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Abstract 

Within EUROfusion project a neutron irradiation campaign and post-irradiation characterization 
of tungsten (W) materials was initiated to advance the understanding of the basic phenomena 
underlying the neutron irradiation effects and provide experimental validation of theoretical 
models. Among tungsten materials double forged W in bar form (ITER grade) was selected 
because a) the microstructural modification induced by forging aims to reduce its ductile to 
brittle transition temperature down to room temperature and to improve its strength and b) of 
its technological interest for ITER. As neutron irradiations imitating fusion plant conditions are 
made at high temperatures, it is important to separate the effects arising from annealing from 
those induced by neutron irradiation. To this end, in the current work structural and mechanical 
characteristics of double forged W bar annealed at 1200 oC are compared to a neutron 
irradiated one at 0.18 dpa at 1200 oC. The neutron irradiation was carried out in the Belgian 
Material Test Reactor (BR2). Positron annihilation lifetime and Doppler broadening 
spectroscopy (PAS) is employed to characterize open volume defects; X-ray diffraction and 
Transmission Electron Microscopy (TEM) to assess texture and microstructure, respectively. 
Depth sensing instrumented indentation and impulse excitation technique are used to 
determine the mechanical and elastic properties, respectively. Annealing on its own reduces 
the hardness by 4% and increases the maximum creep depth by 13%, while irradiation at the 
same temperature significantly increases hardness by 20% and decreases the maximum creep 
depth by 15%. Both the elastic modulus and shear modulus decrease by about 4% with 
irradiation while annealing increases their values by about 4%. Texture effects are observed 
only after neutron irradiation. These findings are discussed in correlation with the formation of 
voids and dislocations loops observed by TEM and small and large vacancy clusters observed by 
PAS. 
 
Keywords: Tungsten, Neutron irradiation, Positron Annihilation Spectroscopy, Transmission 
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1 Introduction 

Tungsten (W) is the main candidate material for plasma-facing components for current and 
future fusion devices due to its high melting temperature, thermal conductivity, low tritium 
retention, good sputtering resistance, low swelling, thermal stress and shock resistance, and 
high-temperature strength [1 , 2 , 3 , 4 ]. However, the high ductile to brittle transition 
temperature (DBTT) of tungsten, ranging from room temperature up to several hundred 
degrees Celsius, remains a major drawback for its full exploitation [2]. 

Within EUROfusion project a neutron irradiation campaign and post-irradiation 
characterization of W materials was initiated to advance the understanding of the basic 
phenomena underlying the neutron irradiation effects and provide experimental validation of 
theoretical models. Among tungsten materials double forged W in bar form was selected 
because forging is one of the proposed methods of microstructural modification for decreasing 
DBTT down to room temperature and to improve its strength [5, 6, 7, 8]. Furthermore, double 
forged W bar is considered as an ITER grade material to be used as a reference to other 
material options [2, 9, 10, 11, 12], while its use in the divertor of the DEMO fusion reactor is 
being investigated [13]. 

In order to assess the viability of W as a plasma facing material in a neutron environment, 
fission neutron irradiation at high temperature has been employed. The primary induced 
damage and the subsequent collision cascade of the primary knock-on atoms (PKA) result in 
extensive damage in the material appearing in the form of vacancy clusters or voids and 
dislocation loops [14, 15, 16]. In addition, absorption of neutrons from W nuclei leads to the 
formation of transmutation products, namely Rhenium (Re), Osmium (Os), and Tantalum (Ta) 
[17] impurity atoms which may form W-Re-Os precipitates [18]. The type and the population of 
induced defects are dictated by the neutron irradiation conditions, namely irradiation dose and 
irradiation temperature [19, 20, 21, 22, 23, 24]. Thus, knowledge of the effect of high-
temperature heat treatment on W is important for the understanding of the defects’ evolution 
mechanism. 

