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Abstract
The presence of hydrogen affects the formation of irradiation defects in reactor
structural materials, which in turn influences the degradation of their mechan-
ical properties. A deeper understanding of the mechanisms underlying irradi-
ation effects in structural materials in the presence of hydrogen represents an
important scientific challenge in the field of fusion and fission energy. Reduced-
activation ferritic/martensitic (RAFM) steel, a potential structural material for
fusion and fission reactors, was selected as the research material. Using positron
annihilation Doppler broadening spectroscopy, it was characterized that a signif-
icant number of hydrogen atoms in hydrogen-irradiated RAFM steel are trapped
at vacancies, resulting in the formation of relatively stable vacancy-H complexes.
Furthermore, first-principles calculations revealed that this hydrogen trapping
behavior at vacancies inhibits the recombination of vacancies and self-interstitial
atoms (SIAs) generated by cascade collisions, especially when the hydrogen con-
centration is high, thereby promoting the formation of irradiation defects.
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Abstract
The presence of hydrogen affects the formation of irradiation defects in reactor
structural materials, which in turn influences the degradation of their mechan-
ical properties. Developing a deeper understanding of the mechanisms behind
irradiation effects in structural materials containing hydrogen represents an im-
portant scientific challenge for both fusion and fission energy systems. Reduced-
activation ferritic/martensitic (RAFM) steel, a potential structural material for
fusion and fission reactors, was selected as the research material for this study.
Using positron annihilation Doppler broadening spectroscopy, we characterized
that a significant number of hydrogen atoms in H+-irradiated RAFM steel are
captured in vacancies, resulting in the formation of relatively stable vacancy-
H complexes. Furthermore, first-principles calculations revealed that this cap-
ture of hydrogen atoms at vacancies inhibits the recombination of vacancies
and self-interstitial atoms (SIAs) generated by cascade collisions, especially at
high hydrogen concentrations, thereby promoting the formation of irradiation
defects.

Keywords: Vacancy-H complexes; Irradiation defect; Synergistic effect;
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1. Introduction
Reduced-activation ferritic/martensitic (RAFM) steel is considered a leading
candidate for structural materials in fusion and fission energy systems, owing
to its superior mechanical properties and enhanced resistance to irradiation [1-
3]. In reactors, bombardment by high-energy neutrons generated from nuclear
reactions leads to the accumulation of displacement damage, resulting in a series
of irradiation effects such as swelling, hardening, and embrittlement [3].

Furthermore, neutron bombardment is accompanied by (n, p) nuclear trans-
mutation reactions that generate hydrogen. Additional hydrogen production
occurs through environmental sources, including corrosion, radiolytic decompo-
sition, and recoil injection, particularly in systems involving water cooling and
moderation [4]. The presence of significant amounts of hydrogen exacerbates
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irradiation effects caused by the accumulation of displacement damage, necessi-
tating consideration of synergistic effect mechanisms rather than focusing solely
on displacement damage alone. Therefore, gaining a deeper understanding of
irradiation mechanisms in structural materials containing hydrogen poses an im-
portant scientific challenge for current fusion and fission energy systems [5-6].

Given the high diffusivity of hydrogen in metals, it was initially believed that
hydrogen would not influence the generation of irradiation effects. However, as
more studies involving multiple ion irradiations emerged, experimental results
indicated that hydrogen presence has a notable influence on irradiation effects.
This influence primarily manifests in the fact that hydrogen introduction dur-
ing displacement damage generation significantly promotes the nucleation and
growth of voids, thereby greatly increasing material swelling rates [5-12]. For
example, in experiments reported by Clowers et al., the swelling rate of an
Fe8Cr2W model alloy with hydrogen present was 3.6 times greater than with-
out hydrogen [6]. However, the exact mechanism by which hydrogen promotes
defect formation has not been thoroughly studied. One challenge is that existing
experimental techniques have difficulty detecting and tracking hydrogen, mak-
ing it hard to ascertain its role in irradiation defect formation. Even the most
widely used defect study method, transmission electron microscopy (TEM), can
only observe voids, and characterizing hydrogen presence within these voids is
particularly difficult.

