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ABSTRACT D E 9 2 Q05167

A computer model is developed to simulate the behavior of self-interstitials with particular
attention to clustering. Owing to the layer structure of graphite, atomistic simulations can be
performed using a large parallelepipedic supercell containing a few layers. In particular, interstitial
clustering is studied here using a supercell that contains two basal planes only. Frenkei pairs are
randomly produced. Interstitials are placed at sites between the crystal planes while vacancies are
distributed in the two crystal planes. The size of the computational cell is 20000 atoms and
penodic boundary conditions are used in two dimensions. Vacancies are assumed immobile
whereas interstitials are given a certain mobility.

Two point detect sinks are considered, direct recombination of Frenkel pairs and interstitial
clusters. The clusters are assumed to be mobile up to a certain size where they are presumed to
become loop nuclei. Ousters can shrink by emission of singly bonded interstitials or by
recambination of a peripheral interstitial with a neighboring vacancy. The conditions under which
interstitial clustering occurs are reported. It is shown that when clustering occurs the cluster size
population gradually shifts towards the largest size cluster. The implications of the present results
for irradiation growth and irradiation-induced amorphization are discussed.

INTRODUCTION

Graphite is a mast remarkable material not only for its physical properties that make it
convenient as a material for nuclear reactor uses, but also for its unique structural features. It has
a layered crystalline structure of hexagonal planes stacked in an ABAB... sequence, as depicted
in Figure 1, which results from very anisotropic interatomic forces. In the basal plane, the
bonding is covalent (sp~), while van der Waals forces keep the graphite layers together. The
primary effect of irradiation of graphite with energetic particles is to produce displacement

damage in a nearly random manner. Thermal
spikes do not develop in graphite for two main
reasons. First, the mean free path between
collisions is large because the interatomic
screening radius of the carbon ion core is small
compared to the nearest neighbor interatomic
distance. Second, the velocity imparted to a. recoil
atom is relatively high due to its low atomic weight
and since the mean free path between collisions is
large, much of the energy is lost by electronic £
excitations. The displacement damage produced byj- ?
a primary knock-on consists of a series of well
separated groups of the order of ten Frenkel pairs
[1]. The absence of thermal spikes and thus of
"cascade effects" emphasizes the unique role that
point defects play in the evolution of irradiation
effects in graphite which include physical property
changes, dimensional changes as well as crystalline
instability (amorphization) [i-3].

At temperatures lower than — 900° C singie
vacancies are essentially immobile due to their high
migration energy (F.mv>3 eV"). In irradiated
material, their aggregation could be favored by the

Figure L Crystalline structure of graphite.
The projection shows the atomic
locations at the "interstitial" plane C.
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occurrence of noniinear fluxes if a high supersaturation were kept as irradiation progresses.
Interstitials. on the other hand, have a fairly high mobility as evidenced by their aggregation that
leads to loop formation.

Clustering results from the spatial distribution of generated interstitials, their subsequent
migration and the competition between interstitial aggregation and other processes which result
in annihilation. The presence of stable, mobile, small interstitial clusters has been suggested from
both electron [4] and neutron irradiation experiments [5]. Ihterstitials can recombine with
vacancies or they may generate a lattice site if captured at an internal surface or at a dislocation.

Several theoretical approaches have been used to study the interstitial configuration in
graphite [6-9]. In this work, the single interstitial configuration obtained by Abrahamson and
Maciagan [9] has been assumed. This configuration consists of an extra atom over the middle of
a ring bound to at least some of the ring atoms, as shown in Figure 2a. This single-interstitial
configuration is also suggested by experimental observations on the structural effects of irradiation
damage using protons or helium ions [10]. An increase with dose of tetrahedral (spJ) bonding is
observed, and the fact that this evolution leads to amorphization rather than a transition to the
diamond structure supports the occurrence of bonding to a single graphite basal plane as obtained
in [9]. As the cluster grows, covalent bonding should develop among the cluster elements, until
it reaches a size were it has become essentially an island cluster interacting with the neighbor
hexagonal layers via van der Waais forces only. This size may be considered to be the critical size
for loop nucieation.

MECHANISMS OF INTERSTITIAL CLUSTERING

The aggregation of displaced atoms that may occur in irradiated graphite cannot take place
in the form of three-dimensional structures due to the absence of irradiation produced
displacement cascades and to the anisotropic nature of interatomic farces in this material Hence,
clustering must involve the aggregation of atoms in neighbor lattice sites of hexagonal layers. This
aggregation may be dense or may exhibit a fractal structure. Because of the tendency toward
strong covalent bonding it can be expected that clusters that do not form initially in a compact
configuration will experience a gradual densification as they grow in size. Clusters may form by
aggregation of single interstitials as well as the aggregation of smaller dusters. Mobility of small
clusters is plausible if they possess a (weak) van der Waals interaction with their neighbor lattice
basal planes. Two factors are likely to influence the occurrence of clustering, the cluster size
distribution and the clustering kinetics. The kinetics depends on the relative mobility of single
incerstitials and small clusters and on the rate of cluster shrinkage.

