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Abstract

Reduced activation ferritic-martensitic (RAFM) steels are being considered as candidate materials for the first
structural wall of a future fusion reactor, due to their high resistance to neutron irradiation. A combination of mo-
lecular dynamics and kinetic Monte Carlo has been utilized to analyze and assess the change and evolution of the
microstructure in irradiated o-Fe, the main component of RAFM steels. We discuss how the pulse frequency, 1 and 10
Hz, may affect the damage production and accumulation. Dose rates of 0.1 and 0.01 dpa/s will be considered in order to
represent the damage suffered by a protected first structural wall. These results will be compared with previous work on
the subject and with those achieved with continuous irradiation at similar average dose rate.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Radiation is well known to induce an alteration of
the materials microstructure whose long-term evolution
leads to the modification of the macroscopic features.
Multiscale modeling is demonstrating a large potential
for studying those effects [1-4]. Many studies have been
conducted to analyze the effect on materials of contin-
uous irradiation with energetic particles (neutrons,
others) and according to different temporal distribu-
tions. Many uncertainties still exist when a fusion reac-
tor (e.g. inertial) environment study is considered. The
high neutron energy peak, 5 MeV for a protected and 14
MeV for an unprotected wall, and the pulsed nature of
irradiation are the principal factors that need to be
studied in order to evaluate the response of the first
structural wall of a future inertial fusion energy (IFE)
reactor.
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The fundamental requirements for a first wall mate-
rial are [5] resistance to 14 MeV neutron induced dis-
placement damage and mechanical and physical
properties adequate to meet conditions imposed by the
30 dpa dose expected during reactor lifetime.

In this paper we analyze the effect of pulsed irradia-
tion on a-Fe, the main component of steels which are
considered in some designs of future inertial fusion re-
actors [6]. We will consider the effect of two dose rates
and two different frequencies on defect cluster accumu-
lation, with the intention of reproducing the damage
suffered by a first structural wall that will be exposed to
high-energy 14 MeV neutrons irradiation.

The characteristics of the radiation environment
simulated here are extensively described in a previous
paper [7] and will not be reported here.

2. Simulation model

The multiscale modeling approach makes use of a set
of linked programs to bridge the wide range of time and
spatial scales that radiation damage involves.
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The spatial and energetic distribution of the subcas-
cade generated by a primary knock-on atom (PKA) is
calculated with the program TRIM [8], Fig. 1. Along
with a cascade data base partly calculated by the mo-
lecular dynamics (MD) code MDCASK [9] and partly
from the literature [10], this forms the input for the
program that builds the pulse.

The number of PKAs forming the pulse is a function
of the selected dose rate per pulse, the pulse deposition
time, and the kinetic Monte Carlo (KMC) simulation
box.

The result of this first step in the damage simulation
is a number of point and clustered defects that are in-
serted into the KMC box at the required rate.

In the KMC simulation box we follow the evolution
of the microstructure with the program BIGMAC [11],
an efficient KMC code that generates the behavior and
lifetime of the chosen defect population through a well-
defined sequence of events, based on a known proba-
bility distribution. MC is, because of this characteristic,
a suitable and very useful tool to study the evolution of
the microstructure of an irradiated material extended to
long times. In order to be able to perform our KMC
simulations, a well-defined series of input data is needed.
The various species that constitute the defect popula-
tion, the characteristic energies of each species and the
reactions that may occur between each one of them are
required. In our simulation we have considered single
point defects (vacancy and interstitial) and point defects
clusters, taking each size as a different object, and sub-
stitutional impurities as well. Impurities have been
considered immobile, transparent to vacancies and ca-
pable of reacting only with interstitials with a binding
energy of 1.0 eV. Seven possible events have been al-
lowed on: (1) diffusion, (2) clustering of defects of the
same type, (3) dissociation of a single defect from a
cluster, (4) annihilation of defects of opposite type, (5)
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annihilation of defects at a sink (grain boundary), (6)
trapping of an interstitial by an impurity, (7) new cas-
cade formation.

Each object in the simulation box has an associated
set of probabilities corresponding to the undergoing
events. All the interstitial clusters have been considered
mobile in three dimensions for sizes up to four, and one
dimension for bigger clusters; whereas only vacancy
clusters up to sizes of three are allowed to undergo three
dimensional migration.

All simulations have been conducted in a 300 nm
cubical box, with periodic boundary conditions applied
in the three directions. Dose rates per pulse of 0.1-0.01
dpa/s were considered, corresponding to those computed
in protected walls [12], along with pulse frequencies of
1-10 Hz and temperatures of 300 and 600 K.

The high energy of the PKA, 150 keV, and its nu-
merous associated defects introduced in the box per
pulse, together with the low interstitial migration energy,
slowed the simulation down and made computational
time long. For this reason the only results obtained at
300 K are currently available.

