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Abstract  
 
 

Helium (He) is known to accumulate in vacancies of the steel structure materials of nuclear 

reactors, forming bubbles that increase in size and eventually cause structural problems, such as 

embrittlement. Several studies provided insights into the interstitial diffusion of this gas inside the 

iron matrix. However, much is still unknown about its behaviour. Based on this context, this study 

proposes a new combined theoretical and experimental multiscale approach made by the same team 

in a complementary way. It helps to have a global view of the helium diffusion in iron as a function 

of He content, temperature and structural defect concentration.  

Firstly, density functional theory has been used to identify the possible helium insertion sites 

in iron and the possible transitions between them. Then, the kinetic Monte Carlo method was applied 

to calculate its interstitial diffusion coefficient. It showed that helium swiftly diffuses interstitially in 

iron. It also tends to be trapped in iron vacancies and accumulate. The chromium and vacancy effects 

were also investigated. 

Experimentally, He was ion-implanted in several pure iron and high-purity Fe10wt%Cr 

samples. An analysis of He behaviour and its diffusion was carried out with transmission electron 

microscopy (TEM) and thermo-desorption spectroscopy (TDS) techniques. TEM shows the presence 

of small (~0.7 nm radius) He bubbles and no significant difference with the presence of Cr. TDS 

evidences sequential “burst-type” He releases as T is sequentially increased. Based on these 

observations and inferred from the literature, we propose that He is detrapped and released from the 

studied materials as a consequence of the decrease in maximum He capacity of the trapping 

aggregates as T increases. 
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1. Introduction 

 
 Ferritic steels are possible candidates for future nuclear reactors due to their resistance to high 

pressure, temperature and irradiation conditions[1,2]. However, helium accumulation inside steels 

remains a severe problem for nuclear materials. Firstly, it is known that He is not soluble in 

metals[1,3,4]. It is also mobile in steel and tends to be trapped in vacancies, then accumulate and form 

bubbles[5–9]. These are responsible for structural damage with swelling and embrittlement at high 

temperatures[3,10–16]. This phenomenon could pose a significant problem in future nuclear reactors, 

especially for the proposed fusion reactors. They produce helium due to the transmutation reactions, 

such as (n,α) and direct α-production[1,3,17,18]. The ratio of He concentration (in appm) and 

displacements per atom (dpa) in future fusion reactor materials is expected to be around 10 to 20 

appm He/dpa[19,20]. These conditions will be harsh to be withstood by the materials involved with 

the blanket and wall barriers of the reactors. Using circa 9 wt.%Cr may improve the materials to 

withstand these conditions better. They have already been used in the reduced activation 

ferritic/martensitic (RAFM) steels, such as CLAM and Eurofer97, and show a low ductile-brittle 

transition temperature (DBTT) and a smaller hardening gain caused by the irradiation[18,21–24]. 

 Based on this problem, it is fundamental to understand more about He diffusion inside steels 

and the bubbles formation mechanisms to improve the material's resistance against them. The density 

functional theory (DFT) has been a valuable tool for modelling helium behaviour at an atomic scale 

and obtaining helium formation and binding energies to vacancy clusters[3,25]. The He insertion sites 

in iron were already identified, and their energies were calculated based on DFT[26–28]. Some 

possible migrations between these sites were observed, and their migration energies were evaluated 

by the use of the drag[27] and Nudged elastic band (NEB)[29] methods. Nevertheless, the diffusion 

coefficient calculations based on these energy results are lacking. This work proposes a combined 

approach (DFT/ kinetic Monte Carlo) to achieve this outcome. 
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The effect of chromium (Cr) in lowering the swelling in the materials and changing the He 

diffusion was also observed. For example, the insertion of Cr changed the helium insertion energy 

and the migration energy value, which was studied using the NEB method[29,30]. The vacancies' 

effects were also studied, such as the vacancy formation energy and its impact on the helium insertion 

energy[5,29,31]. The accumulation of He inside a monovacancy and the formation of HenVm 

(following the Kroger-Vink notation[32])clusters were studied, where V represents the vacancies, n 

is the quantity of He atoms, and m is the number of vacancies[1,3,17,18,33]. However, much is still 

uncertain about this system: the migration mechanism is still not wholly understood; the diffusion 

coefficient of helium in iron is not well characterised, and neither is the influence of Cr and vacancies 

on it. In addition, the accumulation of helium inside a monovacancy is a controversial topic with 

mixed results[1,3,17,33]. Therefore, a complete study of helium diffusion is still necessary to better 

understand He behaviour in Fe (and Fe(Cr)) and the consequences to the materials subjected to it.  

Experimentally, the diffusion and behaviour of helium have also been studied to some extent. 

Ono et al. studied the He bubbles behaviour using transmission electron microscopy (TEM) in pure 

Fe and Fe-9wt%Cr alloys[34]. He ions with 10 keV energy were implanted under a fluence of 5×1013 

He.cm-2 at temperatures between 200 and 800 oC. The motion of the bubbles and their size distribution 

at 400 and 600 ºC were then described. It seemed that Cr slows the diffusivity of the bubbles. Later, 

they also investigated the thermo-desorption spectroscopy (TDS) spectra of both materials implanted 

with 5 keV He at 85 and 473 K with the fluences of 1-2×1016 He/cm2. The results show a shift to 

higher temperatures for the release of He in the case of Cr, probably due to chromium precipitation 

around the bubbles, visualised by STEM-EELS[35]. Sugano et al. investigated the effect of different 

Cr concentrations on the helium diffusion with both TDS and TEM after implanting 8 keV He ions 

at room temperature with fluences from 2×1013 to 2×1015 He.cm-2. They proposed a He-V migration 

mechanism, which is disturbed by the presence of Cr[36]. Xu et al. demonstrated that He desorption 

in pure iron occurs at two moments: mainly at higher temperatures (from 880 oC) and at the α-γ 
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transition[37]. However, they could not have a clear TDS signal at low fluences of 1×1011 and 1×1013 

He.cm-2.  Yu et al. studied the implantation of helium ions at 100 keV with a fluence of 6×1016 He.cm-

2 in pure iron films with TEM and showed their low He bubble density compared to bulk iron and the 

attraction of the bubbles to grain and phase boundaries[38]. Lefaix et al. studied, using TDS, the 

helium desorption from pure iron implanted samples at 8 keV and 3 MeV with a fluence of 1-2×1016 

He.cm-2. They showed that impurities (0.5% carbon in their case) might significantly affect the release 

of He at higher temperatures and that the helium diffusion is probably through the progressive de-

trapping of helium bubbles[39]. Zhu et al. studied the effect of the dislocations and other defects in 

Fe9Cr implanted at room temperature with 0.2 keV and 3 keV under a fluence of 4.2×1014 and 

4.2×1015 He.cm-2 using TDS. They showed that vacancies and dislocations delay the He diffusion by 

capturing He atoms and that the alpha-gamma transition releases a high amount of trapped atoms 

around 865 oC[40].  

From this literature review, one can observe that there is a lack of results that analyse and 

compare the helium bubbles behaviour at both Fe and Fe10Cr materials at low and high fluences in 

the same experimental conditions. A model of helium diffusion based on TDS results is also lacking. 

In addition, studies that combine experimental and theoretical results are rare. There is a need for a 

comprehensive study of iron and iron-chromium alloys using both methods, which motivates this 

work. 

 This article tries to understand and characterise the He diffusion in Fe with a multi-approach 

not used before for this system. It is based on calculations at an atomic and macroscopic scale 

completed with TDS and TEM. Firstly, a bulk iron model is optimised and validated using DFT. 

Second, the possible helium insertion sites are identified, and their insertion energies are calculated. 

Then, the pathways between these He positions are determined by the nudged elastic band (NEB) 

method and the transition state theory (TST). Finally, the kinetic Monte Carlo (KMC) algorithm 

simulates the He atom's trajectory as a function of the temperature and allows it to express its diffusion 
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coefficient. The influence of iron vacancies and chromium substitution on the diffusion coefficient is 

also considered. Experimentally, “pure” iron and high purity Fe10%wtCr samples were implanted 

with helium ion and characterised using transmission electron microscopy (TEM) and thermo-

desorption spectroscopy (TDS) techniques from low to higher helium fluences.   

  

2. Materials and methods 
 
 
2.1.  Theoretical part 

 
 
 The calculations required for the iron structure optimisation and the investigation of the 

possible insertion sites were performed with the method of periodic density functional theory 

(DFT)[41] implemented in the VASP (Vienna ab-initio simulation program) code [42,43]. A plane-

wave basis set is used for the total energy calculations, and the project augmented plane wave (PAW) 

method is applied to describe the valence electron interactions and the representation of the core 

electrons[44,45]. Three functionals were employed: the local density approximation (LDA) and the 

generalised gradient approximation (GGA), the Perdew-Burke-Ernzerhof (PBE) and the Perdew-

Wang (PW91)[46–48]. Eight (3d74s1), twelve (3p64s13d5), and two electrons (1s2) are considered 

valence ones for Fe, Cr, and He, respectively. The calculation parameters were optimised, and the 

value used for the cut-off energy is 400 eV with Gaussian smearing of 0.2 eV. The basis cubic iron 

cell (2 atoms) is not large enough to avoid the relaxation of the structure when a He is inserted. 

