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Abstract

Fast reactors and other advanced nuclear systems are increasingly considering the use of ferritic and ferritic–martensitic
steels for cladding and structural applications. For these materials applications, radiation damage and relatively large
amounts of helium generated during the irradiation damage process are recognized to be major issues with materials dura-
bility and performance. In these cases, irradiation damage alone is significant; however the added effect of helium on the
accumulation of defects and defect clusters can dramatically imact the effect of the resulting microstructure on physical and
mechanical properties. Using a kinetic Monte Carlo method we study embryonic bubble nucleation under irradiation dam-
age conditions and helium generation. Migration of helium, vacancies, self interstitial atoms and their clusters is included
in the kinetic Monte Carlo model. We estimate embryonic bubble density, interstitial cluster density and embryonic bubble
size as a function of the helium content and displacements per atom. Bubble density and size increases with increasing
helium content; there is a slight increase in interstitial cluster density as well.
� 2007 Published by Elsevier B.V.

PACS: 61.72.Cc; 61.72.Ji; 61.82.bg; 02.70.Uu; 05.10.Ln; 66.30.Jt
1. Introduction

Fast reactors and other advanced nuclear systems
are increasingly considering the use of ferritic and
ferritic–martensitic steels for cladding and structural
applications. For these materials applications, radia-
tion damage and relatively large amounts of helium
generated during the irradiation damage process are
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recognized to be major issues with materials durabi-
lity and performance. In these cases, irradiation
damage alone is significant; however the added effect
of impurities on the accumulation of defects and
defect clusters can dramatically imact the effect
of the resulting microstructure on physical and
mechanical properties. The interaction of interstitial
impurity atoms with radiation-produced defects in
bcc metals and its influence on radiation hardening
and embrittlement have been well studied and
reviewed by Wechsler and Murty [1] where special
emphasis was placed on the role of oxygen in vana-
dium and niobium and of nitrogen and carbon in
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iron and steel. Helium is a much lighter atom than
these impurities and tends to stabilize vacancy clus-
ters that lead to a decrease in mechanical properties
of the cladding and structures [2–6].

Fusion reactor and accelerator driven system
materials will experience high generations of helium
(10 and 150 appm/dpa, respectively) due to the
occurrence of radiation damage processes. Ferritic
steels are candidate materials for these systems
because of their resistance to void swelling, irradia-
tion creep, and helium and hydrogen embrittlement
at higher temperatures (T/Tm > 0.4). However,
these alloys exhibit a large increase in yield stress
and ductile to brittle transition temperature at
lower irradiation temperatures (Tirr < 500 �C).
These property changes are not well understood
and may be related to helium generation and bubble
formation [7,8].

The evolution of materials damage associated
with continuous helium implantation and irradia-
tion is characterized by several stages of microstruc-
tural evolution. These stages have been enumerated
by Trinkaus et al. [9,10] and are bubble incubation,
bubble nucleation, bubble growth, cavity growth
and crack growth stages. Since the bubble densities
in the nucleation period are substantial for the
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Fig. 1. Various computer modeling techniques that are coupled together
experimental techniques that can be used to validate these models.
subsequent periods, an understanding of the lat-
ter stages requires a detailed knowledge of the incu-
bation and nucleation stages of microstructural
evolution.

The present work is aimed at quantifying the
effects of irradiation damage accumulation in the
presence of helium in ways that were not possible
in earlier studies. This is accomplished through
systematic and coordinated computational model-
ing and experiments. The modeling approach
employs both molecular dynamics (MD) and kinetic
Monte Carlo (kMC) simulations to study the
dynamic evolution of helium and defect clusters in
bcc iron over relevant time scales. Fig. 1 shows con-
nections between various levels of modeling and
simulation as applied to radiation damage in ferritic
steels.

