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Density functional theory �DFT� calculations have been performed to study the interaction of carbon with
He-vacancy complexes in �-Fe. Using the DFT predictions, a rate theory model that accounts for the evolution
of carbon, helium, and defects created during irradiation has been developed to explore the influence of carbon
on the kinetics of He diffusion and clustering after implantation in �-Fe. This DFT-based rate theory model
predicts that carbon not only influences vacancy �V� migration but also He desorption, enhancing He mobility
in particular for low V /C ratios. The reason for this behavior is mainly the formation of VC and VC2

complexes, which significantly reduces the mobility of vacancies with respect to pure Fe, inhibiting the
formation of higher order clusters, i.e., HenVm, and increasing thus the number of He at substitutional positions
at room temperature. Assuming reasonable values of carbon concentration, we successfully reproduce and
interpret existing desorption experimental results, where all the energetic parameters for the relevant reactions
were obtained from first-principles calculations. In addition, our study provides a detailed explanation of the
various He migration mechanisms that prevail under the considered experimental conditions.
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I. INTRODUCTION

The development of advanced radiation resistant materials
requires fundamental knowledge about defect production,
their diffusion, and clustering. In the case of structural ma-
terials for future fusion devices, the effect of helium on de-
fect evolution and its consequences on material properties is
of particular interest1 since it is well known that helium in-
duces void swelling. Ferritic/martensitic steels have been
proposed as candidate materials for fusion devices partly due
to their low swelling rates.2 However, these steels suffer
from embrittlement and the role of He on this detrimental
phenomena is still not well understood.3 Predicting the fate
of He in �-Fe is thus crucial for the development of ad-
vanced ferritic materials resistant to radiation under fusion
and fission conditions.

During the past decade much fundamental knowledge has
been gained about defects in �-Fe through both basic experi-
ments and first-principles simulations. For instance, ab initio
calculations have revealed that the magnetic character of
�-Fe plays a significant role in the behavior of those defects
produced by irradiation.4–6 Accurate migration energies of
elementary defects in this material have also been obtained
by these calculation methods.7 First-principles predictions
can then be used in kinetic models such as kinetic Monte
Carlo, as in Ref. 7, or rate theory �RT� to study the long-term
evolution of defects produced by irradiation.8

However, when comparing simulation of defect evolution
to experimental results one must take into account the pres-
ence of impurities and their possible interaction with point
defects. This is the case of �-Fe where carbon is always
present. In fact, only a small number of experiments have
been performed using ultrahigh purity Fe �Ref. 9� with car-
bon levels below the detection limit, i.e., about 5 atomic part
per million �at.ppm�. When present in sufficient concentra-
tion, carbon is known to affect the migration of self-defects

in �-Fe, particularly vacancies. Early experiments9,10 showed
that both electrical resistivity and positron lifetime of elec-
tron irradiated �-Fe change significantly with carbon con-
tent. New annealing stages were associated to the formation
of various carbon-defect complexes, in particular C-vacancy
complexes.9 Other authors11,12 have also pointed out that the
effective migration energy of vacancies in �-Fe measured
experimentally varies between 0.6 and 1.5 eV with higher
values for specimens with higher carbon content. Some of
these observations have been recently explained with the
help of density functional theory �DFT� calculations.13–16

These studies show that there is a high binding energy be-
tween carbon at interstitial sites and vacancies, which results
in a slower diffusion for vacancies in �-Fe containing car-
bon, with respect to that observed in pure Fe.

On the other hand, we have recently shown17 that in order
to reproduce measured He desorption data18 obtained from
irradiated Fe, a rather high effective value for the migration
energy of vacancies must be used. We attributed this value to
an impurity effect with carbon being the most likely candi-
date. Furthermore, according to these calculations, this im-
purity should also have an effect on the stability of He-
vacancy complexes. A first model including carbon
impurities and their effect on He kinetics was made in Ref.
19. This models includes only two types of carbon clusters,
namely, VC and HeVC. A good agreement with experimental
data could be obtained with this simplified model by modi-
fying the binding energies of VC and HeVC clusters.

In this paper we propose a DFT-based RT model that ac-
counts for the evolution of helium in irradiated �-Fe contain-
ing carbon. We want to emphasize that in contrast to our
previous works,17,19 the model presented here takes explicitly
into account the presence of carbon and its possible interac-
tions with He-V clusters. The proposed model follows thus
the evolution of self-interstitials, vacancies, helium, carbon,
He-V-C complexes, and the formation of defect clusters in
irradiated �-Fe. All migration and binding energies of de-
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fects taken into account in the kinetic model were obtained
by means of DFT calculations, which are presented in Sec.
II. Section III describes the different atomistic mechanisms
included in the model as well as the rate equations used to
predict He diffusion and clustering in �-Fe. In Sec. IV this
model is applied to study the mechanisms of He desorption
in implanted Fe for different V /C ratios. Finally, existing
experimental He desorption data are reproduced using the
present DFT-based RT approach and concluding remarks are
drawn in Sec. VI.