Therefore, an optimised supercell of 4×4×4 is created (with 128 atoms). The Monkhorst-Pack 

scheme[49] was employed to sample the Brillouin zone (BZ), and the optimised k-point mesh of 

17×17×17 was used for the unit cell and 4×4×4 for the supercell. These parameters were adopted to 

guarantee an energy convergence of 10-6 eV per atom until the Hellmann-Feynman forces are less 

than 10-5 eV/Å. All calculations were performed with spin-polarisation treatment. 
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 After optimising the iron supercell, the helium insertion sites were characterised by their 

formation energies. Then, the nudged elastic band (NEB) method[50] was used to calculate the 

migration energy between each stable insertion site and to identify the minimum energy path (MEP) 

between them. [51,52]. The spring constant value used in our calculations was 5 eV/Å2. The saddle 

point was identified and then optimised using the climbing image NEB (CI-NEB) for a more accurate 

description[53]. This interstitial diffusion mechanism is based on the random trajectory of the He 

atoms inside the iron structure. It is a thermally activated process and can be correctly described by 

the transition state theory (TST)[54–58] and by the Vineyard approximation[55]. More methodology 

details are present in our previous works[59–62]. 

 These values are calculated once the transition state is correctly identified, and the jump 

probability will be an input value for KMC simulations[63,64]. The advantage is the possibility of 

extending the simulations' time scale to model the diffusion of an atom based on a stochastic approach 

with the jump probabilities and energies.  

 Moreover, combining the KMC and the TST principles is necessary to address the case of a 

heterogeneous crystal with Cr-substitutions or vacancies. The sum of the reciprocal of the jump 

probabilities is equal to the time required to pass from one interstitial site to another, called residence 

time. The diffusion coefficient at a determined temperature (𝐷!) can be calculated based on an 

Einstein equation, relating the time and the mean square displacement (D). It is used for helium 

diffusion[61,65–67]. It is mathematically defined in (Eq.1). 

 

 𝐷! =
"#!(%)'
(×*×%

   (Eq.1) 

         

 Where < 𝑟((𝑡) > is the mean square displacement; 𝑑 is the diffusion dimension (in this case, 

three as all the directions inside the crystal are considered); 𝑡 is the time. 
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 Using this expression, the diffusion coefficient can be calculated for different temperatures. 

Based on these values, the Arrhenius equation[68] is used to obtain a general relation between the 

diffusion coefficient and the temperature, as expressed in (Eq.2). 

 

 𝐷! = 𝐷+	𝑒
, -"
.#! (Eq.2) 

   

Where 𝐷+ is a pre-exponential factor; and 𝐸/ is the effective activation energy. Both 𝐷+ and 𝐸/ can 

then be calculated from a linear regression of a ln 𝐷! versus 0
.#!

 plot.  

 

  
2.2. Experimental part 

 
 

The experimental part involves the preparation of pure iron and high-purity Fe10Cr samples, 

4He+ ions implantations, and the post-characterisation by Transmission Electron Microscopy (TEM) 

and Thermo-Desorption Spectroscopy (TDS). 

 
2.2.1. Materials and ion implantation 

 
 
The pure iron sample is a Goodfellow ultrapure (99.99%) square material, while the chromium 

material is a high-purity bulk Fe10Cr (10.54 at.% Cr, or 9.86 wt.%) cylindrical material with 

approximately 1 cm in diameter specially fabricated by the École Nationale Supérieure des Mines, 

Saint-Etienne, France. After chemical etching with nitral, an optical microscope was used to measure 

the grains size in the samples, which are in the order of several micrometres. The samples were 

prepared before ion implantation: firstly, they were cut into squares of 5x5x0.5 mm. They were then 

mechanically polished using conventional silicon carbide abrasive paper with diamond polishing 

solutions with multiple grain sizes down to 0.5 µm to remove surface damages. 
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The ion implantations were performed at the JANNuS-Orsay MOSAIC platform of IJCLab 

(Orsay, France) [69,70]. The 190 kV ion implanter IRMA equipped with a Bernas-Nier source was 

employed. The fluences of 1×1013, 1×1014, 1×1015 and 1×1016 He ion/cm2 were selected. The 

Stopping and Range of Ions in Matter (SRIM-2008) code [71] was applied to visualise the implanted 

He ions' profile and choose the implantation energy of 50 keV based on the depth of the samples. The 

calculations considered full damage cascades displacement energy of 40 eV for iron, considering a 

previous result from the literature [72]. The resulting distribution profile of He ions as a function of 

the depth predicted by SRIM is visible in Figure 1. The implantations were performed at room 

temperature, and the mean ion flux was the same for all implantations, equal to 1×1012 cm-2s-1. The 

following fluences were used: 1×1013 cm-2, 1×1014 cm-2, 1×1015 cm-2, 1×1016 cm-2. The damage and 

damage rate values calculated for the maximum fluence 1×1016 cm-2, based on the SRIM results, are 

0.56 dpa and 5.6 ×10-5 dpa/s. The damage profile for the highest fluence is visible in Figure 1. The 

peak maximum (circa 200 nm) corresponds to a He concentration close to 0.8 at.%.  The implantations 

were done under vacuum and with the samples positioned orthogonally to the incident He ion beam. 

 
2.2.2. Transmission electron microscopy (TEM) 
 

After helium ion implantation, the samples were studied by two different techniques. The first 

is conventional TEM at the JANNuS-SCALP platform[69,70] using a 200 kV FEI Tecnai G2 20 Twin 

microscope with LaB6 filament and equipped with a Gatan imaging filter (GIF) tridiem apparatus, 

used here for thickness measurements using Electron Energy Loss Spectroscopy (EELS) as detailed 

in [73]. Cross-section TEM thin foils were extracted by the Focused Ion Beam standard lift-out 

technique at IEMN, Lille; their thicknesses were measured by EELS for each studied zone and were 

in the range of 40-75 nm. The conventional cavity imaging technique using through-focal series was 

employed to visualise the presence of any cavities or helium bubbles in both samples as a function of 
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the helium ion implantation depth: cavities appear white surrounded by a dark fringe in underfocused 

conditions and black surrounded by a white fringe in overfocused conditions (not shown here).  

 

2.2.3. Thermo-desorption spectroscopy (TDS) 
 

 
The second experimental technique is thermo-desorption spectroscopy (TDS). The samples 

were transported to the LP2i Bordeaux, where the PIAGARA platform (French acronym for 

Interdisciplinary Platform for Noble Gas Analysis) is used to detect rare gases down to ultra-trace 

levels by using mass spectrometry (MS)[74,75]. Thus, it allows precise measurements of helium 

release from the specimens as a function of the temperature and time. The setup employed for the 

present study is described in [75], with an experimental approach close to ref. [74], and both can be 

consulted for more details. Briefly, the installation consists of 4 different parts: 1) a heating chamber 

setup from where the gas is extracted by heating the sample with a continuous wave laser; 2) the 

separation and purification system to trap all released gases but He; 3) a 3He spike calibration system 

and 4) a mass spectrometer (MS) for the analysis (A Micromass 12 from VG modified to be able to 

perform rare gases measurements)[74]. In addition to these components, several pumps are employed 

to guarantee the ultra-high vacuum conditions required by these experiments (routinely 10-12 bar)[74]. 

The laser heating beam, whose power profile is changed from its natural Gaussian shape to a 

top-hat shape, illuminates the sample and its support (a degassed stainless-steel sheet) with a circa 

15-20 mm diameter to ensure sample temperature homogeneity while limiting the chamber heating. 

Real-time measurement and control of the sample temperature are done using different pyrometers. 