The mobility of a given cluster should decrease with cluster size, at least above a given cluster
size, because it involves the coordinated motion of bonded atoms. For the smaller sizes, say up
to tri-interstitiais. it can be speculated that, if covalent forces exist that bind the constituent atoms
to neighbor lattice planes, their mobilities might be lower than that of small clusters of higher
order that interact with their neighbor planes only via van der Waals forces.

A decrease in the size of a cluster may occur by thermally activated decomposition. However,
this process can only involve one interstitial at a time, since a coordinated debonding jump of a
group strongly banded in a larger entity cannot be expected. For increasing temperatures, the
rates of all the frequencies of thermally activated processes increase as well, and cluster evolution
should therefore be a function of the activation energies for these processes.

Vacancies, which are generated concurrently with the interstitials, also affect substantially
cluster evolution through recombination events. At the lower temperatures, where the presence
of vacancies produces a decrease of the a-lattice parameter [2], it appears that the proximity of
a vacancy-interstitial pair is not sufficient to promote recombination by static relaxation and that
some thermal barrier may exist for this process [4]. At higher temperatures, the increased lattice
anharmonicity may not only diminish the drive to lattice parameter changes but also still hinder
recombination. It may furthermore be argued that if a single interstitial, or one belonging to a
cluster, recombines with a vacancy it should have broken first its covalent bonds to other atoms
by a thermally activated process. The covalent bond strength is the reason why vacancy migration
is so sluggish in graphite [11. 12j. Other microstructurai features that may affect clustering such



as intersntiai traps or extended defects that may operate as point defect sinks will not be
considered here.

MODELING THE INTERSTITIAL CLUSTERING

Interstitial clustering and cluster mobility depend strongly upon the interstitial configuration
and an the bonding forces that keep the cluster together. A cluster will be defined as any group
of atoms each of which has at least one nearest neighbor in the group. For the di-interstitial, the
configuration shown in Figure 2b is that of two lightly bonded single interstitials. Here, it is likely
that a stronger bonding of each interstitial to a different neighbor plane will persist, and thus a
lower diffusivity of the pair should be expected as a coordinated jump must occur. The pair can
also decompose by thermal activation. The tri-interstitial (Figure 2c) has still a loose bonding
among its elements and a single configuration symmetry. Although it is already a more stable
arrangement because one of its atoms has two bonds, its motion may be assumed to occur in two
different ways. If a gliding motion of two of the atoms occurs, no diffusive jump takes place. The
other way involves diffusion through a gliding motion of the three. Decomposition can occur only
by thermally activated jump of either end atom, or by a dissociative jump of the central atom.

Figure 2. Interstitial configurations viewed on planar projections:
(a) Single-interstitial; (b) Di-interstitial; (c) Tri-interstitial.

A

Figure 5. Most compact tetra-interstitial
comiEurauon (planar projection).

The tetra-interstitial has three possible
configurations and should be already more stable:
the (most compact) configuration shown in Figure
3 is likely to be the most stable. We shall assume
for this case that the atoms having more than one
bonding will keep this situation in any jump, and
that only the peripheral, singly bonded atoms can
effect dissociative jumps. The motion of multiple
interstitials of size higher than 3 will be modeled
so as to conserve their configuration, except for
cases where superposition with atoms of another
cluster would result. In these cases, the modei will
assume that the peripheral atoms that are prevented
to effect the diffusive jump of length 3^2 a.
redistribute themselves so as to 'density" the
resulting cluster. All the peripheral atoms (bonded
to only one atom in the cluster) may effect
dissociative jumps, but the probability ot such a
j ump would probably decrease with cluster size. For



larger clusters, the mobility will start declining until, at a given size, the clusters become immobile.
Single-interstitial diffusion parallel to the c-axis is neglected, as it could be significant only at
temperatures above 2000°C [II].

Recombination events cause the interstitial as well as the vacancy populations to decrease.
These events occur within a certain separation distance of a Frenkel pair, most likely when the
vacancy exists at a bonding site relative to the interstitial. No mechanism of vacancy collapse is
known for certain in graphite. However, such a collapse is likely to occur as demonstrated by the
basal plane contraction that occurs during irradiation, all of which cannot be accounted for by
lattice parameter changes. Vacancies are assumed immobile, which leads here to a negligible level
of vacancy clustering.