II. PROPERTIES OF HE-V-C CLUSTERS: DFT
CALCULATIONS

A. Method of calculation

We have performed calculations within the density func-
tional theory and the generalized gradient approximation as
implemented in the SIESTA code.20 The calculations are spin
polarized to account for the magnetism within a collinear
approach. Core electrons are replaced by nonlocal norm-
conserving pseudopotentials while valence electrons are de-
scribed by linear combinations of numerical pseudoatomic
orbitals. The pseudopotential and the basis set for Fe and He
atoms are the same as in Ref. 21. The cutoff radius for the
pseudopotential of C is set to 0.66 Å, and its basis set in-
cludes two strictly localized functions for the 2s states and
six for the 2p states. The cut-off radii are 2.22 and 2.64 Å,
respectively. Five functions for the 3d states are also in-
cluded as polarized orbitals in order to increase angular flex-
ibility. The charge density is represented on a regular
0.078 Å width grid in the real space. The present approach
has been shown to successfully account for the properties of
point defects in iron5,7 as well as in Fe containing either
helium21 or carbon.14

Supercell calculations were performed to study defect
properties using 128-atom cells with a 3�3�3 shifted
k-point grid. The Methfessel-Paxton broadening scheme with
a 0.3 eV width was used. Calculated defect energies have
been verified to be well converged with respect to this
k-point grid. All these calculations were performed at con-
stant pressure, i.e., the structures were optimized by relaxing
both the atomic positions and the volume and shape of the
supercell.7,21 In practice, four different cells with the same
number of crystallographic sites are used to calculate the
binding energy of a defect: cells I and II contain, respec-
tively, an isolated defect and the initial complex, and cell III
contains the complex resulting from the reaction. The bind-
ing energy is obtained by adding the energies of cells I and
II, and subtracting the energy of cell III and that of a perfect-
crystal supercell �cell IV�. With this convention, a positive
binding energy indicates an attractive interaction between the
reactants. In the present case, the binding energies of defects
�vacancy, C or He atoms� to HenVmCp complexes are defined
as the energy differences between the configuration where
the defect is infinitely separated from the cluster and where it
is added to the cluster.

B. DFT results

1. He-V, V-C, and He-C interactions

The lowest-energy configurations obtained from DFT cal-
culations for small helium-vacancy and carbon-vacancy

complexes �HeV, He2V, HeV2, He2V2, VC, VC2, and V2C2�
are represented in Fig. 1. He atoms prefer to occupy substi-
tutional sites in �-iron �Fig. 1�a�� while the lowest-energy
position of C is the tetrahedral interstitial site. It is now well
known that C and both substitutional and interstitial He
�Heint� attract vacancies,13–15,21,22 such interactions being
much stronger than those between a He or C atom and a
self-interstitial atom.9,23 The resulting configurations are, re-
spectively, the following: the carbon atom remains close to
an interstitial site rather than being centered on the vacancy
site �Fig. 1�e��; the helium atom is located mid way between
two nearest-neighbor vacancies �Fig. 1�c��; and a helium be-
comes substitutional �Fig. 1�a��. It is worth mentioning that a
He interstitial decays spontaneously to a first neighbor va-
cancy, becoming a He substitutional and gaining 2.3 eV in
energy. In contrast, C atoms tend to only decorate vacancies
�Figs. 1�e� and 1�f�, VC2 being the optimal configuration,
that is, the addition of more than two C atoms per vacancy
does not induce further gain of energy.14 Positron lifetime
measurements have indeed pointed out the existence of such
small carbon-decorated vacancy clusters.10 Divacancies are
most stable at second nearest neighbor. This remains the case
when one or two carbon atoms are added �Figs. 1�g� and 1�h�
but in presence of one or two He atoms the nearest-neighbor
configuration becomes more stable �Figs. 1�c� and 1�d�.

The interaction between C and a He interstitial is however
repulsive for all interatomic distances smaller than 1.25a0
and practically vanishes beyond this distance, a0 being the
lattice parameter of bcc iron. This repulsion, similar to the
C-C interaction,13 is mainly related to a strong lattice distor-
tion induced by the accumulation of interstitial solutes within
a small interstitial volume. The situation is indeed different
in presence of vacancies. He interstitial and C atoms attract
each other close to vacancies forming stable ternary com-
plexes. However, it is worth mentioning that there is any
significant electronic hibridization between He and C in any
situation. HenVmCp complexes with n, m, and p=0, 1 or 2
were considered in this study. In order to determine their
lowest-energy configurations �Fig. 2�, we have investigated

(e)

(c)(a) (b) (d)

(g) (h)(f)

FIG. 1. Schematic representation of the lowest-energy configu-
rations found from DFT calculations for: �a� HeV, �b� He2V, �c�
HeV2, �d� He2V2, �e� VC, �f� VC2, �g� V2C, and �h� V2C2. The big
and small black spheres denote He and C atoms, respectively, gray
spheres are the neighboring Fe atoms, and the small empty cubes
symbolize the vacancies. All the atoms are at their relaxed
positions.
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up to ten structures for each ternary complex, based on pos-
sible combinations of the corresponding most stable He-
vacancy and C-vacancy clusters configurations �Figs.
1�a�–1�h��.

Some characteristics of the lowest-energy structures that
were found for HenVmCp complexes are interesting to be
pointed out. Although He atoms prefer to be substitutional,
they may sit on off-site positions in presence of C, as far as
possible from the C atoms, which is a direct consequence of
He-C repulsion. When there are two He atoms within a clus-
ter, they tend to form a He-He �100� dumbbell, even though
the He-He distance becomes longer than that in He2V due to
the presence of C. On the other hand, carbon atoms always
stay at near-octahedral positions decorating the vacancies.
When comparing Figs. 1 and 2 we see that C positions re-
main practically the same in clusters with and without He,
except for He2VC2 and He2V2C2 complexes. In the former
cluster, the presence of two He atoms close to the vacancy
inhibits the formation of the C dimer, and in the latter case,
the change in C positions with respect to V2C2 is caused by
the change in the divacancy configuration, i.e., V2 prefers to
be first or second nearest neighbor in clusters with or without
He, respectively. In view of the lowest-energy configurations
shown in Fig. 2, we note that the formation of a C dimer with
strong covalent bond also contributes to stabilize clusters
containing He.14

