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ABSTRACT 

Ferritic/martensitic (f/m) steels are candidate structural materials for fission/fusion 
nuclear applications due to their radiation and void-swelling resistance. In the radiation 
environments with a high production rate of helium, such as fusion or spallation applications, 
these materials suffer from a non-negligible swelling due to inhibited recombination between 
vacancy and interstitial-type defects. In this work, bubble nucleation and swelling in helium 
implanted Fe9Cr steel has been investigated by means of positron annihilation lifetime 
spectroscopy (PALS) and transmission electron microscopy (TEM). Helium-implantation-
induced damage profile was probed across a wide range of displacement damage rate (1.5 – 40 
dpa) and helium concentrations (370 appm He – 50 at.% He), using the variable-energy slow 
positron beam system (SPBS). The SPBS-based PALS enabled to study helium-vacancy 
agglomerations sized below the resolution of TEM, i.e. the early stage of the formation of 
helium bubbles (<3 dpa; < 5 000appm He). At higher dpa, in the ion-track region (~5 dpa; ~15 
000 appm He), the bubbles start to be clearly resolvable by TEM, and it is possible to compare 
the results of the two techniques. In the damage and helium peak region, where the SPBS 
technique suffers from a poor sensitivity due to coarsened helium bubbles (>2 nm), cross-
sectional TEM analysis showed a saturation of bubble swelling at helium concentration ~1 at.%. 
The present experiments show an excellent correlation between SPBS and TEM, providing 
evidence of the applicability of the presented approach. This study indicates promising 
directions for future comprehensive microstructural characterization experiments on materials 
exposed to radiation environments with high helium production rates. 
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1 INTRODUCTION 

Volumetric void or bubble swelling is one of the major degradation mechanisms of materials 
exposed to harsh radiation conditions. It is a key factor limiting the safe operational lifetime of 
nuclear power and other nuclear installations. Among structural materials, (reduced-activation) 
ferritic/martensitic (RAFM) steels are known for their high resistance to swelling. Due to their 
additional low thermal expansion and high thermal conductivity, these materials are considered 
to be the prime candidates for applications in nuclear fusion reactors. In the first reactor-scale 
experimental fusion device ITER, RAFM steel Eurofer97 was chosen as the main structural 
material for most test blanket modules (TBMs). Currently, advanced next-generation higher 
performance steels are being developed and tested in harsh radiation environments such as 
spallation neutron targets [1]. The key aims of the research are to improve the radiation damage 
resistance further, operational lifetime and reliability of the fusion reactors, as well as to 
increase thermodynamic efficiency and to reduce construction costs [2]. 

Despite the superior swelling resistance of ferritic and ferritic/martensitic steels, compared 
to their austenitic counterparts, high displacement damage in combination with some 
production/accumulation of helium can enhance radiation degradation processes, including 
void swelling. Wang et al. [3] reported swelling of several percent in 9%Cr RAFM steel pre-
implanted with 10-100 appm of He and irradiated to 400 dpa with Fe++ at 460 °C. In the same 
work, however, 20 – 300 times less swelling was observed in 12%Cr RAFM steel exposed to 
the same irradiation conditions. It is generally accepted that the swelling and swelling rate 
significantly depend on the presence of sinks in the crystal lattice, which retard this process. 
These sinks can be of various nature from grain/lath boundaries, oxide nanofeatures to actual 
radiation-induced voids, which can become even dominant sinks in the system [4]. According 
to Zinkle et al., the good void swelling resistance exhibited by conventional ferritic/martensitic 
steels following fission neutron irradiation is expected to be severely impaired for deuterium-
tritium (DT) fusion irradiation conditions [1]. A simple extrapolation of the swelling data from 
fission reactor irradiation to the fusion radiation environment is not acceptable in the 
development of the future generation nuclear structural materials. 