In this paper, we will focus on a lattice based
kinetic Monte Carlo (kMC) to simulate the long-
term diffusion of vacancies, self interstitials and
helium in displacement cascades and the modifica-
tion of defect evolution by the presence of helium
in body centered cubic (bcc) iron. Kinetic Monte
Carlo models and simulations have been employed
to study cascade ageing and defect accumulation
at low doses using the input from atomistic simula-
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Fig. 2. The basic mechanisms of helium and vacancy activity in
single crystal bcc iron. Large filled circles represent iron, large
open circles represent vacancies, small filled circles represent
helium atoms and small open circles represent the octahedral
bcc sites. (a) Helium migration on the octahedral sublattice.
(b) Vacancy and self interstitial migration in bcc iron.
(c) Dissociation of helium from an embryonic bubble.
(d) Dissociation of vacancy from an embryonic bubble.
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tions of cascades and defect migration properties
[11–18]. These have mostly focused on intrinsic
defect (interstitial and vacancy) migration, cluster-
ing and annihilation under irradiation conditions.

For the Fe–He system, modeling of helium clus-
ters has been performed by Morishita et al. [19,20]
and Bringa et al. [21] using semi-empirical poten-
tials. In one paper, Morishita et al. [20] performed
molecular dynamics (MD) calculations to evaluate
the thermal stability of helium–vacancy clusters in
Fe. In another paper, Morishita et al. [19] have
looked at dissolution of helium–vacancy clusters
as a function of temperature increase using the
empirical potentials for the Fe–He system. Wirth
and Bringa [22] have simulated the motion of one
single 2He–3Vac cluster at 1000 K using the same
potential system. First principles calculations of
helium atoms in interstitial and substitutional sites
has been performed by Fu and Willaime [23] and
can be used to provide an input parameter set for
kinetic Monte Carlo calculations. In this paper, we
analyze the effect of helium generation and migra-
tion on the microstructural evolution of bcc iron
under irradiation conditions especially the forma-
tion of embryonic bubbles under continuous dam-
age conditions.
2. Simulation model and algorithm

The kinetic Monte Carlo model consists of
helium interstitials on the octahedral sublattice
and vacancies on the bcc iron lattice. Fig. 2 shows
the mechanisms by which the point defects migrate.
The migration of the free (not clustered) helium is
shown in Fig. 2(a) and that of the vacancies and self
interstitial atoms is shown in Fig. 2(b). The lowest-
energy migration path of the SIA corresponds to a
nearest-neighbor translation–rotation jump in the
h111i direction. The rates of migration of the point
defect entities are calculated as

ri
migration ¼ mi

migration exp �
Ei

migration

kBT

 !
; ð1Þ

where the superscript i refers to the helium, self inter-
stitial atoms and the vacancy point defect entities.
The rate of migration of the point defect entity is
ri

migration, the attempt frequency is mi
migration, the migra-

tion barrier is Ei
migration, while kB and T are the Boltz-

mann constant and the temperature, respectively.
Two point defect entities are considered to be in a
cluster when the distance between them is less than
a0, which is the lattice constant of bcc iron. Intersti-
tial atoms are not allowed to dissociate from clus-
ters. Dissociation of the helium and the vacancy
from the cluster is described in Fig. 2(c) and (d),
respectively. The rate of dissociation of a point de-
fect entity (i = helium or vacancy) from a cluster into
the bulk lattice is considered to be thermally acti-
vated and is calculated as:

ri
dissociation ¼ mi

dissociation exp �Ei
dissociation

kBT

� �
; ð2Þ

where ri
dissociation is the rate or dissociation, mi

dissociation

is the attempt frequencies, Ei
dissociation is the energy of

dissociation. The dissociation energy Ei
dissociation of a

point defect from a cluster is taken to be the sum of
the energy to bind a point defect entity to the clus-
ter and Ei

migration. Small bubbles migrate with a
Arrhenius migration rate parameterized by Table
1. Larger bubbles migrate by surface diffusion at
the bubble–matrix interface [24,25],

DB ¼ DS

3X4=3

2pr4

 !
; ð3Þ

where DB and Ds are the bubble and surface diffu-
sivities, respectively, X is the atomic volume and r

the radius of the bubble.



