for high knock-on energies the

knock-on-direction dependence of the maximal number of the Frenkel pairs wasn't noticeable.

As an example Fig. I shows the time evolution of the number of vacancies when the

knock-on energy was 10.7keV, where the number of Frenkel pairs reached to a peak at the

time of 0.7ps.

3.2 Formation of Defect Clusters and Their Morphologies

Although almost all the Frenkel pairs disappeared within a few picoseconds, there

remained interstitial atoms surrounding vacancies which aggregated on a (II 0) plane. Fig. 2

shows a morphological change in a displacement cascade when the knock-on direction was
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along <I IO> axis and the knock-on energy was 6.4keV.

Figure 3 shows the formation process of interstitial clusters when the knock-on energy

was 10.7keV and the knock-on direction was along <100> axis. It can be seen that interstitial

atom aggregations gradually surround a region crowded with vacancies. In this case both the

vacancy clusters and the interstitial atom clusters have a tendency to be a plate like shape

paralleltoa(110)plane. Itwasobservedthatresidualsinglevacanciesandvacancyclusters
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C; fig
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Fig.2 Time evolution of the morphology of a displacement cascade in

case when the knock-on energy was 6.4keV and the knock-on

direction was along <I IO> axis. Open circles indicate vacancies

and filled circles indicate interstitial atoms.
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Fig. 3 Formation process of clusters of vacancies and interstitials. Open
circles indicate vacancies and filled circles indicate interstitial atoms.
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Fig. 4 Interstitial clusters and a complex of vacancies and interstitials. Open

circles indicate interstitial atoms and filled circles indicate vacancies.
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seldom move even at 900K. On the contrary interstitial atoms and their clusters were

occasionally observed to move about very fast even at low temperatures below 100K.

Detailed explanation for this surprising phenomenon will be a ftiture subject.

Figure 4 shows various types of clusters observed in the present simulations. Cluster

of interstitial atoms was initially generated from a <111> crowdion to a needle and then

grown up to a plate like shape. Complexes of vacancies and interstitial atoms (or an

aggregation of split interstitials) were also observed.

4. Conclusion

A molecular-dynamics code has been developed for simulating the early process of

radiation-induced defects generation and aggregation. In order to save the CPU time and

memories, a computation algorithm called 'blocking' was devised in addition to the

bookkeeping of atom positions. Both the knock-on energy and the direction dependencies of

the maximal number of the radiation-induced defects were investigated, and in case for low

knock-on energies there was a tendency that the number of the Frenkel pairs were maximal

when the knock-on direction was along <I IO> direction, but not a noticeable tendency among

directions along < I 00>, < I I O> and < I I I > axes for high knock-on energies. Interstitial atoms

surrounding residual vacancies were observed to form several clusters shortly after pair

annihilation of the Frenkel pairs. Fast massive migration of the interstitial clusters was also

observed.
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