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Abstract 
Pure W was neutron irradiated at 600 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C with a dose 
of ~1 dpa, and its microstructure was subsequently analyzed using transmission electron 
microscopy (TEM). Three types of defects were observed and analyzed in detail: (i) voids, (ii) 
dislocation loops with a diameter of up to 20 nm and (iii) precipitates containing W-Re-Os. The 
size and spatial distribution of the voids as well as the nature of the dislocation loops were 
studied in-depth. TEM analysis proved the formation of both ½<111> and <100> loops. In 
addition, local chemical and structural analysis revealed the formation of χ-type precipitates, 
which are attached to voids at 1100 °C. It was also found that voids, loops and precipitates are 
surrounded by a solid solution cloud enriched with Re and Os. The use of highly sensitive 
nanoscale chemical analysis allows the identification of differences in Re/Os segregation at and 
in the vicinity of the three defect types. A precise analysis of the chemical composition of the 
precipitates and clouds around the voids was achieved by a special preparation of their 
replicates. 
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1. Introduction 
Tungsten (W) is the most cited material candidate for high-temperature vacuum or inert gas 
applications in energy technology. Due to its favorable properties, such as a very high melting 
point in combination with high creep and sputter resistance, a low coefficient of thermal 
expansion and a rather high thermal conductivity, it theoretically allows the raise of process 
temperatures into previously unknown temperature ranges. Besides renewable power 
generation methods, such as for example concentrated solar power, future fusion reactors will 
greatly benefit in particular by using W in plasma-facing structural parts. In the latter case, the 
material has to withstand very high operation temperatures as well as it has to tolerate a 
significant amount of radiation-induced damage [1–3]. A detailed experimental understanding 
of neutron damage processes at the nanoscale, which is currently limited, is of utmost 
importance for material qualification.  

Extensive microstructural characterizations of W have already been carried out to understand 
the microstructural response to neutron irradiation [3–8]. However, the covered irradiation 
doses and temperature ranges in these investigations are limited. Increasing both parameters to 
the conditions expected in a future fusion reactor will address the unsolved problems regarding 
the microstructure. 

Basically, there are three mechanisms that may degrade the beneficial material properties of W 
during neutron irradiation: (1) The formation of lattice defects such as Frenkel pairs, interstitial 
and vacancy clusters as well as dislocation loops, which cause the typical irradiation hardening 
and embrittlement. (2) The formation of voids leads to swelling. Both swelling and 
embrittlement by radiation hardening restrict the component lifetime beyond certain design 
limits [9]. (3) Neutron transmutation processes lead to the formation of rhenium- (Re) or 
osmium- (Os) rich phases. This effect can induce further significant embrittlement of W 
materials.  

An additional issue arises with the experimental determination of the occurrence and dynamics 
of irradiation defects in material test reactors, which are fission-based. Such defects do not only 
depend on the neutron flux and temperature, but also on the specific neutron spectrum that 
determines the transmutation rates of the various isotopes. Therefore, the reactor type, the 
design of the testing rigs, and the exact irradiation position within the reactor are highly relevant 
for the interpretation of the experimental results. As a consequence, the outcome of an 
irradiation campaign has to be considered as a unique result, which adds to a more complete 
systematization, understanding and thereby prediction of neutron radiation damage. 

Temperature significantly affects defect migration and consequently the evolution of radiation-
induced defects in W. Examination of W irradiated over a wide range of temperatures, as it was 
done in the present study, allows the evaluation of material applications under various working 
conditions. Therefore, in this work we focus not only on the comprehensive characterization of 
radiation-induced loops and voids but also on the Re- and Os-precipitation on radiation induced 
defects as well as on the formation of Re- and Os-precipitates themselves. Moreover, as far as 
possible we examine and analyze the influence of grain boundaries on formation of defects 
formation and Os and Re segregation.  

 



2. Experimental 
The investigated polycrystalline W is of technical purity, i.e., 99.97 wt%. It is the so-called 
baseline armor material for ITER and DEMO applications and was supplied in the form of a 
bar with dimensions 36×36×480 mm3, manufactured and stress relieved by PLANSEE SE, 
Austria. The manufacturer provides the upper limit concentration for impurities of C, O, N, Fe, 
Ni, Si, with typical values in parentheses as 30 (6), 20 (2), 5 (1), 30 (8), 20 (2) and 20 (1) µg/g. 
This material has already been extensively studied in terms of mechanical properties, 
interaction with plasma and high heat flux loadings (see e.g. [10–12]). The reference 
microstructure of this material is characterized in [11]. 

The samples were irradiated by neutrons up to a damage dose between about 0.86 and 0.92 dpa 
at five temperatures 600 °C, 900 °C, 1000 °C, 1100 °C and 1200 °C at the Belgian Nuclear 
Research Center SCK-CEN, Mol (Belgium) (Table 1). The irradiation was performed directly 
inside a channel within a fuel element. The irradiation rig was made of a tick-wall pressurized 
tube, which had a dual function: pressure-barrier and shielding to screen thermal neutrons. The 
temperature on the samples was actively controlled by the adjustment of helium flow inside the 
rig. The Helium environment also prevented oxidation under high temperature exposure. The 
total irradiation time was 143-186 days (depending on the specific capsule) and the neutron flux 
was (1.9-2.6)×1014 (E > 0.1 MeV), (0.89-1.2)×1014 (E > 1 MeV) n/cm2/s. The neutron flux was 
calculated using the MCNPX 2.7.0 code as well as confirmed by dosimetry measurements using 
Fe and Nb dosimeters, applied to measure the fast neutron fluence (> 1 MeV) [13]. The dpa 
cross sections for W have been prepared from the JENDL4 file (MT444) for a threshold 
displacement energy of 55 eV. 