High-temperature treatment can affect the microstructure of W through three processes, 
recovery, recrystallization, and grain growth and the study of the kinetics of these processes is 
the topic of several papers. L. Tanure et al. [25] studied the influence of isochronal (1 h) thermal 
treatment of double forged W bar and showed that recovery (sub-grain coarsening and/or sub-
grain/dislocation reorientation) occurs at temperatures lower than 1300 oC, recrystallization 
between 1300 and 1500 oC and grain growth above 1500 oC. However, for prolonged periods of 
heat treatment lower temperatures are expected to trigger the same results [26, 27]. Alfonso 
et. al. [28] studied the influence of heat treatment on warm-rolled tungsten in the temperature 
range from 1150 oC to 1350 oC for an annealing period of up to 2200 h. In all the investigated 
temperatures two annealing stages were identified. In the first stage, recovery occurs while in 
the second stage recovery and recrystallization appear simultaneously. The increase of the 
annealing temperature lowers the time onset of the interchange between the first and the 
second stage. Tungsten’s initial microstructure plays also a significant role in its behaviour 
under high-temperature heat treatment with even small changes inducing significant difference 
in the recovery and recrystallization kinetics as M. Richou et al. present in their paper [29].  
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In this work, the mechanical properties, texture, and microstructure of neutron-irradiated 
up to 0.18 dpa at 1200 oC double forged W bar are compared to those of an unirradiated and 
annealed at 1200 oC material. This comparison will enable the separation of the effects arising 
due to temperature from those induced by neutron irradiation and thus, get a better insight 
into the mechanism of the evolution of defects. X-ray diffraction (XRD) and Transmission 
Electron Microscopy (TEM) are used to assess texture and microstructure. Impulse excitation 
technique (IET) is employed to study the elastic properties of the specimens while depth-
sensing micro-indentation is used to measure their hardness and creep. Positron annihilation 
lifetime and Doppler broadening spectroscopy (PAS) is employed to characterise open volume 
defects.  
 

2 Materials and Methods 

2.1 Material, annealing and irradiation 

The tungsten material was produced by PLANSEE SE in bar form using a powder 
metallurgical route consisting of sintering and hot forging from two orthogonal directions. The 
resulting material has a uniaxial elongated grain shape [30, 31]. Disks with thickness of about 1 
mm were sectioned using electrical discharge machining. Both sides of the discs were 
subsequently mechanically polished using diamond suspension up to 0.25 µm and colloidal 
silica in order to obtain mirror quality surface and removing surface oxide and stresses/surface 
damage induced by the EDM cutting. The final thickness of the samples was about 0.5 mm. 

Neutron irradiation was performed at the Belgian Material Test Reactor BR2. In order to 
maximize the fast-to-thermal neutron ratio and thus achieving transmutation rates of W into Re 
and Os closer to those expected in ITER and DEMO, the irradiation was performed inside a fuel 
element in the maximum fast neutron (> 0.1 MeV, 7 × 1014 n/cm2/s) flux position.  

The samples were encapsulated in 1.5 mm stainless steel tube filled with helium. The 
thickness of the steel tube was adjusted to maximize the shielding from the thermal neutrons. 
The gap between the samples and the tube was adjusted to achieve 1200 °C following the 
thermal and neutronic calculations. The irradiation was made for two reactor cycles of a total 
duration of 70 days resulting in a dose of 0.18 displacements per atom (dpa). The dose was 
calculated by MCNPX 2.7.0 based on the total fast neutron fluence (8.9×1020 n/cm2, >0.1 MeV) 
[32]. The dpa cross sections for W have been obtained from the JENDL4 file (MT444) for the 
threshold displacement energy of 55 eV, following the recommendation of IAEA [33]. The 
transmutation of W to Re, Os and Ta according to nuclide inventory calculations, using FISPACT-
II code and TENDL-17 nuclear databases, was found around 0.59 at% Re, 1.5×10-2 at% Os and 
8.9×10-3 at% Ta.  

Annealing at 1200 oC for 24 h was performed in a tubular furnace under high vacuum of 10-

5 mbar using a heating/cooling rate of 10 oC/min. 
 

2.2 Transmission Electron Microscopy (TEM) 

TEM was performed with JEOL 3010 TEM operating at 300 kV. The TEM samples were 
prepared by cutting the irradiated disks into pieces with a size of about 1.5 × 1.5 × 0.5 mm and 
then the coupons were mechanically polished using SiC paper with grit sizes of 220, 500, 1200, 
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2000 and 4000 to achieve 70-100 μm thickness. The coupons were rinsed in ethanol and then 
glued on 3 mm copper grids with an aperture of 1 mm. Finally, TEM specimens were polished 
electrochemically with a solution of 1.5 wt.% NaOH in water with an applied voltage of 30 V. 
The local thickness of the specimen was determined from the convergent beam electron 
diffraction (CBED) pattern and diffraction pattern. Several measurements in different areas 
were performed to make sure that the observed microstructure is indeed statistically 
representative. The average dislocation density was measured following the methodology used 
in [34]. The overall methodology for the registration of tungsten microstructure was adopted 
from our earlier works where the same tungsten grades were investigated after plastic 
deformation and high flux plasma exposure [35, 36, 37, 38]. 
 

2.3 Positron Annihilation Spectroscopy  

2.3.1 Positron annihilation Lifetime Spectroscopy (PALS) 

PALS is a powerful and sensitive method for the investigation of open volume defects with 
concentrations as low as 10-6 in materials [39, 40]. When the positron is implanted in a 
material, it gets thermalized very fast (~10-12 s) and before it annihilates with an electron, it can 
get trapped into defects. The positron lifetime in a defect is inversely proportional to the 
electron density seen by the positron. The reduced electron density at an open volume defect 
site, such as a vacancy, divacancy, dislocation or vacancy cluster, increases the positron 
lifetime, and the positron lifetime increases as the size of the open volume defect increases. 