Binding energies corresponding to Hen−1VmCp+Heint
→HenVmCp and HenVmCp−1+Cint→HenVmCp reactions are
detailed in Table I, where positive value means attraction.
We note that Cint-to-complex binding energies are always
lower than Heint-to-complex interaction energies, which is
consistent with the fact that C-V interaction is much weaker
than Heint-V interaction, being 0.41 and 2.30 eV the respec-
tive binding energies. Heint-to-complex binding energy is
mainly dictated by the cluster pressure,21,23,24 therefore it
mostly decreases with increasing number of C in HenVmCp
for given n and m. Carbon binding behavior is less simple.
Binding energy of the first C atom to HenVm is also dictated
by the cluster pressure, i.e., decreases with increasing num-

ber of He atoms at a given m. However, the energy gain
associated to the inclusion of a second C into a cluster may
be configuration dependent and depends rather on the
strength of C-C bond formed in the resulting cluster, e.g., the
C-to-HeV2C binding energy is particularly high, 0.17 eV
higher than that of C-to-V2C binding. This is due to the dif-
ference in C and V positions between the respective resulting
complexes: HeV2C2 and V2C2 �Figs. 2�f� and 1�h��. The C2
configuration in HeV2C2 is very close to that in VC2 �Fig.
1�f�� where the addition of the second C induces the forma-
tion of a strong C-C covalent bond.14 Indeed, the calculated
C2 bond length in both HeV2C2 and VC2 are identical to that
in graphene �1.42 Å� while the C2 in V2C2 has a bond length
of 1.04 Å, even shorter than that in an isolated C2 dimer.
The associated energy gain for VC2 �0.77 eV� is clearly
larger than that for V2C2 �0.68 eV� �Table I�.

2. Stability of small HenVmCp complexes

In order to understand the impact of carbon on the thermal
emission of He into He interstitial from He-vacancy-carbon
clusters from the point of view of energetics, we have com-
pared the stabilities of HenVm and HenVmCp complexes. The
dissociation energies can be reasonably assumed to be the
sum of the corresponding defect-complex binding energy
and the migration energy of the isolated defect,21,23,24 where
the calculated migration energies for a vacancy, an interstitial
He, or a C atom are, respectively, 0.67, 0.06, and 0.87
eV.7,14,21 The obtained dissociation energies are shown in
Fig. 3.

As mentioned in previous works,7,24 the emission of a He
into He interstitial from a HenVm complex requires lower
energy barrier than the emission of a vacancy when the
helium-to-vacancy ratio �n /m�, i.e., cluster pressure, is high.
The present results suggest a similar trend when these com-
plexes contain C. The solute-from-complex dissociation is
indeed energetically more favorable than the vacancy disso-
ciation from HeVCp and He2VCp complexes. Moreover,
vacancy-from-HenVmCp dissociation energy increases sys-
tematically with p=0–2 while the one of He-from-HenVmCp
rather decreases with p for given values of n and m. The
emission of C from these ternary clusters is always more
favorable than the emission of a He interstitial, which is

(g)(e) (f)

(c)(a) (b) (d)

(h)

FIG. 2. Lowest-energy configurations found from DFT calcula-
tions for small HenVmCp complexes: �a� HeVC, �b� HeVC2, �c�
He2VC, �d� He2VC2, �e� HeV2C, �f� HeV2C2, �g� He2V2C, and �h�
He2V2C2. The big and small black spheres denote the He and C
atoms, respectively, gray spheres are the neighboring Fe atoms, and
the small empty cubes symbolize the vacancies. All the atoms are at
their relaxed positions.

TABLE I. Binding energies of a He interstitial and a C atom to
Hen−1VmCp and HenVmCp−1 complexes, respectively. The resulting
clusters are listed in columns 1 and 4. All the energies are in elec-
tron volts.

Hei C Hei C

VC — 0.41 V2C — 0.63

VC2 — 0.77 V2C2 — 0.68

HeV 2.30 — HeV2 2.78 —

HeVC 2.03 0.14 HeV2C 2.70 0.55

HeVC2 1.44 0.18 HeV2C2 2.87 0.85

He2V 1.84 — He2V2 2.67 —

He2VC 1.73 0.03 He2V2C 2.45 0.33

He2VC2 1.81 0.26 He2V2C2 2.05 0.45
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consistent with their respective binding energies. However, it
is worth mentioning that the difference in their dissociation
energies is relatively small in the case of HeVC2 �0.45 eV�.
The origin of this fact is twofold: on one hand, the He atom
is weakly bound in this complex due to increase in cluster
pressure �Table I� induced particularly by the presence of C
atoms. The HeVC2→Heint+VC2 reaction only costs 1.50 eV,
i.e., 0.86 eV less than the substitutional He �HeV� dissocia-
tion energy. On the other hand, C atoms are stabilized in the
complexes due to the presence of C-C covalent bond14 as
already mentioned in the previous Subsection. The dissocia-
tion energy of C is therefore systematically higher from a
HenVmC2 than from a HenVmC complex with given values of
n and m.