For the present study covering an extended temperature range, three complementary pyrometers were 

used: an Optris Csmicro (8 – 14 µm; -50 to 1030 °C; spot size Ø of ~11 mm), a Raytek MM2MHVF1L 

(1.6 µm; 450 to 2250 °C; spot size Ø <1 mm) and a Sensortherm Metis M322 (1.45 – 1.65 µm; 600 

to 2300 °C; spot size Ø of ~0.8 mm). A PID system controls the laser power source to adjust the 

temperature and produce any desired temperature plateau or ramp with less than a 1 °C deviation 
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between the targeted and measured temperature. For T < 600 °C, the Optris pyrometer was selected 

as the input data for temperature control, and this was switched to the Sensortherm one for T > 600 

°C once the two pyrometers' temperatures were coincided (see after). For metallic materials such as 

Fe and Fe(Cr), emissivities ε are relatively low. More annoyingly, their ε are strongly temperature, 

wavelength and surface-finish (rugosity) dependent[76–78], bringing significant uncertainties on the 

true sample temperature. Several data exist on Fe[79] (and references therein) and Fe(Cr)[79] 

emissivities, but they are sometimes contradictory and do not fulfil our needs. This phenomenon is 

particularly true for the lowest temperatures and the Optris pyrometer (8-14 µm). In addition, the 

impossibility of such a far-IR wavelength to focus optically leads to a measurement area more 

significant than the sample size. Fortunately, it was experimentally found that little or no He was 

released below 450°C, the temperature for which the Raytek pyrometer would start given 

experimental values. For the Raytek and Sensortherm pyrometers, data from J. Taylor [76] accounted 

for the monotonous ε increase with T. According to Touloukian and DeWitt[79] for the Raytek and 

Sensortherm pyrometer, the emissivity setup is regularly increased. Also, fortunately, Fe and Fe(Cr) 

display their α to γ phase transition variations of sample visual aspect and “accidents” in the 

temperature and power ramp signals. This transition was used to correct all measured temperatures 

(e.g. if a pyrometer found the expected 912 °C phase transition occurring at 930 °C, its formerly 

measured data was a posteriori corrected by a 912/930 correction ratio). The temperature error is 

estimated to evolve from virtually 0 °C at the temperature of phase transition to ±20°C at the start 

(~450 °C) and end (~1200 °C) of He release.   

During the experiments, the heating chamber was directly connected to the spectrometer 

through a purification zone. The released He gas was treated by purification devices to trap all gases 

but He (and Ne) in flight. Before starting the sample heating, an aliquot of a reference gas containing 

precisely known 3He and 4He quantities is let in the working volume. The idea is not directly to 

measure 4He quantities released by the sample but to deduce it from the 4He/3He increased measured 
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ratio. This procedure allows to cancel out any deviations from MS sensitivity that may notably arise 

if a burst release of gas happens, but mostly it avoids having to correct 4He consumption by the MS 

(wall implantation). It also allows for correcting, if necessary, the notable contaminations of 4He 

(through MS memory effects or micro-entry of atmospheric 4He notably) since the 4He/3He ratio is 

monitored before and after the TDS experiment.  The MS is set to continuously measure the 4He/3He 

ratio with a ~60 s loop. The MS and pyrometers are time-synchronised, and after the aforementioned 

pyrometry corrections are done, the results are displayed as in, e.g. Figure 9a).  

Two types of experiments are performed with samples from all materials. The specimens are 

heated with a ramp of 5 oC/min from room temperature in the first one. Throughout this process, the 

evolution of the He release is constantly observed. The temperature increase is made until no more 

gas is relaxed after an extensive temperature range, or unfortunately, as it numerously happened, 

when the viewport through which the heating laser enters broke (volatilised Fe at T ≳ 1200°C deposits 

on the viewport and renders it suddenly opaque to the heating laser). The second type of experiment 

is the so-called temperature plateaux. Based on the observation of the He release pattern in a material 

at a given fluence, certain temperatures are chosen, where the gas liberated is measured in these 

temperatures' plateaux for a few tens of minutes. The objective is to extract 4He apparent diffusion 

kinetics at each discrete temperature and deduce activation energies through Arrhenius plots. The 

data obtained fits the models presented and discussed in Section 3.2.2.3, and an equation representing 

this phenomenon is given. 

 

 

3. Results and discussion 
 
 
3.1. Theoretical part 
 

3.1.1. Iron unit cell and validation of calculation parameters 
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 Iron belongs to the space group Im-3m and has a cubic bcc unit cell with two atoms. Similarly, 

a supercell was proposed that was expanded four times in all directions (4×4×4) with the equivalent 

of 128 atoms. Different functionals were compared using other theoretical and experimental results 

available in the literature to validate the model. The GGA PBE functional showed the best 

compromise based on the literature results.  

 
3.1.2. Investigation of He insertion sites 

 
 With the optimised parameters for the iron unit cell developed using GGA PBE functional 

(see Section 2.1. for details about model choice), the next step was identifying the possible helium 

insertion sites in the system. The cell was replicated four times in all directions (4×4×4) to 

accommodate the He atom. This supercell can contain an extra atom without significant cell 

relaxation. The lattice parameter is 11.32 Å, and the volume increase with the He presence was small 

enough (around 0.4%) to validate its size. Due to the BCC character of the Fe unit cell, two possible 

insertion sites are identified: tetrahedral and octahedral ones and they are presented in Figure 2 (a) 

and (b), respectively. The results for both sites and the comparison with other theoretical results in 

the literature are available in Table 1. The similarities between them confirm our model.  

 

3.1.3. Interstitial He migration 
 
 All possible neighbour sites and transitions were identified from each site through analysis of 

the structure. Only the directly connected transitions without an intermediate interstitial site were 

considered. Two probable transitions were identified. Firstly, from an initial tetrahedral site (hereafter 

called S1), four equidistant neighbouring tetrahedral sites, named S2, were identified at 1.01 Å 

(Figure 3-e). It constitutes the first transition called S1-S2. From the same S1 site, two possible 

tetrahedral neighbouring sites, hereafter called S3, are also found at a 1.41 Å distance. In the middle 

of this transition, there is an octahedral site (I3(O) in Figure 3-d). It constitutes the last transition 

named S1-S3. The NEB method was used for each transition to identify the migration path, energy, 
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and transition state for each case. The results are summarised in Figure 3, with the possible paths for 

a given site shown in Figure 3-e. 

The migration energy values are similar to those in the literature[29,80]. Interestingly, in the 

transition S1-S3, the actual transition state corresponds to the octahedral interstitial position. This 

indicates that the supposed interstitial site is not an actual one but a transition state (a similar 

hypothesis was considered for hydrogen in iron[81]). The migration energy values are small, with 

0.06 eV for the S1-S2 transition and 0.20 eV for the other (equal to the energy difference between the 

tetrahedral and octahedral sites). These first simulations show that these transitions, thus He diffusion 

in Fe, can occur even below ambient temperatures. 

 
3.1.4. Frequency analysis and validation of the transitions 

 
 To apply the KMC method, the vibration frequencies of each interstitial and transition site 

were calculated. Based on the Vineyard theory[55], the attempt frequency for the S1-S2 transition 

was calculated as 9.49 × 1012, and the jump probability expression for it is: 

 

  

The considered He interstitial sites have three real frequencies (zero imaginary frequencies), 

and the transition states are the ones with only two real frequencies (one imaginary frequency). It is 

visible that the transition between S1-S2 corresponds to this, but the one from S1 to S3 does not. This 

transition has an octahedral site in the middle, theoretically corresponding to the transition state. 

However, two imaginary frequencies are present at this site instead of one. Thus, it cannot be 

considered an actual interstitial site (zero imaginary frequency) or a transition site (one imaginary 

frequency). It is the same behaviour pattern identified with the hydrogen diffusion in iron[81]. The 

same linear diffusion path was found with a rank-2 saddle point (two imaginary frequencies) in the 

octahedral site; therefore, it is not an actual transition state, and the Vineyard approximation[55] 

𝛤10,1( = 			9.49 × 100(𝑒𝑥𝑝 6−
0.06
𝑘2𝑇

; (Eq.3) 



15 
V. Oliveira Cavalcanti et al, JMN 583 (2023) 154511, https://doi.org/10.1016/j.jnucmat.2023.154511 

 

cannot be used. A recent theoretical article[82] showed that the diffusion coefficient's effect on 

second-order transition states is limited, especially at low temperatures (below 1000 K). The same 

was observed experimentally[83]. Hence, due to these aspects, only the S1-S2 transition (Figure 3-a) 

is considered for the following steps with the KMC.  

 
3.1.5. Kinetic Monte Carlo and diffusion coefficient calculation 

 
 

A KMC homemade code was used to calculate the 3D He random trajectories at different 

temperatures, with 200,000 steps for a general overview of the He trajectory. A random walk 

trajectory in all three directions is visible already at a low temperature. This happens because the 

migration energy (0.06 eV) is significantly small. It is then possible to conclude that helium in a 

perfect Fe cell should diffuse interstitially even at low temperatures.  

 KMC simulations were performed at different temperatures (from 300 to 3000 K), and the 

diffusion coefficients were calculated for each temperature from the mean square displacements. 

Based on the Arrhenius law (Eq.2), the logarithm of 𝐷! versus the inverse of the temperature 

multiplied by the Boltzmann constant was plotted to calculate the pre-exponential factor  (𝐷+,4) and 

the effective activation energy (𝐸/ , 𝑖) of He interstitial diffusion in Fe. It allows obtaining the 

interstitial diffusion coefficient (𝐷4) expression as a function of temperature. The equation with both 

parameters is in (Eq.4).  