Table 1
A table of the events included in the kinetic Monte Carlo model

Entity Event E (eV) m0 (s�1) Remarks

Helium Migration 0.078 1e14 Helium migrates on the interstitial sublattice
Vacancy Migration 0.65 6e13 Vacancy migration on the substitutional sublattice
SIA Migration 0.3 6e13 SIA migration on the substitutional sublattice
Helium Dissociation

from HenVm

2.0 1e14 Helium dissociation from the He–V cluster

Vacancy Dissociation
from HenVm

2.0 6e13 Vacancy dissociation from the helium–vacancy cluster

Helium Dissociation
from Hen

0.30 1e14 Helium dissociation from the helium–helium cluster

Vacancy Dissociation
from Vm

0.20 6e13 Vacancy dissociation from the vacancy cluster

Interstitial
clusters

1D migration 0.1 6e13 Interstitial clusters up to size four are considered mobile

He–V
clusters

3D migration 1.1 1e14 Clusters containing up to three vacancies atoms migrate according to this rate

He–V
clusters

3D migration – – Diffusivity of clusters containing more than three vacancies calculated by
considering surface diffusion mechanisms (Eq. (3))

Migration energies and attempt frequencies are provided where applicable.
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Morishita et al. [20] and Fu and Willaime [23]
have calculated the migration energies of helium
and vacancies as well as the binding energies of
some helium–vacancy clusters. We employ these
migration barriers to calculate the rate of migration
of the point defect entities. Parameters used to cal-
culate these quantities are described in Table 1.
These parameters are used to calculate the rates
migration and dissociation events (Eqs. (1)–(3)) in
the system and build the event catalog for the
kMC simulation.

The event catalog is generated by calculating the
rates of migration or dissociation of the point defect
entities using Eqs. (1)–(3). The kMC event catalog
consists of the migration, clustering and dissocia-
tion of the point defect entities, helium, self intersti-
tial atoms and vacancies. The transition probability
of each event is proportional to the rate of event
occurrence, calculated by the Eqs. (1)–(3). We fol-
low the well established kMC simulation algorithm
[26,27] which is a stochastic, atomic-scale method to
simulate the time-evolution of defects and nano/
microstructural evolution that focuses on individual
defects and not on atomic vibrations.

Reaction pathways available in the system are
tabulated in Table 1. Rates of migration of events
are calculated at each kMC step. Parameters are
obtained both from literature using first principles
calculations [23,28] and also from molecular statics
calculations using semi-empirical potentials as
employed by Morishita et al. [19] and Wirth and
Bringa [22] (using the Ackland Finnis–Sinclair
potential, the Wilson–Johnson potential and the Zie-
gler–Biersack–Littmark–Beck potential for describ-
ing the interactions of Fe–Fe, Fe–He and He–He,
respectively). Helium atoms are introduced at ran-
dom positions at the beginning of the simulation.
Self interstitial atoms (SIA) are produced in the
simulation along with vacancies as Frenkel pairs
as cascade debris. Self interstitial atoms are mobile
and cluster. Self interstitial clusters up to size five
migrate one dimensionally. Self interstitials of
higher size are stationary. Mono- and clustered
vacancies are mobile. Vacancies can dissociate from
a vacancy cluster as well as a helium–vacancy clus-
ter. Helium atoms migrate on the octahedral sublat-
tice as well as part of helium–vacancy bubbles. A
substitutional helium is considered as a 1–1 He1V1

and is mobile. If a bubble has a helium–vacancy
ratio greater than five, it emits a self interstitial
atom. Small bubbles migrate according to Eq. (1)
and Table 1 while large bubbles migrate according
to Eq. (3). Self interstitial atoms and vacancies anni-
hilate when they meet either as point defects or in a
cluster. The boundary of the simulation cell acts as a
sink for the point defect entities.