III. KINETICS OF HE-V-C CLUSTERS
IN IRRADIATED FE

In this section we enumerate the various atomistic mecha-
nisms describing the kinetics of helium, point defects, and
point defect clusters in iron containing carbon. It is important
to note that, in contrast to our previous work,17 the formation
of He-V-C complexes is explicitly taken into account in the
present study. The mobile species considered here are
monointerstitials and diinterstitials, monovacancies, intersti-
tial helium, and interstitial carbon atoms. For simplicity,
larger self-interstitial and vacancy clusters are considered
immobile as in Ref. 17. Based on these assumptions, the
reactions that govern the evolution of helium, carbon, point
defects, and defect clusters in iron are the following: kick-
out �KO� or replacement mechanism for helium

HeV + I � Heint, �1�

where HeV denotes a helium atom at substitutional site
and I is a self-interstitial. Following this mechanism, a he-
lium atom located at a substitutional site becomes mobile,
i.e., jumps to an interstitial site, when is kicked out by a
self-interstitial. This mechanism is expected to play an im-
portant role under irradiation conditions in which self-
interstitials are generated in large amounts. Frank-Turnbull
�FT� or dissociative mechanism for helium

HeV � Heint + V . �2�

According to this reaction, a helium atom becomes mobile
when a substitutional helium dissociates into a vacancy and
an interstitial helium. Kick-out-like mechanism for carbon

VC + I � Cint. �3�

The reaction above shows that a carbon atom trapped in a
VC complex becomes mobile interstitial, Cint, when a self-
interstitial recombines with the vacancy in the VC complex.
Frank-Turnbull mechanism for carbon

VC � Cint + V . �4�

This dissociative mechanism is similar to reaction �2� for
helium. Formation of He-V-C clusters

HenVmCp + Heint � Hen+1VmCp, �5�

HenVmCp + V � HenVm+1Cp, �6�

HenVmCp + Cint � HenVmCp+1. �7�

The atomic structures of these clusters were described in Sec.
II. Recombination between self-interstitials and vacancies

I + V � 0. �8�

Formation of self-interstitial clusters

In + I � In+1, �9�

In + I2 � In+2 �10�

in which In denotes clusters containing n self-interstitials.
According to reactions �9� and �10�, interstitial clusters can
form by agglomeration of mobile self-interstitials and di-
interstitials. Recombination of vacancies with self-interstitial
clusters

In + V → In−1. �11�

The above reaction is considered to be irreversible due to
its high binding energy. Recombination of self-interstitials
with He-V-C clusters

HenVmCp + I → HenVm−1Cp. �12�

The emission of a self-interstitial from a He-V-C cluster is
neglected because of the high binding energy involved in the
reaction, similar to the previous case. Although ab initio
calculations21 show that He can also diffuse in Fe by the
migration of HeV2 complexes, this mechanism was not in-
cluded in this model. Indeed, the migration energy involved
in this mechanism is relatively high �1.1 eV�. Additional ki-
netic Monte Carlo simulations �not shown� performed in the
case of pure Fe confirmed that this mechanism plays a minor
role in the diffusion of He in the conditions that will be
discussed here. Also, the interaction between either Heint or
Cint with self-interstitial atoms are neglected in this study
since the corresponding binding energies are significantly
lower than those between Heint or C with vacancies.9,23

The atomistic processes considered in this model and pre-
sented above were described within a rate equation formal-
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ism. In this formalism, it is assumed that reaction rates fol-
low the kinetic law of mass action derived by Brönsted.25

Then, according to the mass conservation, the time evolution
of the concentration of mobile defects and immobile clusters
is governed by a set of coupled nonlinear partial differential
equations and ordinary differential equations. In practice,
this leads for mobile defects to a set of one-dimensional spa-
tial diffusion-reaction equations that are obtained by taking
into account their diffusion and the generation-recombination
terms corresponding to all possible reactions in which the
mobile defects are involved, as done in a previous work.8 On
the other hand, when defects are immobile, such as HenVmCq
and In clusters, they clearly follow a Markovian chain pro-
cess and their kinetics can then be described by a master
equation, as is done in Ref. 8. The reaction-rate constants
corresponding to the reactions of the model were calculated
following the methodology used in Ref. 8 and using the
binding and migration energies of defects obtained by ab
initio calculations. The binding energies of He-V clusters and
migration energies of mobile defects were obtained previ-
ously by ab initio calculations.7,21 The energetic properties of
He-V-C clusters are presented in Sec. II of the present paper.
As in our previous work,17 migration energies of 0.06, 0.67,
0.34, and 0.42 eV for Heint, V, I, and I2, respectively, were
used in this model. Regarding the mobility of I2 clusters, we
are aware that recent calculations,26 combining molecular
dynamics and DFT methods, have revealed the existence of
unexpected configurations of self-interstitial clusters in iron,
formed by nonparallel �110� dumbbells. These calculations
show that these new configurations are expected to have a
somewhat lower mobility in comparison to previous atomis-
tic simulations for conventional self-interstitial clusters.
Thus, the migration energy of I2 clusters should, in principle,
be slightly larger than the one used in the current work.
However, since I2 clusters mainly play a role in the early
formation of self-interstitial clusters, we believe that the re-
sults obtained here should not change with the migration
energy of I2. In order to account for the recombination and/or
out diffusion of defects at the surface, first-order boundary
conditions were used, assuming that the flux of defects at the
surface is proportional to the excess of defects at the surface
and only limited by diffusion, as done in Ref. 8. However, in
the case of interstitial carbon, we assumed the flux at the
surface to be null since there is no physical evidence accord-
ing to which carbon could escape from the surface. The rate
equations corresponding to reactions �1�–�12� together with
the different boundary conditions were solved using the par-
tial differential equation solver PROMIS 1.5.27

IV. MECHANISMS OF HE DESORPTION IN FE
CONTAINING CARBON

The aim of this section is to evidence the role of carbon
and to determine the dominant mechanisms that govern He
desorption in irradiated Fe containing carbon. As a good ap-
proximation, we only included explicitly in the RT model a
minimal set of defect clusters which was necessary to cap-
ture the main features of the mechanisms described in Sec
III, that is, HenVm with n=0–4 and m unlimited such as in