Positron annihilation lifetime measurements were carried out at room temperature using 
Ortec® PLS-system. The 22Na radionuclide (from evaporated 22NaCl metallic salt), with a half-life 
of 959.8 days, encapsulated in 3.6 mg/cm2 thin polyimide (Kapton®) windows, was used as the 
positron source with an activity of 100 µCi. The active area of the source is 5 mm. The positron 
source was sandwiched between two pieces of identical specimens. The 1.274 MeV gamma-ray, 
indicating a positron emission event, and the two 0.511 MeV gamma rays of the positron 
annihilation event are detected using fast plastic scintillators coupled with photomultiplier (PM) 
tubes. The time resolution, i.e. the Full-Width Half Maximum (FWHM) of the prompt spectrum, 
was measured with 60Co and energy windows set as for 22Na and sample measurements and 
was found around 280 ps. The detectors were placed at a distance of about 3 mm from the 
sample. For each spectrum, at least two million counts were collected. 

The maximum penetration in tungsten of the positrons emitted by 22Na (545 keV maximum 
energy) is around 50 µm, which is lower than the samples thickness, i.e. all positrons are 
annihilated inside the sample. The mean penetration depth of positrons having the mean 
energy of the 22Na spectrum, i.e. 215 keV, is 11 µm, which is large enough to avoid any surface 
effects. On the other hand, the two 0.511 MeV gammas emitted during the positron 
annihilation events have very small absorbance (~10%) by the tungsten material. 

The data analysis was performed using PALSfit3 software [41]. The experimental spectra 
were fitted to the expression of equation [41], 
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which involves a sum of exponential components referring to the source, srcI , and to the 

sample, sI , convoluted by the resolution function ( )R t  (Gaussian function) and the background

B . Each component is characterized by two parameters: intensity iI  and lifetime 1/i i   , 

and represents annihilation from a specific defect. The components k  refer to air, Kapton® and 
the source part of the spectrum, while 0i   refers to defect-free material and 1,...,i N  to the 

different open volume defects of the sample. In this expression, it is assumed that in each 
defect the positron is annihilated independently of the other defects and the defect-free 
matrix, i.e. there are no correlations.  

Since positrons may annihilate both in the source materials (22NaCl) and the thin foil 
encapsulating it, and these processes contribute additional lifetime components to the PALS 
spectrum, it is essential to determine these components in order to obtain reliable values of the 
lifetimes and intensities of the W investigated samples. To this end, a number of reference well-
annealed materials (Al, Co, Ni, Cd and Pb) of high purity (better than 99.99%) were analyzed in 
order to determine the source parameters. Two source components were considered; one for 
the annihilations in the 22Na source and Kapton® foil (because of their very similar lifetimes) 
and another one for the annihilations in the air between the source and the specimen.  

In the analysis of all PALS spectra, the resolution function was described by a sum of two 

Gaussians with FWHM of 1w  and 2w  and relative intensities 1si  and 2si  and a relative centroid 

shift st . The parameters of the resolution function were treated as fitted parameters for both 

the analysis of the reference samples and the W irradiated samples. In both cases, the fitted 
values of all the parameters are in agreement. 

The obtained lifetimes of the reference materials were found in very good agreement with 
the values reported in the literature. The lifetime value of the first source component, 

,1src , 

comprising the annihilations in the source itself and the surrounding  Kapton foil was found 
(371.0 ± 0.6) ps and it is in good agreement with values reported in the literature (in the range 
368 - 386 ps for Kapton and NaCl source in [42, 43], 385 ps for Kapton® in [44]). The second 
source component, 

,2src , corresponding to the annihilations in the air between the source and 

the specimen, exhibits a lifetime value of (2.20 ± 0.03) ns and a small intensity of (2.6 ± 0.2) %. 
 

2.3.2 Positron Doppler Broadening Spectroscopy  

Positron annihilation spectroscopy (PAS) was used to determine the coincidence Doppler 
broadening (CDB) spectrum in the irradiated samples. The CDB spectrum provides the 
momentum distribution of the electrons in the material. Thereby, low momentum is associated 
to valence/free electrons, which are found near open volumes and high momentum is 
associated to core electrons, which can be used to determine the chemical environment around 
a positron-electron annihilation site. 

