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Abstract 

Effect of helium on void swelling was studied in high-purity iron, irradiated using energetic 

self-ions to 157 dpa at 773 K, with and without helium co-implantation upto 17 appm He/dpa. 

Microstructure characterization by transmission electron microscopy revealed compelling 

evidence of dramatic swelling reduction by the addition of helium, achieved primarily by 

reduction of size of the cavities.  A comprehensive understanding of helium effects is 

developed and discussed using the sink strength ratios of dislocations and cavities. Results 

also show unexpected drastic suppression of void swelling adjacent to the damage peak, 

which we attribute to the so called injected interstitial effect. 

Keywords: Iron; ion irradiation; transmission electron microscopy (TEM); cavity nucleation; 

helium. 

Introduction 
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In the future fusion reactors, the steel structural materials will be exposed to high 

neutron dose of up to 150 - 200 displacements per atom (dpa) at elevated temperatures up to 

973 K, [1 - 3]. Apart from irradiation damage, helium gas will be produced in the steels by (n, 

α) transmutation reaction, in amounts depending on the neutron spectrum, fluence, and alloy 

composition [2, 4, 5]. Specifically for the fusion reactors, helium generation rate for steels by 

14 MeV neutrons is expected to be ~ 10 – 12 appm He/dpa [4, 5]. The interaction of such 

large levels of helium with the radiation induced defects will largely complicate the radiation 

damage scenario.  It is, hence, of paramount importance that helium induced microstructure 

modifications, its interaction with radiation induced defects and the ensuing consequences on 

material properties be evaluated with rigour. The study of radiation effects on simple high 

purity bcc Fe is of particular interest because it is the base element for the structural steels 

envisaged for use in the next generation of nuclear reactors. Moreover, in such model 

materials, the fundamentals of the radiation effects are relatively simpler to understand owing 

to the absence of alloying elements and impurities, known to interact strongly with radiation 

induced defects [6-8].  

 Many previous studies have shown that helium drastically degrades mechanical 

properties of metals and ceramics [9, 10], predominantly owing to preferential nucleation of 

helium stabilized cavities on the grain boundaries at high temperatures [Ref]. This behaviour 

induces grain boundary weakening, developing a tendency for inter-granular cracking [4]. 

However, the most well-known and relatively less understood phenomenon is the influence of 

helium on the nucleation and growth of cavities which causes void swelling [4, 9, 11].  It is 

largely accepted in the international community that helium causes void swelling by 

facilitating cavity formation. Ab-initio calculations on the interaction of helium atoms with 

vacancies in bcc Fe have shown that the primary role of helium is to stabilize vacancy clusters 

[12, 13]. Thisconclusion is derived from the observed strong binding energy of vacancies to 
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helium atoms and to helium-vacancy (He-V) clusters. This theoretical result is experimentally 

validated. As for example, transmission electron microscopy (TEM)-based experimental 

studies of Brimbal et al. [11] showed an order of magnitude increase in cavity number density 

in high purity bcc Fe which was irradiated simultaneously by 2 MeV Fe2+ self-ions and 2 

MeV energy degraded He+ ions to  ~100 dpa, co-implanted with 26 appm He/dpa  at 773 K, 

as compared to the situation when no helium was implanted.  Positron lifetime measurements 

in pure Fe have also shown that helium favours the formation of cavities as compared to 

hydrogen [14]. However, contrary to popular belief, void swelling was seen to decrease upon 

helium addition by Brimbal et al [11]. It was noted to be 0.40% when no helium was present, 

which then reduced to 0.31% and 0.2 % by co-implantation of 250 appm and 2500 appm 

helium respectively. The average cavity size was seen to decrease from 24 nm to 7.2 nm for 

the highest helium implantation dose.  Similar observations in pure Fe were noted by 

Kuramoto et al. [15] after single beam and dual beam irradiations using 4 MeV Ni ions and a 

continuous energy varying helium ion beam at 723 and 773 K to 50 dpa, ~ 10 appm He/dpa. 