 

 

This equation is valid up to the iron phase transition at 912 oC [84]. The values of the activation 

energy, 𝐸/,4 = 0.06 eV, and the pre-exponential factor, 𝐷+,4 = 6.5 × 10-4 cm2. s-1 were obtained. This 

value of 𝐸/,4 agrees with previous works, but 𝐷+,4 is slightly different to the ones found by Li et 

al.[29]: 𝐸/,4 = 0.059 eV and 𝐷+,4 = 2.802 × 10-4 cm2. s-1. The activation energy is the same because it 

𝐷4 = 6.5 × 10,5e,
+.+7
89 	𝑐𝑚(𝑠,0 

 
(Eq.4) 
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was also calculated in the same way with the NEB method. For the pre-exponential factor the 

difference could be explained by the different calculation methods. To grasp the order of magnitude 

of the helium diffusion in pure iron, 𝐷! was calculated at 1000 K around the highest foreseen 

operating temperature in the future reactors[85]. The value obtained of 3.23 × 10-4 cm2. s-1 indicates 

that in a perfect (i.e. defect-free) Fe piece, a generated helium would diffuse out within a few seconds. 

 
 

3.1.6. Chromium's effect (iron substitution) 
 

Firstly, in the pure 128 iron atomic cell, an iron atom was substituted by a chromium one. The 

helium atom was inserted in the tetrahedral sites around the chromium atom, and its energy was 

calculated. Here, the distance of the helium atoms to the chromium one significantly affects its 

insertion energy. Four different cases were considered: He as the first neighbour of Cr (1nn), as the 

second neighbour (2nn), as the third one (3nn), and as the fourth one (4nn). The results for each case 

with the distances are presented in Table 2 and compared to other literature results when available.  

The He insertion energy related to the degree of proximity to the chromium atom shows that 

its value is lightly affected by Cr presence with a ~2% increase (less stability), and the Cr influence 

fades away with the distance. Fe and Cr's similar atomic radius could explain this (1.30 Å for Cr[86] 

and 1.24 Å for Fe[87]).  

As the next step, the possible transitions available for the He atom are analysed following the 

same methodology as pure iron. They are the same as in the pure iron case. However, the proximity 

of the He atom to the Cr one can play a role as it can affect the insertion and migration energies. 

Therefore, the transitions of the He atom up to the fourth neighbour to the Cr atom were analysed, 

and their energies were calculated using the NEB method as previously done with pure iron. The four 

transitions and their migration energies are presented in Figure 4 and compared to another work[88]. 

Our values agree with Martínez and Fu's ones[88], except for the first neighbour case, where 

we determine higher stability (~ 0.07 eV) for the He atom around Cr. This phenomenon may come 
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from the different methods used (drag[88] and, in our case, CI-NEB), as well as different 

pseudopotentials employed and calculation parameters. 

Our results show that transition states have higher energies close to the chromium, inducing a 

blocking effect. However, a KMC simulation shows that the blocked paths are easily bypassed in 3D 

and that the diffusion coefficient is marginally reduced for a Cr concentration of 10%. Therefore, we 

did not consider the Cr in our following models to simplify the calculations. 

 

 

 

 

3.1.7. Vacancy effect  
 

The effect of removing an iron atom and creating a vacancy was studied following the same 

methodology as before. Firstly, a supercell with 127 Fe atoms (removing the iron atom in the centre) 

was created and optimised. The vacancy migration energy was calculated using the CI-NEB to verify 

the model's validity. A value of 0.68 eV was obtained, similar to other values in the literature 

(0.78[89], 0.55[90]). Then another aspect is considered. To remove this iron atom and create the 

vacancy, some energy is required, which is called vacancy formation energy (𝐸:
;) and can be 

calculated by (Eq.5): 

 

 

Where 𝐸(<,0)=>?: is the energy of the cell with only 127 iron atoms due to the vacancy (𝑉) 

(here	𝑁=128 for a perfect cell) and 𝐸<=> is the energy of a perfect cell of iron without vacancies. Our 

calculated value is 2.17 eV, as seen in Table 3. 

𝐸:
; = 𝐸(<,0)=>?: −

𝑁 − 1
𝑁 𝐸<=> (Eq.5) 
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  Then a helium atom is added to the vacancy and optimised. Its insertion energy is calculated 

as 2.2 eV, comparable to the value of 2.3 eV from Fu and Williaime[25]. It is more common in the 

literature to see the formation energy of a substitutional atom (𝐸@AB
; ) of He in an iron lattice. This is 

described by (Eq.6), where 𝐸<=>?C> is the energy of the cell with helium in a substitutional position, 

𝑁 is the number of iron atoms in the cell (here 127 for a cell with a vacancy),	𝐸=> is the energy per 

iron atom in a perfect crystal and 𝐸C> is the energy of an isolated helium atom. The comparison 

between our and other results can be seen in Table 3. 

 

 

 Our values are similar to the other theoretical and experimental results for both 𝐸:
; and 𝐸@AB

; , 

which reaffirms the validity of our calculations. These calculations show the higher stability of a He 

inside a vacancy as the energy requirement is lower than in a tetrahedral site (4.57 eV). 

Once the helium atom is inside a vacancy, the calculations show that it is complicated to leave 

it due to a trapping effect. A complete relaxation calculation of helium in the two nearest tetrahedral 

sites (1nn at 1.6 Å and 2nn at 2.6 Å) shows that it tends to return to the centre of the vacancy. The 

only option for the atom to escape the vacancy is to reach the third nearest tetrahedral site (3nn at 3.2 

Å). Once it arrives at this distance, the diffusion follows the same paths as in pure iron, with the 

shortest tetrahedral-tetrahedral transitions of 1 Å.  

Furthermore, the possibility of a single helium atom leaving the vacancy is explored. As done 

before, the NEB method helps obtain the migration path and energy for the transition between the 

vacancy and the nearest possible tetrahedral site (hereafter called S1) at 3.23 Å, as shown in Figure 

5. The He atom returns to the vacancy when it arrives at the first (1nn) and second nearest interstitial 

sites (2nn). It can only be placed from the third nearest tetrahedral site (3nn) at a considerable 

distance, which shows the stability of the He atom in the vacancy and the tendency to be efficiently 

 𝐸@AB
; = 𝐸<=>?C> − (𝑁𝐸=> + 𝐸C>) (Eq.6) 
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trapped by it. Another fact confirming this behaviour is the high migration energy of 2.35 eV required 

for the atom to arrive at the third nearest interstitial site (Figure 5). At the same time, helium can be 

easily retrapped, returning to the vacancy from this interstitial site, with a migration energy of 0.05 

eV. It indicates the trapping of He by a vacancy and confirms its low solubility in iron[4] and 

accumulation in vacancies[80,91–93].  

Due to the considerable migration energy to leave the vacancy, this transition was considered 

relevant, and the KMC method was applied to calculate the diffusion coefficient in this scenario. The 

same procedures were used, and the helium transition attempt frequencies were calculated. The 

obtained jumping probability expression for the transition Vacancy-S1 is 	

𝛤:/D/EDF,10 = 2.51 × 100(𝑒𝑥𝑝 G− (.GH
.#!

H and the one for the S1-vacancy is	

𝛤10,:/D/EDF = 7.33 × 100(𝑒𝑥𝑝 G− +.+H
.#!

H. 

With these results, the KMC method can be used. Here, only the mechanism of diffusion 

discussed before was used, considering only isolated vacancies, without including the helium cluster 

diffusion. Unlike the previous situation without vacancies, the percentage of vacancies in the 

simulation cell can play an important role. The diffusion coefficient is calculated as a function of 

temperature for a vacancies fraction (nv) varying from 0 (i.e. without vacancies) to 4 × 10-2 (Figure 

6). The minimal nv = 5 × 10-9 is limited by the calculation method and still represents an iron material 

with considerable vacancy concentration due to irradiation.  

It is visible that even a tiny presence of vacancies (5 × 10-9) is responsible for significantly 

reducing diffusion coefficient values. This is explained by the significantly higher value of activation 

energy (2.36 eV) to leave the vacancy than the one in pure iron (0.06 eV). The vacancies, therefore, 

are indispensable for the diffusion model. It is essential to notice that this model is a simplification, 

as it does not consider the vacancies, He-V clusters, dislocations, and grain boundaries diffusion. 

Another effect that could be considered is the He diffusion of HenVm clusters. For instance, Fu and 

Willaime showed the diffusion of HeV2 clusters with an effective migration energy of 1.17 eV [94]. 
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Marian and Bulatov studied the comparison of the interstitial and substitutional He after implantation 

[95]. Nevertheless, our model is the first step toward elucidating helium diffusion behaviour in 

Fe(Cr).  

