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Extended Abstract

Clustering of atomic defects leads to changes in the microstructure of materials, and hence
induces drastic variations in their properties. In many technical fields, the role of defect
clustering is very significant, and is sometimes limiting to further progress. We present here a
comprehensive review of the theory of atomic defect clustering under non-equilibrium
conditions, particularly encountered during irradiation of materials with energetic particles, as
well as during material processing by energetic sources. These conditions are met in a wide
range of technical applications, ranging from nuclear and fusion energy to microelectronics and
surface engineering. We first present a generaI stochastic framework for the evolution of atomic
clusters, and show how this can be described within the context of death-and-birth processes.
This leads to the well-known master equation for microscopic atomic clusters. In the limiting case
of a Poissonian process for the transition probabilities between cluster sizes, the master
equation tends, in the macroscopic limit to the mean field approximation embodied by the theory
of rate processes. When atomic clusters grow or shrink by the absorption of single atomic
defects, a continuum Fokker-Planck approximation can be derived. Within this approximation,
the evolution of interstitial loops, voids, bubbles, and general clusters of complex phases is
presented, and in some cases, good agreement with experiments is obtained. It is shown that
because of coalescence reactions, the evolution of surface atomic clusters during atom
deposition processes is best described by kinetic moment equations, directly derived from rate
equations. It is shown that breaking the symmetry of space or time leads to drastic variations in
the size and space distributions of defect clusters. Examples are given for pulsed irradiation
conditions, where it is shown that non-linear rate processes enhance cluster formation during on
time, and could lead to their dissolution during the off time at high temperature. On the other
hand, fluctuations are shown to result in instabilities and spatial self-organization of defect
clusters. Description of pattern formation during irradiation, such as void and interstitial loop
lattices, is very well described by a Ginzburg-Landau type equation, reminiscent of phase
transitions under thermodynamic equilibrium conditions.

The theory of defect clustering under non-equilibrium conditions is deeply rooted in statistical
physics, and is shown to bear fruitful results for the study of a variety of interesting physical
phenomena. Starting from basic understanding of stochastic fluctuations in defect fields, it is
shown that one can formulate master equations at the microscopic or atomic level. These
equations can be treated in a more macroscopic sense by equivalent rate equations, in the limit
of Poisson probability distributions for transitions between states. Under irradiation, diffusion in
the bulk of large defect clusters is slow, and the transitions between states are shown to be just
between nearest neighbors. A useful approximation is obtained, which is shown to be the
Fokker-Planck continuum theory. Several solution methods have been presented for a hybrid
scheme that links the rate equations with the continuum F-P equation. The method of moments
is particularly useful, because it is relatively simpler than other numerical methods. In addition,
the method allows for direct comparison with experiments on the evolution of the size
distribution of defect clusters. The theory is shown to be successful in explaining experimental
observations on size distributions of interstitial loops under irradiation. The influence of collision
cascades is shown to be important, and results in increased dispersion of the size distribution
probability function.
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The evolution of vacancy and interstitial clusters is shown to proceed on two different time
scales. While interstitial clusters form very rapidly, the time scale for the formation of vacancy
clusters is many orders of magnitude longer, mainly reflecting the magnitude of the respective
time constants of interstitials and vacancies. Good agreement is obtained with experimental data
on irradiated materials for the main parameters of the interstitial loop populations. The present
theory is also applied to the more complex conditions of void and bubble formation in irradiated
materials. It is shown that the deviation of the helium bubbles in neutron irradiated materials form
their equilibrium conditions is primarily a result of the ratio of helium-to-displacement damage
rates. Under the conditions of a low ratio (i.e. EBR-11), most helium bubbles can be regarded as
voids. On the other hand, for higher ratios, helium bubbles are somewhat over-pressurized,
particularly for small sizes.

An important feature of defect cluster formation in materials under non-equilibrium conditions is
self-organization in regular spatial patterns. When space-time symmetry is broken, non-linear
processes play a critical role in altering the microstructure. Under transient or pulsed irradiation
conditions, the density of small interstitial clusters is greatly increased, while their size
decreases, as compared to steady irradiation. On the other hand, at high enough temperatures,
small vacancy clusters may actually dissolve during the off time, and the net result is a much
smaller amount of vacancy agglomeration into voids. It has bee shown that pulsed irradiation at
sufficiently high temperatures can lead to a smaller amount of swelling, as compared to steady
irradiation. Spatial fluctuations in the concentrations of point defects are shown to result in non-
linear coupling with the relatively immobile features of the microstructure. Gradients, which
develop in the concentrations of mobile point defects, result in self-organization of vacancy and
interstitial defect clusters. One important ingredient which seems to be sufficient, even though
not necessary, and which leads to spatial self-organization is the preferential production or
absorption bias of freely migrating interstitial. The direct production of vacancy clusters in
collision cascades, coupled with diffusion-reaction of mobile point defects lead to spatial
instabilities. The emerging wavelength of the organized microstructure decreases with
increasing the dislocation network density, cascade collapse efficiency, and displacement
damage rate. These predictions are in accord with experimental observations. It is also shown
that a small degree of diffusion anisotropy of interstitial atoms results in alignment of the
organized microstructure along crystallographic directions, as observed experimentally.