Apart from these studies, to the best of our knowledge, a detailed analysis of void swelling 

behaviour induced by helium during ion irradiations on high purity bcc Fe is not available in 

the literature. However, a large void swelling data set after ion and neutron irradiations is 

present in the literature for steels and other metallic materials where in majority of the cases 

enhanced void swelling occurred due to helium [16 - 22] and in many other cases reduced 

swelling was observed [11, 15, 23-25].  This symbolises that helium may have a dual role on 

swelling. Nevertheless, an increase of swelling due to helium is well explained because 

helium addition would enhance cavities, but not the contrary. To well-understand the role of 

helium on void swelling, we have performed dedicated ion irradiation experiments on a very 

high purity bcc Fe to high dose (> 100 dpa) at 773 K with and without simultaneous helium 

implantation.  
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The sample was produced at the Ecole des Mines, Saint Etienne, and received as a 

cylindrical rod of 1.1 cm diameter, in recrystallized state, after a cold reduction of 70%. It was 

then annealed at 973 K for 1 hour under pure argon flow, to reach larger grain sizes and low 

dislocation density. The resulting mean grain size was 183 μm and the dislocation density was 

of the order of 1012 m-2. The nominal impurity concentration of the material is given in Table 

1. Circular discs of 1 mm thickness were cut from the as-received rods using a Struers cutting 

saw. They were then mechanically polished to mirror finish by silicon carbide/diamond 

abrasives to 100 µm thickness, using a Struers grinding / polishing machine. Then, discs of 3 

mm diameter were punched out and jet-electropolished in a bath containing 5 % percloric acid 

in ethanol at -40 °C for a few seconds in a Tenupol-5 thinning device to obtain mirror 

polished dimpled discs. The ion irradiations were performed at the JANNuS (Joint 

Accelerators for Nano-science and Nuclear Simulation) multi-beam irradiation facility at 

CEA, Saclay, France, using a 3 MV Pelletron accelerator, and a 2.5 MV single ended Van de 

Graaf, coupled to an irradiation chamber, for performing simultaneous single or dual beam 

ion irradiations. 2 MeV Fe2+ self-ions were used to reach a fluence equal to 1.38 x 1021 

ions.m-2. The resulting depth profile of the displacement damage, measured in displacements 

per atom (dpa), is given in Fig. 1. It was estimated using SRIM in a Fe matrix, using a 

displacement threshold of 40 eV, and based on the Kinchin–Pease calculation, as 

recommended by Stoller et al. [26]. The maximum dose at the damage peak, located at 550 – 

600 nm from the irradiated surface, was 157 dpa. The damage rate at the peak was ∼3.3x10-3 

dpa/s. For the dual beam case, 2 MeV He + ions were co-implanted along with the Fe beam, to 

reach a fluence of 8.4x10 20 ions.m -2. To implant He at the damaged zone created by the Fe 

ions, an energy degrader consisting of a combination of thin aluminium foils was used on the 

He beam, as described in Appendix A of Ref. [11]. The helium implantation profile is not 

homogeneous because of a significant ion loss due to divergence, after scattering in the foils. 
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The implantation profile was calculated after this correction and is given in Fig.1. The helium 

to dpa ratio at the damage peak was 17 appm He/dpa.  The profile of the injected Fe self-ions 

is also given in Fig.1. After irradiations, transverse focused ion beam (FIB) specimens were 

extracted from the irradiated discs, to access the complete depth distribution of the irradiation 

damage. These specimens were prepared by lift-out technique using a FEI Helios 650 dual 

beam FIB machine at CEA-Saclay, France. The initial lift-out was done using 30 keV Ga 

ions. While thinning, the energy of the ions was decreased progressively up to 2 keV to 

minimise Ga induced defects. The irradiated microstructure was characterized by 

conventional TEM, utilizing a LaB6 based 200 keV Jeol JEM 2100 TEM, equipped with a 

Gatan Orius high resolution CCD camera and a Gatan GIF Quantum spectrometer for EELS 

(electron energy loss spectroscopy). Through-focal series imaging technique [27] was used to 

image the cavities in the microstructure, which appear bright with a dark Fresnel fringe 

around when the objective lens of the TEM is under-focused and vice-versa. For the sake of 

simplicity, only under-focused images are presented in this article. Depth variation of void 

swelling was estimated by calculating the volume fraction of the cavities observed in the 

TEM micrographs. Where ever possible, care was taken to consider the cavity shapes while 

calculating their volume. The error bars were also calculated on the value of void swelling. 

The main sources of error were in (i). thickness determination, (ii). statistical error in the 

number of cavities in the analysed zone and (iii). the error in determining cavity size. 