In a further step, it is pertinent to understand the vacancy attraction behaviour towards helium 

and how many helium atoms could be accumulated inside it. This is controversial in the literature as 

many results have been reported, as shown in Table 4. These differences may come from the 

calculation methods, parameters employed and chosen He initial positions. For our calculations, 

helium atoms were progressively added to the vacancy in a cell with 127 Fe atoms, and the cell was 

relaxed in both frozen (Figure 7-I) and relaxed volumes (Figure 7-II). The He distribution and the 

closest Fe atoms for each scenario can be seen in Figure 7. The image shows that the vacancy can 

accommodate many He atoms. The He quantity changes from calculations with a frozen volume or 

with a relaxed one. Figure 7 (I) shows that a single vacancy could accommodate up to 20 He atoms 

before a strong iron cell restructuration, while up to 17 in (II) for a relaxed volume. This difference 

arises from the higher constraint of the iron positions in a fixed volume, as the cell cannot expand 

enough. In both cases, the same happens when a certain number of He atoms inside the vacancy is 

surpassed: the pressure around it is sufficient to displace a first neighbour Fe atom, creating a new 

vacancy and a self-interstitial atom (SIA). This phenomenon was already seen in the 

literature[1,3,17], explaining the nucleation and growth of He bubbles: He accumulates inside a 

vacancy up to a threshold, and then a SIA and a new vacancy are created, allowing more He atoms. 

The process repeats itself, and the bubble grows.  

In order to further investigate the stability of He atoms inside a single vacancy, ab-initio 

molecular dynamics simulations (as implemented in VASP) [42,44] were applied to analyse the 

temperature's relevance. In these simulations, a constant volume was used to show the effect of 

constrained atoms and the Brillouin Zone was reduced to one k-point (representing the Γ point) for 

long-time simulations (steps of 1 fs). This approximation was tested and proved possible as a low 
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difference of roughly 4% is found between the calculations with one k-point and more. They were 

run in the NVT canonical ensemble with the Nose-Hoover thermostat[96,97] at different temperatures 

(300, 500, 800 and 1000 K), and the other convergence parameters from the previous calculations 

were used. The results showed that many configurations visible in Figure 7 are unstable with 

temperature, and a SIA is formed quickly. For instance, less than 10 He atoms are stable at 800 K 

(from 10 atoms, a SIA is created after only 10 ps). In contrast, less than 16 He are stable at 300 K. 

Hence, the temperature has an essential role as a significantly lower number of He atoms, in 

comparison to the static-DFT calculations, should be permanently stable in a monovacancy with 

higher temperatures, approaching some of the results reported in the literature[1,17].  

 This first theoretical step confirms the tendency of He accumulation in iron vacancies due to 

its high interstitial diffusion coefficient, allowing it to reach vacancies and then be trapped inside 

them efficiently. Vacancies have a significant role in helium diffusion behaviour and effective 

diffusion kinetics at the macroscopic scale, as they are powerful trapping sources. Furthermore, the 

lastly presented T-dependant simulations and few reference data gathered in Table 4 hint that 

vacancies may trap fewer and fewer He atoms as T increases, as the present TDS results thereafter 

will confirm. 

 

 
3.2. Experimental Part 

 
3.2.1. Transmission electron microscopy (TEM) 

 
 

Underfocus bright-field (BF) TEM images on thin foils extracted from both Fe and Fe10Cr 

samples implanted with He ions at a fluence of 1×1016 at room temperature are shown in Figure 8.  It 

is noticeable that the cavities, appearing white surrounded by a dark fringe in the underfocus 

condition, are not perfectly spherical, and their size is close to the resolution limit of the microscope 

(which has a spatial resolution of 0.27 nm). The cavities' patterns are similar for both Fe and Fe10Cr 
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samples: they are randomly distributed with a high density across the specimen following the 

implantation depth profile visible in Figure 1. As these cavities appear after the He ion implantation 

step, we make here the assumption that they are filled with helium, and thus we call them bubbles in 

the following. 

The bubbles’ diameters were obtained, and their distribution inside the material regarding the 

distance to the surface correlates to the projected range/SRIM profile shown in Figure 1. With a 

statistic of over 3000 bubbles per sample, the average radius size of the bubbles observed in Fe is 0.7 

±0.2 nm and in Fe10Cr is 0.7 ±0.3 nm with the volumetric density from 0.00059-0.00342 nm-3
  and 

from 0.00050-0.00100 nm-3
 for FeCr.  These values are similar to Yu et al.’s, who reported an average 

value of 0.55 nm in pure iron at room temperature under a fluence of 6×1016 He/cm2 at 100 keV[38]. 

Henry et al. also reported an average bubble radius of less than 1 nm in a Fe-9Cr-1Mo sample 

implanted with 34 MeV He ions at 250 oC, with an implanted concentration close to 0.25 at.%[98]. 

These results corroborate the bubble formation mechanism that we previously described using DFT. 

We expect that the bubbles visualised using TEM are formed due to the accumulation of He atoms 

inside an irradiation-generated defect that grows in size, possibly even with SIAs formation, as more 

helium accumulates. Our DFT calculations showed a spherical bubble due to He presence up to the 

formation of the first SIA. Then, it loses the spheric shape with its growth. Our simulated 

monovacancy cavity diameter is 0.65 nm (i.e. cavity containing one vacancy with the maximum He 

amount before creating a new SIA), smaller than the average 1.4 nm bubbles visualised by TEM. We 

expect that these are formed by capturing additional He atoms and emitting SIAs. Furthermore, we 

saw no significant differences between pure iron and Fe10Cr, similar to our observed theoretical 

model results, showing that such amount of chromium, implanted at room temperature, did not play 

a noticeable role in the observed bubbles’ features (size and density). It is essential to notice that an 

implantation fluence lower than 1×1016 at/cm-2 may also produce He bubbles. However, as we are 

already within the resolution limit of the microscope, we did not risk investigating them. 

a) 



23 
V. Oliveira Cavalcanti et al, JMN 583 (2023) 154511, https://doi.org/10.1016/j.jnucmat.2023.154511 

 

 

3.2.2. Thermo-desorption spectroscopy (TDS) 
 

3.2.2.1. Pure iron samples 
 

 
At the end of TDS, one sample of each fluence was melted with the He implanted fluences 

determined by mass spectrometry: 1.10 × 1013, 0.86 × 1014, 0.88 × 1015 and 0.57 × 1016 at. cm-2 with 

an associated error of ±5%. Their values were considered in the data treatment, but they are displayed 

from the initially targeted fluences as a simplification. There was a considerable difference in the 

higher fluence targeted and obtained values (-43%) probably due to one or several of the following 

factors: most likely, it is due to a saturation of He in the material, possibly stemming from blistering 

with the accumulation of implantation damages and saturation of the sample[39,99], corroborated by 

some defects seen by TEM (dislocations); uncertainties on the flux measurement (the fluence rate of 

the ion beam has a 1% uncertainty [100]) could have played a minor role; similarly, TDS 

determination of the fluence could have been at its lower bound; a last but not least possible factor is 

that Rutherford backscattering may become significantly higher with the increase of the fluence.  

In this study, the heating ramp was 5 °C/min from room temperature up to around 1300 °C. 

The helium release profile for each fluence versus the temperature in the pure iron samples can be 

seen in Figure 9-ab. Unlike other results, we did not observe a peak before 300 °C [1,2,7]. This peak 

corresponds to the release of helium from vacancies near the surface. In our case, the higher He 

implantation energy (50 keV) causes more profound defects in the specimens; hence, the helium is 

not released by this particular surface-related mechanism.  

Three peak regions are identified, with the values varying from each fluence: region I from 

circa 500-800 °C, region II around 900 °C and III from 1000 to 1200 °C. Region II consists of a sharp 

peak in Figure 9-b, present in all the fluences. The phase transition temperature of iron (α à γ) is at 

912 °C[84], and based on other results[101,102] as well as a sudden concomitant drift of PID, this 

He burst release is attributed to α à γ transition, and we used the peak to adjust emissivities and 
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pyrometry results (as detailed in the Methodology section). Such burst release at the α à γ transition 

is commonly reported in similar experiments[101,102]. For Peak II, Sugano et al.[101] had explained 

this sharp peak due to the lower stability of He-vacancy clusters in fcc iron. However, a similar 

behaviour was also observed by cooling, with a γ à α transition [37]. Ono et al.[35] consider that 

this release is due to the instability caused by a phase transition around the helium bubbles responsible 

for the release, a hypothesis also adopted by Xu and Wirth[102]. Considering that the α à γ (or γ à 

α) transition is exothermic, we hypothesize that the transient increase of T by the phase transition 

could also participate in this sudden He release, at least on its amplitude [103]. 