Positron annihilation spectroscopy has been widely used to characterize irradia-
tion defects and is particularly effective at identifying vacancy defects [13]. Al-
though this method faces challenges in directly characterizing hydrogen within
materials, it is highly sensitive to hydrogen occupation in vacancies. In this
study, positron annihilation Doppler broadening spectroscopy (DBS) was em-
ployed to characterize defects in RAFM steel after H+ and Ar+ irradiation,
aiming to investigate hydrogen’s influence on irradiation defect formation. Ad-
ditionally, the defect evolution behavior of irradiated RAFM steel was charac-
terized through positron annihilation DBS after annealing at different tempera-
tures, combined with first-principles calculations to explore the mechanisms by
which hydrogen affects defect formation.

2.1. Sample Preparation and Ion Irradiation
The RAFM steel utilized in this study was supplied by the Institute of Nuclear
Energy Safety Technology [14]. The steel compositions are shown in Table 1.
The heat treatment process consisted of normalizing at 1000 °C for 40 min-
utes, followed by water cooling, then tempering at 740 °C for 90 minutes with
subsequent air cooling. The bulk RAFM steel was cut into 10$×10×$1 mm
sheets, and their surfaces were mechanically polished. The surfaces were then
electropolished using a mixture of 5% perchloric acid and 95% ethanol at a
temperature of 243 K.

The prepared eight sheet samples were divided into two groups of four samples
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each. One group was irradiated with 6.7 keV H+ to a fluence of 5 × 1020 H+ m−2,
while the other group was irradiated with 160 keV Ar+ to a fluence of 8.5 × 1018

Ar+ m−2. The irradiation was performed at room temperature. The irradiation
energies of H+ and Ar+ were selected to ensure that the peak damage dose from
both ion irradiations occurred at the same depth in the samples. From each
group, three samples were annealed for 30 minutes at temperatures of 373 K,
473 K, and 573 K, respectively. Annealing was conducted in a vacuum chamber
with a pressure of ≤ 2 × 10−4 Pa. Sample temperature during annealing was
monitored using a thermocouple, with temperature fluctuations of $±$3 K.

[Figure 1: see original paper]

The damage dose and atom concentration distribution produced by ion irradi-
ation in the samples were simulated using SRIM-2008 software, with results
shown in Figure 1. The model used for SRIM-2008 calculations was the “Ion
Distribution and Damage Quick Calculation” model [15]. For 6.7 keV H+ irra-
diation at a fluence of 5 × 1020 H+ m−2, the damage dose peak (DP) is located
at a depth of 33 nm with a value of ~0.2 dpa, and the atom concentration peak
(CP) is located at a depth of 57 nm with a value of 93,000 appm. For 160 keV
Ar+ irradiation at a fluence of 8.5 × 1018 Ar+ m−2, the DP is located at a depth
of 34 nm with a value of ~1.0 dpa, and the CP is located at a depth of 76 nm
with a value of 1,320 appm.

2.2. Positron Annihilation DBS
Microstructural changes in the irradiated and annealed samples were analyzed
using positron annihilation DBS with a slow positron beam at the Institute of
High Energy Physics. The positron source was 1.85 GBq 22Na, and the positron
beam energy range spanned from 0 to 20 keV. The depth of incident positrons
was determined using the equation from reference [16], where Z represents the
incident depth (nm), E represents the incident energy (keV), and � = 7.805 ×
103 kg/m3 is the density of Fe-9Cr from the SRIM calculation results.

In DBS, the Doppler broadening of positron annihilation radiation at the 511
keV peak was measured using a high-purity germanium detector. The S and W
parameters were used to evaluate DBS changes. The S parameter indicates the
proportion of the central low-momentum region (510.2–511.8 keV) to the full
peak (504.2–517.8 keV), while the W parameter represents the proportion of
the high-momentum wings (504.2–508.4 keV and 513.6–517.8 keV) to the total
peak.

2.3. First-Principles Calculations
A bcc supercell containing 128 iron atoms (4 × 4 × 4 unit cells) was used for
first-principles calculations based on density functional theory (DFT) in the
Vienna Ab initio Simulation Package (VASP) [17-18]. DFT calculations were
performed using plane-wave basis sets and projector-augmented wave (PAW)
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potentials [17, 19]. Exchange-correlation interactions were treated using the gen-
eralized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
formulation for all calculations [17, 20]. Valence electrons considered were Fe
(3d7 4s1) and H (1s1). A plane-wave cutoff energy of 400 eV was applied with
a Monkhorst-Pack grid of 3 × 3 × 3. Forces on all atoms were minimized to
below 0.01 eV/Å, and energy optimization continued until variation converged
to 10−5 eV.