The assessment of the actual void (bubble) swelling in f/m steels exposed to radiation 
environments with high production rates of helium is facing two significant difficulties. First is 
the swelling contribution of the vacancy clusters of a size below the resolution of the 
transmission electron microscopy (TEM). These defects are generally considered to be 
precursors of large defect agglomerations such as bubbles or voids but cannot be resolved in 
conventional TEM micrographs. A high density of such defects occurs already at low doses 
(few dpa) and requires considering them in the total swelling calculations. The other 
complication of the experimental swelling assessment is the spatial heterogeneity in void 
distribution. There is about 20 % uncertainty in the swelling data originating from the TEM 
analysis [3]. This value can be considerably larger for materials with strongly anisotropic 
microstructure such as oxide dispersed strengthened steels. 

A reasonable and acceptable solution to both issues mentioned above can be obtained by 
positron annihilation lifetime spectroscopy (PALS) as a complementary experimental approach 
to the transmission electron microscopy. Experimental techniques based on positron 
annihilation have been used in our laboratory for about 20 years [5]. This paper reports 
preliminary results of a comprehensive study aimed at the helium embrittlement of 
ferritic/martensitic steels exposed to harsh radiation conditions, simulated by implantation of 
high fluences of helium ions.  The experimental characterization was performed using slow 
positron beam spectrometer (SPBS) with variable positron energy [6], combined with 
conventional TEM.  
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2 EXPERIMENTAL 

In the present experiments, ferritic/martensitic Fe-8.9Cr-1.1W-0.47Mn-0.2V-0.14Ta-
0.11C steel Eurofer97, was investigated. Sample of 10x10x0.5 mm was prepared by electrical 
discharge cutting and mechanical polishing. To eliminate any residual stresses induced by 
mechanical polishing, the final surface treatment was electrochemical polishing in a perchloric 
acid solution. The sample was subsequently irradiated with 500 keV He+ ions with a fluence 
1022 ions/m2 using the 500 kV open-air implanter at ATRI MTF STU [7]. Irradiation 
temperature was kept below 70°C. The number of displacements per atom (dpa), calculated 
according to the NRT model [8] was ranging between 1.6 and 39.4 for the near-surface region 
(50nm) and peak region (1050nm) respectively. The helium concentration (cHe) determined in 
the same way was 370appm and 50 at.% respectively. The relative dpa profile, including helium 
ion distribution and He-to-dpa ratio as obtained from SRIM code, is shown in Fig.1. This figure 
further shows two illustrative examples of positron stopping profiles, explained below, with the 
energy 8 and 16keV. One can see also an estimated region where the size-sensitivity of the two 
techniques overlaps, providing and experimental opportunity of a mutual correlation. 

 
Figure 1: Theoretical simulation of the implantation profile (dpa, cHe and cHe/dpa) and 

illustrative positron stopping profile for energies 8 and 16 keV, respectively. 

 

The implantation profile of positron with a given energy E in solids can be described by 
a so-called Makhovian distribution (Eq. (1)), with the mean implantation depth (𝑧̅), calculated 
according to Eq. (2). 

𝑃(𝑧, 𝐸) =
𝑚𝑧𝑚−1

𝑧0
𝑚 𝑒

−(
𝑧

𝑧0
)

𝑚

,     (1) 

 

Here, z0 is related to the mean implantation depth by 𝑧0 =
2�̅�

√𝜋
  and the shape parameter m 

= 2 [9, 10]. 
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The mean implantation depth of the positron into the sample, 𝑧̅, depends on the positron 
energy E and the density of the target material ρ as follows: 

 

𝑧[̅𝑐𝑚] =
𝐴𝐸⌈𝑘𝑒𝑉⌉𝑛

𝜌[𝑔.𝑐𝑚−3]
.      (2) 

 

A = 40 [𝑔. 𝑐𝑚−2. 𝑘𝑒𝑉−𝑛] and n = 2 are empirically determined coefficients, applicable 
for most materials.  

The cross-sectional TEM samples of the irradiated steels were prepared using the focused 
ion beam (FIB) lift-out techniques using a FEI Helios Nanolab system, with a Ga acceleration 
voltage between 1 kV to 30 kV. In the next step, a cleaning process to remove the FIB damaged 
layer was performed by low energy (Ga) ion milling. Microstructural characterization was 
performed using FEI Tecnai F20 TEM, operated at an accelerating voltage of 200 kV with 
a field emission gun. 