At each kMC step, the system is monitored to
identify a clustering event. When two point defect
entities (helium–helium, vacancy–vacancy, helium–
vacancy) are in a cluster the simulation creates a
mapping between the entities and the cluster such
that for each cluster there are at least two entities



Fig. 3. A plot of the concentration of bubbles (cB) as a function
of helium concentration (expressed in terms of appm/dpa) for
two damage levels, 0.1 dpa (filled triangles) and 1 dpa (open
squares). The line is a fit to the data assuming a square root
dependence of the bubble density on helium concentration. The
simulation temperature is 543 K (0.3 Tm, the melting temperature
for iron).
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associated with the cluster. The event catalog is
updated with the new rates of event occurrence
and the transition probabilities for the next kMC
event are calculated using Eqs. (1)–(3) using the
parameters from Table 1.

Simulations were performed for a damage energy
of 100 keV. A production rate of randomly distrib-
uted cascades is assumed such that the damage is
introduced at a rate of 10�6 dpa/s. The simulation
cell size is 400a0 · 400a0 · 400a0, where a0 is the lat-
tice parameter of iron. The number of Frenkel pairs
introduced in the simulation cell are calculated by
the Norgett–Robinson–Torrens relationship,

Displacements per cascade ¼ 0:8ED

2Ed

; ð4Þ

where ED is the energy of incident particles while Ed

is the threshold energy (40 eV for iron [29]). Initial
concentration of helium is a parameter in the simu-
lation and is varied from 1 to 25 appm/dpa. Dam-
age that accumulates in the system is another
parameter in the system and determines the length
of the simulation. The incident energy is also a sim-
ulation control parameter that determines the num-
ber of defects introduced in a single cascade. The
simulation is performed until sufficient damage is
accumulated in the simulation cell.
3. Results

We now employ the kMC model to simulate the
effect of damage and helium/dpa ratios on the for-
mation of bubbles and bubble density. Simulations
are performed for values of the He concentrations
varying from 1 to 25 appm/dpa (appm = atomic
parts per million). Initial concentrations of both
point defect entities are calculated from the NRT
formula (Eq. (4)) using an incident energy of
100 keV. Overall damage is introduced at the rate
of 10�6 dpa/s and the simulation is carried out until
the required amount of damage has accumulated in
the system.

Fig. 3 shows the concentration of bubbles as a
function of He concentration (appm/dpa) after
damage equal to 0.1 and 1 dpa is introduced. The
simulation temperature is 0.3 Tm. The bubble den-
sity increases with increasing He/dpa ratio. The
bubble density can be described by a power law
expression,

cB ¼ KðcHeÞm; ð5Þ
where cB is the bubble density, cHe is the helium con-
centration expressed as appm He/dpa and K and m

are constants determined by the kinetic Monte
Carlo simulations. We find that the exponent m is
approximately 0.5. In Fig. 3, the solid lines are fit
to the data assuming a square root dependence of
the bubble density on helium concentration. Thus
the bubble density increases as the square root
of the He/dpa ratio. While experimental evidence
of this variation is difficult to find, such dependence
has been suggested by rate theory calculations [30]
for the case of cold helium implantation annealing.
The square root dependence is also found for equi-
librium bubbles containing an ideal gas [31].

We find that the bubble density increases with
damage (expressed as dpa) as damage is accumu-
lated till 1 dpa. At higher dpa ratios more vacancies
are produced that may serve as nucleation sites for
embryonic bubbles by trapping helium. Thus the
bubble density scales directly with increasing dam-
age. That bubble density increases with accumulat-
ing dpa is observed in experiments [7,8,32]. These
experiments suggest much smaller values of bubble
density than those calculated in the present simula-
tions. Embryonic bubbles are submicroscopic and
difficult to estimate from experimental observations;
while the kMC simulations have a large fraction of
nanometer size bubbles; making comparison with
experiment difficult.



