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Abstract 11 

The identification of defects in neutron damaged materials is essential for elucidating the 12 

correlation between the microstructure and the properties of a material.  Positron annihilation 13 

spectroscopy (PAS) is very sensitive in open volume defects and thus a useful tool for the 14 

investigation of the radiation damage in matter. Tungsten is a critical material for the first wall 15 

and divertor of fusion reactors. In the current work, the evolution of the open volume defects 16 

in tungsten (W) materials neutron irradiated to 0.12 displacements per atom (dpa) and in the 17 

temperature range from 600 to 1200 C in the Belgian Material Test Reactor BR2 is investigated 18 

by positron annihilation lifetime and coincidence Doppler broadening spectroscopy. Three 19 

tungsten grades were studied: W(100) single crystal, ITER grade forger bar and heavily 20 

deformed “cold”-rolled sheet. PAS results show that the neutron irradiation results in the 21 

formation of dislocations and voids of size larger 1 nm at all irradiation temperatures and in all 22 

W grades. The dislocation and void density decreases with increasing irradiation temperature. 23 

Moreover, the void size increases with the increase of the irradiation temperature.  24 

 25 

 26 

 27 

1 Introduction 28 

Tungsten (W) and its alloys are promising armor materials for the divertor and the first wall in 29 

fusion reactors due to their attractive properties such as high melting point, high thermal 30 

conductivity, low tritium retention, low swelling under irradiation and resistance in sputtering, 31 

thermal stresses and shock [1, 2]. However, W is brittle at low temperatures and the ductile to 32 

brittle transition temperature (DBTT) ranges from room temperature to several hundred 33 

degrees Celsius [1]. In addition, tungsten plasma facing components will be subject to high 34 

energy (up to 14 MeV) neutron irradiation, high heat fluxes in the range 10-20 MW/m2 and 35 
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energetic impinging particles from the plasma [3]. The understanding of the effects of each of 1 

these extreme conditions on the properties of W is crucial for the development of structural 2 

modifications that will warrant the safe and prolonged life of W plasma facing components. 3 

Within the framework of the EUROfusion project WPMAT [4], neutron irradiations of different 4 

W material microstructures at different doses and in the temperature range from 600 to 1200 5 

ºC have been carried out. One of the aims of this work was to advance the understanding of the 6 

basic phenomena connected with the neutron irradiation on tungsten.  7 

In the literature, there is a number of investigations regarding the microstructure 8 

evolution and mechanical properties of tungsten and its alloys under fission neutron irradiation 9 

[5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Neutron 10 

irradiation results in the formation of point defects that diffuse and cluster to form voids and 11 

dislocation loops. In addition, transmutation reactions result in the production of Re, Os and Ta 12 

which diffuse and form clusters or precipitates. These three types of defects, i.e. voids, 13 

dislocation loops and transmutation product clusters, cause increase in hardness and yield 14 

strength and decrease in ductility [23,24,26]. Dislocation loops prevail at irradiation 15 

temperatures below 500 °C, while the increase of the irradiation temperature and dose 16 

promote void formation and precipitates (for doses larger than about 1 dpa) [6, 12]. Formation 17 

of a lattice of voids with a lattice parameter of 19.5 nm has been observed after irradiation at 18 

550 C to a fast neutron fluence of 1022 n/cm2 [28]. Moreover, it has been shown that hardness 19 

and microstructure changes exhibit a clear dependence on the neutron energy spectrum [11]. 20 

In [12], irradiation hardening in the range 34–52% was observed in single crystal tungsten 21 

presenting a maximum at 800 °C. The peak hardening was linked to the peak density of voids 22 

and it was shown that voids are the main contribution of the irradiation hardening. In [22], 23 

neutron irradiation of W single crystal was performed in the temperature range 600 - 1200 C 24 

to a dose of 0.12 displacements per atom (dpa) and the maximum hardening was observed at 25 

the irradiation temperature of 600 C, corresponding to a maximum defect density of about 8 × 26 