3. Results

The results, which will be represented in terms of
clusters size and concentration, have been obtained after
1000 pulses in the ‘high’ pulse dose rate and of 10000 in
the ‘low’ pulse dose rate case, each of which gives a total
dose of 1 x 10~ dpa. The pulse deposition time in each
case was 1 ps, which makes the dose accumulated in the
pulse 1077 and 10~® dpa, respectively.

A key point for analyzing and understanding the
obtained results is the relation between the external
magnitudes — pulse frequency and deposition time — and
the magnitudes characteristic of the modeling of the
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Fig. 1. Spatial and energy distributions of recoils generated by 150 keV Fe* in Fe.
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Fig. 2. Vacancy cluster concentration vs. time at 1 Hz.

material — such as defect diffusion and recombination
time.

Interstitials rapidly migrate to sinks and then the
recombination phase with the vacancies begins. For
vacancies it is the opposite; the first process is recom-
bination and then the less probable and very slow mi-
gration takes place.

Fig. 2 shows the evolution of vacancy cluster con-
centration during one pulse. There is, a very fast inter-
stitial-vacancy recombination process that leads to a
steep decrease in the concentration. After all the inter-
stitials have disappeared in sinks, have interacted with
impurities or have reacted with vacancies, the vacancy
concentration tends to remain stable. The most probable
events that can occur in this situation are di-vacancy
migration, and di-vacancy splitting into two single-
vacancies. The results of the first event would be a de-
crease in vacancy cluster concentration due to the fact

909

that it is highly probable that during migration the di-
vacancy cluster could interact with another vacancy and
form a three-vacancy cluster whose probability of
splitting or diffusing is much lower. The second mech-
anism would lead to an increase of vacancy cluster
concentration. In this case the single-vacancy is not very
likely to move at the temperature considered in the
simulation; but again we have to consider the fact
that vacancies are situated in a very small region and so
the probability is not negligible for a single-vacancy,
resulting from the splitting of a di-vacancy, to find an-
other vacancy in the capture volume. In our simulations
we have noted that the vacancy cluster concentration
remains basically stable and in some cases shows a little
decrease during a single pulse. The first result can be
ascribable to the mechanism explained before, splitting
and recombination, or simply to an immobility of the
vacancies. The decrease in vacancy cluster concentration
must in turn be attributed to a di-vacancy migration and
final recombination with another vacancy to form a
bigger cluster.

Interstitial lifetime is so short [13] that pulse fre-
quency plays no role in the accumulation. For this rea-
son no differences appear in the trapped interstitial
concentration. When plotting vacancy cluster accumu-
lation versus dose (Fig. 3) no significant difference was
observed between different dose rates per pulse and pulse
frequencies at the accumulated dose in these simula-
tions. The observable differences can be attributed to a
repetition rate effect, which can be summarized by say-
ing that the more time that elapses between pulses, the
more probable it is for a di-vacancy (that has the lowest
migration energy) to undergo migration. What is more
likely to happen when the di-vacancy migrates is a
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Fig. 3. Vacancy cluster concentration vs. dose.
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Fig. 5. Comparison between pulsed and continuous irradiation (0.1 x 107°-0.01 x 10=° dpals).

reaction with a vacancy to form a bigger cluster, raising
the average cluster size (Fig. 4) and diminishing the
vacancy cluster concentration. The spatial distribution
of the defects introduced in the KMC box reflects the
characteristics of the collisional cascade in iron with
vacancies in the core region and an interstitial shell [14].

Fig. 5 shows the comparison between pulsed and
continuous irradiation. We have compared the effect of
pulsed irradiation with a continuous irradiation with the
same average dose rate and the results show practically
identical behavior as far as vacancy cluster accumula-
tion is concerned. This last result is coincident with the
one obtained at a higher dose rate [15].

4. Conclusions

In this paper we have analyzed the influence of pulse
and dose rate on damage accumulation and we have also
made a comparison between pulse and continuous ir-
radiation.

The conclusions we can draw are that pulse frequency
shows no large effect on cluster accumulation due to the
very short lifetime of interstitials relative to the pulse
length and frequency, which makes the interstitial accu-
mulation mechanism insensitive to pulse frequency.

As for vacancy clusters concentration and size, pulse
repetition rate does play a role, for which we have jus-
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tified the small differences appearing in the results ob-
tained.

However, the comparison between pulsed and con-
tinuous irradiation leads to the conclusion that there is no
difference concerning cluster accumulation (at 300 K and
1 Hz frequency) up to the dose reached in these simula-
tions as long as the average dose rate is comparable. The
results obtained also show good agreement with those
obtained in previous work [15]. New results are needed
for a higher temperature (600 K) that can strongly in-
fluence the migration and recombination dynamics.
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