Ref. 17, and HenVmCp complexes �n, m, and p=0–2�. The
binding energies of HenVm clusters with �n and m=0–4�
were obtained by ab initio calculations.21 For HenVm clusters
with m�4, an extrapolation law was used to calculate the
binding energies, as done in other works.7,28 We have simu-
lated He desorption in Fe during isothermal annealings for
various He concentrations, temperatures, and for carbon con-
centrations ranging from 5 to 200 at.ppm. In all cases we
considered the initial He concentration as homogeneous over
the thickness of the sample. All simulations presented here
were performed for a sample thickness of 20 �m. An initial
point-defect concentration of 200 Frenkel pairs �I-V� per im-
planted He was used, which fairly corresponds to conditions
reached under high-energy He irradiation according to TRIM
�transport of ions in matter� �Ref. 29� simulations.17 We are
aware that more accurate damage results could be obtained
with other methods, e.g., with molecular-dynamics simula-
tions, which would provide a more accurate damage distri-
bution. However, for the case of light ions such as He, binary
collision models with the proper displacement threshold en-
ergy for Frenkel pair production −40 eV in the case of Fe—
are a good approximation.

Considering the defects present after irradiation, i.e.,
Heint, I, and V, and carbon staying initially at interstitial sites,
the evolution of the system at room temperature �300 K� is
simulated until quasi-steady state is reached, i.e., a state that
does not evolve significantly at macroscopic time scales. In-
deed, interstitial atoms �I and Heint� are highly mobile and
can migrate even at low temperature.7,21 Then, the He de-
sorption is simulated during isothermal annealing at tempera-
ture T.

A. Low He content

In Fig. 4 we reported the simulated He desorption curves
obtained at T=573 K for an initial He concentration of 0.1
at.ppm and for carbon concentrations ranging from 20 to 200
at.ppm. For comparison, the desorption curve simulated in
pure Fe is also included. As clearly shown in Fig. 4, our
model predicts that He desorption is significantly affected by
carbon impurities for carbon concentrations higher than 50
at.ppm, in comparison to the case where He diffuses in pure
Fe. In particular, we can see that He desorption is enhanced,

FIG. 4. Evolution of the desorbed fraction of He during an iso-
thermal annealing at 573 K for an initial He concentration of 0.1
at.ppm and for various carbon concentrations.
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at least in the conditions of temperature and in the time range
considered here. Furthermore, distinct desorption regimes
emerge at high carbon concentrations, suggesting that more
than one thermally activated mechanism govern desorption.
The effect gets more pronounced as the carbon concentration
increases, though it seems to saturate at high concentrations.
At high carbon concentrations, our model predicts an ul-
trafast desorption at the early stages of annealing, followed
by a plateau, indicating first a fast release of He followed by
a strong reduction in the formation of mobile helium atoms.
This plateau is then followed by a rapid He release and a
slower rate at later times. Clearly, the atomistic processes
that control He diffusion and clustering in Fe containing car-
bon are different than those that prevail in pure Fe, at least
for carbon concentrations higher than 50 at.ppm. Notice that
a clear influence of carbon can be seen on He desorption
when the V /C ratio is low, i.e., for carbon concentrations
higher than the vacancy concentration �20 at.ppm here�.

In order to determine how carbon affects He desorption in
the case of a low He content, we shall first examine the
different species that form at room temperature in the two
extreme cases: pure Fe and Fe containing 200 at.ppm of
carbon.

Figure 5 shows the evolution of the main species that
form at 300 K after He irradiation in pure Fe. The quantities
showed in this figure represent the concentrations averaged
over the depth. This figure evidences that most of interstitial
helium atoms, which migrate rapidly at room temperature,
jump into substitutional sites in a very short time
��10−8 s� by recombination with vacancies following the
reaction Heint+V→HeV. Vacancies are also mobile at room
temperature and after an approximate time of 100 s, most
vacancies are agglomerated into clusters that do not contain
helium, as can be seen by comparing the evolution of V in
Vm�2 �open circles� and the one of V in HenVm clusters �open
triangles: includes all He-V clusters except V and HeV�. On
the other hand, simulations show that a small fraction of
mobile vacancies also reacts with substitutional HeV and
form, by successive reactions, HeV2, HeV3, and HeV4 clus-
ters. As a consequence, the number of substitutional He
�HeV� formed at the early stages of the annealing decreases
�full squares� and the number of helium atoms trapped in
immobile clusters HenVm �full triangles: excludes HeV� in-

creases accordingly. We can see that at 300 K most self-
interstitials generated during irradiation diffuse and agglom-
erate into small In�2 clusters after a short time of about
10−4 s. This is not surprising since self-interstitials have a
low migration energy �0.34 eV� and interstitial clusters ex-
hibit a relatively high binding energy. In summary, our model
predicts that after He irradiation in pure Fe at room tempera-
ture �300 K�, helium is expected to be mainly found in small
HeVm�2 complexes and a small proportion at substitutional
sites �HeV�. On the other hand, most vacancies and self-
interstitials generated during irradiation are expected to ag-
glomerate into small vacancy clusters Vm�2 and small inter-
stitial clusters In�2, respectively.