3.1. Positron Annihilation DBS
[Figure 2: see original paper]

Positron annihilation DBS results for unirradiated, H+-irradiated, and Ar+-
irradiated samples are presented in Figure 2. Figure 2(a) shows the S parameter
versus positron incident energy (S-E curves). For the unirradiated sample, the
S parameter decreases significantly with increasing positron incident energy and
eventually levels off, which is characteristic of annealed metallic samples [21].
The S-E curve for the H+-irradiated sample exhibits a unimodal shape, peaking
at a positron incident energy of 2.18 keV (depth of 18 nm). In contrast, the
S-E curve for the Ar+-irradiated sample exhibits a bimodal shape with peaks at
incident energies of 2.68 keV (depth of 25 nm) and 5.68 keV (depth of 90 nm).
The peak of the S-E curve for the H+-irradiated sample is located close to the
first peak of the S-E curve for the Ar+-irradiated sample.

Figure 2(b) displays the W parameter versus positron incident energy (W-E
curves). For each sample, the W parameter typically exhibits a trend opposite to
that of the S parameter. The W parameters for unirradiated, H+-irradiated, and
Ar+-irradiated samples gradually increase with rising positron incident energy.
Compared to the unirradiated sample, W parameters for H+- and Ar+-irradiated
samples show significant decreases. For the H+-irradiated sample, W parameters
are lower than those of the Ar+-irradiated sample at depths less than 47 nm,
but higher at depths greater than 47 nm.

Figure 2(c) shows S-W plots for unirradiated, H+-irradiated, and Ar+-irradiated
samples, with each sample having 29 (S, W) points. The (S, W) points for the
unirradiated sample distribute linearly with a fitted slope of -0.79. For the
other samples, (S, W) points were fitted linearly for segments from the first to
second point, second to fifth point, and fifth to twenty-ninth point, yielding three
segments L1, L2, and L3 for each sample. The slopes of the three segments for
the H+-irradiated sample are approximately -0.24, 0.46, and -0.65, respectively.
For the Ar+-irradiated sample, the slopes are approximately -1.28, 0.18, and
-0.62. All fitted segment slopes are summarized in Table 2. The three line
segments obtained from fitting the (S, W) points of the H+-irradiated sample
exhibit an “L” shape, while those of the Ar+-irradiated sample exhibit a “Z”
shape.

[Figure 3: see original paper]
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Figures 3(a) and (b) show S parameters versus positron incident energy for
H+- and Ar+-irradiated samples after annealing at 373 K, 473 K, and 573 K,
respectively. The S parameters of annealed samples remain larger than those
of unirradiated samples in the irradiation region, except in the near-surface
region of 0–10 nm. As shown in Figure 3(a), compared to the as-irradiated
H+ sample, there is no significant variation in S parameters after annealing
at 373 K. However, after annealing at 473 K, S parameters show a notable
increase near the DP region, while after annealing at 573 K, S parameters show
a significant decrease in the irradiation region. In Figure 3(b), compared to the
as-irradiated Ar+ sample, S parameters exhibit no significant changes near the
DP region after annealing at 373 K, but show a marked decrease near the CP
region. After annealing at 573 K, the S parameter shows a significant decrease
throughout the irradiation region.

[Figure 4: see original paper]

Figures 4(a) and (b) show W parameters versus positron incident energy for
H+- and Ar+-irradiated samples after annealing at different temperatures. After
annealing, W parameters remain lower than those of unirradiated samples in
the irradiation region, except in the near-surface region (0–10 nm). As shown in
Figure 4(a), compared to the as-irradiated H+ sample, W parameters show no
significant changes after annealing at 373 K and 473 K, but increase significantly
in the irradiation region after annealing at 573 K. In Figure 4(b), relative to
the as-irradiated Ar+ sample, W parameters show little difference in the near-
surface region after annealing at 373 K, but exhibit a significant increase in
the deeper region. After annealing at 473 K, W parameters show no significant
changes near the DP region but a notable increase near the CP region. After
annealing at 573 K, W parameters show a significant increase throughout the
irradiation region.