Specimen thickness was determined by measuring the plasmon peak intensity in EELS and 

utilizing the log-ratio model [28]. The error in thickness, obtained by performing repeated 

measurements on the same zone, was about ± 15%. The statistical error on the cavity count 

was minimised by analysing a larger zone to have sufficient number of cavities to consider. 

The error in cavity size was estimated by making repeated size measurements on the 

microstructure on the under-focused TEM images. It was strongly dependent on the cavity 
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size. For cavities between 5 - 20 nm size, it was 11%. Larger cavities, beyond 20 nm size, had 

error in the range of 3 - 5%. All these errors were included for calculation of each swelling 

data. For faceted cavities, the longest distance was considered as the size, while for spherical 

cavities, the size is represented by their diameter. Cavity number density was also estimated 

for the specimens. The error bar on this value was estimated using the error in the thickness 

measurement and the statistical error in the number of cavities considered for the analysis. 

Fig. 2 shows the bright field TEM images of cavities formed after the high dose irradiations, 

with and without helium co-implantation. TEM images in Figs. 2a and 2b were taken on (001) 

zone axis, which show that most of the cavities were faceted. Figs. 2c and 2d show the entire 

depth distribution of cavities in the samples. For a better understanding, quantitative values of 

the depth variation of cavity size, number density and void swelling, extracted from the TEM 

images, is shown in Fig. 3. The TEM images and the quantitative results denote a denuded 

zone up to ~100 nm below the irradiated surface for both the irradiation conditions. Beyond 

that, addition of helium was seen to reduce the size of cavities and to increase their number 

density drastically. This behavior induced a very strong reduction of void swelling upon 

helium co-implantation all along the damage depth (Fig. 3c). As for example, in the zone 

between 300 - 400 nm, void swelling was estimated to be 8.5 % for the sample with no 

helium, which reduced to only ~1% when helium was co-implanted. In this case, the average 

cavity size was 67 nm for the former and only 6.8 nm for the later, with almost two orders of 

magnitude higher number density. Maximum difference of swelling in the two cases was 

noted for the regions between 200 - 300 nm. The trend of higher average cavity size when no 

helium was present was true for the entire damage depth, while the sample with helium 

always had higher number density along the depth. Since void swelling was always higher for 

the sample with no helium, it is evident that swelling was dominated by the cavity size and 

not by the number density.  



7 
 

From these results, it is very clear that void swelling will not be always higher when helium is 

injected simultaneously. The results agree with the works of Brimbal et. al [11] and Kuramoto 

et al [15] mentioned previously who also reported swelling drop upon helium injection in bcc 

Fe. Thus, caution must be addressed when interpreting or analysing the existing literature 

results or future experimental results on swelling behaviour of steels in terms of helium. In the 

present study, smaller sized cavities (2 - 4 nm in size) were present all along the target depth 

for the sample with helium co-implantation, which suggests that the nucleation of cavities was 

still on-going. In contrast, no such small cavities were present when helium was not implanted 

simultaneously, indicating that the nucleation phase of the cavities was over and the 

microstructure was controlled by cavity growth. This agrees with the stabilization of vacancy 

clusters by helium as proposed by Fu et al [12], which would directly induce higher cavity 

number density in experimental situations such as ours. Other relevant works available in the 

literature are not on pure bcc Fe, but usually on fcc austenitic steels. For example, in a 

relatively old study by Packan and Farrell [23] on the influence of the method of gas 

implantation on void swelling of 316 stainless steel, similar results were seen when helium 

was co-implanted. At 900 K up to 70 dpa, swelling reached 18% when no helium was present, 

and dropped to 11% when helium was simultaneously injected to 20 appm He/dpa. More 

details of the microstructure are published by the authors in Ref. [29] where once again it was 

seen that helium reduced cavity sizes (90 nm without helium and 49 nm with helium) and 

increased number density (4.2 x 1020 m −3 without helium and 1.3 x 1021 m −3 with helium). 

Thus, the drop in net swelling was due to the reduction of the cavity sizes. In a related study, 

the authors observed this swelling reduction over a wide range of temperature (840 – 1100 K) 

[30].   