The CDB setup [45,46,47] consists of two movable high-purity Ge detectors (coaxial HPGe 
detector from Canberra type GC3018) with high-energy resolution (FWHM = 0.8 keV at 122 keV 
and FWHM = 1.8 keV at 1332 keV) and build-in preamplifier (model 2101P). A digital signal 
processor (DSP Canberra Model 2060) for each detector and a personal computer with a 
LabView acquisition board card were used to collect the spectra. Both the electronics (two 
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detectors and coincidence) as well as the hardware (biological shielding and mobility of the 
detectors) were optimized to measure highly active specimen with moderate detector dead 
time (< 20%) and very low background. 

The measurements were performed at room temperature using a 22Na positron source. 
The positron source was sandwiched between two identical samples, such that the fraction of 
positron annihilations outside the samples is negligible.  

The low and high-momentum regions in the CDB spectrum were quantified based on the S- 
and W-parameters, respectively. The S- and W-parameters were defined as the ratio of low 
momentum (|𝑐 𝑝𝐿| < 2.5 × 10−3 𝑚0𝑐) and high momentum (15 × 10−3 𝑚0𝑐 < |𝑐 𝑝𝐿| < 25 ×
10−3 𝑚0𝑐) regions in the CDB spectrum to the total region, respectively. Here 𝑐 denotes the 
lightspeed, 𝑚0 the electron rest mass and 𝑝𝐿 the longitudinal component of the positron-

electron momentum along the direction of the γ-ray emission. 
 

2.4 X-Ray Diffraction 

The crystalline structure was evaluated by X-ray diffraction (XRD) measurements carried 
out at room temperature using Bruker D8 diffractometer with a Cu Kɑ X-ray source, a parallel 
beam stemming from a Göbbel mirror and a scintillator detector.  

 

2.5 Mechanical Properties 

2.5.1 Impulse Excitation Technique 

The Impulse Excitation Technique (IET) is a non-destructive dynamic method suitable for 
determining the elastic properties of materials that are elastic, homogeneous and isotropic 
[48]. In this work, the Young’s modulus, E , the shear modulus, G , and the Poisson ratio,  , of 
W bar samples were obtained employing IET [49], using the Buzz-o-Sonic system. For these 
tests, the disc-shaped specimens were supported by a foam material and excited by a light 
mechanical impulse. The impulse tool used consisted of a steel ball (2 mm diameter) attached 
to the end of a thin elastic rod. A microphone located in the vicinity of the sample was used to 
transmit sound vibrations to the signal processing unit. The first and second natural resonant 
frequencies 1,2f  were identified, which in turn were used to calculate the values of 

1,2E

corresponding to these frequencies, using [50] 

 

 4 2 2

1,2

1,2 2 2

1,2

3 1r f v
E

K t

  
  (2) 

where , ,t r   are the thickness, radius and density of the samples and 1,2K  are natural 

geometric factors. v  is calculated according to [50] as a function of t r  and 1 2f f , while G  is 

determined from the equation 
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G

v



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2.5.2 Depth sensing indentation 

Depth sensing indentation experiments were performed employing NANOVEA’s 
mechanical tester. The maximum load was set to 3N with a (un)loading rate of 20N/min. A 
creep time of 200 s was applied in all experiments before starting of the unloading process. The 
loading rate was selected after a series of indentation tests to achieve stability in the hardness 
values. The creep time was chosen such as to attain equilibrium conditions, i.e. almost no 
change of the indentation depth. A set of nine indentation tests, spaced by 200 μm, were 
performed. An optical microscope was used to select the indented area free from visible 
defects. 

The hardness, H , of the samples was calculated using the projected area, 
pA , of the 

residual imprint after the indentation tests determined from its optical microscopy images and 

the maximum applied force maxF  through the equation 

 

max max

2

mean

2

p

F F
H

A d
   (4) 

where meand  is the mean diameter of the residual imprint. 

While the indenter is held at constant load, creep phenomena occur, i.e. an increase in 
penetration depth without an accompanying increase in load is observed. For the comparison 
of the creep data, the maximum creep penetration depth

,maxcrh and the rate for reaching 50 % 

of the maximum creep depth 

 

0.5
0.5

0.5

h
r


  (5) 

were employed, where 0.5h  and 0.5  are the half-maximum penetration depth and the time 

needed for achieving it, respectively. 
 

3 Results and Discussion 

3.1 Microstructure 

3.1.1 Transmission Electron Microscopy 

The main TEM findings are briefly summarized in this section, while the complete TEM 
study including other irradiation temperatures and tungsten grades is reported in a paper 
submitted for publication. Figure 1 shows four images to reflect (a) reference microstructure, 
(b) appearance of dislocation loops, (c) appearance of voids and (d) pattern of voids located 
near low-angle grain boundary. The initial microstructure was composed of large essentially 
elongated carrot-like grains, slightly elongated sub-grains with a size of 1-3 µm and dislocation 
lines with a density of 4.5×1012 m-2. An example of such microstructure is presented in Figure 
1(a). After irradiation, no considerable change in the appearance of sub-grains was observed. 
The dislocation line density has however decreased from 4.5×1012  down to 1.65×1012 m-2.  
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Figure 1. Bright-field TEM images showing (a) reference microstructure; (b) appearance of 
dislocation loops; (c) appearance of voids; (d) formation of the voids near low-angle grain 
boundary. 
 

