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He diffusion in irradiated a-Fe: An ab-initio-based rate theory model
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The diffusion of He in irradiated a-Fe is studied using a rate theory model addressing the effect of impu-
rities. Ab initio values for the migration and binding energies of He, He-vacancy complexes, vacancy, and
self-interstitial clusters are used to model desorption experiments of He-implanted a-Fe. Using the brute ab
initio data yields a significant discrepancy with experimental measurements. On the other hand, good agree-
ment is obtained when the vacancy migration energy is increased from the original ab initio value while the
binding energies of vacancies with substitutional and interstitial helium are lowered. The presence of impuri-
ties, with carbon being the most likely candidate, is proposed as a justification for these effective energies. Our
simulations also provide a detailed description of the diffusion mechanisms of He active under these particular

experimental conditions.
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Understanding the effect of He in metals is crucial for the
development of materials resistant to radiation under fusion
and fission conditions.! The basic He migration mechanisms
are well known,”> but the complexity of the problem is such
that there are still many unknowns regarding He migration in
the presence of defects.® Modeling the evolution of He and
the nucleation of He-vacancy complexes requires the cou-
pling between different simulation methods to reach the rel-
evant time and length scales. The use of ab initio calcula-
tions, to obtain basic parameters such as migration and
binding energies of defects, in combination with other mod-
els, such as kinetic Monte Carlo or rate theory, has proven to
be a successful method to study defect diffusion and cluster-
ing both in metals’~!° and in semiconductors.'!

Based on recent ab initio calculations on the stability and
mobility of He-vacancy complexes in Fe,'>!3 we have devel-
oped a kinetic model to follow the evolution of defects pro-
duced during irradiation of Fe in the presence of He. This
model allows us to compare directly with experimental ob-
servations, providing information about the role of the dif-
ferent migration mechanisms, as well as the initial stages of
nucleation of He-vacancy clusters, precursors of bubbles and
voids. The basic types of defects included in the model are
self-interstitials (), vacancies (V), and He atoms. The latter
can be at a substitutional site (in which case it is denoted
here as a HeV complex) or at an interstitial site (He;). In this
model single vacancies, single self-interstitials, di-
interstitials, and He; are considered to be mobile. All other
defects are considered to be immobile. Migration energies of
0.06, 0.67, 0.34, and 0.42 eV obtained by ab initio
calculations'®'2 for He;, V, I, and I,, respectively, were used
in this model. By binary reactions, presented below, mobile
defects can interact to form more complex ones, such as
clusters of interstitials or vacancies (I,, V,,), where n is the
number of defects in a cluster, or clusters of n-He atoms and
p vacancies (He,V,):

He;+ V=HeV, (1)

1098-0121/2007/75(10)/100102(4)

100102-1

PACS number(s): 61.80.Az, 61.82.Bg, 66.30.—h, 61.72.Ji

HeV + 1= He,, (2)
He,V, + He; = He,,,V,, (3)
He,V,+V=He,V,., (4)
I+V=0, (5)
L+I=1,,, (6)
L+L=1,,, (7)
Li+V—1,,, (8)
V,+I—V,_,. 9)

Recombination between defects and their antidefects can
also occur—that is, between self-interstitials and
vacancies—either isolated or in clusters. In the reactions
above, He,V, clusters are defined independently of the spe-
cific positions of the n He atoms.

Table I summarizes the reactions which are taken into
account in the present simulations and the values used for the
corresponding binding energies as obtained from ab initio
calculations.'®!? The exact atomic structure of these He,V,
clusters can be found in Ref. 12. For larger clusters, an ex-
trapolation law was used to calculate the binding energies, as
is done in other works.!®!% In the present model, a substitu-
tional He atom can become mobile; i.e., it can go at an in-
terstitial site, through two possible mechanisms: the
Frank-Turnbull® and kick-out'® mechanisms. The first one
occurs when a substitutional He moves to an interstitial site,
leaving a vacancy behind [see Eq. (1)]. The second one oc-
curs when a self-interstitial displaces a HeV into an intersti-
tial site, corresponding to Eq. (2). Ab initio calculations!'?
show that He can also diffuse in Fe by the migration of HeV,
complexes. However, the migration energy involved in this
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TABLE I. Defect-defect binding energies corresponding to the
DFT-GGA calculations presented in Refs. 10 and 12. The binding
energy of a reaction A+B < C is defined as E,,=E£+E£—Efc, where
Eﬁ, EJI;, and E’é are the formation energies of A, B, and C, respec-
tively. All values correspond to constant-pressure calculations per-
formed on supercells containing 128 atomic sites.