Calculations of the transmutation inventory was performed using the ALEPH code [14,15]  by 
assessing the propagation of the neutron spectrum from the fuel channel through to the stainless 
steel wall and then inside the sample. The transmutation induced content of Re and Os was 
determined to be ~2 at% and 0.2 at%, respectively. Without the stainless-steel shielding, the 
rhenium transmutation was estimated to be ~4 at% per dpa unit if the same irradiation positions 
would be have been used. However due to uncertain position of lamella in the sample the 
content of transmutation elements could show some variation due to the self-shielding effect 
(i.e. absorption of thermal neutrons by outer part of the thick tungsten sample, which leads to a 
difference in the Re/Os amount in the middle and at the edge of the sample). More details about 
the irradiation device and results on mechanical tests could be found in Refs. [16,17]. 

Table 1: Irradiation parameters of W used for this study.  

Temperature 600 °C 900 °C 1000 °C 1100 °C 1200 °C 

Dose /dpa 0.922 0.902 0.925 0.922 0.862 

 

Since the material is radioactive, it was advantageous to use a focused ion beam instrument 
(FIB, FEI Scios) for sample preparation in order to (i) limit radiation exposure and (ii) perform 
sample preparation in a pre-defined area. Preparation using the FIB technique was performed 
in the Fusion Materials Laboratory (FML) at KIT. The thin lamellae were attached to a 



molybdenum grid. After preparation and initial examination, the lamellae were flash polished 
in 1% NaOH water solution using method described in the ref. [18].  

The microstructural examination was carried out using a Thermofisher Talos F200X 
transmission electron microscope (TEM) equipped with four energy-dispersive X-ray (EDX) 
detectors. The EDX detector resolution is specified by the manufacturer as ≤136 eV at Mn-Kα. 
At the W-Lα (E = 8.396 keV) the energy resolution has a value of about 150-160 eV, which is 
sufficient to separate the W-Lα, Re-Lα and Os-Lα X-ray lines. The TEM images and selected 
area diffraction pattern (SAED) were acquired by using a Thermofisher Ceta 16M CCD camera. 
The STEM-EDX maps were acquired in the Velox software using 512 x 512 pixels and a 
spectral dispersion of 5 eV. 

Table 2: Summary of crystal structures of W-Re binary compounds used for structural 
identification.  

 

ImageJ soft was used for statistical analysis of TEM images [19]. The FFT images with 
structural reflections obtained from high-resolution phase contrast images were fitted with the 
JEMS software package [20]. The crystallographic structures of the W-Re individual phases 
that were used as input are summarized in Table 2. 

 

3. Results 
The detailed TEM analyses revealed the occurrence of three types of irradiation defects: 
(i) voids, (ii) dislocation loops with b½<111> and <100> Burgers vectors and (iii) W-Re-Os 
containing precipitates, which were identified to be χ-phase. A detailed TEM characterization 
of all three defect types, formed at different temperatures, is presented in the next subsections. 
From the previous studies of neutron irradiated W and beryllium it is well known [6,21] that 
the accumulation of irradiation defects near a grain boundary (GB) differs from those in the 
grain interior, i.e., a so-called denuded zones form close to grain boundaries, which is depleted 
by or even completely free of voids.  

 

3.1. Distribution of voids 
Figure 1 shows the void microstructure formed in W irradiated at five different temperatures. 
All micrographs were taken with the same magnification. The lamellae were cleaned by flash 
polishing, removing all surface layers that were damaged by the FIB preparation. 
Unfortunately, flash polishing can lead to uneven etching of the surfaces. Therefore, thickness 

Phase ICSD No. Space group Lattice 

W 43421 Im-3m cubic, bcc, a = 3.17 Å 

σ-WRe2 150547 P42/mnm tetragonal, a = b = 9.43 Å, c = 4.99 Å 

χ-WRe3 650196 I-43m cubic, a = 9.60 Å 



variations are visible in some images. The images clearly show that the voids within the grains 
have a homogeneous spatial distribution. 

 
Figure 1: Bright-field TEM images showing voids in W irradiated at 600 °C (a), 900 °C (b), 
1000 °C (c), 1100 °C (d) and 1200 °C (e).  

The void size distributions are summarized in histograms shown in Figure 2. The histograms 
obtained for 600°C and 1200°C show nearly symmetric Gaussian shapes, while the distribution 
at 900°C and 1000°C shows an elongated left shoulder expressing the higher fraction of small 
voids. The voids formed at 1100°C show a clear bimodal size distribution with 2 maxima 
(Figure 1d). While the small void fraction has an average size of ∼4 nm, the average size of the 
large void fraction is 13 nm (Figure 2d). The average void size was found to be in a narrow 
range between 4.5 nm and 7 nm for all irradiation temperatures, except the material irradiated 
at 1100 °C. The quantitative data on the voids obtained from these and similar TEM images are 
listed in Table 4 and their temperature dependence is plotted in Figure 13a. 



 
Figure 2: Size distribution histograms of the voids in W irradiated at various temperatures 
according to the TEM images shown in Figure 1.  

 

3.2. Segregation of transmutation products 
 

 
Figure 3: STEM-EDX spectrum images show the distribution of transmutation-induced Re 
(green) and Os (blue) inside W irradiated at 600 °C (a and a`), 900 °C (b and b`), 1000 °C (c 
and c`) 1100 °C (d and d`) and 1200 °C (e and e`). 

Under the irradiation conditions in this study 2 % Re and 0.2 % Os were expected to be formed 
by transmutation. Their distribution was studied by STEM-EDX element mapping in the TEM, 
where the local presence of Re and Os was visualized by intensity variations of the different 
colors. Figure 3 demonstrates the distribution of Re (green) and Os (blue) in representative 
areas in the material irradiated at five temperatures. All maps were acquired at the same 
magnification. An exception are the maps of material irradiated at 1200 °C (e, e`), where the 
magnification was twice as high (see scale bars). 



 
Figure 4: STEM-EDX spectrum images shows enlarged sections with grain boundaries from 
the maps of Figure 3. The distribution of transmutation induced Re (green) and Os (blue) inside 
W irradiated is shown for at 600 °C (a and a`), 900 °C (b and b`) and 1100 °C (c and c`) 
irradiation temperatures. 