After irradiation, both voids and dislocation loops were identified. The loop size varied 
from 2.4 up to 13 nm, see Figure 1(b). The void size varied from 1.4 up to 4 nm, see Figure 1(c). 
The mean size of the voids is 4 nm (density is 1.9×1022 m-3) and the mean loop size is around 5.3 
nm (density is 5.8×1020 m-3). Large voids have faceted shapes. No void lattice could be resolved 
by performing observations in different orientations with respect to the investigated grain. The 
region of about 10-30 nm depleted by voids was regularly observed near the grain boundaries, 
an example is provided in Figure 1(d). Table I summarizes the TEM findings. Although the 

(a) (b)

(c) (d)
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irradiation at the high temperature of 1200 C has resulted in the partial recovery/annihilation 
of bulk dislocations, the total dislocation line density (i.e. the sum of bulk dislocation and 
irradiation-induced dislocation loops) has raised from 4.5×1012 m-2 up to 7.65×1012 m-2 due to the 
contribution from the dislocation loops. 
 

Table I. Microstructure determined by TEM measurements.  

 

Total 

Dislocation 

density 

(lines & 

loops) 

Dislocation 

density 
Dislocation Loops Voids 

Sample condition 
Density 

 
(×1012 m-2) 

Density 
 

(×1012 m-2) 

Density 
 

(×1020 m-3) 

Diameter 
 

(nm) 

Density 
 

(×1022 m-3) 

Diameter 
 

(nm) 

Volume 
fraction 

(%) 

Non-irradiated 4.5 4.5 * * - - - 

Irradiated 1200 oC 7.65 1.65 5.8 3.3 1.9 4 0.07 

*Very low density of large dislocation loops (size exceeding 50 nm) was observed in the non-

irradiated samples which was attributed to the plastic deformation applied during the forming 

of the tungsten bar, as reported in our previous work [35,36]. 

 

3.1.2 Open Volume defects  

3.1.2.1 Positron Lifetime Spectroscopy  

PALS measurements were performed on unirradiated, annealed at 1200 °C and irradiated 
at 1200 °C to a dose of 0.18 dpa W bar, as described in paragraph 2.3. The normalized PALS 
spectra are presented in Figure 2. 

A direct comparison of the experimental spectra of Figure 2 can provide qualitative 

information on the expected lifetimes. The subtle difference between the unirradiated and the 

annealed sample, with the latter being at a constantly lower intensity, implies a slightly shorter 

average lifetime for the annealed sample. For the irradiated sample, the broader peak and the 

smaller slope compared to the other spectra indicate the appearance of a high lifetime 

component. 
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Figure 2. Positron lifetime spectra for unirradiated (), annealed at 1200 °C for 24 h () and 
irradiated to 0.18 dpa at 1200 °C () double forged W bar. 
 

 
For the unirradiated sample two lifetime components were required in order to fit the 

PALS spectra. The short lifetime, 0 , of (114 ± 3) ps and intensity (81 ± 3) % is assigned to 

annihilations in the bulk defect-free W material (Table II) and is in good agreement with the 
relevant values reported in the literature which are in the range from 100 to 110 ps [51, 52, 53, 

54, 55, 56, 57]. The second lifetime, 1 , has the value of  (250 ± 10) ps and an intensity of (19 ± 

3) %. In W, the lifetime for mono- vacancies is reported in the range of 160 to 200 ps and for 
dislocations in the range of 130 to 180 ps [51, 52, 53, 54, 55, 56, 57, 58, 59]. The vacancy 
complex of 2-3 vacancies has been found to exhibit a lifetime of 230 ps [52, 60]. Lifetime values 
from 200 to 380 ps have been reported as equivalent to cluster sizes containing 1 to 9 vacancies 

[59, 60]. Therefore, 1  is considered a weighted average of lifetimes for annihilations taking 

place at dislocations and small vacancy clusters. Τhe ratio 1 0I / I reflects the part of the material 

which is affected by annihilations at dislocations and small vacancy clusters being of about (23 ± 
4)%.  