The higher fluences delay the first helium release peak (onset T from ~480 °C for 1.10 × 1013 

at.cm-2 vs ~640 °C for 1.10 × 1016 at.cm-2). This phenomenon could be related to different 

mechanisms between higher (from 1 × 1015) and lower fluences.  For 1 × 1013 at. cm-2, the release 

starts at around 480 °C, with a considerable and fast release up to 540 °C. Then, slow and lower 

desorption is present between 540 and 750 °C. For 1 × 1014 at. cm-2, it is slightly shifted towards 

490 °C, and the desorption is smaller and slower, seemingly combining two pics into one, which also 

finishes towards 750 °C. In the case of 1 × 1015, the release is significant from 650 °C, while for 

1 × 1016, it is only from 700 °C with a steep peak (half of He budget released within ~50°C). There 

is negligible (~3-4% of He budget) desorption for the higher fluences below 600 °C compared to the 

lower ones. This behaviour could be explained by a change in He desorption mechanism related to 

the fluence. For instance, a higher fluence is responsible for producing more vacancies and forming 

more HenVm clusters with lower values for n, which are more stable and require more energy to be 

released (helium binding energy from 1.8 to 5.3 eV[104] in the vacancy-clusters instead of 2.26 eV 

in a dislocation[105] and 0.4 eV in grain boundaries[106]). Dislocations might be comparatively more 

present and influential at lower fluences due to the lower matrix damage. According to the model 

approximating the activation energy of He dissociation from traps as a function of T (see Appendix), 

the binding energy to the dislocations (2.26 eV [89,99]) matches the onset temperatures of the first 
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release peaks for 1 × 1013 and 1 × 1014 samples, corroborating this idea. The matrix is damaged with 

a higher fluence, and the vacancy clusters significantly reduce the possibility of He diffusing out by 

the dislocation diffusion mechanism without encountering a vacancy trap on its way. For the 1 × 1014 

sample, the shape of the He release derivative between 500 and 780°C seen in Figure 9-b, 

intermediate to the 1 × 1013 and 1 × 1015 cases, suggest two competing release mechanism indeed: a 

dislocation-driven He escapes from the material preferentially at the lower bound of the temperature 

range and a second mechanism later discussed for the higher bound.  

Peak III is already in the fcc range of Fe and is believed to be due to the release from bubbles, 

except for the 1 × 1013, as the vacancy clusters may not be present (or in meagre quantities) due to 

the lower damage and less He is available to be trapped[39,101]. It is seen that 1 × 1015 has the highest 

release at this region, indicating that perhaps the most stable vacancy cluster type is around this 

fluence. A higher fluence value may form a less stable vacancy cluster and more present towards the 

800 oC region, seen by the massive peak for the 1 × 1016. Some characteristics observed in the 

diagram agree with the other literature results. Xu and Wirth[102] noticed that, as the fluence 

increases from 1 × 1014 to 1 × 1015, the peak I reduces and the III increases, like our results. For them, 

this was observed both at an implantation energy of 5 keV and 10 keV for both poly-crystal and 

single-crystal iron. 

 
3.2.2.2. Chromium effect 

     
 

Similarly, helium desorption experiments were done in Fe-10Cr samples with fluences of 

1 × 1014 and 1 × 1016 at/cm2 (measured fluences of 0.80 × 1014 and 0.572 × 1016 at/cm2, respectively, 

similar to that of pure Fe). The results are visible in Figure 9 c) and d). As observed in both cases, 

chromium delays the helium desorption from 500 °C to 700 °C at 1 × 1014, and from 700 °C to 850 °C 

at 1 × 1016. The phase transition does not seem to provide a sharp He release peak as in pure iron 

since a significant release peak is not present at around 850 °C for the FeCr specimen with 1 × 1014. 

b) 
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Most of the He liberated by the 1 × 1016 Fe-10Cr sample is done during a peak starting circa 850 °C, 

but this is more likely by happenstance given the dissimilarity in peak profile between this peak and 

that of the α à γ seen for pure Fe.  

Sugano et al. also saw these features of He release from FeCr.[101], as an increased Cr content 

(5 and 14%) causes a delayed first release peak and less influence from the phase transition. Ono et 

al.[35] also showed a 20 to 130 °C shift to higher temperatures to most of the peaks of a Fe-10Cr 

sample. They explained this change using STEM-EELS and showed that Cr segregates around the 

dislocations and bubbles, diminishing He mobility, and there is also higher nucleation of dislocation 

loops than in pure iron. The third peak region is present in temperatures above 1100 °C for pure and 

iron-chromium samples with similar features. 

Besides these ramp experiments, three heat treatments with plateaux of constant temperature 

were done: two for pure iron with a fluence of 1 × 1014 and 1 × 1015 at.cm-2, and one for iron-

chromium with a fluence of 1 × 1014.  A model was developed and compared to the experimental data 

with the results in  Figure 10, including the small relative error between them in a). The model is 

presented and explained in the next section. 

 
3.2.2.3. Helium desorption model 

 
The results displayed in Figure 9 and Figure 10 show the complexity of developing a model 

with at least three regions of significant peaks and several different processes that may control the 

gas diffusion. The literature and our theoretical and experimental results can provide some 

assumptions and considerations to be adopted in the model: 

• Based on our results, the He interstitial diffusion calculated by DFT is around 0.06 

eV. This value means that He could travel as far as several tens of microns within one 

second at room temperature[102]. As the He implantation depth in our experiments 

is centred around 200 nm, all He available prior to annealing is trapped somehow. 

Conversely, some He should have escaped by interstitial diffusion moments after 
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implantation, explaining that all determined fluences are below the targeted ones, 

especially at the higher fluences, as newly implanted He atoms could re-mobilize 

previously implanted ones. 

• It is believed that He could be trapped by various defects such as grain boundaries, 

impurity-related defects, dislocations, vacancies, helium/vacancy/self-interstitial 

complexes, and interstitial complexes[35,99,102]. Some are naturally present, such 

as grain boundaries due to poly-crystals. Others are induced mainly by He irradiation, 

like vacancies, dislocation and their complexes[89,99]. 

• Pure iron and iron-chromium sublimate at ultra-low pressures, as in our TDS setup, 

at temperatures from 950 °C[107–109]. 

• The vacancy defects recover between 400 and 1000 °C according to[99,110]. 

• The dislocation defects start to recover from temperatures around 527 °C[89,99]. 

• Figure 10 shows that all positive T increments seem to “unlock” a new finite quantity 

of He that exits quickly. On the contrary, no quantitative He is released when the 

temperature decreases (Figure 10-a ~1000-4000 seconds, Figure 10-c ~1000-2000 

and 23000-24000 seconds). Based on our DFT calculations and data gathered in Table 

4, the maximum capacity of He of a vacancy reduces as the temperature increase. 

Thus the He trapping capacity of the whole material should decrease as T increases. 

 

The construction of a model considering all these parameters would require highly complex 

modelling and computational power work. As a first step, we propose some assumptions based on 

our DFT calculations to establish a very simplified model:   

• The oxidised layer possibly formed at the surface is considered a totally inefficient 

retention barrier regarding He diffusion. 

• The grain boundaries are not considered since the grains are tens of microns in length, 
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hence considerably more significant than the maximum He implantation depth of 350 

nm.  

• All the different trapping possibilities for helium are simplified as one type: He is 

either trapped or not. 

• All He concentration at the time t = 0 is trapped. 

• Only one-dimensional diffusion is considered (depth). 

• When He definitely leaves a trap, it is assumed to diffuse in a defect-free Fe(Cr) 

crystalline structure. Thus, it quasi-instantaneously escapes the material (Figure 6).  

• We considered that once the temperature rises, the vacancy trap capacity decreases, 

and a fraction of the trapped helium thus leaves the vacancy traps and diffuses quasi-

instantaneously towards the surface without being retrapped (since all the vacancy 

traps are saturated). This phenomenon agrees with the behaviour observed in Figure 

10, where the released fraction increases in small steps for each T increment. It means 

that, for each increment, a new and finite quantity of helium becomes available for 

detrapping, and only a further increase in temperature could release some additional 

He. This behaviour could be indirectly confirmed by looking at the few cases in Figure 

10a and 10c where T was instead decreased between a plateau Tn and the following 

Tn+1: no or very limited He release was measured for Tn+1 because the He budget that 

would have been released for this temperature was already lost at the Tn plateau.   

From these considerations, we define the starting parameters for the simplified analytical 

model: 

• 𝐶+: He atoms concentration inside the material before the TDS annealing at time 𝑡 = 

0 (at.m- 3). 

• 𝐶: He atoms concentration inside the material at time 𝑡 (at.m-3). 

• 𝑘: rate of helium atoms detrapping (s-1). 
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• 𝐹: fraction available for detrapping. 

Then, following Fick's laws, the concentration of helium in the material as a function of time 

𝑡 can be seen in (Eq.7): 

 

 $%
$&
= −𝑘 ∗ 𝐶   (Eq.7) 

 

The concentration 𝐶 of helium atoms inside the material and the fractional released gas 𝑅 

evolves with the time 𝑡 seen in (Eq.8): 

 

 

These equations can be extended for each temperature step. At given temperature 𝑇, the 

fractional helium released 𝑅4 is given by: 

 

 

Where: 

• 𝑅4: Fractional released of He for a given temperature 𝑇. 