The elemental maps in Figure 3, 4 show the general distribution of transmutation elements on 
the large scale and are less useful for identifying concentration differences within individual 
clouds. The minor intensity variations are not well reproducible and identifiable in the color 
map. For this reason, we have used an intensity profile analysis across a typical void, precipitate 
and dislocation loop to show differences in Re and Os distribution in W irradiated at 600 °C 
(Figure 5). As mentioned above, these three defect types are typical nucleation sites in neutron 
irradiated W. The maps in Figure 5a-d demonstrate the distribution of W, Re, Os and combined 
Re/Os.  

The elemental profile in Figure 5e shows that the Re intensity decreases slightly in the center, 
reflecting the position of the void. It should be noted that this intensity decrease can be seen on 
the voids of 5 nm and larger. For smaller voids, this effect is too weak to be imaged. 
Precipitates, on the contrary, show a higher local Re and Os concentration in the center (Figure 
5e`). The Re and Os distribution around the dislocation loops can also be studied if the loops 
are larger than 15 nm and have an orientation in the image plane. The intensity profiles across 
the marked loop are plotted in Figure 5e``. It is notable that Re exhibits a uniform distribution 
in the area inside the loop, while Os tends to segregate at the dislocation line (Figure 5c,e``). 
Such clear results on dislocation loops are rare as the loops number density is significantly 
lower than other defects and they often overlap in TEM images with voids or precipitates.  

 



 
Figure 5: W, Re, Os and combined Re/Os elemental maps are shown in pars (a-d) for W 
irradiated at 600 °C. A void, a precipitate and a dislocation loop are marked in the maps with a 
magenta, yellow and white arrow, respectively. The corresponding Re and Os profiles intensity 
profile of these defect types are shown in parts (e-e``).  

 

The precipitates are visible in HRTEM images, because their crystalline structure is different 
to that of W (see Table 2). Therefore, the microstructure of the precipitates (as recognizable in 
Figure 6a,b,c,d) were transformed by a Fast Fourier Transform (FFT) and shown separately in 
Figure 6a’,b’,c’,d’. 

The HRTEM image in Figure 6a illustrates a ∼2 nm × 5 nm χ-W(ReOs)3 precipitate with well-
defined crystalline structure in the material irradiated at 600 °C. The χ-W(ReOs)3 phase, which 
was clearly identified from the FFT images, is aligned with the [111]χ-W(ReOs)3 zone axis. The 
precipitate also has a well-defined orientation relationship with the W matrix, in particular 
[110]W || [111]χ-W(ReOs)3 zone-axes and [001�]W || [33�0]χ-W(ReOs)3 crystal directions are parallel to 
the image plane. Note that d[011]W and d[330]χ-W(ReOs)3 have the same spacing of 0.256 nm, so that 
the corresponding reflections overlap in the FFT image (Figure 6a’).  

The HRTEM image of a larger a ∼3 nm × 11 nm precipitate from the same material is shown 
in Figure 6b. The FFT analysis proves that the structure of the precipitates has stacking faults 
in the direction [11�2] (Figure 6b`). This makes the clear identification of the crystalline phase 
impossible. It can be assumed that a defective χ-W(ReOs)3 phase has formed here as well, since 
the reflections of the particle (blue rectangles in Figure 6b`) are very similar to the pattern 
shown in Figure 6a'. The presence of the stacking faults may be a result of the accommodation 
of the lattice strain misfit.  

The ∼4 nm thin and up to several tens of nanometers large precipitates, that are often located at 
voids, are formed in W irradiated at 1100 °C (Figure 6c). The corresponding FFT pattern 
obtained from the particle only is shown in Figure 6c`. The microstructure of the precipitate 
also exhibits typical stacking faults (as shown by the streaking in Figure 6b’ and c’), but this 



does not affect the identification of the correct reflection positions. The analysis shows that this 
particle consists of χ-W(ReOs)3 phase and is oriented with the [113] zone axis.  

 
Figure 6: HRTEM images of nanoscale precipitates in W irradiated at 600 °C (a-b), 1100 °C 
(c) and 1200 °C (d). The corresponding Fast Fourier Transform (FFT) images are shown in 
parts (a'-d') accordingly. The diffraction spots of the W matrix are indicated by red circles, while 
the diffraction spots of the precipitations are marked by blue squares. The meaning of the green 
arrows in part 6d´is given in the text. 

Nanometer sized precipitates were also found in the material irradiated at 1200 °C. The 2 nm 
large particle is imaged in the grain, aligned on the [011]W zone axis ( Figure 6d). The particle 
is only visible due to the translational Moiré fringes of ∼0.5 nm periodicity, which results in 
spots that are marked by green arrows (Figure 6d`). This pattern originates from an interference 
of the W [002]W atomic planes (d[200] = 0.158 nm) and an atomic plane from a precipitate having 
a periodicity of 0.24 nm (marked by blue squares in Figure 6d`). Reliable identification of the 
precipitation phase is not possible in this case since such atomic layers are present in both the 
σ- and χ-phase. Despite extensive efforts, we have not succeeded in finding a particle with two 
reflections that would allow unambiguous identification. It is also possible that particles with a 
size of a few lattice constants do not form a well-defined phase. 