Reaction E, (eV) Reaction E, (eV)
V+VsV, 0.30

Vo+ VSV, 0.37

V3+ VSV, 0.62

1+151, 0.80 He;+He; = He, 0.43
L+I1S1, 0.92 He,+He,; = He; 0.95
L+Is1y 1.64 Hes;+He;=He, 0.98
He;+ VSHeV 2.30 HeV+I1=He; 3.60
HeV+V<HeV, 0.78 V,+He; S HeV, 2.85
HeV,+ V< HeVs 0.83 V3+He; = HeV; 3.30
HeV;+V<HeV, 1.16 V4+He;=HeV, 3.84
He,+V<He,V 3.71 HeV+He;=He,V 1.84
He,V+V<He,V, 1.61 HeV,+He;=He,V, 2.75

H62V2+ Vs H62V3 1.04
H62V3+V:H62V4 1.32

HCV3+HCi:>H62V3 2.96
HCV4+HCI~:H62V4 3.12

He;+ VS HeyV 4.59 He,V+He,; S HesV 1.83
He;V+ VS HesV, 1.85  He,V,+He;SHe;V, — 2.07
He;V,+ VS Hes Vs 1.8 He,V;+He;SHesV; 291
He;V;+VSHesV, 1.57  He,V,+He;SHe;V,  3.16
He,+VSHe,V 5.52 He;V+He; S He,V 1.91
He,V+VSHe,V, 23 HesVo+He;SHe,V,  2.36

He,V,+ VS He, Vs 2.03
He,V;+VSHe,V, 1.97

He,Vi+He, S5 He,V, 257
He3 V4+Hei:He4V4 3.05

mechanism is relatively high—1.1 eV—in comparison to the
one of He; Moreover, with a V-HeV binding energy of
0.78 eV, HeV, dissociates rapidly at temperatures above
room temperature. Therefore, this migration mechanism is
very unlikely and was not included in our model.

The atomistic processes considered here can be described
within a rate equation formalism. Thus, taking into account
their diffusion and their possible reactions with other defects,
the evolution of mobile defects can be modeled by a set of
one-dimensional (1D) spatial diffusion-reaction equations.
On the other hand, immobile clusters He,V, and I, clearly
follow a Markovian chain process and their kinetics can then
be described by a master equation, as is done in Ref. 17.
Forward and backward rate constants corresponding to the
reactions shown in Table I were calculated following Refs.
18 and 19, respectively. In order to account for He desorption
first-order boundary conditions were used, assuming that the
flux of He; atoms at the surface is proportional to the He;
concentration and only limited by diffusion; i.e., no extra
barrier is required. The same type of boundary conditions
was used for /, V, and I, defects. It has been checked that
dislocations play a very minor role in the conditions studied
here. Therefore, in our model the surface is the only sink for
1, V, and I,.