[Figure 5: see original paper]

Figures 5(a) and (b) show S-W plots for H+- and Ar+-irradiated samples after
annealing at 373 K, 473 K, and 573 K. For each annealed sample, the 29 (S, W)
points were used to perform linear fits from the first to second point, second to
fifth point, and fifth to twenty-ninth point, yielding three line segments L1, L2,
and L3.

For H+-irradiated samples, the slopes of the three segments after annealing at
373 K are approximately -0.36, 0.30, and -0.63. After annealing at 473 K, the
slopes are approximately -0.99, 0.65, and -0.59. After annealing at 573 K, the
slopes are approximately -0.45, 0.19, and -0.61. For Ar+-irradiated samples, the
slopes after annealing at 373 K are approximately -1.08, 0.08, and -0.65. After
annealing at 473 K, the slopes are approximately -1.06, 0.05, and -0.62. After
annealing at 573 K, the slopes are approximately -0.97, 0.66, and -0.76. The (S,
W) points for H+-irradiated samples after annealing at 373 K and 473 K both
exhibit “L” shapes, while those after annealing at 573 K exhibit a “Z” shape.
In contrast, the (S, W) points for Ar+-irradiated samples after annealing at 373
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K, 473 K, and 573 K all exhibit “Z” shapes.

3.2. First-Principles Calculations
[Figure 6: see original paper]

To gain fundamental understanding and atomistic insight into hydrogen’s im-
pact on defect formation in the synergistic effects of displacement damage, first-
principles calculations were conducted. A body-centered cubic (bcc) supercell
containing 128 iron atoms (4 × 4 × 4 unit cells) was constructed by moving
an iron atom from the body-centered position to a neighboring interstitial site,
creating a vacancy and a self-interstitial atom (SIA) defect, as shown in Figure
6(a1). After relaxing this model, the vacancy and SIA recombined, as illustrated
in Figure 6(b2).

When 1 to 5 hydrogen atoms were added to the vacancy in the model shown
in Figure 6(a1), relaxation results indicated that the SIA combined with the
vacancy for 1 to 4 hydrogen atoms, as shown in Figures 6(a2-a5) and (b2-b5).
However, when the number of hydrogen atoms in the vacancy increased to 5,
relaxation results showed that vacancy-SIA combination was inhibited, forming
a crowdion SIA and a Vac-H5 complex, as depicted in Figures 6(a6) and (b6).
Furthermore, when the number of hydrogen atoms was increased to 6 or 7,
vacancy-SIA combination was similarly inhibited.

4.1. As-Irradiated RAFM Steel
Compared to the unirradiated sample, S parameters of H+- and Ar+-irradiated
samples increased while W parameters decreased, as shown in Figures 2(a) and
(b). This occurs because H+ irradiation introduces three types of defects: va-
cancies, SIAs, and hydrogen atoms, while Ar+ irradiation introduces vacancies,
SIAs, and argon atoms. The presence of high concentrations of vacancies and
SIAs causes S parameters to increase andW parameters to decrease, respectively
[13, 22]. Interestingly, the S-E curve for the H+-irradiated sample displays a uni-
modal shape, while that for the Ar+-irradiated sample shows a bimodal shape.

SRIM calculations indicate that ion irradiation creates a DP and a CP in the
samples, with the former located closer to the sample surface. The peak of
the S-E curve for the H+-irradiated sample is situated near the DP region. In
contrast, the first peak of the S-E curve for the Ar+-irradiated sample is near the
DP region, while the second peak is near the argon CP region. This suggests
that after H+ irradiation, vacancy defects are enriched primarily in the DP
region, whereas after Ar+ irradiation, vacancy defect enrichment occurs near
both the DP and the argon CP.

The enrichment of vacancy defects after H+ irradiation is due to vacancies gen-
erated by cascade collisions. Additionally, the S-E curve for the H+-irradiated
sample does not show a peak near the hydrogen concentration peak despite the
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high hydrogen concentration, indicating no hydrogen enrichment in that region.
This is likely related to hydrogen’s high diffusivity in metals.