For the fitting of the PALS spectra of the annealed and irradiated sample the lifetime found 
for the defect-free material was kept constant and equal to that determined for the 
unirradiated material. For the annealed material the second lifetime was found at (188 ± 8) ps 
with an intensity (17 ± 2) % (Table II).  This lifetime is attributed mainly to dislocations. The 

decrease of about 60 ps in the 1  lifetime after annealing, accompanied by the slight reduction 

in the average positron lifetime from 139 ps to 127 ps, hints towards vacancy diffusion and 
recombination with interstitial atoms and/or dislocation rotation/rearrangement. After 

annealing the ratio 1 0I / I decreases slightly reflecting the increase of the annihilations in the 

defect-free material compared to the unirradiated reference sample (Table II). 
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Table II. Lifetime components and their relative intensities for unirradiated, annealed at 1200 
oC for 24 h and irradiated to 0.18 dpa at 1200 oC double forged W bar.   

Sample condition 0 (ps)
 1 (ps) 1(%)I  2 (ps) 2 (%)I  average (ps)

 1 0I / I   2 0I / I  

Unirradiated 

114 ± 3 

250 ± 10 19 ± 3 - - 139 ± 9 0.23 ± 0.04 - 

Annealed 1200 oC 188 ± 8 17 ± 2 - - 127 ± 5 0.20 ± 0.02 - 

Irradiated 1200 oC  190 ± 20 18 ± 3 537 ± 6 38 ± 1 290 ± 10 0.41 ± 0.08 0.86±0.08 

 

After irradiation at 1200 C, apart from the 0 and 1  lifetimes a third lifetime, 2 , is 

required to fit the data. The obtained lifetimes and their relative intensities are presented in 

Table II. For 1  a value of (190 20) ps  is found, similar to that of the annealed sample, and it is 

associated with annihilations at dislocations. The long lifetime, 2 , is determined (537 5) ps  

ps with an intensity of 2 (38 1) %I   . This lifetime corresponds to positron annihilations at 

large vacancy clusters or voids having more than 40 vacancies [53, 60], with a diameter larger 
than 1 nm in agreement with TEM results. According to the literature voids having 13-37 
vacancies present a lifetime of 410 - 440 ps [54]. For large vacancy clusters (>40 vacancies) 
theoretical calculations predict a small or no dependence of the positron lifetime on the void 
size due to the localization of positron at the cavity surface, with a saturation positron lifetime 

value of around 500 ps [40, 53]. For the irradiated sample, the ratio 1 0I / I increases by a factor 

of about 1.8 compared to the unirradiated material, in excellent agreement with the TEM 
results which show an increase of about 1.7 in the total dislocation density after irradiation 
(Table I). 
 

3.1.2.2 Positron Doppler Broadening Spectroscopy  

The CDB spectrum provides the momentum distribution of the electrons in the material. 

Thereby low momentum is associated to valence/free electrons, which are found near open 

volume. To identify the effect of irradiation and annealing temperature on the CDB spectra, 𝐼, 

they are normalized against the spectrum of unirradiated reference material, 𝐼ref. The relative 

CDB spectra, 𝐼/𝐼ref, for the irradiated and annealed material are presented in Figure 3. 

For the irradiated material, 𝐼irr/𝐼ref > 1  for 𝑝𝐿 < 4 × 10−3 𝑚0𝑐  and 𝐼irr/𝐼ref < 1  for 

𝑝𝐿 > 4 × 10−3 𝑚0𝑐. For the material annealed at 1200 °C, no significant modifications of the 

CDB profile are observed. The CDB profile observed for the irradiated material is consistent 

with the profiles reported in [47,60]. 
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Figure 3. Relative CDB spectra, 𝐼irr/𝐼ref, for the irradiated and annealed samples at 1200 °C. All 

curves were smoothed by moving average over 10 data points. 

 

The S- and W-parameters derived from the CDB spectra are presented in Table III. 

Consistent with the CDS spectra, both S- and W-parameter for the annealed material are equal 

to the reference, while for the irradiated sample the S-parameter is 7 % higher, while the W-

parameter is 3 % lower. The increase in S-parameter for the irradiated material is consistent 

with the creation of open volume defects, such as vacancy clusters and voids. The latter 

microstructure is consistent with the PALS measurements and TEM data where voids are 

observed. 

 

Table III. S- and W-parameters derived from the CDB spectra for the reference, annealed and 

irradiated materials. 