When He is implanted in Fe containing carbon, our model
predicts a situation significantly different at 300 K than in the
case of pure Fe. In order to clearly illustrate this, in Fig. 6 we
reported the evolution of the main species that form after
irradiation at 300 K, for the highest carbon concentration
�200 at.ppm�. As in the previous situation, simulations pre-
dict that a large amount of interstitial helium atoms incorpo-
rates into substitutional sites by recombination with vacan-
cies in a very short time. Figure 6 evidences that most of the
implanted He atoms can be found at substitutional sites �full
squares� after a time of about 10−8 s. As one can see, after a
time of about 10 s, most vacancies generated during irradia-
tion are trapped into VC complexes. We can also see that a
small amount of vacancies are trapped into VC2 clusters.
Simulations indicate that these complexes form following
VC+Cint→VC2 and C2+V→VC2. Note that although Cint
atoms are barely mobile at room temperature, they are
present in high concentration, which increases the probabil-
ity of these latter reactions. Hence, in contrast to the case of
pure Fe, the agglomeration of vacancies into Vm clusters is
strongly inhibited when carbon is present in high concentra-
tion. Note that in that case, the concentration of carbon is
significantly higher than the concentration of vacancies.
Simulations also show that at 300 K a small fraction of he-
lium can be found in small immobile He-vacancy clusters.
These clusters are mainly HeV2, the formation of other
HeVm�2 clusters being significantly reduced, in contrast to
the case of pure Fe. This can be easily explained by the fact
that in this case, vacancies created during irradiation are
mainly trapped by carbon atoms in VC and VC2 complexes,

FIG. 5. Evolution of main species at room temperature �300 K�
in pure Fe �without carbon� after He irradiation for an initial He
concentration of 0.1 at.ppm.

FIG. 6. Evolution of main species at room temperature �300 K�
in Fe containing 200 at.ppm of carbon after He irradiation and for
an initial He concentration of 0.1 at.ppm.
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as seen in Fig. 6. This trapping strongly reduces the number
of free vacancies and thus inhibits reactions of the type
HeVm+V→HeVm+1. As in the case of pure Fe, most of self-
interstitials generated during irradiation quickly agglomerate
into In clusters at room temperature. It is worth noticing that
in this case, the number of self-interstitials agglomerated in
clusters is slightly higher than in the case where carbon is
absent. Again, this can be explained by the large amount of
vacancies that are trapped by carbon atoms at room tempera-
ture, which reduces the number of I-V and/or In-V recombi-
nations. Thus, the main defects that form at room tempera-
ture in Fe containing 200 at.ppm of carbon and irradiated
with He are HeV, VC, and In. Our model also predicts the
formation of small vacancy clusters, HeV2 and VC2 clusters
but in relatively small concentration.

Having identified the species that form at room tempera-
ture after He irradiation in pure Fe and Fe containing a high
concentration of carbon, we shall now determine and com-
pare the atomistic mechanisms that govern He desorption
during a subsequent isothermal annealing in Fe with and
without carbon. To do so, we monitor the temporal evolution
of the formation rates of Heint. Indeed, mobile helium atoms
�Heint� must form and reach the surface prior He desorption
occurs. According to the model presented here, a mobile
Heint can form by the KO mechanism �HeV+ I→Heint�, by
the FT mechanism, i.e., dissociation of a substitutional He
�HeV→Heint+V� and by dissociation from HenVm and
HenVmCp clusters. In the rest of the manuscript, dissociation
from HenVm clusters means dissociation from all Helium-
vacancy clusters except the particular case of HeV. The Heint
formation rates corresponding to these reactions and for T
=573 K are reported in Fig. 7 for the case of pure Fe and for
the highest carbon concentration considered here �200 at-
.ppm� for an initial He concentration of 0.1 at.ppm. The rates
reported in this figure were obtained by integration of the
rates of the different reactions over the depth of the sample.

In the case of pure Fe �full symbols�, we can see that the
formation of mobile helium during annealing at 573 K is
mainly due, at least in this time range, to the KO mechanism.
This clearly indicates that self-interstitial clusters In formed
at room-temperature dissociate during the isothermal anneal-
ing, releasing a large flux of self-interstitials that kick the

substitutional helium atoms—formed at 300 K as well—out
of their sites. As it was already concluded in our previous
work,17 self-interstitial clusters that form at low temperature
right after irradiation still play an important role in He dif-
fusion during subsequent annealing and cannot be neglected.
For annealing times longer than 1000 s the contribution of
the dissociation of He from HenVm clusters to the desorption
starts being comparable to that of the KO mechanism. The
contribution of the dissociation of HeV is always much lower
than either of these other two mechanisms. This is due to the
relatively high dissociation energy �2.30 eV� of the reaction
HeV→Heint+V.

In the case of Fe containing 200 at.ppm of carbon, Fig. 7
shows that the formation of mobile helium at the early stages
of annealing is also due to the KO mechanism, as expected.
However, we can see that in this case, at the beginning of
annealing the rate of Heint formation due to the KO mecha-
nism is higher than the one expected in pure Fe, by about 1
order of magnitude. Undoubtedly, the desorption enhance-
ment predicted to occur at the early stages of annealing for a
carbon concentration of 200 at.ppm �see Fig. 4� corresponds
to this ultrafast release of He due to KO at short times �t
�10−2 s�. On one hand, the increase in the rate of reactions
HeV+ I→Heint can be explained by the fact that the concen-
tration of HeV complexes that form at room temperature is
significantly larger when carbon is present in Fe than in pure
Fe, as can be seen by comparing Figs. 5 and 6. Thus, when
interstitial clusters dissolve, self-interstitials that are emitted
see more HeV atoms, resulting in a larger rate of KO reac-
tions. As explained before, the concentration of substitutional
He atoms significantly increases at room temperature when
carbon is present due to the large amount of vacancies that
are trapped by carbon into VC and VC2 complexes, which
strongly inhibits reactions between vacancies and HeV at-
oms. A detailed analysis of simulation results reveal �not
shown� that this increase in the rate of KO reactions also
results from a larger emission rate of self-interstitials from In
clusters—formed at room temperature—when they start dis-
solving at the early stages of the isothermal annealing. This
higher I flux is due to the larger number of self-interstitials
that agglomerate into In clusters at room temperature due to
the trapping of vacancies by carbon as explained before.
Thus, the enhancement of He desorption expected at short
times for a low He content and in the presence of a high
carbon concentration is primarily due to the high concentra-
tion of VC and VC2 complexes that form at room tempera-
ture. It is important to note that most vacancies trapped into
VC clusters at room temperature do not dissociate during the
isothermal annealing at 573 K but remain trapped into car-
bon complexes. Indeed, Fig. 8 evidences that at the early
stages of the annealing at 573 K ��10−3–10−2 s�, VC com-
plexes transform into VC2 complexes following the reaction
VC+Cint→VC2. These latter are stable at this temperature
and only start dissociating at a time of about 102 s, as can be
seen in Fig. 8. The rest of the vacancies—a small
fraction—is mainly found in small HenVm clusters containing
at least one He atom. A smaller proportion of vacancies are
agglomerated into small Vm�2. Carbon seems thus to be an
efficient trap for vacancies and significantly affects their mi-
gration at room temperature and up to, at least, a temperature
of 573 K.