THE COMPUTER CODES

A computer cods was develop to generate two graphite planes (A and B) and an "interstitial"
plane that lies in a C position. Each plane A.B, and C, contains MTxMT atomic positions. This
code also calculates the first, second and third neighbor positions to each atomic site of the three
planes. The code GRAFR. described elsewhere [13]r is used to investigate clustering. The
following scheme is used. Interstitials and vacancies are generated, nearly at random, through
MDOSE generation steps. The Frenkel pairs are generated at a dose of It'l per thousand, per
generation step, in MG groups, each group containing 1000IFT/MG pairs. The total number of
vacancies equals the number of interstitials, but they are distributed among planes A and 3 . Each
group of Frenkel pairs is randomly generated in a randomly selected sublattice. After generation,
recombination of nearest neighbors is allowed. Next, a migration cycle of MAXST steps is
conducted prior to the next generation step. Each interstitial cluster may either decompose, move
or remain at the site it is located, according to prescribed probabilities. Decomposition proceeds
by one atom at a time, and it may occur if the selected atom in the cluster has only one lv- ..I.
This probability depends, in general, upon the cluster size. Only tri-interstitials are allowed to
decompose by the random jump of any of its component atoms.

The probability that a cluster moves when it is larger than a certain size MAXC is ml
Clusters of size not larger than three can move to nearest neighbor sites, by a 'gliding' motion.
Clusters of size 4 and higher move as a block, and this can only be effected to second neighbor
distance. Two options are allowed for the motion of clusters, set by the parameter NOPT. They
may either move with a rigid motion (NOPT=1), in which case if a site to be reached is already
occupied the cluster is not allowed to move, or (NOPT*1) they may move reaccommodating the
superimposing atoms into a free first, second or third neighbor site of the superimposed one.
Both during generation and after a migration step the cluster arrangement can be changed
(IREAR * 0) into a more dense one, up to a cluster size of 19, trying to keep as much as
possible original atomic locations. Another option (IREAR = 0) keeps the clusters in whatever
configuration they form. Clusters may grow by random coalescence of clusters of any size.

RESULTS AND ANALYSES OF THE COMPUTER SIMULATIONS

Simulations were performed for different combinations of recombination, decomposition and
migration probabilities. All these probabilities were related to the cluster size. Three basal layers
containing 10000 atomic positions each were generated. Ten Frenkel pairs were generated in each
group in all the cases. In most runs, each group was generated in a sublattice containing 144
atoms. A detailed account of the simulations carried out in this work is given in [13]. Only
selected results will be presented here.

In all the simulations carried out, recombination occurred immediately after and through the
few first hundreds of migration steps, independently of the specific value of the recombination
probabilities and of the size of the sublattice were a Frenkel pair group was generated. Sporadic
recombinations were also obtained at later migration steps, but very seldom beyond step 2000.
Consistent with this result, the total number of interstitials (clustered plus unclustered) remaining
after a total number of 50000 migration steps did not exhibit a scatter larger than — 20% around



the average of 161 obtained from all the simulations. The sublattice size for Frenkel pair
generation was not important either. Clustering did not exhibit in general, great sensitivity to the
values of the recombination probabilities.

The effect of "dose rate" in the simulations was studied by comparing a case where all the
interstitials were generated initially and 50000 consecutive migration steps followed with a case
where generation was spread through 10 events, each followed by 5000 migration steps. The
effect of this difference is little pronounced for the generation levels used here. Moreover, a
lower "dose rate" (1 per thousand) in similar migration cycles (5000 steps after each generation)
up to the same total "dose" (30 generations) also produced no significant difference in the results.

The relative values of migration and decomposition probability have very important effects.
Assuming that the mobility decreases with increasing cluster size or that it has its highest value
at a given size (say 4 or 6) and thereafter decreases, yields a tendency toward clustering, as
illustrated by Figures 4a and b, respectively, accompanied by saturation of the single-interstitial
population. But, if the decomposition probabilities are low and only single interstitials are
allowed to migrate clustering does not occur during the simulation, whether the mobility is high
or low. Nevertheless the single and di-interstitial populations tend to saturate. By contrast, if the
decomposition probabilities of clusters are higher while either just single interstitials or also
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Figure 4. Plots of interstitial locations in the plane C calculated after 10 generation steps, each
step followed by 5000 migration cycies. (a) The mobility decreases with increasing cluster size:

(b) The tetra-imerstitial has the highest mobility of all clusters.



clusters move, clustering is very much enhanced, as shown in Figure 6. The reason for this
unexpected results is that decomposition allows interstitials to visit more sites sticking to iarger
clusters and stabilizing them. However, if such decomposition is possible to a very high cluster
size, clustering is again hindered, as expected. This result demonstrates a non-iinear effect that
can arise when irradiating at increasing temperatures.