1023 m−3 with the latter showing a three-fold decrease after irradiation at 1200 C. In neutron 27 

irradiated polycrystalline W, to a dose of about 0.2 dpa and in the temperature range 600 – 28 

1200 C, voids and dislocation loops were observed after neutron irradiation in the 29 

temperature range 600  - 1200 C, with their number density decreasing and their size 30 

increasing with the increase of the irradiation temperature [23, 24].  31 

The development of W based radiation resistant material microstructures and the 32 

prediction of the behavior of the material parts of a component under neutron irradiation at 33 

fusion relevant conditions is of major importance in the fusion roadmap. The aim of the present 34 

study is to contribute to the fundamental understanding of neutron irradiation effects in 35 

tungsten and to complement the insight in the evolution of open volume defects in neutron 36 

irradiated materials of different microstructures as a function of the irradiation temperature. To 37 

this end, positron annihilation lifetime and coincidence Doppler broadening spectroscopy were 38 
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employed as being sensitive tools in the determination and the characterization of the open 1 

volume defects. The annihilation characteristics, namely the positron lifetime and its associated 2 

intensity, as well as, the momentum distribution of annihilation photons in the material provide 3 

information about the type of the open volume defects, the defect population and the 4 

surrounding chemical environment at the annihilation site. The effect of the initial 5 

microstructure on the generated open volume defects is examined by investigating both single 6 

crystal and deformed polycrystalline tungsten materials with different degrees of plastic 7 

deformation.  8 

 9 

 10 

2 Experimental Details 11 

2.1 Material and irradiations 12 

Three types of W materials are investigated: a) Single crystal W(100) of 99.999 % purity having 13 

a diameter of 12 mm and supplied by MaTeck, b) W cold rolled sheet of 1 mm thickness, and c)  14 

W bar forged by hammering from two orthogonal sides.  The W sheet [29] and bar [30] 15 

materials were produced by PLANSEE SE in sheet and bar form, respectively, using a powder 16 

metallurgical route consisting of sintering and rolling or forging. The sheet sintered compact  17 

was heated to a temperature of above 1250 °C and subsequently rolled to a thickness of 5.5 18 

mm (“hot”-rolling). Then this sheet is “cold”-rolled to a temperature of below 1000 °C and it is 19 

brought by progressive rolling steps to a thickness of 1 mm. The microstructure of the resulting 20 

material consists of plate-like grain shapes and the grains are elongated along the rolling 21 

direction (Fig.1) [31]. The bar material has a square cross-section of 36 mm × 36 mm and due to 22 

its hammering from two orthogonal directions, the grains are needle-like and are elongated 23 

along the bar axis (Fig.1) [30, 31].  24 

Disks with thickness of 1 mm were sectioned using electrical discharge machining and 25 

were subsequently mechanically polished from both sides using diamond suspension for 26 

removing the surface oxide and stresses/surface damage induced by the EDM cutting. At the 27 

final stage colloidal silica was used in order to obtain mirror quality surface. The resulting 28 

thickness of the samples was about 0.5 mm. 29 

 30 

 31 

 32 

 33 

 34 

 35 
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Fig. 1. Schematic grain structure of the W polycrystalline materials. 

 1 

Neutron irradiations were performed in the Belgian Material Test Reactor (BR2). The 2 

samples were encapsulated in 1.5 mm stainless steel tube filled with helium. In order to 3 

maximize the fast-to-thermal neutron ratio and thus achieve transmutation rates of W into Re 4 

and Os as close as possible to those expected in ITER and DEMO conditions, the irradiation was 5 

performed inside the fuel element in the maximum fast neutron (> 0.1 MeV, 7 × 1014 n/cm2/s) 6 

flux position and the thickness of the steel tube was adjusted to maximize the shielding from 7 

the thermal neutrons. 8 

The gap between the encapsulating stainless steel tube and the samples was adjusted, 9 

based on thermal and neutronic calculations, to achieve the irradiation temperatures of 600, 10 