Measuring the concentration of elements in the clouds surrounding the voids or within 
precipitates is a difficult task because they are embedded in the W matrix. Nonetheless, the 
flash polishing procedure for surface cleaning allowed to separate the Re-Os-rich areas as 
replicas and, hence, enabled reliable analyses by TEM. This method makes use of differences 
in the chemical resistance of W-Re-Os precipitates and the surrounding pure W matrix against 
etching in NaOH solution. The etching rate for the "clouds" around the voids and precipitates 
is lower than for pure W, which in some cases results in the W matrix being completely removed 
while the Re-Os areas remain on a thin carbon film. The most successful preparation of this 
type was carried out on the sample irradiated at 1100 °C (Figure 7). Here, a BF-STEM image 
(part a) is shown with the corresponding W, Re and Os maps (b-d). The combined distribution 
of W and Re is shown in Figure 7e. The spatial distribution of Re and Os is very similar, the 
small differences in concentration in these elements are hardly distinguishable in the color 



maps. Figure 7f shows W-, Re-, and Os-Lα EDX spectra with normalized intensity for pure 
tungsten (filled with red color and marked with a red arrow in (a)), clouds around voids (filled 
with blue color and marked with blue arrow in (a)) and precipitates (filled with green color and 
marked with green arrow in (a)). The overlapping spectra (in f)) illustrate differences in the 
composition of the precipitates and "clouds" with pure W.  

 
Figure 7: Analytical investigation of the Re/Os-rich clouds on the thin film. A STEM image 
(bright-field) of the investigated area is shown in part (a). Elemental maps of W (b), Re (c), Os 
(d) and combined W/Re map (e) illustrate the location of the elements. The EDX spectra with 
W-, Re-, Os-Lα lines obtained from the W matrix (red arrow in part (a)), particles (green arrows 
in part (a)) and “clouds” formed on voids (blue arrows in part (a)) are shown in part (f). 

The compositions of the individual precipitates and "clouds" calculated based on the EDX 
spectra are listed in the Table 3. The values were determined as an average of about 10 
measurements on different objects. The results show that the Re content in the precipitates is 
twice as high as in the clouds, while the Os content is approximately the same. The matrix 
contains nearly 100 at% W, the sub-percentage concentrations of Re and Os are within the error 
range.  

Table 3: Quantification of extracted clouds and precipitates.  

Area W (at%) Re (at%) Os (at%) 

W-matrix 99.4 0.2 0.4 

clouds at the voids 67.0±3.0 21.6±1.5 11.4±1.0 

precipitates 54.2±3.0 37.9±2.0 7.9±1.0 



3.3. Dislocation loops 
In addition to the voids and precipitates, dislocation loops are also generated in a considerable 
amount during neutron irradiation, which are visible mainly as small featureless black dots, as 
circular loops or as coffee-bean-like features. Figure 8 shows typical dislocation loops for 
samples irradiated at five different temperatures. The images were acquired in a g[110] two-
beam condition. The nano-sized dislocation loops were found in all samples except for the one 
that was irradiated at 1100 °C (Figure 8d). This material also shows a different void and 
precipitate morphology, which is unique within all analyzed irradiation temperatures. For an 
irradiation temperature of 600 °C and 1200 °C, numerous black dots were observed in addition 
to the loops. 

 
Figure 8: Visualization of dislocation loops and black dots using reverse contrast dark field 
(DF) imaging in W irradiated at 600 °C (part a), 900 °C (part b), 1000 °C (part c), 1100 °C (part 
d, showing only voids) and 1200 °C (part e). The DF images were obtained with g[110] g-
vectors near the [110] or [100] zone-axes. 

 

The identification and statistical evaluation of dislocation loops is very complicated and to some 
extent inaccurate, as they can be mistaken for the small precipitates that produce a similar 
contrast in the g-images (Figure 9). Figure 9a illustrates an area where several precipitates show 
the typical contrast with stacking faults. Such precipitates can be mistaken for dislocation loops 
in the overview images. Figure 9b,c, shows another region with dislocation loops imaged with 
the coffee bean contrast of 8-20 nm size (yellow arrows) and nanoscale precipitates (red 
arrows). These nanoscale precipitates could be interpreted as dislocation loops by mistake, as 
they have a loop-like shape. However, elemental mapping in Figure 9c shows that such “alleged 
loops” have an increased local Re concentration, which is comparable to the concentration 
measured for precipitates (Figure 7). The dislocation loops and voids, on the other hand, have 



a much lower Re concentration around (Figure 5, Figure 9). For this reason, we only included 
loops that were clearly identified as loops, e.g., that had a coffee bean contrast, for the statistics. 
The results also confirm the Re-enrichment of the areas within the dislocation loops (yellow 
arrows). 

 
Figure 9: TEM images with precipitates (red arrows) (a), (b) and dislocation loops (yellow 
arrows) (b) in W irradiated at 600 °C. The image in part (c) is showing the same area as in (b) 
but with an overlapping Re map. 

 

The determination of the Burgers vector of the dislocation loops was performed for samples 
irradiated at 600 °C (Figure 10), 900 °C (Figure 11) and at 1200 °C (Figure 12). The loop 
imaged in Figure 10a has either (100) or (010) habit plane and correspondingly 𝑏𝑏〈100〉 Burgers 
vector. The loop in the Fig. 11b has a (-111) habit plane and 𝑏𝑏½〈111〉 Burgers vector. 
Investigating more than 90 loops reveals that 85 % of them are of type 𝑏𝑏½〈111〉 and only 15% 
show a 𝑏𝑏〈100〉 Burgers vector. The application of the invisibility method to determine the 
Burgers vector proves not to be useful, as the loops could be mistaken for precipitates.  

 
Figure 10: HRTEM imaging of dislocation loops in W irradiated at 600 °C (a,b). The 
corresponding FFT image, valid for both HRTEM images (a,b), is shown in part (c). 

 

The application of the invisibility criterion was more successful for W irradiated at 900 °C 
(Figure 11). It could be demonstrated that the loops with both 𝑏𝑏½〈111〉 and 𝑏𝑏〈100〉 Burgers 
vectors are present in the material. As an example, the loop of 𝑏𝑏½〈111〉 type is marked with a 



blue arrow and the loop of 𝑏𝑏〈100〉 type (red arrow), which is invisible in the g[-110] image 
(Figure 11b). The fraction of 𝑏𝑏½〈111〉 loops comprise about 75%.   