3 RESULTS 

Figure 2 shows the cross-sectional TEM micrographs of the He-implanted Fe9Cr steel. 
As can be seen in the figure, new radiation-induced defects start to be resolvable at >500 nm 
depth, or 4.5dpa (5000 appm He), respectively. Since the ferritic/martensitic steels do not swell 
at such low displacement damage even at high temperature (>350ºC) [11], the main driving 
force for the volumetric growth shall be associated with the interstitial helium. 

 
Figure 2: Cross-sectional TEM micrographs of the He-implanted Fe9Cr steel 

 

In total, 13 regions of at least 50x50nm were analysed in approximately 50nm of depth, 
from 350 nm to 1050 nm. Using the local dpa value, we can obtain the swelling rate 



1106.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

corresponding to given irradiation conditions (dpa, cHe). However, only a weak dependence of 
the swelling rate on dpa was observed in the results, and so it was evaluated only in the form of 
average value, 0.08±0.03 %/dpa. As argued above, the main parameter affecting the low-
temperature bubble swelling in helium-implanted ferritic steels is the concentration of helium 
cHe, rather than the dpa. It is, therefore, reasonable to evaluate the swelling rate with respect to 
the cHe. Figure 3 shows the behaviour of swelling rate associated with the helium concentration. 
As can be seen in the figure, the characteristic can be well described (Adj.R2 > 0.99) by a power 
fit of cHe (Eq.3). 

 
∆𝑉

𝑉0
= 0.03 × 𝑐𝐻𝑒

−0.07      (3) 

 

 The TEM analysis shows decrease of swelling rate towards high concentrations of 
implanted helium, i.e. saturation of volumetric swelling. This can be interpreted by increasing 
dominance of helium bubbles in acting as sinks for radiation-induced vacancies and helium 
atoms. The microstructure of the material and defects such as grain boundaries, matrix-
precipitates interfaces and others are the dominant defect sinks only in the early stage of 
swelling. Since the early-stage of the swelling cannot be reliably analysed by TEM technique, 
positron lifetime data were evaluated in order to obtain the number density of helium-vacancy 
agglomeration (bubbles).  

 

 
Figure 3: Volumetric bubble swelling as a function of helium concentration, as obtained 

from the TEM analysis 

 

In order to obtain the volume of new radiation-induced cavities, the corresponding size 
and concentration values were determined. Since the TEM cannot provide the qualitative 
information on bubble size below the resolution limit, we extrapolated the TEM data towards 
zero radiation damage. In other words, we assumed a linear approximation of the cavity 
diameter on the dpa. Since the number density of the cavities is directly proportional to the 
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positron trapping rate  [s-1], we could obtain the quantitative information directly from the 
lifetime data using the approaches described in [12]. The constant of proportionality between 
the defect density and the positron trapping rate is called trapping coefficient, and for helium 
bubbles, it has been experimentally obtained and reported in our previous study [13].  

Figure 4 shows a comparison of the experimental TEM and SPBS results of the 
volumetric bubbles swelling. The experimental data plotted as a function of helium 
concentration shows an excellent correlation of the results obtained by two completely different 
experimental approaches. It is important to note, that there is quite a significant broadening of 
the positron stopping profile at higher positron energies (>10 keV) which increase the volume 
of the probed region and increase the uncertainty of determination of irradiation conditions. 
The SPBS x-axis error bars were calculated as FWHM of the Gaussian-like Makhovian 
distribution (Eq.1).  

 

 

 
Figure 4: Wide range behaviour of the swelling of the studied material 

 

4 SUMMARY AND CONCLUSIONS  

The presented study reported first (preliminary) results of the volumetric bubble swelling 
in Fe-9Cr steel, determined by two different experimental methods. The results suggest that the 
early-stage damage in metallic systems can be effectively characterized by PALS and the 
experiments on ion-implanted samples can be adequately evaluated by SPBS. In fact, the 
conventional approach using TEM provides valuable information only for irradiation 
conditions at which, the cavities (bubbles) play already an essential role in the sinking of new 
radiation-induced defects.  Finally, we conclude that the testing of radiation resistance of new 
materials, concerning the TEM analyses of the volumetric (void or bubble) swelling, can be 
effectively complemented by techniques such as PALS, which are sensitive to early-stage sub-
nm scale radiation-induced defects. 
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