Within the framework of the dislocation bias model [31, 32], it is known that swelling is 

induced by the effect of bias i.e. preferential migration of interstitials at dislocations which 
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leaves vacancy super-saturation in the matrix. The cavity begins to grow more rapidly in 

response to an excess flux of vacancies over interstitials. However, this excess flux of 

vacancies, and hence cavity growth, is strongly dependent on the relative point-defect (PD) 

sink strengths of the microstructural features including the cavities themselves. But cavities 

are unbiased or neutral sinks because they do not have any associated strain fields, which 

means no preferential absorption for any kind of defect. If the number density of cavities 

increases sufficiently in the irradiated material due to helium, it is possible that they can 

become the dominant sinks for the mobile PDs or their clusters instead of the dislocation lines 

or the dislocation loops. In that case, the relative interstitial flux towards the dislocations 

would be reduced, reducing the vacancy flux towards the cavities due to enhanced 

recombination. Cavities would then be unable to grow, thereby, restricting swelling. The 

quantitative term to explain this behaviour is the ratio of the sink strengths of the dislocations 

and cavities [32] given by  

In this equation, 𝑍𝑍𝑖𝑖,𝑣𝑣𝑑𝑑  and 𝑍𝑍𝑖𝑖,𝑣𝑣𝑐𝑐  are the bias factors of the dislocations and cavities (for 

interstitials and vacancies) respectively, L is the total dislocation length, 𝑟𝑟𝑐𝑐𝑁𝑁𝑐𝑐 is the product of 

the average cavity size and cavity number density. For neutral sinks like cavities, bias factor 

𝑍𝑍𝑖𝑖,𝑣𝑣𝑐𝑐  is taken as unity because cavities are unbiased. Based on this Q-value, an experimental 

data set on steady state swelling in austenitic stainless steels and F-M steels is collected by 

Mansur and Lee [32]. It shows that the swelling rate shows a peak when Q = 1, i.e. when the 

bias by dislocations and cavities is equal. If Q > 1, the dislocation density is high enough to 

significantly reduce the vacancy super-saturation needed to cause swelling. This leads to 

swelling decrease. When Q < 1, the bias is controlled by the cavities which are in high 

 𝑄𝑄 =
𝑍𝑍𝑖𝑖,𝑣𝑣𝑑𝑑 𝐿𝐿

𝑍𝑍𝑖𝑖,𝑣𝑣𝑐𝑐 4𝜋𝜋𝑟𝑟𝑐𝑐𝑁𝑁𝑐𝑐
 

(1) 
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number density. In that case, swelling drops again because cavity growth is hindered. In our 

case, since helium is not expected to drastically affect the dislocation loop microstructure 

because of a very weak binding between helium and self-interstitial atoms [33], it is 

reasonable to consider that the samples with and without helium co-implantation will have 

similar loop microstructure. Due to this, the dislocation bias for both these irradiation 

conditions should also be similar. Then, Q and hence swelling would be inversely 

proportional to the cavity sink strength, shown as 𝑄𝑄 ∝ ( 𝑍𝑍𝑖𝑖,𝑣𝑣𝑐𝑐 4𝜋𝜋𝑟𝑟𝑐𝑐𝑁𝑁𝑐𝑐)−1. Taking  𝑍𝑍𝑖𝑖,𝑣𝑣𝑐𝑐  equal to 

unity, the calculated depth variation of the cavity sink strength for the irradiation without and 

with simultaneous helium co-implantation in bcc Fe in our case is shown in Fig. 4. In the 

entire damage depth, the sink strength of the cavities was higher due to a higher cavity 

number density when helium was co-implanted. This, hence, explains why void swelling was 

less when helium was co-implanted. In austenitic stainless steels, dual beam ion irradiations at 

873 K by Katoh et al.  [34] and neutron irradiations at 773 – 793 K by Stoller [35] show that 

swelling peaks at intermediate He/dpa ratios. Void swelling was seen to increase for He/dpa 

levels between 0 to ~ 15. For higher He/dpa levels, void swelling decreased. This behaviour 

was explained using similar arguments based on the variation of the sink strength ratio Q 

mentioned earlier. The initial increase in swelling was due to the early onset of cavity 

nucleation induced by helium, which continued to increase until the dislocation and cavity 

bias are equal. Beyond that, the excessive nucleation changed the bias towards cavities due to 

which the swelling decreased. In our case, He/dpa varied from ~ 5 appm He/dpa in near 

surface areas to 17 appm He/dpa at the damage peak. But all along the depth, swelling was 

less when helium was present. We did not see a similar peak in swelling appearing at a given 

He/dpa. We attribute this to the irradiation conditions in terms of dpa, dpa rate and primary 

knock-on spectrum which vary strongly along the damage depth. Thus, a direct comparison 

with the He/dpa effect, as seen for austenitic steels, cannot be made. Nevertheless, the Q-



10 
 

values along the damage depth in our case were always higher for the sample with co-

implanted helium, which implies that we were always in the condition where the bias was 

dominated by the cavities.  