Decomposition gives rise to another important effect. The interstitial population tends either
to remain unciustered or. if clusters are formed, to rapidly transit toward higher order clusters.
as illustrated in Figure 7. However, if no decomposition is assumed, the cluster population is
produced in the whole range of sizes, provided only single interstitials move.

Ousters of size 4 or 6 have a very compact configuration that distinguishes them from other
clusters of size less than 8. Two simulations were made attributing to these two cluster sizes the
lowest decomposition probability. No remarkable differences were found relative to other cases
where clustering was intensive.

100 150 200

Figure 6. Well developed cluster population Only single interstitials move. High decomposition
rate for di-interstitials.
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Figure 7. Histogram showing rypical cluster evolution after a total of 50000 migration steps.



SUMMARY "AND CONCLUSIONS

The roles of various physical parameters that influence the evolution of radiation damage of
graphite was studied by computer simulation. Interstitial clustering is one of the main processes
that take place in irradiated graphite. If clustering is promoted, irradiation growth takes place.
On the other hand, if clustering is inhibited, the accumulation of Frenkel pairs could, at low
enough temperature, lead to amorphization. Three basic processes involving point defects, viz.,
inter:titial migration, cluster decomposition and Frenkel pair recombination were considered in
this study. Vacancies were assumed immobile owing to their very low diffusion coefficient.

The main results of this investigation can be summarized as follows:
1. Vacancy-interstitial recombination occurs at an early stage following Frenkel pair generation.
2. The occurrence of clustering depends mainly upon cluster stability against decomposition.

Cluster mobility plays a secondary role provided the clusters can decompose. Both properties
affect the clustering kinetics.

3. The transition from an interstitial population composed mostly of single defects to a well
developed population of clusters occurs through a short transition period.

4. The cluster size distribution rapidly tends towards large values, leaving intermediate sizes
unpopulated, unless atomic emission from clusters cannot occur.

5. Near random vacancy generation does not produce any significant vacancy clusters up to
concentrations of 2 pet.
The main conclusions drawn from the results just summarized are:

1. Cluster evolution can be properly described by a fixed concentration of varying average size.
In this way complex dimensional changes such as those occurring in nuclear graphite can be
studied using a rate theory approach.

2. An increase in thermal emission from clusters with increasing irradiation temperature should
be expected. The calculations show that such an increase produces a drastic decrease of the
cluster density. This result is consistent with the observed reduction of the irradiation growth
rate with increasing temperature.

3. Cluster evolution can be retarded at low temperatures and high irradiation fluxes due to a
relatively slow peripheral atomic migration in the cluster which would tend to decrease the
number of single bonds. Qustering hindrance and a high accumulation of point defects might
lead to amorphization.

ACKNOWLEDGMENTS

Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc. A grant of computer time from
the National Energy Research Supercomputer Center is acknowledged.

REFERENCES

1. J.H.W. Simmons, Radiation Damage in Graphite, Pergamon Press (1965)
2. B.T. Kelly, Phvsics of Graphite, Applied Science Publishers (1981)
3. K. Niwase, M. Sugimoto, T. Tanabe and FJE. Fujita, I. NucL Mater. 155-157, 303 (1988)
4. P.R. Goggin and W.N. Reynolds, Phil. Mag. 8, 265 (1963)
5. D.G. Martin and R.W. Henson, Phil Mag. 9,659 (1964)
6. C.A. Coulson, S. Senent, M.A. Herraez, M. Leal anu E. Santos, Carbon 3, 445 (1965)
7. P.R. Wallace, Solid State Comm. 4, 521 (1966)
8. P.A. Thrower and R.T. Loader, Carbon 7, 467 (1969)
9. J. Abrahamson and R. Maclagan, Carbon 22, 291 (1984)

10. T. Tanabe, K. Niwase and K. Nakamura, J. NucL Mater. 168, 191 (1989)
11. P. A. Thrower and R.M. Mayer, phys.stat.sol. (a) 47, 11 (1978)
12. E. Kaxiras and K.C. Pandey, Phys. Rev. Lett 61, 2693 (1988)
13. D.F. Pedraza, Qustering of Interstitials in Graphite. A Computer Simulation Study,

Unpublished Report, ORNL, (1991)


