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In the present work, Fe9Cr model alloy was implanted with 100 keV He and 60 keV H ions at room temperature.
Positron annihilation Doppler broadening spectroscopy was employed to detect (H, He)–V complexes with open
volume in the irradiated specimens. The results show that the positron is sensitive to the relative position of the
gas atoms decorating the open volume; i.e., to the configuration of the (H, He)–V complexes. The formation of
H–vacancy clusters after H implantation and a large number of vacancies can be retained after H–V decomposes
at room temperature. For the pre-implanted He situation (He + H), He–vacancy clusters are formed in advance
and the post-implanted H introduces a large number of vacancies and decomposable H–vacancy clusters. The
He–vacancy clusters forming in advance may recombine with vacancies and H atoms to form stable He–vacancy
clusters and a small amount of He–H–V complex.
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1. Introduction

Shallow traps formed by helium/hydrogen and vacan-
cies, namely (H, He)–V nanoclusters, are common in var-
ious alloys, and nuclear energy structural materials are
good examples. The high neutron flux will cause the
continuous production of both hydrogen and helium in
structural materials within the reactor via (n, p) and
(n, α) transmutation reactions. As a result, swelling and
embrittlement of the materials can occur by the accu-
mulation of hydrogen and helium [1–3]. Reported works
indicate that hydrogen/helium atoms could interact with
irradiation-induced vacancy defects, and they could also
migrate and aggregate to form (H/He)–V clusters or bub-
bles, which might cause undesired changes in the material
properties [4, 5].

The atomic-scale defects such as (H, He)–V clusters
are the main cause of the deterioration of the macro-
scopic properties of materials. Unfortunately, they can-
not be observed by transmission electron microscopy be-
fore they grow to the nanometer scale. Positron annihila-
tion spectroscopy (PAS) has been proved to be sensitive
to open-volume defects, and could characterize the evo-
lution of the size and concentration of the open-volume
defects [6]. This is because open-volume defects, in neu-
tral or negative charge states, act as efficient positron
traps because of the reduced repulsion of positive ions.
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However, the positron trapping at hydrogen/helium–
vacancy complexes is not very easy because hydrogen
and helium affects the electron density and distribution
of defects in metals and alloys. The purpose of the study
was to characterize the formation of (H/He)–V clusters
and to identify the types of defects in the Fe9Cr al-
loys after H/He irradiation with different implantation
patterns by PAS.

2. Experiments

2.1. Materials and hydrogen/helium ion irradiation

The Fe9Cr samples used in this study were fabricated
from high purity Fe (99.99%) and Cr (99.99%) metals
by an arc melting process at General Research Insti-
tute for Nonferrous Metals. The bulk materials for ir-
radiation experiments were first cut to a thickness of
0.3 mm in 10 mm × 10 mm square sheets and then me-
chanically polished with SiC sandpapers up to #4000,
followed by a thorough annealing at 1100 K for 2 h
in vacuum (≈ 10−5 Pa).

The irradiation experiments were divided into four
subgroups: in the first case, only H ions were implanted
into the specimen, whereas the second specimen was ir-
radiated with He ions. In the third case, He ions were
implanted into the specimen before H ions (i.e., He+H).
The last pattern was just like the third one except with
the opposite sequence (i.e., H followed by He). The en-
ergies of the hydrogen and helium ion beams were fixed
at 60 keV and 100 keV, respectively, to make the peak
concentration of ions overlap at about 330 nm according
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Fig. 1. Profiles of damage and atom concentration in
Fe9Cr alloy irradiated with 100 keV He2+ and 60 keV
H+ calculated with SRIM.

to the calculation of the SRIM code [7]. The doses of He
and H were 1 × 1016 ions/cm2 (6680 appm at the peak)
and 5×1016 ions/cm2 (42960 appm at the peak), respec-
tively. The profiles of damage and the concentration of
implanted H and He ions obtained by SRIM are plotted
in Fig. 1.