 

 
Figure 11: STEM images of the dislocation loops in W irradiated at 900 °C obtained with g[002] 
(a) and with g[-110] (b) near the [110] zone axis. The loop of 𝑏𝑏½〈111〉 type is marked by blue 
arrows, the loop of 𝑏𝑏〈100〉 type by a red one. 

 

 
Figure 12: HRTEM imaging of dislocation loops in W irradiated at 1200 °C (a) and 
corresponding FFT image (b). The loop of 𝑏𝑏½〈111〉 type is marked by a blue arrow, the loops 
of 𝑏𝑏〈100〉 type by red ones (a). 

 

Figure 12a displays dislocation loops in W irradiated at 1200 °C. Since the loops of 𝑏𝑏〈100〉 
type show a projection into the image plane, which is typical for this zone axis, the orientation 
of the Burgers vector was determined by the use of HRTEM [22] rather than by STEM images. 
The fraction of loops with 𝑏𝑏½〈111〉 Burgers vector (blue arrow in Figure 12a) is only 25% at 
this irradiation temperature. This is significantly lower than for the lower irradiation 
temperatures. Quantitative data on the loops are presented in Table 4.  

 



4. Discussion 
The microstructural analysis shows the occurrence of voids, dislocation loops, and precipitates 
at all irradiation temperatures. The quantitative data on these defects, i.e., average size and 
number density, are listed in Table 4 and shown as graphs in Figure 13. The diagrams illustrate 
the temperature dependence of all relevant statistical parameters of radiation-induced defects 
in the range from 600 °C to 1200 °C. The average size, number density, and swelling were 
calculated for the void parameters. These parameters show similar values between 600 °C and 
1000 °C and at the highest irradiation temperature of 1200 °C. It is noticeable that void size and 
number density show an inverse dependence to each other - the material with a larger void size 
has a lower number density (Figure 13a). In the sample irradiated at 1100 °C, voids show a 
significantly larger size, while the number density is 5 times lower than at the other 
temperatures. The void swelling shows a clear maximum with a value of ~1% at 1100 °C, while 
this value is 2-3 times lower at all other temperatures. This behavior is very similar to that 
reported by Matolich et al. [23], where the swelling maximum of 1.5% after 9.5 dpa  was 
reported for irradiation temperatures between 800 °C to 900 °C. The void swelling of about 1% 
per dpa, obtained here at swelling peak temperature, surprisingly coincides with the swelling 
rate measured in steels and iron-based alloys also around the peak swelling temperature, as 
summarized by Garner et al [24]. 

 

Table 4: Quantitative and statistical data of voids and loops.  

 voids loops precipitates 

Tirr 
average 

size 
(nm) 

number 
density 

(×1022 m-3) 

swelling 
(%) 

average 
size 
(nm) 

number 
density 

(×1022 m-3) 

½<111> 
loop 

fraction 

average 
size 
(nm) 

number 
density 

(×1022 m-3) 

600 °C 6.8 3.7 0.61 11.2 0.21 83% 5 1.2 

900 °C 5.0 6.7 0.44 5.4 2.5 75% 2.5 0.6 

1000 °C 6.2 6.2 0.77 6.5 3.7 80% 3.7 0.62 

1100 °C 11.3 1.2 0.91 ------ ------ ------ 12 1.3 

1200 °C 4.5 8.5 0.32 4.7 0.75 25% 2,3 0.53 

 

Analytical investigations show that the voids are surrounded by 8-15 nm "clouds" at all 
temperatures, which have an enriched Os and Re content (Figure 3, Figure 4 and Figure 5). The 
"clouds" do not produce any diffraction contrast in TEM images and can only be visualized by 
analytical methods. Their study became possible only by the technical developments of the last 
decade, which have a significantly increased EDX sensitivity in TEM analysis [6]. In EDX 
spectra, the proportion of Re and Os in relation to W is typically near the sensitivity limit of the 
EDX method. In Figure 5, a cloud around a void is marked in corresponding elemental maps 
by magenta arrows. The Re and Os profiles across this void are plotted in Figure 5e. The Re-



profile shows a slight decrease in the center, reflecting the presence of a void in the center. A 
correlation between the size of the “clouds” and the irradiation temperature was not found.  

 
Figure 13: The diagrams show a temperature dependence of the void size (red color, left axis) 
and number density (blue color, right axis) (a). The green triangles indicate the temperature 
dependence of void swelling, where the y-axis ranges from 0 to 1% (Table 4). The temperature 
dependence of the site and number density of dislocation loops and precipitates are shown in 
parts (b) and (c), respectively. 

 

The clouds are usually embedded in a W matrix, so that the actual local Re and Os contents are 
measured with a considerable error. The overlay effects from the matrix, which usually are 
present in the chemical analyses, could be avoided by the use of replicas from the clouds formed 
at 1000 °C. The values obtained from the analysis of the replica that is imaged in Figure 7 are 
compiled in Table 3. The measured Re and Os contents are higher than the values reported by 



TEM analysis in Ref. [25] and by atomic probe tomography [3], where a Re concentration in 
the 8-10 at% range was reported. It can be assumed that the Re-Os content in the clouds depends 
to a large extent on the total Re-Os concentration in the sample and on the number density of 
the voids. The measurements on the replica can be compared with the APT analysis in terms of 
accuracy, since the objects are not embedded in the W-matrix. Lloyd et al. report that Os forms 
a core in the center of the clouds, at the interface between void and matrix, which might provide 
favorable conditions for a nucleus formation by precipitation [3]. The formation of an Os rich 
nucleus inside the cloud can be also derived from the Os intensity distribution across the void, 
which clearly shows a higher concentration at the void-matrix interface (Figure 5e). 

In general, the Re and Os distribution and nucleation analyzed for all samples of W irradiated 
at different temperatures shows specific similarities and differences, which are summarized 
below and described and distinguished in more detail afterwards. 

Similar features that are relevant for all irradiation temperatures: 

 There are three segregation sites for Re and Os inside grains, which can be identified at 
all temperatures: (i) around voids and (ii) dislocation loops, and (iii) forming nano-sized 
precipitates with “clouds”.  