Using the kinetic model and the ab initio data described
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above we have simulated the desorption experiments carried
out by Vassen et al.?® In these experiments the thermal de-
sorption of helium homogeneously implanted in iron was
studied. The purpose of this experiment was to obtain basic
information about He diffusion mechanisms in «-Fe. The
released fraction of helium was measured during isothermal
annealing for various temperatures, foil thicknesses, and ini-
tial He concentrations: (a) 559 K, 2.5 um, 1.39 atoms ppm,
(b) 577 K, 20.6 wm, 0.013 atoms ppm, and (c) 667 K,
2.6 um, 0.109 atoms ppm. In order to model these experi-
ments the initial concentration of point defects generated by
the irradiation process was determined using TRIM.?' These
simulations indicate that on the average 200 I-V pairs were
generated per implanted He. Considering the defects present
after irradiation—i.e., He;, I, and V—we first simulated the
evolution of the system at room temperature (300 K) until a
steady state is reached. Indeed, interstitial atoms (I and He,)
are highly mobile and can migrate even at low
temperature.'®!> Our simulations show that after a steady
state is reached at room temperature, most of the He; atoms
have recombined with vacancies and are at substitutional
sites. Simulation results also reveal that a very small amount
of He,V complexes are formed by the reaction HeV+He;
— He,V. As expected, simulations confirm that most vacan-
cies persist as isolated defects at room temperature, due to
their relatively high migration energy. Only a very small
fraction is trapped in the He,V clusters. Finally, our model
predicts that at room temperature, most self-interstitial atoms
that are created during implantation diffuse and agglomerate
into small immobile 7, clusters containing less than 15 inter-
stitials. In summary, at 300 K, the main defects are HeV, V,
and [,. After the 300 K calculation, He desorption during
isothermal annealing was simulated for the experimental
conditions described in Ref. 20. In Fig. 1(a) we present the
simulated released fraction of implanted He for isothermal
annealings at temperatures of 559, 577, and 667 K. The ex-
perimental data obtained by Vassen et al. are also reported
for comparison. Clearly, Fig. 1(a) shows that the model just
described cannot quantitatively reproduce the released frac-
tion of helium measured experimentally.

As mentioned above, after implantation all He atoms are
at substitutional sites, while all self-interstitials are in immo-
bile clusters and vacancies are mostly isolated. Since self-
interstitial species diffuse much faster than vacancies, in the
time scale of the experimental observations He diffusion is
likely to be governed by the energetic properties of He-V
complexes and the migration of vacancies. Thus, any modi-
fication of these properties directly affects He diffusion. Con-
sequently, the migration energy of vacancies and the binding
energy of a vacancy to He; and to HeV were modified until
good agreement with the experimental data was reached for
all conditions described in Ref. 20. This was obtained for an
effective vacancy migration energy of 0.83+0.08 eV, instead
of 0.67 eV, and effective binding energies of 1.78+0.02 eV
and 0.54+0.06 eV instead of 2.30 and 0.78 eV for V-He; and
V-HeV, respectively. With these fitted values of vacancy pa-
rameters, the model reproduces very well the different ex-
perimental phases of He desorption over several orders of
magnitude in time and for very different conditions of tem-
perature, sample depth, and He concentration, as shown in
Fig. 1(b).
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FIG. 1. Comparison between the experimental desorption data
of Ref. 20 (open symbols) and simulations (solid lines) with (a)
input data from ab initio calculations and (b) fitted values of the
vacancy migration energy and V-He; and V-HeV binding energies.

Analyzing existing experimental data, Hardouin-Duparc
and Barbu?? have pointed out that two different values are
obtained experimentally for the vacancy migration energy in
Fe. A set of experiments reports values around 1.3 eV while
another group of experiments>?>23 provide a value of around
0.6 eV. The difference in these values is commonly attrib-
uted to the presence of impurities. Similarly, Hudson et al
have shown that solute atoms can dramatically reduce the
mobility of self-interstitial clusters above a critical concen-
tration of trapping centers.”* The fitted value found in the
present work for the effective vacancy migration energy in
comparison to that predicted by ab initio calculations sug-
gests that vacancies interact with trapping impurities. Ab ini-
tio calculations®>~27 show that this impurity could be carbon,
since it forms a C-V complex with a positive binding energy.
On the other hand, the fitted value found for the dissociation
energy of HeV—i.e., 1.78+0.06=1.84 eV—is significantly
lower than the one predicted by ab initio calculations,
2.36 eV, and it is in good agreement with the one obtained
experimentally by Vassen et al:*® namely, 1.4x0.3eV.
Hardouin-Duparc et al.??> have also pointed out that values
between 1.6 and 2.0 eV can be found experimentally’ for the
formation energy of vacancies in Fe, with a lower formation
energy for higher impurity content. Notice that, by definition,
the binding energy of a vacancy to a He-V complex is a
function of its formation energy. Thus, a lower value in the
vacancy formation energy would also result in lower V-He;
and V-HeV binding energies. Therefore, a plausible explana-
tion for the discrepancy between the model with ab initio
values corresponding to He in pure bcc Fe and the experi-
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mental data is the lack of impurities in the initial model.
These results show that, if one or several limiting processes
are not included in the model, the advantage of density func-
tional theory (DFT) accuracy could be lost. This suggests
that a DFT investigation should be, at least partially, guided
by experiment. The values obtained from the fit should then
be interpreted as effective values for vacancy migration en-
ergy and dissociation energies of He-V clusters in the pres-
ence of impurities. Since carbon is always present in Fe and
since it strongly interacts with vacancies as confirmed by the
large binding energy found in ab initio calculations, this im-
purity is the most likely candidate for this effect. It is impor-
tant to note that, even though good results can be obtained by
reevaluating some of the ab initio parameters, in a more
rigorous approach one should explicitly include the forma-
tion of He-V-C complexes and therefore extend the ab initio
database.