2.2. Positron annihilation spectroscopy measurements

Slow positron beam Doppler broadening experiments
were performed at room temperature using an energy-
variable slow positron beam facility. Positrons were
generated by a 50 mCi 22Na radiation source, and
then moderated by tungsten. Monoenergetic positron
within the energy range of 0.18–20 keV were implanted
into the specimens [8]. Two parameters, namely the
S and W parameters, were introduced to character-
ize the information about the specimens. The S pa-
rameter, which describes the case of positron annihila-
tion with a valence electron, was defined as the ratio
of counts in the central energy region around 511 keV
(510.2–511.8 keV) to the total γ photo counts in the
complete range of 499.5–522.5 keV [9]. Consequently, an
increase in the S parameter indicates the presence of
vacancy-like defects with open volume. The W param-
eter, which describes the case of a positron annihilated
with a core electron, was defined as the ratio of counts
in the wing areas (505.1–508.4 keV and 513.6–516.9 keV)
to the total counts.

3. Results and discussion

In Fig. 2, the S parameter and ∆S/S (∆S/S =
(Sirradiated − Sunirradiated)/Sunirradiated) are presented as
a function of incident positron energy E to obtain de-
fect distribution profiles in unirradiated and H/He irradi-
ated specimens. The mean positron implantation depth
(in nm) is given by 40000E1.6/ρ, where E is the incident
positron energy in units of keV and ρ is the density of the

Fig. 2. The S parameter (a) and ∆S/S (b) as a func-
tion of incident positron energy (mean implantation
depth) in unirradiated and irradiated Fe9Cr alloys.

alloy in units of kg/m3. It can be seen that in the range of
interest, the S parameters for all the irradiated specimens
are much higher than that of the unirradiated sample;
this verifies the production of large amounts of vacancy-
type defects by H/He irradiation. The S(E) curve for the
unirradiated specimen in Fig. 2a is a typical curve shape
for well-annealed metals, which decreases with positron
energy near the surface and then reaches a stable value
above 10 keV [10]. The ∆S/S parameter could clearly
reflect the increment of the vacancy-type defects concen-
tration after H/He irradiation. According to the vacancy
distribution profiles in the SRIM calculation, ∆S/S–E
curves were divided into three layers in Fig. 2b. The first
layer is the tracks region (TR) where ions slow down
mainly by electronic energy loss processes. CR denotes
the cascades region, corresponding to the zone where in-
cident ions mainly interact with the lattice atoms via
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nuclear collisions and finally come to rest in the lattice.
NIR denotes the non-implanted region. The boundaries
of TR and CR are at about 10–180 and 180–460 nm, re-
spectively, H/He ions were implanted to depths of about
500 nm, and surface-to-peak depths were about 330 nm.
Therefore, a large number of vacancies were generated by
ion irradiation in the TR and CR. However, an elevated
S parameter is also found in the NIR, suggesting the
presence of vacancy-type defects in the region. This fact
demonstrates that vacancy-type defects induced by irra-
diation migrate toward the NIR. Dimitrov et al. [11–13]
assumed that vacancies migrate in the 260–460 K range
in steel. In the CR, the effective open volume, repre-
sented by the ∆S/S parameter, was larger in the sam-
ple exposed to H irradiation than for those irradiated
with He or mixtures of He and H. This can be explained
by formation of H-vacancy clusters after H implantation.
However, the binding energy between the H and the va-
cancy is small and a large number of vacancies can be re-
tained after H–V decomposes at room temperature [14].
On the other hand, post-implanted helium can trap the
vacancies decomposed from H–vacancy clusters as well
as self-generated to form He–vacancy clusters, resulting
in a value of ∆S/S that is lower than that of single H
irradiation situation. For the pre-implanted He situa-
tion (He + H), He–vacancy clusters formed in advance
and the post-implanted H introduces a large number of
vacancies and decomposable H–vacancy clusters. The
He–vacancy clusters forming in advance may recombine
with vacancies and H atoms to form stable He–vacancy
clusters and a small amount of He–H–V complex.

4. Conclusions

Positron annihilation Doppler broadening spec-
troscopy were employed to detect (H, He)–V complexes
with open volume in ion-irradiated Fe9Cr alloys. The re-
sults show that formation of H–vacancy clusters after H
implantation and a large number of vacancies can be re-
tained after H–V decomposes at room temperature. For
the pre-implanted He situation (He + H), He–vacancy
clusters are formed in advance and the post-implanted H
introduces a large number of vacancies and decomposable
H–vacancy clusters. The He–vacancy clusters forming in
advance may recombine with vacancies and H atoms to
form stable He–vacancy clusters and a small amount of
He–H–V complex.
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