Fig. 4. A plot of the concentration of interstitial clusters (cIC) as
a function of helium concentration (expressed in terms of appm/
dpa) for two damage levels, 0.1 dpa (filled triangles) and 1 dpa
(open squares). The simulation temperature is 543 K (0.3 Tm, the
melting temperature for iron).

Fig. 5. A plot of the concentration of average bubble size (dB

expressed in nm) as a function of He concentration (expressed in
terms of appm/dpa) for two damage levels, 0.1 dpa (filled
triangles) and 1 dpa (open squares). The simulation temperature
is 543 K (0.3 Tm, the melting temperature for iron).
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Fig. 4 is a plot of the concentration of interstitial
clusters as a function of the helium concentration
expressed as an appm He/dpa ratio. Two different
damage levels are considered 0.1 and 1 dpa. The
simulation temperature is 0.3 Tm. There is a slight
increase in interstitial cluster density with increasing
helium concentration. This increase does not seem
to be in agreement with experimental observations
[7,8] that suggest that the interstitial loop size is
independent of helium concentration. The assump-
tion in the kMC simulation that interstitial clusters
greater than 5 are immobile may contribute to the
dependence of the interstitial cluster density on
helium concentration. Such an assumption leads to
interstitial clusters of larger size remaining in the
simulation rather than being annealed to the bound-
aries. Post irradiation annealing simulations of this
data may lead to a decrease in the interstitial cluster
size as well. At present such annealing simulations
have not been performed.

Fig. 5 is a plot of the bubble size as a function of
the helium concentration expressed as an appm He/
dpa ratio. As before two different damage levels are
considered, namely 0.1 and 1 dpa and the simula-
tion temperature is 0.3 Tm. Bubble size increases
with increasing helium content and with increasing
damage (dpa). The existing helium–vacancy bubbles
act as sinks for the increasing helium and vacancies
and trap these to increase the bubble size. As more
vacancies are created, they are trapped at embryonic
helium–vacancy bubbles thus increasing the bubble
size with increasing dpa.
4. Discussion

Irradiation damage affects metal microstructure
in several ways. It directly creates atomic defects
and defect clusters and gradually modifies the
pre-existing dislocation network. It introduces new
impurities by nuclear transmutation. The transmu-
tation gas so introduced affects the stability of
vacancy clusters forming gas bubbles that serve as
sinks for newly created vacancies and gas. The
migration mechanisms of helium and hydrogen
atoms in metals undergoing radiation damage are
rather complex. In the present paper, we have ana-
lyzed various gas migration mechanisms and diffu-
sion mediated reactions that lead to the nucleation
of embryonic gas bubbles with a kinetic Monte
Carlo (kMC) model and simulation. The bubble
density scales linearly with increasing damage and
increases as the square root of the He/dpa ratio at
higher He/dpa ratios. The power law dependence
of the bubble density agrees qualitatively with pre-
dictions of rate theory models that predict a frac-
tional power law dependence of bubble density [30].

We have studied the interplay between various
transmutation gas migration mechanisms in ideal-
ized situations. These models provide much insight
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into the nature of embryonic gas bubble formation
and growth. In these simulations, input information
on defect interactions, mobilities, cluster stabilities,
etc., is obtained from results of MD simulations
and experimental measurements. Thus the accuracy
of the kMC simulation is as good as the input
parameters that are passed to it.

There is also debate as to the lowest-energy con-
figuration of extrinsic gas atoms. Most classical
interatomic potentials [19,20,22] yield the octahe-
dral site as the lowest-energy configuration; recent
first principles calculations [23,33] have suggested
that the tetrahedral site may be lower in energy.
Gas atoms in the present simulations diffuse on
the octahedral sublattice. The simulation procedure
may be changed to include diffusion on the tetrahe-
dral sublattice; however, we do not believe that this
will qualitatively change the results in term of the
kinetics of defect migration or clustering behavior.