The first vacancy defect enrichment region in the Ar+-irradiated sample arises
from vacancies generated by cascade collisions. Research by Gai et al. indicates
that adding extra Ar atoms to Vac-Ar clusters causes Fe atoms in neighboring
lattice sites to be ejected as SIAs, thereby increasing the number of vacancies in
Vac-Ar clusters [23]. Based on these findings, the second vacancy defect enrich-
ment region may be attributed to accumulation of a high concentration of Ar
atoms near the CP, which triggers the SIA ejection mechanism, producing both
vacancy and SIA defects. However, the stability of these defects is relatively
low. As shown in Figure 3(b), S parameters decrease significantly in the Ar
CP region during annealing at 373 K, indicating these vacancy and SIA defects
can easily recombine. Thus, due to most Ar atoms accumulating in the CP
region following Ar+ irradiation, their involvement in vacancy and SIA defect
formation near the DP region is minimal.

It is noteworthy that the displacement damage peak values produced by H+ and
Ar+ irradiation are 0.2 dpa and 1 dpa, respectively, with the latter being five
times greater than the former. However, DBS results indicate that the S-E curve
for the H+-irradiated sample is slightly higher than that for the Ar+-irradiated
sample in the DP region, while the W-E curve for the former is significantly lower
than that for the latter, as shown in Figures 2(a) and (b). For the same material,
a larger S parameter indicates a higher quantity of vacancy-type defects, while
a smaller W parameter indicates a higher quantity of interstitial-type defects.
This suggests that although H+ irradiation produces less displacement damage
than Ar+ irradiation, it generates more vacancy and SIA defects in the DP
region.

The displacement damage value represents the average number of displacements
per atom. Each displaced lattice atom creates a Frenkel defect consisting of one
vacancy and one SIA. However, a significant number of vacancies and SIAs
generated during cascade collisions in the ion irradiation process will recom-
bine, with the recombination rate considered to be ~70% or higher [24-26]. In
other words, compared to Ar+ irradiation, more vacancies and SIAs produced
by cascade collisions survive under the same displacement damage dose in H+

irradiation.

Since vacancy and SIA defect formation near the DP region in Ar+-irradiated
samples is primarily driven by cascade collisions, the greater number of these
defects in the DP region of H+-irradiated samples should be attributed to hydro-
gen’s influence on their formation during cascade collisions. Hydrogen presence
indeed plays a significant role in defect formation. In experimental reports by
Clowers et al., the irradiation swelling rate of an Fe8Cr2W model alloy with
hydrogen participation was 3.6 times higher than without hydrogen [6]. Fur-
thermore, Jiang et al.’s studies on dual ion beam irradiation of Cr with Fe+ and
H+ demonstrated that H+ co-injection with Fe+ led to significant void growth
[12].
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4.2. Annealing of Irradiated RAFM Steel
S parameters of Ar+-irradiated samples near the DP region show no significant
change after annealing at 373 K and 473 K, but decrease significantly after an-
nealing at 573 K, as displayed in Figures 3(b) and 4(b). This suggests that the
quantity of vacancy and SIA defects generated by cascade collisions remains rel-
atively stable after annealing at 373 K and 473 K, while decreasing substantially
after annealing at 573 K. This substantial decrease is due to extensive recom-
bination of vacancies and SIAs during annealing. Considering that an SIA in
bcc iron has lower migration energy (0.17 eV [27]) than a vacancy (0.78 eV
[28]), migration of numerous SIAs during annealing at 573 K dominates their
recombination with vacancies. This result is consistent with DBS results for
H+-irradiated samples after annealing, where significant SIA migration occurs
during annealing at 573 K. The recombination of abundant vacancies and SIAs
after annealing at 573 K causes a significant decrease in S parameters and a
notable increase in W parameters in the DP region, as shown in Figures 3(a)
and 4(a).

Additionally, after annealing at 373 K, both S and W parameters near the DP
region remain unchanged, indicating that 373 K annealing does not affect defects
in the sample.