 The segregation of Re and Os at grain boundaries and the formation of a 10-20 nm wide 
denuded zone on both sides of the grain boundary can be clearly seen. 

Differences in the distributions for some temperatures: 

 The precipitates form and grow independently of the voids (Figure 6a,b and c), with the 
exception of W irradiated at 1100 °C (Figure 6d), where elongated precipitates are 
associated with voids in most cases.  

 At 1100 °C, it was found that in some cases Re does not form a continuous layer on the 
grain boundary, but rather closely located discrete spots of 5-10 nm size and of unknown 
nature (Figure 4c,c’ red arrows).  

 At 600 °C and 900 °C it was observed that Re and Os segregate at grain boundary 
dislocations and not homogeneously distributed at the grain boundaries, as previously 
assumed [3,6]. This can be seen particularly well in Figure 4a,a’ and b,b’ in which an 
enlarged section with grain boundaries from the maps of Figure 3 is shown. Presumably, 
this effect is also present at higher temperatures, although it could not be clearly proven. 
For its visualization, the dislocations, which are often most visible in low angle grain 
boundaries, must be oriented perpendicular to the image plane. The fact that such a 
configuration is uncommon and not easily recognized in TEM images makes targeted 
studies more difficult.  

The temperature dependence of important statistical data on dislocation loops is presented in 
Figure 13b. The size of the dislocation loops systematically decreases with the irradiation 
temperature, while their number density shows a maximum at 1000 °C. Dislocation loops were 
not detected at 1100 °C. Presumably, the larger voids and precipitates formed at 1100 °C have 
some influence on the loop formation.  

The identification and statistical evaluation of dislocation loops involve considerable 
uncertainty because they can be mistaken for small precipitates that produce a similar contrast 
in the two-beam images. Figure 9a shows an area were several precipitates have a typical 



contrast due to stacking faults. Such precipitates, especially with two lines, can be mistaken for 
dislocation loops in the overview images. In Figure 9b several dislocation loops of 8-20 nm in 
size are well visible due to the coffee-bean contrast. In HRTEM images, the precipitates show 
a defined crystalline structure and the loops a typical “coffee bean contrast” (Figure 10, Figure 
12). However, HRTEM images can only be obtained from thin sample areas, and their analysis 
is complex. All the aforementioned factors affect the statistical data. 

The Burgers vector analysis demonstrates that loops of both 𝑏𝑏〈100〉and 𝑏𝑏½〈111〉 types are 
present in W at all irradiation temperatures. The data showing the fraction of 𝑏𝑏½〈111〉-loops 
at different temperatures are listed in Table 4. At irradiation temperatures up to 1000 °C, 70-
80% of the loops have a 𝑏𝑏½〈111〉Burgers vector. At 1200 °C the 𝑏𝑏〈100〉-loops became more 
dominant than 𝑏𝑏½〈111〉-loops, which fraction reduces to 25% Figure 13b.  

So far, Burgers vector analysis of dislocation loops have been mainly reported for ion irradiated 
materials. In most of these cases the formation of 𝑏𝑏½〈111〉-loops was observed in W. However, 
the presence of a small amount (4% to 6%) of 𝑏𝑏〈100〉-loops was reported [26]. These results 
are consistent with our analysis, which shows that at lower irradiation temperatures 70%-80% 
of the loops have a 𝑏𝑏½〈111〉 Burgers vector and only a small fraction has a 𝑏𝑏〈100〉 Burgers 
vector. In the present work, we show that mainly 𝑏𝑏〈100〉-loops form at 1200 °C. This result 
suggests a similarity in the dislocation loop formation between Fe-Cr alloys and W (both 
materials have a bcc lattice structure). Post irradiation examination of EUROFER97 (9Cr-1W-
VTa steel) reveals that 𝑏𝑏〈100〉 loops form preferentially above 350 °C, while 𝑏𝑏½〈111〉 loops 
dominate at lower irradiation temperatures [27]. In W, however, this effect is attributed to a 
higher irradiation temperature and 𝑏𝑏〈100〉 loops become dominant somewhere between 
1000 °C and 1200 °C. Strikingly, when normalized to the melting temperature 𝑇𝑇𝑚𝑚 (i.e., by 
applying homologous temperatures), this transition of dominant loops is very similar for Fe-
9Cr-1W-VTa at 0.36 𝑇𝑇𝑚𝑚 and for W between 0.35 𝑇𝑇𝑚𝑚 and 0.40 𝑇𝑇𝑚𝑚. In the few publications where 
the nature of dislocation loops has been investigated experimentally, it has been shown that the 
loops in W have mostly interstitial nature [28,29]. The observed formation of vacancy loops of 
𝑏𝑏〈100〉-type was reported only in one case [29]. 

In general, it is well known that ½<111> loops are highly mobile in BCC metals, as for instance 
was experimentally evidence by Arakawa et al. [30]. Hence, the observation of the loops after 
the irradiation at high temperature must be related to the immobilization caused by the presence 
of carbon and segregation of Re and Os [31,32]. The latter effect may play a major role as the 
results presented here clearly indicate the strong segregation of Re and Os at loops. Given that 
at 1100 C irradiation, the microstructure is dominated by voids which also getter Re and Os 
atoms, the confinement of the loops might not be sufficient to avoid loop diffusion and sinking 
at natural defects such as dislocations and grain boundaries. At 1200 C, the thermal stability of 
voids is reduced, their density is becoming lower and correspondingly more Re/Os becomes 
available to confine the loops. This interplay may explain why the loops were not observed at 
1100 C. 