• 𝐹4: He fraction available for detrapping at temperature T 

• 𝑘4: rate of helium atoms that definitively can escape the trapped state in the material 

for a given temperature 𝑇 (s-1).  

The function that is fitted in our model corresponds to each fractional released 𝑅4 plateau. 

This fit is done with an iteration loop using a homemade Python code based on the module kmpfit 

 
𝐶 = 	𝐶+ ∗ (1 + 𝐹 ∗ (𝑒,.% − 1)) 

𝑅 = 1 − 𝐶 𝐶+O = 	𝐹 ∗ (1 − 𝑒,.%)) 
(Eq.8) 

 𝑅4 =	𝐹4 ∗ (1 − 𝑒,.'%) (Eq.9) 
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from the Python Kapteyn library [111]. The adjustment is performed in several steps for each 

temperature independently, where the end of the plateau n-1 is the beginning of the plateau n. Each 

parameter is associated with an error value given by the fit procedure and obtained from the standard 

deviation (𝐹4_𝑠𝑒 and 𝑘4_𝑠𝑒) and the experimental error bars. 

These equations are solved at each temperature plateau in Figure 10, and the 𝐹D and 𝑘D 

coefficients were found for each one of them. This model represents very well the experimental data, 

as demonstrated by the “relative” residual in Figure 10. The fitted coefficients 𝐹4 and 𝑘4, listed in 

Supplementary Tables 1-3, do not vary significantly with the temperature within the error bars, 

corroborating with the DFT calculations, showing that the temperature increase is related to the 

decrease in the maximum quantity of He that could be accommodated inside the vacancy. This is 

done in similar steps at each increment of temperature. 

This model corroborates well the experimental results with our DFT calculations and 

surprisingly well fits the experimental TDS data points (Figure 10). However, it is still a simplified 

approach (notably treating all possible He traps as equivalents). No apparent diffusion coefficient (in 

m²/sec) can be deduced from it, although such numerical data is rather eloquent and convenient to 

gauge the mobility of an atom in a material. In order to obtain an apparent diffusion coefficient, a 

more complex model should be developed. Several models have been developed considering other 

possible He pathways or mechanisms. Caturla et al. considered the different substitutional 

mechanisms for the defect evolution on time [112]. Vassen et al. explored He desorption from iron 

and Vanadium by considering the bubble-coursing mechanism [113]. Nobel gas desorption models 

from other materials besides iron may help better understand the diffusion of this kind of gas in 

general. Poon et al. studied and modelled the deuterium desorption from tungsten based on TDS 

[114]. Yu et al. used stochastic cluster dynamics to model hydrogen retention in damaged tungsten 

[115]. 

 
4. Conclusions 
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This article implemented a multiscale approach to understand helium diffusion inside iron better. 

At the microscopic scale, DFT was used to correctly model the iron unit cell and identify two possible 

helium insertion sites and their energies: tetrahedral and octahedral. Then, the NEB method was 

applied to investigate interstitial He migration pathways and their energies. Finally, the transition 

state theory showed that the octahedral site was not an interstitial site and that only one transition 

should be significant in He diffusion. 

These results were then used in the KMC code to simulate the 3D path of helium in the iron cell. 

It was identified that in the perfect Fe matrix, diffusion already occurs significantly from low 

temperatures, and there is no minimal influence of the temperature since the diffusion barrier is 0.06 

eV.  

Subsequently, the role of chromium and vacancies in helium diffusion was studied. Only a slight 

difference in the migration energies was observed with the addition of the Cr atom. However, the 

vacancies were found to play a significant part in the possibility of trapping the helium atom inside it 

(activation energy of 2.35 eV), thus considerably reducing He mobility. Even a tiny fraction of 

vacancies can significantly reduce the diffusion coefficient (1 vacancy for 100000 Fe sites would 

reduce He mobility by six orders of magnitude around 1000 K according to our model). This comes 

from the vacancy capacity to accommodate many He atoms. One monovacancy can have up to (at 

least) 9 atoms before a self-interstitial atom (SIA) is created in a high-temperature environment.  

The experimental part used two techniques to characterise the helium behaviour in iron alloys 

further. TEM showed a similar behaviour between helium bubbles in pure iron and iron-chromium 

alloys, with a high concentration of tiny bubbles of roughly 0.7 nm of radius for the 1×1016 He.cm-2 

samples.  

TDS shows that several mechanisms influence helium diffusion. For lower fluences (less than 

1×1015 He.cm-2), He release is first allowed through dislocations, while helium-vacancy clusters 
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control it for higher fluences and temperature. A massive He release is also noted along the α à γ 

crystalline transition.  

Based on the DFT calculations, TEM observations and literature data, a simplified (but 

nonetheless efficient) model for He release from Fe(Cr) is proposed, essentially considering that He 

escapes the material by the progressively reduced trapping capacity of the traps as T increases. The 

model's validity is confirmed by the very accurate fit of the helium-released fractions obtained in the 

TDS plateaux experiments (Figure 10). Combining both theoretical and experimental methods thus 

helped complement the description and better understand the He desorption mechanisms. 

The present study conciliates the high helium diffusion calculated in an iron-perfect cell with its 

experimental He retention, explained by efficient He accumulation and trapping in vacancies. 

Possible future research would be studying ways to better cope with this diffusion, including the 

possibility of adding oxide dispersion nanoparticles in it. In a forthcoming publication, it is envisaged 

to see the influence of nanoparticles in steels (ODS steels), specially yttria, to cancel He accumulation 

in ferritic steels. 
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Tables 
 
Table 1: Comparison of our helium's insertion energies in the tetrahedral and octahedral sites with 

other theoretical results from the literature. 

 
Tetrahedral site 

𝐸4E@ (eV) 

Octahedral site 

𝐸4E@  (eV) 

Our results (PBE) 4.57 4.77 

Other theoretical (PBE) 4.56[116], 4.46[117] 4.76[116], 4.65[117] 

Other theoretical (PW91) 4.37[26] 4.60[26] 

Other theoretical (GGA) 4.39[27] 4.55[27] 

 

 

Table 2: Our and literature insertion energies of helium in the tetrahedral sites of a Fe-Cr system 

based on the distance between the helium and Cr atoms. 

 

Tetrahedral 

site in pure Fe 

(eV) 

Distance Cr-He: 

Neighbour, nn, 

and distance to the 

tetrahedral site (Å) 

Tetrahedra

l site 

𝐸4E@ (eV) 

Our 

results 

(PBE) 

4.57 

1nn (1.71) 

2nn (2.65) 

3nn (3.29) 

4nn (3.84) 

4.66 

4.67 

4.60 

4.59 

Other 

theoretic

al 

4.37[26] 1nn (-) 4.67[29] 
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(PW91) 

 
Table 3: Our substitutional helium formation energy 𝐸@AB

;  and vacancy formation energy 𝐸:
; in BCC 

iron compared to other DFT, empirical potentials and experimental results present in the literature. 

 
Vacancy formation 

energy (𝐸:
;) (eV) 

Substitutional He 

energy (𝐸@AB
; ) (eV) 

Our results (PBE) 2.17 4.37 

Other theoretical 

(PW91) 
2.14[28], 2.16[33] 4.08[26], 4.34[28] 

Other theoretical (PBE) 2.08[17], 2.13[18] - 

Other theoretical 

(GGA) 
2.00[118] 4.22[80] 

Other theoretical 

(empirical potentials) 
- 

3.75[119], 

3.72[120], 

4.22[121] 

Experimental results 2.00[122], 1.6-2.2[123] - 
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Table 4: Summary of the different results for the quantity of He atoms that a single vacancy can 

accumulate. 

  

Source  

Temperature (K)   

  0 (static-DFT) 300 (MD)  500 (MD) 800 (MD) 

Maximal 
quantity of 
He atoms 

Our results 17 (relaxed volume), 
20 (frozen volume) £15 £15 £9 

N. Gao et al. 
(2011)[3] - 16 - - 

P. Zhang et al. 
(2014)[33] 

At least 20 (frozen 
volume) - - - 

W. Xiao et al. 
(2014)[1] 8 (frozen volume) - - - 

Y.-L. Liu et al. 
(2015)[17] 10 (relaxed volume) - - - 
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Figures caption 
 
Figure 1: SRIM-calculated depth profile for helium implanted ions (appm) and the resulting damage 

(dpa) in pure iron. 

 
Figure 2: Visualisation of the interstitial sites in iron. a) is the tetrahedral site, and b) is the octahedral 

site. (I) corresponds to the visualisation of the site among all the other atoms of the supercell. (II) is 

a focus of the helium atom in the site with the two nearest unit cells. (III) is the He insertion site.  

 
Figure 3: NEB diagrams of the two possible He interstitial transitions in iron. (a) and (b) represent 

the transition between S1 and S2 sites with three linked images between them. (c) and (d) represent 

the transition between S1 and S3 sites with five linked images between them. (e) shows all the 

possible S1-S2 and S1-S3 transitions for a given site. 