Strikingly, S parameters near the DP region for the H+-irradiated sample in-
crease significantly after annealing at 473 K, while W parameters remain con-
stant. From DBS results, it appears that the amount of vacancy defects in-
creases after annealing at 473 K while SIA defects remain unchanged. However,
vacancies and SIAs typically occur in pairs, so an increase in vacancies should
naturally accompany an increase in SIAs. Therefore, the observed rise in S pa-
rameters is not due to increased vacancies but rather to dissociation of hydrogen
atoms from vacancies during annealing at 473 K. Research has demonstrated
that hydrogen occupation in vacancies causes a decrease in the S parameter
[29-30]. In other words, after H+ irradiation, abundant hydrogen atoms were
captured in vacancy defects formed near the DP region, resulting in vacancy-H
complex formation. These complexes remain stable during annealing at 373
K but dissociate when annealing temperature is raised to 473 K, leading to
increased S parameters.

Results from S-W plots at different annealing temperatures further indicate
vacancy-H complex defect formation after H+ irradiation. S-W plots are com-
monly used to assess defect types [31-33]. As shown in Figures 5(a) and (b),
S-W plots for H+-irradiated samples and those after annealing at 373 K and
473 K display “L” shapes, while the plot after annealing at 573 K displays a
“Z” shape. Similarly, S-W plots for Ar+-irradiated samples and those annealed
at 373 K, 473 K, and 573 K all show “Z” shapes. These results suggest that
defect types in the H+-irradiated sample after 573 K annealing are the same
as those in Ar+-irradiated samples and their annealed counterparts, consisting
of vacancy and SIA defects. In contrast, defect types in H+-irradiated samples
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and those annealed at 373 K and 473 K consist of vacancy-H complexes and
SIA defects.

Due to its high diffusivity, hydrogen is difficult to retain in metals unless cap-
tured by defect traps. Simulation results indicate that the migration energy of
hydrogen atoms in 𝛼-Fe is only 0.01 eV [34]. However, vacancies are effective
traps for hydrogen atoms. Simulation studies have shown that hydrogen atoms
are easily captured by vacancies in 𝛼-Fe, forming relatively stable vacancy-H
complexes [35-36]. Experimentally, Clowers et al. used electron energy loss
spectroscopy elemental mapping to characterize hydrogen capture in vacancies
during Fe+ irradiation of RAFM steel with hydrogen presence [6].

The first-principles calculation results in this study further provide insights into
the mechanism by which hydrogen capture in vacancies affects irradiation defect
formation. These results suggest that hydrogen capture in vacancies is a key
factor in its significant promotion of irradiation defect formation. The mecha-
nism is as follows: hydrogen occupying vacancies inhibits vacancy-SIA recom-
bination, but this effect likely occurs only at higher hydrogen concentrations.
First-principles calculations show this inhibitory effect only occurs when the
number of hydrogen atoms in a vacancy reaches 5, as shown in Figure 6. There-
fore, when high concentrations of hydrogen atoms are present during cascade
collisions, vacancy-SIA recombination is inhibited, resulting in more vacancies
and SIAs that contribute to defect formation.

5. Conclusion
In this study, positron annihilation DBS was used to characterize defect evolu-
tion in RAFM steel irradiated with H+ and Ar+, as well as in irradiated samples
that underwent annealing at 373 K, 473 K, and 573 K. First-principles calcula-
tions were also employed to gain further insights into the synergistic effects of
hydrogen and displacement damage on irradiation defect formation. The main
conclusions are as follows:

(1) The peak damage doses for H+ and Ar+ irradiation are 0.2 dpa and 1
dpa, respectively. However, in the DP region, S parameters of the H+-
irradiated sample were comparable to those of the Ar+-irradiated sample,
while W parameters were smaller. Furthermore, S parameters of the H+-
irradiated sample after annealing at 473 K were even larger than those of
the Ar+-irradiated sample. These results indicate that hydrogen signifi-
cantly promotes defect formation in the cascade collision region.

(2) Compared to the as-irradiated H+ sample, S and W parameters show no
significant changes near the DP region after annealing at 373 K. How-
ever, after annealing at 473 K, S parameters of the H+-irradiated sample
increase significantly near the DP region while W parameters remain un-
changed. These results suggest that many hydrogen atoms are captured
in vacancy defects near the DP region in the H+-irradiated sample, form-
ing vacancy-H complexes. First-principles calculations indicate that this
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capture behavior contributes to hydrogen’s promotion of defect formation.
Specifically, when abundant hydrogen atoms occupy vacancies, recombi-
nation of vacancies and SIAs created in cascade collisions is inhibited.
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