Sample S-parameter W-parameter 

Unirradiated 0.377 ± 0.001 0.0086 ± 0.0001 

Annealed at 1200 °C 0.376 ± 0.001 0.0088 ± 0.0001 

Irradiated at 1200 °C 0.402 ± 0.002 0.0058 ± 0.0002 
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3.1.3 X-Ray Diffractometry 

X-Ray diffraction measurements were performed as described in paragraph 2.4 and the 
spectra are presented in Figure 4. From a direct comparison of the XRD patterns, no new 
phases are present after annealing or irradiation and the material retains its BCC structure and 
interatomic distance. Bragg peak broadening appears after irradiation at 0.18 dpa, indicative of 
the presence of micro-stresses due the creation of defects, with the Full Width at Half 
Maximum (FWHM) of the (110) peak increasing from 0.126o to 0.19o. After annealing at 1200 oC 
the FWHM decreases to 0.098o indicating relieving of micro-stresses induced by the forging 
process.  It is observed that after irradiation the relative intensities of the Bragg peaks change, 
i.e. texture appears. In order to assess the observed texture of the samples, the texture 
coefficient was utilized, defined as 
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where for each crystallographic plane  
i

hkl  its texture coefficient,   iTc hkl , is the ratio of the 

observed intensity,  
i

I hlk , to the intensity of a randomly oriented polycrystalline sample, 

 0 i
I hkl , normalized to the total number of peaks, N , and their respective ratios [61]. A 

texture coefficient of 1 indicates randomly orientated crystallites, whereas a value higher than 
1, a preference in that specific direction. 
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Figure 4. X-Ray diffraction patterns of 
unirradiated, annealed at 1200 °C for 24 h 
and irradiated to 0.18 dpa at 1200 °C double 
forged W bar. 
 

Figure 5. Texture coefficients of each 
crystallographic direction of unirradiated, 
annealed at 1200 °C for 24 h and irradiated at 
1200 °C double forged tungsten bars. 
 

 
The texture coefficient is depicted in Figure 5. For the unirradiated material, enhanced 

texture is observed in the <hh0> direction, produced from the characteristic manufacturing 
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process of double forging. This preferential texture is retained after annealing at 1200 °C, with 
insignificant changes, indicating that the recrystallization process has not been activated at that 
temperature. After irradiation at 1200 °C, a change of texturing is observed, towards the <hhh> 
direction. Several authors have reported recrystallization in the temperature range of 1100 to 
1300 oC for deformed tungsten materials [27, 28, 62, 63, 64]. The developed texture after 
recrystallization is highly dependent on the type of deformation and material composition [65], 
with authors reporting textures similar to the pre-annealed material with increased [63, 64] or 
decreased [66] intensity, and even recrystallization towards a rotated cube component 
{001}<110> [67]. 

 
 

3.2 Mechanical Properties 

3.2.1 Elastic properties 

The Young’s,  E , and shear, G , moduli and the Poisson’s ratio   were determined as 
described in section 2.5.1 and they are presented in Table IV. The elastic property values for the 
unirradiated sample are in a good agreement with the literature data [11, 68]. The material 
exhibits a 4% increase in the elastic (from 391 to 405 GPa) and shear moduli (from 154 to 158 
GPa) after annealing. This increase is attributed to stress-relieving of forging induced stresses 
and it is in agreement with the PALS data showing a decrease in the part of the material 
affected by dislocations (see Section 3.1.2.1). A small decrease of 4 % is observed in the elastic 
(from 391 to 378 GPa) and shear moduli (from 154 to 148 GPa) which indicates the introduction 
of internal stresses through irradiation. 

 
Table IV. Hardness, maximum creep depth and creep rate, Young’s modulus ( E ), shear 
modulus (G ), Poisson’s ratio ( ), for unirradiated, annealed at 1200 °C for 24 h and irradiated 
to 0.18 dpa at 1200 °C double forged W bar. 

Sample condition 
Young’s 
Modulus 

 (GPa) 

Shear 
Modulus 

 (GPa) 

Poisson’s 
Ratio 

 

Hardness (3 N) 
 

 (GPa) 

Maximum 
Creep Depth 

( (nm) 

Creep Rate 
 

 (nm/s) 

Unirradiated 391 ± 4 154 ± 1 
0.270 

± 0.006 
4.40 ± 0.09 319 ± 41 30 ± 2 

Annealed 1200 oC 405 ± 4 158 ± 2 
0.286 

± 0.003 
4.24 ± 0.04 359 ± 10 37 ± 8 

Irradiated 1200 oC 378 ± 6 148 ± 3 
0.280 

± 0.003 
5.30 ± 0.14 272 ± 14 33 ± 5 

 

3.2.2 Hardness and creep 

Characteristic residual imprints, from which the projected area of indentation was 
calculated after the indentation tests, are presented in Figure 6. After annealing at 1200 oC, the 
phenomenon of thermal grain boundary grooving [69, 70, 71] is observed, revealing the 
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underlying grain structure. Due to thermally activated surface diffusion, the grain boundaries 
shrink in order to reduce their surface energy, developing characteristic thermal grooves 
between individual grains on the surface. In contrast, the surface of the irradiated sample 
appears rougher but oxide-free. 

 

 

Figure 6. Residual impressions after Vickers indentation tests on unirradiated (left), annealed at 
1200 °C for 24 h (middle) and irradiated to 0.18 dpa at 1200 °C (right) double forged W bar. 
 