It is now possible to study in detail the role of the differ-
ent migration mechanisms of He during desorption. Notice
from the experimental data in Figs. 1(a) and 1(b) that three
different regimes can be defined: an initial plateau (not ob-
served at the highest temperature), followed by a rapid He
release and a slower desorption rate at later times. All these
regimes can be resolved with the model described above [see
Fig. 1(b)]. Analyzing the calculations we can observe that
each of these stages is actually dominated by a different He
migration mechanism. For instance, for the case of 559 K,
simulations show that during the first 1072 s of annealing, the
formation of mobile He; atoms, which are responsible for He
desorption, is highly dominated by the kick-out mechanism.

o Exp 559 K

Model with | @)

- - - -Model without |

3 1 o.

= oA
o

A Exp 667 K b)
Model with |
- - - -Model without |

Released Fraction of He

10° 10" 10 10°

Time (s)

FIG. 2. Released fraction of He as a function of time for (a)
559 K and (b) 667 K. Open symbols are the experimental results
from Vassen et al. (Ref. 20), and lines are calculations with (solid)
and without (dashed) self-interstitial atoms.
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This indicates that He atoms that are initially at substitutional
sites are kicked out from their sites by a large flux of self-
interstitials. According to simulations, these self-interstitials
arise from the dissolution of small I, clusters comprising
fewer than five atoms. This stage cannot be observed experi-
mentally since it takes place at very short times. Calculations
show that after this short period of fast desorption, the 7,
clusters left do not dissociate, giving rise to an abrupt de-
crease of the He; formation rate. Hence, the initial plateau
that is observed experimentally at short times in the He de-
sorption curves obtained at 559 K and 577 K [see Fig. 1(b)]
is due to a very fast generation of He; atoms by the kick-out
mechanism occurring at the early stages of annealing, fol-
lowed by a strong reduction of the He; formation rate. After
1 s annealing and up to r=750 s, the formation of mobile
He,; is governed by the Frank-Turnbull mechanism, which
corresponds to the increased desorption rate observed at in-
termediate times. According to the model, for long annealing
times, He is found predominantly in He,V,, clusters. There-
fore, the emission of mobile He;, and thus desorption, is
mainly due to the dissociation of these complexes. Since
they are relatively stable, this regime results in a slower de-
sorption rate, as can be observed experimentally at all tem-
peratures. These results are in agreement with the conclu-
sions of Vassen et al.?’

To evidence the role of self-interstitial clusters—formed
at room temperature—in He desorption, we simulated He
desorption at 559 and 667 K without including self-
interstitials. Results are reported in Fig. 2 and compared to
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experimental data and the full model. Clearly, when self-
interstitials are neglected, the model fails to predict the dif-
ferent regimes of He desorption. In particular, the initial pla-
teau that is observed experimentally at 559 K is not
reproduced. This shows that small interstitial clusters /,<s
influence the whole evolution of He desorption even though
they dissolve in the early stages of annealing.

In summary, we have developed a rate theory model for
He diffusion in Fe based primarily on ab initio results for
defect energetics. Good agreement between calculations and
experimental results could be obtained by using effective
values for the vacancy migration and V-He; and V-HeV
binding energies. The values found could be explained by
invoking the presence of impurities in the experimental
samples. One likely candidate, considering experimental ob-
servations and ab initio calculations, is carbon. In addition,
our model reveals that several mechanisms govern He diffu-
sion during isothermal annealing. In particular, the model
shows that self-interstitial clusters play a fundamental role in
the diffusion of He in irradiated Fe. Further experiments on
very high-purity samples would contribute validation of the
model presented here as well as the parameters used.
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