Another important remark is to be made about the mechanisms of the loop formation and 
growth. The dominant formation of <100> loops in the most studied BCC metal iron has been 
noted at higher temperatures (above 0.35 Tm, as noted above), while at lower irradiation 
temperatures the formation of ½<111> loops prevailed. In the case of Fe, Dudarev has proposed 



an explanation based on the magnetic nature of the iron and interplay of the free formation 
energy [33]. However, such explanation did not justify the observation of the <100> loops in 
Fe-Cr alloys and ferritic steels. Alternative explanation was based on the formation of the 
<100> loops as a result of the direct reaction between two ½<111> loops [34]. The latter 
mechanism implies that the loop-loop interaction leads to the formation of <100> loops but 
with a certain energy barrier, which is why these defects are observed only above specific 
temperature, and which is also why ½<111> loops are scarce at high irradiation temperature 
unless certain immobilization mechanisms is present. Given that tungsten is paramagnetic 
material up to the melting point, the results of this work can be interpreted in support of the 
loop-loop interaction mechanism as we clearly see the strong reduction of the fraction of 
½<111> loops as irradiation temperature start to exceed 0.3 Tm. 

Figure 5c shows the enrichment of Re and Os on both voids and dislocation loops forming often 
small areas with higher Os concentration. This implies that loops might serve as nucleation sites 
for precipitates in addition to voids. While the voids on the precipitates are usually well visible 
[25], the loops next to the grown precipitates are hardly detectable or simply disappear if the 
precipitate size increases. In addition, precipitates in W irradiated at 1100°C have a significantly 
larger size and higher number density than at other irradiation temperatures (Figure 13), so there 
are more sites for recombination of interstitial defects which high concentration is necessary 
for loop formation. Given that the atomic density of the σ-WOs2 and χ−WRe3 precipitates is 
higher than the atomic density of bcc W by 2.7% and 4.1%, respectively, the formation of 
precipitates comes in volumetric balance with the formation voids i.e. atoms left their sites to 
create voids contribute to the growth of the precipitates. In this situation, the freshly in-cascade 
created dislocation loops and self-interstitial clusters would contribute to the further growth of 
the precipitates. Together, these two effects could explain the absence of dislocation loops in 
the sample with the largest void fraction.  

EDX elemental maps show that Re and Os segregation takes place inside single dislocation 
loops (Figure 5, Figure 9). However, the loops are two-dimensional objects and consequently 
the Re and Os distribution is also two-dimensional. In Figure 5a, a dislocation loop with a 
diameter of 20 nm, which projects a circular area onto the image plane, is marked by a white 
arrow in the elemental maps. The line scan across a loop is shown in Figure 5e’’. It is evident 
that Re is uniformly distributed inside the loops, while Os tends to segregate along the 
dislocation line. Such a Re segregation was also detected on dislocation loops, which are 
inclined to the image plane (Figure 8). These measurements were performed near the detection 
limit of EDX spectroscopy and are infrequent in such clarity due to two reasons: (i) it is rare 
that loops can be imaged with a circular projection without overlapping with voids or 
precipitates, and (ii) the loops should be located within a thin sample region for an optimal 
signal-to-noise ratio (SNR). In addition to a poor SNR, in thicker TEM foils the probability for 
loops overlapping with other sample features is increased. This hampers the detection of the 
above-mentioned effects. Similar re- and Os-segregation on dislocation loops was described by 
M.J. Lloyd et al [35], with ATP measurements underpinned by corresponding FISPACT-II 
simulations. 

Dislocation loops in W were already observed after a neutron irradiation dose of only 0.03 dpa 
at an irradiation temperature of 90 °C [8]. As reported in previous studies [29,36–38], they 



appear up to 900 °C irradiation temperature. The recently published temperature-damage 
diagrams cover the irradiation temperature range from 100 °C to 900 °C and for damage doses 
of up to 2 dpa [39]. Our results show the presence of dislocation loops at 1200 °C, which is also 
consistent with results published by other groups [40]. 

The third type of radiation-induced defects are the W-Re-Os precipitates, which were found to 
form at all considered irradiation temperatures. The derived statistical data on precipitates are 
presented in Figure 13c. The average size is usually smaller than 5 nm, except for W irradiated 
at 1100 °C, where the size of the precipitates is larger than 10 nm (Figure 6). The location of 
the precipitates was found to be mainly independent on the voids, with the exception of W 
irradiated at 1100 °C. It can be assumed that the concentration of transmutation products (Re 
and Os) does not reach the level at which precipitates are formed in clouds around the voids. 
The number density of precipitates reaches a maximum at 1100 °C (Figure 13c).  

An example of a precipitate is marked with a yellow arrow in Figure 5. In the elemental maps, 
the precipitate shows a clear Re and Os intensity maximum in the center, which is surrounded 
by a cloud with lower Re and Os concentrations (Figure 5e’). The Re and Os distributions show 
a clear difference to the distributions around voids, which are visible as diffuse clouds with a 
slight reduction of intensity at their center (Figure 5e). 

HRTEM analysis shows that the precipitates have a crystalline structure even at a size of about 
2 nm (Figure 6d,d’). Figure 6a,a’ presents HRTEM analysis of a 4 nm precipitate in W irradiated 
at 600 °C. The hexagonal FFT pattern with an atomic spacing of 0.226 nm corresponds very 
well to the cubic χ-WRe3 phase. It should be emphasized that the dimension of such precipitates 
measures only 3-5 lattice constants and, therefore, they probably have a distorted structure 
depending on the lattice misfit with the surrounding W matrix. An increase of the precipitates 
to 10 nm is accompanied by the formation of stacking faults (Figure 5b, b’). The structure of 
such particles cannot be clearly identified using HRTEM, because the position of the diffraction 
points cannot be precisely determined due to spot streaking. In the given example, it can be 
suggested that the spots have the same position as in Figure 5a,a’ and, hence, the particle would 
also represent χ-W(ReOs)3 phase. In W irradiated at 1100 °C, the particle size increased to 30 
nm (Figure 5c,c’). Despite the accompanied stacking faults, here the position of the diffraction 
spots can be determined with an acceptable error. Thus, it can be suggested that the structure 
corresponds to the χ-W(ReOs)3 phase as well. 