The creep-time curves under a constant load of 3 N are presented in Figure 7. From these 
curves, the creep characteristics in Table IV were extracted. 
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Figure 7. Averaged creep-time curves under a constant load of 3 N of unirradiated (), annealed 
at 1200 °C for 24 h (▲) and irradiated to 0.18 dpa at 1200 °C (▼)  double forged W bar. 
 

Prior to analysing the creep curves a direct comparison between the curves can be made. 
Qualitatively, all samples exhibit the same behaviour, with a relatively fast steady-state 
achieved after 200 s. The higher/lower total creep depth for the annealed/irradiated sample 
with respect to the unirradiated sample is an indication on the ease/hindering of dislocation 
movement. 

80 μm 

Unirradiated Irradiated 1200 °C 0.18 dpa 

80 μm 80 μm 

Annealed 1200 °C 
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After annealing at 1200 oC hardness decreases by around 4% from 4.4 GPa to 4.24 GPa, 
while it results in the increase of the maximum creep depth by 13%, indicating facilitation of 
dislocation movement after partial annealing of forging induced defects, rearrangement of 
dislocations or sub-grain rotation/coalescence [65]. Similar results reporting a small decrease in 
hardness from ~4.4 to ~4.3 GPa in double forged W bar [25] and from ~4.1 to ~4.0 GPa in warm 
rolled W [28] after annealing at 1300 oC and 1200 oC respectively indicate pre-recrystallization 
recovery. On the other hand, irradiation at 1200 oC increases the hardness by about 20 % from 
4.4 GPa to 5.3 GPa, while it decreases the maximum creep depth by 15%, due to irradiation-
induced defects that hinder dislocation movement. The creep rate remains largely unaffected 
after both irradiation and annealing. 

 
 

4 Summary and Conclusions 

In the current work, the microstructure and mechanical properties of double forged W bar 
as fabricated, annealed at 1200 oC for 24 h and irradiated to 0.18 dpa at 1200 oC were 
investigated. The as-fabricated tungsten sample is characterized by elongated grains, as a result 
of the double forging process, and an equivalent grain size of 87.37 μm, with a sub-grain size of 
1-3 μm. Forging also introduces dislocations in the material with a density of 

12 24.5 10 mdislN   as observed by TEM. Enhanced texture along <hh0> direction is observed in 

the as fabricated condition. PALS measurements show the presence of a lifetime 1 of 250 ps 

which is attributed to annihilations taking place at small vacancy clusters of 2-3 vacancies and 
dislocations. 

Annealing at 1200 oC results in the decrease of the lifetime 1  to 180 ps indicating 

annihilation of the small vacancy clusters and positron annihilation mainly at dislocations. In 
addition, reduction of the FWHM  of the Bragg XRD peaks is observed. These effects show that 
the recovery regime of high-temperature treatment is in effect, enabling the diffusion and 
annihilation of small vacancy clusters, rearrangement and rotation of sub-grains and 
dislocations. Furthermore this picture of microstructural evolution upon annealing justifies the 
observed changes on the mechanical properties, i.e. 4% decrease in hardness, 13% increase in 
the maximum creep depth and 4% increase in the elastic constants.   

In the irradiated at 1200 C material enhanced texture along <222> direction is observed at 
the expense of <110> orientation while TEM observations do not show any grain growth. 

Dislocation loop ( 20 35.8 10loopN m  , 5.1 nmD  ) and void ( 22 31.9 10 mvoidN   , 3.3 nmD  ) 

formation is observed by TEM after irradiation. Void formation is also suggested by the 

appearance of a high-intensity long lifetime component ( 2 537 5   ps) in PALS, corresponding 

to voids having a size of more than 1 nm, accompanied by the annihilation of small vacancy 

clusters as indicated by the reduction of the 1  lifetime from 250 ps (for the unirradiated 

sample) to 190 ps. The fact that 1  is the same within error bar for the annealed and irradiated 

at 1200 C suggests that the main driving force for the dissolution of the small vacancy clusters 
is the temperature and not the irradiation itself. The formation of voids and dislocation loops at 
a lesser degree [72] causes hindering in the dislocation movement and result in the increase of 
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hardness by about 20%. On the other hand the decrease of the dislocation lines from 4.5×1012 
m-2 in the unirradiated state to 1.65×1012 m-2 after irradiation leads to a decrease of about 4% 
in the values of the elastic constants. Moreover, the absence of voids near grain boundaries in a 
region of about 10-30 nm, as observed by TEM, implies that grain boundaries can act as defect 

sinks. The maximum creep depth, after irradiation at 1200 C, decreases by 15% due to the 
formation of irradiation-induced defects (loops and voids) that hinder dislocation movement. 
The creep rate remains largely unaffected after both irradiation and annealing. 
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