  

Figure 4: NEB diagrams of the possible helium transitions in a supercell of 127 Fe atoms and 1 Cr 

atom based on the distance to the Cr atom. Our PBE NEB results versus Martínez and Fu GGA drag 

method results[88].  

 

Figure 5: NEB diagram of the transition from a vacancy to the third nearest tetrahedral site. 

 

Figure 6: Plot of the logarithm of the diffusion coefficient versus the temperature inverse for the 

different fractions of vacancies. The coefficients were calculated between 300 and 1200 K using a 

homemade C++ code based on an aleatory vacancy distribution. 

 

Figure 7: View of the He atoms in the vacancy after relaxation of the cell and the comparison with 

the original iron atoms position without He.  The original Fe atoms and bonds are pink, representing 
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their original positions when no helium atom is added. (I) are the results for frozen volume 

relaxations, and (II) are for the relaxed volume of the cell. 

 

Figure 8: Transmission Electron Microscopy bright-field images of (I) and (II) for Fe and (III) and 

(IV) for  Fe10Cr samples after He ion implantation at room temperature with a fluence of 1×1016 

He+/cm2. These images were taken with an underfocus, and an overfocus of -1 and +1 µm, 

respectively. Some examples of nanometric visible helium bubbles (seen in white) are marked with 

red arrows. (a) and (b) are the statistical distribution of the bubbles as observed and manually counted 

on images related to (I) and (II) for Fe and (III) and (IV) for Fe10Cr specimens, respectively. 

 

Figure 9: a) Cumulated helium release profiles from the TDS versus the temperature for a heating 

ramp of 5°C/min and for pure Fe. b) Instantaneous release as a function of the temperature for pure 

Fe. c) Cumulate helium release profiles of iron and iron-chromium from the TDS versus the 

temperature for a heating ramp of 5 °C/min. d) Instantaneous release as a function of the temperature.  

The different peak regions are indicated in the figure.  

 

Figure 10: Cumulated He release plateaux from TDS versus time for the different samples: a)  Fe 

implanted with a fluence of 1×1014, b) Fe implanted with a fluence of 1×1015, c) FeCr implanted with 

a fluence of 1×1015. The temperature profile evolution is also presented on the right side. In a), the 

application of the fit models is used as an example, with the relative error between experimental and 

simulated results shown.  
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Figure 10 
 
Appendix: 

 

Xu and Wirth proposed in their paper [102] to directly relate activation energy associated with 

He diffusion, considering a first-order dissociation kinetic model. It starts with the following relation 

: *<
*%
= −𝑁𝑓exp	(− -

.(!
), where 𝑁 represents the quantity of He atoms not yet released from a trap, 𝐸 

is the activation energy for the corresponding trap, 𝑓 is the jumping frequency (the value assumed is 

1013 Hz[102,104,124]). From this equation, we can derive from the heating rate 𝑅, the peak 

temperature 𝑇I and the activation energy 𝐸 the following relation: ln 6 J
!)!
; = − -

.(!)
+ ln	(;.(

-
). By 

deriving with the Redhead equation[125], we have a direct relation: 𝐸 = ((ln G;!)
J
H − 3.64)𝑘B𝑇I. 

With our value of heating rate of 5 K/s, the activation energy values can be easily derived. For the 

case used in the present document, for T = 460 oC corresponds a E value of 2.26 eV. Note this is an 

approximation, as the dissociation kinetics is not a first-order model, as described by Xu[37], and the 

model does not consider the interactions between traps with different activation energy values. 

 

 

 

 

 

 

 

 

 

 

 

 

b) 



59 
V. Oliveira Cavalcanti et al, JMN 583 (2023) 154511, https://doi.org/10.1016/j.jnucmat.2023.154511 

 

 

 

Supplementary Table 1: 𝐹4 and 𝑘4values as a function of the temperature for the pure iron sample 
implanted with 1×1014 He/cm2 with the associated standard deviation error bars. 

 

Temperature 
(oC) 𝑭𝒊 𝑭𝒊_𝒔𝒆 𝒌𝒊(s-1) 𝒌𝒊_𝒔𝒆(s-1) 

506 7.061E-
02 2.670E-03 1.839E-

03 
1.304E-

04 

486 9.342E-
03 1.048E-03 1.080E-

03 
3.178E-

04 

466 4.803E-
03 4.842E-04 7.126E-

04 
1.808E-

04 

526 1.438E-
01 6.735E-03 5.717E-

04 
3.384E-

05 

546 1.488E-
01 2.082E-03 1.022E-

03 
2.465E-

05 

566 8.987E-
02 1.020E-03 1.114E-

03 
2.517E-

05 

587 5.651E-
02 8.860E-04 7.217E-

04 
1.746E-

05 

608 5.580E-
02 1.221E-03 8.573E-

04 
2.991E-

05 

629 4.694E-
02 8.375E-04 1.259E-

03 
4.349E-

05 

656 3.916E-
02 8.577E-04 2.129E-

03 
1.072E-

04 

692 3.642E-
02 6.595E-04 2.864E-

03 
1.350E-

04 

732 6.210E-
02 6.731E-04 3.201E-

03 
1.110E-

04 

785 2.732E-
02 1.552E-03 2.610E-

03 
3.341E-

04 

837 2.675E-
02 9.619E-04 2.919E-

03 
2.681E-

04 

893 5.473E-
02 7.579E-04 2.599E-

03 
1.319E-

04 
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948 6.874E-
02 5.605E-04 1.293E-

02 
9.225E-

04 

1002 2.250E-
02 1.079E-03 1.042E-

03 
1.013E-

04 

1054 1.961E-
01 1.618E-02 3.153E-

04 
3.245E-

05 

1106 5.692E-
02 9.575E-04 3.069E-

03 
1.538E-

04 

1173 2.392E-
02 7.466E-04 1.930E-

03 
1.607E-

04 

 

 

 

 

 

 

 

 

Supplementary Table 2: 𝐹4 and 𝑘4values as a function of the temperature for the pure iron sample 
implanted with 1×1015 He/cm2 with the associated standard deviation error bars. 

 

Temperature 
(oC) 𝑭𝒊 𝑭𝒊_𝒔𝒆 𝒌𝒊(s-1) 𝒌𝒊_𝒔𝒆(s-1) 

697 4.188E-
02 

8.398E-
04 

4.873E-
03 

3.046E-
04 

745 3.066E-
02 

6.952E-
04 

4.099E-
03 

3.071E-
04 

795 1.299E-
02 

3.228E-
04 

1.792E-
03 

1.448E-
04 

894 1.919E-
02 

7.775E-
04 

4.279E-
03 

6.792E-
04 

950 1.978E-
02 

4.287E-
04 

9.012E-
03 

1.310E-
03 
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Supplementary Table 3: 𝐹4 and 𝑘4values as a function of the temperature for the Fe10Cr sample 
implanted with 1×1014 He/cm2 with the associated standard deviation error bars. 

 

Temperature 
(oC) 𝑭𝒊 𝑭𝒊_𝒔𝒆 𝒌𝒊(s-1) 

𝒌𝒊_𝒔𝒆(s-
1) 

594 5.17E-02 2.15E-04 2.41E-02 9.87E-
04 

560 8.52E-03 3.79E-03 3.29E-04 1.93E-
04 

623 3.14E-02 3.60E-03 3.94E-04 5.60E-
05 

653 2.14E-01 2.53E-01 1.11E-04 1.57E-
04 

682 8.98E-02 2.53E-03 6.32E-04 2.69E-
05 

711 8.42E-02 1.60E-03 5.78E-04 1.68E-
05 

740 5.62E-02 1.91E-03 7.53E-04 4.09E-
05 

760 2.64E-02 1.86E-03 1.89E-03 2.58E-
04 

779 3.73E-02 3.70E-03 4.97E-04 7.08E-
05 

799 1.33E-01 3.19E-02 1.63E-04 4.62E-
05 

828 3.93E-02 1.04E-03 1.14E-03 5.20E-
05 

857 5.57E-02 3.51E-03 3.78E-04 3.01E-
05 

896 6.35E-02 6.44E-03 3.73E-04 4.75E-
05 

935 1.00E-01 5.74E-02 2.65E-04 1.68E-
04 

880 3.82E-02 1.39E-03 8.24E-04 3.92E-
05 

1020 2.02E-01 2.52E-02 1.16E-03 1.94E-
04 



62 
V. Oliveira Cavalcanti et al, JMN 583 (2023) 154511, https://doi.org/10.1016/j.jnucmat.2023.154511 

 

1050 1.36E-01 3.30E-03 1.05E-03 3.61E-
05 

1100 8.78E-02 1.03E-03 2.28E-03 6.30E-
05 

1150 6.59E-02 1.36E-03 9.16E-04 3.02E-
05 

 

 