FIG. 7. Formation rates of Heint from different reactions for a
573 K isothermal annealing calculated after the steady state reached
at 300 K after an He irradiation with an initial He concentration of
0.1 at.ppm; without carbon �full symbols� and with carbon �open
symbols�.
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After the period of ultrafast release of helium, the Heint
flux from the KO mechanism is reduced by almost 4 orders
of magnitude in a short time, which explains the slow de-
sorption regime—the plateau—seen after t�10−2 s in the
desorption curve corresponding to a carbon concentration of
200 at.ppm. Simulation indicate that this occurs when small
In clusters have dissolved and only large interstitial
clusters—which are more stable—are left and thus, dissolve
at a much slower rate. This stage clearly appears at high
carbon concentration due to the significant reduction in re-
combinations In+V→ In−1, which allows In clusters to grow
toward larger sizes, i.e., more stable configurations. This oc-
curs as a result of the trapping of most vacancies by carbon
into VC and VC2 complexes, as explained before.

As we can see, for intermediate times �between 1 and 100
s� the formation of Heint is still mainly due to KO reactions,
according to Fig. 7. This phase corresponds to the slow dis-
solution of large In clusters. During this interval, the result-
ing formation rate of Heint is more or less constant and higher
than the one expected in pure Fe, which results in the de-
sorption enhancement, in comparison to desorption from
pure Fe, as seen in Fig. 4 at intermediate times.

Figure 7 shows that for long annealing times, the Heint
flux due to the KO continuously decreases due to the final
dissolution of interstitial clusters. The formation of mobile
Heint and thus He desorption is then governed by several
mechanisms at the same time, namely, the KO mechanism,
the dissociation from HenVm clusters, and the dissociation
from HeVC2 complexes. Simulations reveal that various re-
actions are necessary for these latter complexes to form.
When interstitial carbon becomes mobile it interacts with
substitutional helium atoms formed at room temperature
leading to the formation of HeVC clusters. At the same time
they form, HeVC clusters react with other interstitial carbon
atoms, thus forming HeVC2 complexes. The total formation
rate of mobile Heint resulting from the different mechanisms
is relatively low and corresponds to the slow desorption rate
seen at later times in Fig. 4. It is worth to note that in both
cases—pure Fe and Fe with carbon—the contribution of the
dissociative mechanism �HeV→Heint+V� to the desorption
of He is much smaller than the contribution of the other
mechanisms.

B. High He content

In Sec. IV A we studied the effect of carbon on He kinet-
ics in Fe in the case of a low He content, namely, 0.1 at.ppm.
In Sec. IV B we shall study He desorption in the case where
the concentration of He is two orders of magnitude higher
and for different carbon concentrations, as in the case above.
Figure 9 shows the desorption curves calculated for an initial
He concentration of 10 at.ppm and for a maximum carbon
concentrations of 200 at.ppm. As before, we consider that
there is 200 I-V pairs created per implanted He. In these
conditions there is thus initially a vacancy concentration of
2000 at.ppm for a maximum carbon concentration of 200
at.ppm, that is, we are always in a situation of high V /C
ratio. Figure 9 clearly evidences that in these conditions, at
least for the helium and carbon concentrations considered
here, there is no influence of carbon on He desorption. In
light of what was explained in Sec. IV A, the results obtained
for a high V /C ratio can be easily explained. In Fig. 10 we
compare the evolution of the main vacancy species that form
at room temperature in the case of pure Fe and Fe containing
200 at.ppm of carbon. We can see that in both cases the
evolution of free V and agglomerated V into Vm�2 is the
same, which clearly indicates that carbon barely affects va-
cancy migration, in contrast to what is expected for a low
V /C ratio �see Sec. IV A�. Only a small fraction of vacancies
initially created are trapped into carbon complexes. This is

FIG. 8. Evolution of vacancy species at 573 K in Fe containing
200 at.ppm of carbon after the steady state reached at 300 K after an
He irradiation with an initial He concentration of 0.1 at.ppm.

FIG. 9. Evolution of the desorbed fraction of He during an iso-
thermal annealing at 573 K for an initial He concentration of 10
at.ppm and for carbon concentrations of 50 and 200 at.ppm.