The precipitates that form at 1200 °C typically have a size of just 1-2 nm. Such small particles 
are visible only on the basis of their crystal structure, which is different from that of the bulk 
W. In HRTEM images, such particles are imaged by one atomic line only, making phase 
identification even more problematic. However, it was possible to resolve the structure of a 4 
nm large particle that nearly corresponds to the χ-W(ReOs)3 phase. The main problem here is 
the embedding of the particles in the W matrix and the resulting double diffraction spots that 
could be mistaken for real structures. 

In tungsten, radiation induced migration of Re and Os atoms obviously leads to the formation 
of precipitates. Thus, the mobility and the binding mechanism of solute atoms to defects are 
considered the most appropriate explanation for radiation-induced precipitation [41–43]. Both 
vacancies and self-interstitial atoms (SIA) are able to drag solute atoms, while the contribution 
of the SIAs to the aggregation of the solute atoms is much greater than the vacancies [43]. It 



was shown that solutes such as Re or Os are much more strongly bound to interstitial sites than 
to voids. Interstitial solute complexes were found to be very effective in enriching solutes at 
sinks, such as voids or already formed precipitates. The enrichment of Re and Os around voids 
and the formation of precipitates is experimentally validated in the present work.  

Grain boundaries play an important role in the formation and coarsening of radiation-induced 
defects (Figure 3, Figure 4). They act as sinks for all kinds of point defects, i.e., for vacancies 
and interstitials as well as, in our case, for Re and Os atoms, resulting in the formation of a 10-
20 nm wide zone, adjacent to the grain boundaries, which is free of voids and precipitates (the 
so-called denuded zone). In addition, we found that Re and Os are often inhomogeneously 
distributed along grain boundaries which is due to segregation at boundary dislocations (Figure 
4). This is also consistent with our recent results, where Os segregation at the dislocation loops 
was demonstrated. 

In general, experimental data collected in recent years shows that the microstructure of neutron-
irradiated W depends on the temperature and the damage dose, as well as on the concentration 
of transmutation products. For the latter one, the applied neutron spectrum is of great 
importance, which itself is different for each reactor type and which depends on the shielding 
factor, the position of the sample in the irradiation rig, and the rig design. Our analyses form 
the basis for a more in-depth understanding of the microstructural development of W under 
neutron irradiation. However, considerably more research is required to uncover all possible 
structural effects that might occur in a nuclear fusion reactor. 

When analyzing the results of W irradiation in different reactors, significant differences in the 
size and distribution of the voids can be found. For example, in pure W with a grain size of 
13.5µm, after irradiation in the JOYO fast reactor to the doses higher than 1.5 dpa, voids were 
formed by a number density in the 1023 m-3 range. Fukuda et al. [44] shows, for example, that 
the number density in pure W irradiated at 537 °C is 1.9×1023 m-3. A similar values of 1.2×1023 
m-3 (750 °C, 1.54 dpa) and 5×1023 m-3 (538 °C, 0.9 dpa) was reported by Tanno et al. [38,45]. 
The formation of void lattices with 20 nm spacing in the damage dose from 0.40 to 1.54 dpa at 
538 °C and 750 °C in pure W was reported in references [46,47]. In contrast to these 
examinations, the formation of void lattice was not observed in the present study. However, as 
has been recently studied by means of the computational modelling, the formation of the void 
lattice is sensitive to a number of factors such as initial microstructure, sink strength and 
trapping of loops [48]. The fast neutron spectrum in the JOYO reactor has a low cross-section 
for the transmutation of W into Re and Os, and, thus, the changes of the chemical composition 
during irradiation are negligible, at least for such low doses as considered here.  

Precipitates containing Re and Os are also formed in pure W irradiated in the HFIR. Due to the 
high flux of thermal neutrons, the nuclear transmutation rate in HFIR is much higher than in 
JOYO. The material analyzed in our work (irradiated in the BR-2 reactor) shows the presence 
of ~2 at% Re and ~0.2 at% Os after irradiation to 0.8 dpa. Therefore, the transmutation rate of 
∼1.6 at% Re/dpa is similar to that calculated for HFIR reactors by Greenwood and Garner [49]. 
The formation of precipitates with defined stoichiometric composition and crystalline structure 
starts when the irradiation temperatures exceed 500 °C and leads to the formation of σ-WRe2 
and χ-WRe3 phases [7,45]. In particular, it was reported that the χ-phase has a needle-like shape 



and the σ-phase has a spherical shape [36,38]. This was also confirmed in the present work 
where only formation of χ-WRe3 precipitates was observed. 

 

Conclusions 
This study presents the results of extensive microstructural analyses of W samples, which were 
neutron irradiated at temperatures between 600 °C and 1200 °C, up to a damage dose of ~0.8 
dpa. The formation of dislocation loops, voids, and precipitates consisting of Re-Os χ-phases 
was observed and characterized in detail. The results of the study can be summarized as follows: 

- Voids were detected at all irradiation temperatures. The void swelling, measured for 
low and high irradiation temperatures, amounts to about 0.3-0.4% and shows a 
maximum of about 0.8-1.0% at 1000 °C-1100 °C. 

- The microstructure of W irradiated at 1100 °C differs significantly from that of the other 
irradiation temperatures. The differences include noticeably larger voids and 
precipitates and thus strong void swelling, as well as the absence of dislocation loops. 

- Dislocation loops with small sizes were detected at all temperatures, except for 1100 °C. 
It was found that loops with a Burgers vector of type 𝑏𝑏½〈111〉 dominate at temperatures 
below 1100 °C, while at 1200 °C the majority of loops have 𝑏𝑏〈100〉 Burgers vector.  

- The nanoscale precipitates of χ-phases were detected at all irradiation temperatures. A 
considerable fraction of the precipitates grows with stacking faults, so that their phase 
cannot be unambiguously identified. 

- Voids, dislocation loops, and precipitates serve as sinks for point defects which transfer 
transmutation induced Re and Os. Their enrichment at dislocation loops was detected 
for the first time. 
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