Similarly, in the kMC simulation, we have
assumed that the lowest-energy migration path of
the SIA corresponds to a nearest-neighbor transla-
tion–rotation jump in the h111i direction as calcu-
lated by first principles calculations [23,28]. These
calculations also suggest other paths of self intersti-
tial atom migration; these at present are not
included in the kMC simulations; however these
can be easily incorporated. We do not expect these
to affect the variation of the bubble density or clus-
ter density with control parameters as the barrier for
these mechanisms are higher than the barrier for the
nearest neighbor translation rotation jump that is
included in the present simulation.

The only work along such lines for the Fe–He sys-
tem has been performed by the following: Morishita
et al., Wirth and co-workers [19,20] and Wirth and
Bringa [22]. In one paper, Morishita et al. [20]
performed molecular dynamics (MD) calculations
to evaluate the thermal stability of helium–vacancy
clusters in Fe using the Ackland Finnis–Sinclair
potential, the Wilson–Johnson potential and the Zie-
gler–Biersack–Littmark–Beck potential for describ-
ing the interactions of Fe–Fe, Fe–He and He–He,
respectively. In another paper, Morishita et al. [19]
have looked at dissolution of helium–vacancy clus-
ters as a function of temperature increase using the
empirical potentials for the Fe–He system. Using
the same potential system to describe Fe–He and a
kinetic lattice Monte Carlo model, Wirth and Bringa
[22] have simulated the motion of one single 2He–
3Vac cluster at 1000 K. In that paper, two interstitial
helium atoms were placed in close proximity to a
tri-vacancy cluster. The two helium atoms were
found to cluster with the vacancy cluster within
�100 ps. In this paper, we have examined the nucle-
ation and growth of helium–vacancy clusters that
serve as embryonic bubbles during microstructural
evolution over much larger time scales under contin-
uous radiation damage conditions.

The bubble size and density dependence may
have implications for the consideration of irradia-
tion hardening. As the damage levels in structural
materials increase, these materials show an increase
in the yield stress. The increase in the yield stress is
related to the interaction of dislocations with obsta-
cles produced by the radiation damage. Often the
increasing yield stress is described by the dispersed
barrier hardening model [32,34],

Dr ¼ Malb
ffiffiffiffiffiffi
Nd
p

; ð6Þ
where, Dr is the increase in yield stress, a is the
strength of the dislocation obstacle interaction
(between 0 and 1), M is the Taylor factor for bcc
metals (�3.05), l the shear modulus and b the dislo-
cation burgers vector. The quantities N and d are
the number density and diameter of the obstacles.
If bubbles are assumed to interact with dislocation
by such a relationship, the number density and the
bubble size can be calculated by kMC calculations
as shown in this paper and employed as parameters
in continuum level plasticity calculations of irradia-
tion hardening. Such a connection follows the chart
shown in Fig. 1 where the atomistic information
(defect migration energetics) is connected to macro-
scopic properties (change in yield stress) of the irra-
diated material.

5. Summary

We have employed kinetic Monte Carlo simula-
tions to investigate the time evolution of the point
defect configuration leading to defect clustering
and bubble formation. The concentration and
composition of embryonic defect clusters as a func-
tion of time and operating temperatures is deter-
mined. We have employed the kMC model to
simulate the effect of damage and helium/dpa ratios
on the formation of bubbles and bubble density.
Simulations are performed for values of the He
concentrations varying from 1 to 25 He/dpa. The
bubble density scales linearly with increasing dam-
age and increases as the square root of the He/dpa
ratio at higher He/dpa ratios. Interstitial cluster
density shows a slight dependence on the helium
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concentration while bubble size increases with
increasing helium content. Kinetic Monte Carlo
simulations can be used to bridge the gap between
atomistic molecular dynamics calculations and con-
tinuum level representations of irradiation harden-
ing and mechanical property changes.
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