FIG. 10. Evolution of vacancy species at room temperature �300
K� in pure Fe and in Fe containing 200 at.ppm of carbon for an
initial He concentration of 10 at.ppm.
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expected since in this case the initial amount of vacancies is
much larger than the amount of carbon. Thus, our model
predicts that the effect of carbon on He desorption is negli-
gible for a high V /C ratio since only a small fraction of
vacancies are trapped into carbon complexes.

V. COMPARISON MODELING VERSUS HE DESORPTION
EXPERIMENTS

We used the model described above to reproduce the de-
sorption experiments that were carried out by Vassen et al.18

In these experiments the authors studied the thermal desorp-
tion of high-energy helium homogeneously implanted in
iron. To obtain basic information about He diffusion mecha-
nisms in �-Fe, the authors measured the released fraction of
helium during isothermal annealing for various temperatures,
foil thicknesses, and initial He concentrations: �a� 559 K,
2.5 �m, 1.39 at.ppm, �b� 577 K, 20.6 �m, 0.013 at.ppm,
and �c� 667 K, 2.6 �m, 0.109 at.ppm. The irradiation con-
ditions used here are those used in Sec. IV, that is, 200 I-V
pairs per implanted He. As in Sec. IV B, considering the
defects generated by the irradiation process—Heint, I, and
V—and also carbon atoms initially at interstitial sites, we
simulated the evolution of the system at room temperature
�300 K� until the system does not evolve significantly at
macroscopic time scales. Then, after the 300 K calculation,
He desorption during isothermal annealing was simulated for
the experimental conditions described in Ref. 18. At this
point we want to emphasize that the only free parameter of
our model is the carbon concentration present in the samples,
which is a characteristic of the material that has not been
specified. This parameter was then modified until a good
agreement with experimental desorption data was reached
for each condition described above. This was obtained for a
carbon concentration of about 150 at.ppm for the different
conditions, which seems in agreement with the nominal pu-
rities of samples given in Ref. 18. Results obtained with the
model without carbon17 are reported for comparison. As
shown in Fig. 11, with this value for the carbon concentra-
tion the model reproduces very well the different experimen-
tal phases of He desorption over several orders of magnitude

in time and for very different conditions of temperature,
sample thickness, and He concentration. This result clearly
demonstrates the importance of carbon in the kinetics of He
in Fe. This result also clearly evidences that any investiga-
tion on the void swelling phenomenon in metals under irra-
diation should not only focus on the formation of He-V com-
plexes but should also consider possible interactions between
vacancies and/or helium with impurities that are always
present in samples, in particular in industrial stainless steels
intended for the construction of nuclear power plants.

The mechanisms involving carbon described in Sec. III
and the carbon concentration extracted from experimental
data allow us to understand the anomalous migration energy
of vacancies we found in our previous work.17 Indeed, using
a model not including carbon interactions, we found that an
effective vacancy migration energy of 0.83�0.8 eV was
necessary to obtain a good agreement with experimental He
desorption data, instead of the theoretical value 0.67 eV
found by DFT calculations. This high value was explained
by invoking the interaction between vacancies and impurities
in experimental samples, which was not explicitly taken into
account in our model. The present investigation confirms this
assumption and explains the high migration energy of
vacancies—slower diffusion—found in our previous work as
the result of the trapping of vacancies by carbon into VC and
VC2 complexes.

VI. CONCLUSIONS

In this work density functional theory calculations were
performed to study the interaction of carbon with He-
vacancy complexes in �-Fe. We show that the formation of
small He-V-C complexes is indeed energetically favorable.
The lowest-energy configurations of HenVmCp clusters with
n, m, and p=0–2 have been investigated. He atoms are
found to stay at off-site positions, as far as possible from the
C atoms due to their mutual repulsion. On the other hand, C
atoms remain as close as possible to octahedral interstitial
sites and the formation of covalent C-C bonds contributes to
stabilize clusters both with and without He atoms. Calcula-
tions show that the dissociation of these ternary clusters via
emission of a C atom always implies a lower energy than the
emission of a He interstitial, the energy difference being
minimal for the HeVC2 complex.

A rate theory model based on the results obtained by DFT
calculations and accounting for interactions between helium,
defects created during irradiation and carbon, was then de-
veloped to investigate the mechanisms of He desorption in
irradiated �-Fe containing carbon. Results obtained with this
kinetic model evidence a clear influence of carbon on He
desorption when the V /C ratio is low ��0.2�. In this case our
model predicts a significant influence of carbon on He de-
sorption with increasing carbon concentrations. A detailed
analysis showed that this effect is mainly due to the trapping
at room temperature of a large amount of vacancies into VC
and VC2 clusters rather than the formation of He-V-C com-
plexes. For a high V /C ratio �	10�, our study predicts that
carbon barely influences He desorption. Calculations showed
that in this case, only a small fraction of vacancies generated

FIG. 11. Comparison between experimental He desorbed frac-
tion obtained by Vassen et al. �Ref. 18� in conditions �a�, �b�, and
�c� �see text�, our previous model without carbon �dotted lines� and
our model including formation of He-V-C complexes �continuous
lines�.
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during irradiation are trapped by carbon, which does not af-
fect He kinetics. Our ab initio based rate theory model in-
cluding carbon was then used to reproduce experimental He
desorption reported in the literature. With the parameters de-
termined from first principles our model including carbon
was able to reproduce successfully the different experimental
phases of He desorption in irradiated �-Fe over a wide range
of time and temperature. Further experiments on very high-
purity samples with well-controlled carbon concentrations
would contribute validation of the model presented here. Fi-
nally, this work clearly evidences that any investigation on
the void swelling phenomenon in metals under irradiation

should not only focus on the properties of He-V complexes
but should also consider possible interactions between va-
cancies and/or helium with impurities that are always present
in experimental samples.
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