TEM results in Figs. 2 and 3 also revealed that cavity size and the associated void 

swelling reduced significantly along the damage depth in the areas near the damage peak.  

Since the dose increases along the specimen depth, and is maximum at the damage peak, such 

a swelling trend is unexpected. Since the dose rate in our study varied from 1.4 x 10-3 dpa/s at 

the surface to only ∼3.3 x 10-3 dpa/s at the damage peak, the observed decrease in cavity size 

and reduced void swelling is not a dose rate effect. During ion irradiations, the ions deposited 

in the material lie very close to the damage peak. In the present study, as visible in Fig. 1, the 

implantation peak of the self-ions was at ~ 700 nm, with a long tail towards the damage peak 

around 550 - 600 nm. At the implantation peak, the amount of injected Fe ions was ~40000 

appm (4 at.%), which reduced to 20000 - 30000 appm at the damage peak. Based on this, we 

believe that the unexpected swelling suppression at the damage peak is due to the injected 

ions which recombine with the radiation induced vacancy clusters, giving rise to the well-

known injected interstitial effect. As a result, cavities reduce in the areas around the damage 

peak, thereby artificially reducing void swelling. Many previous ion irradiation studies 

performed on a variety of metallic materials have reported similar observations [36-43]. Rate 

theory simulations have also shown that injected ions can strongly reduce void nucleation rate 

[39] and suppress void growth [41]. More recently, injected interstitials were also shown to 

influence the formation of radiation induced α’ phase formation in ion irradiated Fe-Cr alloys 

[44]. This is purely an artefact of ion irradiation experiments. Thus, to obtain reliable 

experimental results after ion irradiations, it is imperative to avoid the damage peak area for 

characterizing of radiation induced defects. 
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In summary, high dose self-ion irradiations with and without helium co-implantation 

on high purity bcc Fe at 773 K revealed a strong void swelling reduction due to helium co-

implantation. TEM analysis on FIB foils revealed that swelling reduction was primarily due to 

strong reduction in cavity sizes, but with an order of magnitude higher cavity number density.  

The results, explained using the sink strength ratios of cavities and dislocations, highlight that 

void swelling will not be always higher when helium is co-implanted. Helium addition will 

enhance cavity nucleation. However, the cavity number density can become high to an extent 

that they become the major sinks for PDs. In such scenarios, since cavities are neutral sinks, 

their growth is limited, thereby restricting void swelling. The analysis of the depth distribution 

of cavities also revealed that injected interstitials artificially reduce void swelling adjacent to 

the damage peak in ion irradiation studies. 
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 Table 1: Nominal impurity concentration of the high purity bcc Fe. 

 

Material 

 

Cr 

 

C 

 

Si 

 

O 

 

N 

 

P 

wt.% wt. ppm wt. ppm wt. ppm wt. ppm wt. ppm 

Pure Fe < 2 ppm 4 2 4 1 < 5 

 

 

 

Figure 1: Depth profile of displacement damage, helium implantation profile (in appm) and 

injected self-ion profile (in appm) obtained for Fe matrix by SRIM calculations. 
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Figure 2: BF TEM image of cavities in bcc Fe after irradiation at 773 K to 157 dpa. (a). 

helium co-implanted to 17 appm He/dpa at the damage peak and (b) without helium co-

implantation. Imaging performed on (001) zone axis. (c), (d). TEM images of the depth 

distribution of cavities in bcc Fe with and without helium co-implantation respectively 

(under-focus = -1136 nm). 
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 Figure 3: Comparison of depth distribution of average cavity size, number density 

and void swelling in bcc Fe irradiated at 773 K without and with co-implantation of helium. 
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 Figure 4: Depth variation of the cavity sink strength estimated in the irradiated 

bcc Fe.  
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