800, 900 and 1200 °C. The irradiation dose was 0.12 displacement per atom (dpa); it was 11 

calculated by MCNPX 2.7.0 based on the total fast neutron fluence (5.8×1020 n/cm2, >0.1 MeV) 12 

and was reached after two reactor cycles of a total duration of 49 days [32]. For the dpa 13 

calculations the cross sections for W have been prepared from the JENDL4 file (MT444) for the 14 

threshold displacement energy of 55 eV according to the IAEA recommendation of [33]. For the 15 

calculation of the transmutation of W to Re, Os and Ta FISPACT-II and TENDL-2019 (for Re and 16 

Os) and EAF-2010 (for Ta) cross section libraries were used and were found in the range of 0.38-17 

0.43 at% Re, (6.2-7.8)×10-3 at% Os and (1.5-1.7)×10-3 at% Ta. The use of the nuclear libraries 18 

was based on gamma spectroscopy validation measurements of the calculated versus 19 

experimental specific activities (to be published). 20 

Cross section normal 
to the rolling direction 

Cross section along 
the sheet plane  

Cross section along 
the bar axis 

Cross section normal 
to the bar axis 
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2.2 Microstructure 1 

TEM measurements were performed on the unirradiated materials with JEOL 3010 electron 2 

microscope operating at 300 kV. The details of the measurements can be found in [31]. 3 

 4 

2.3 Positron annihilation spectroscopy 5 

2.3.1 Positron annihilation lifetime spectroscopy (PALS) 6 

Positron annihilation lifetime spectroscopy (PALS) is a powerful and sensitive method for the 7 

investigation of open volume defects with concentrations as low as 10-6 in materials [34, 35]. 8 

The positron, when implanted in a material, is very fast thermalized (~10-12 s), it gets trapped 9 

within open volume defects and finally annihilates with an electron producing two gammas. 10 

The positron lifetime is inversely proportional to the electron density around the positron 11 

position. The reduced electron density at an open volume defect site, such as a vacancy, 12 

divacancy, dislocation or vacancy cluster, delays positron annihilation and, thus, increases the 13 

positron lifetime. The positron lifetime increases as the size of the open volume defect 14 

increases. The effective positron lifetime in the delocalized state varies inversely proportional 15 

with the sum of the positron annihilation rate and the trapping rate. The trapping rate depends 16 

on the types of defects in the sample and is proportional to the defect concentration.   It should 17 

be mentioned that grain boundaries (GBs) should not affect positron trapping since the grain 18 

size of the polycrystalline materials in the current study is of the order of a few micrometers 19 

[31] and only in the nano-crystalline materials positron trapping may take place at GBs. 20 

The principle of operation of the lifetime spectrometer is to measure the number of 21 

events for different time intervals from the positron generation to its annihilation. The positron 22 

generation, start signal, is signaled by the prompt gamma rays (E=1.274 MeV) following the 23 

emission of positrons and positron annihilation, stop signal, is indicated from the annihilation 24 

gamma photons (E=0.511 MeV). Positron annihilation lifetime measurements were carried out 25 

at room temperature using Ortec® PLS-system. As the positron source the 22Na radionuclide 26 

(from evaporated 22NaCl metallic salt), and with a half-life of 959.8 days has been used. The 27 

positron source, with an activity of 100 µCi, is encapsulated in 7.5 mg/cm2 thin polymide 28 

(Kapton®) windows and has an active area of 5 mm. For the measurements the positron source 29 

is sandwiched between two pieces of identical specimens. The gamma rays are detected using 30 

fast plastic scintillators coupled with photomultiplier (PM) tubes placed at a distance of 3 mm 31 

from the sample. The time resolution, i.e. the Full Width Half Maximum (FWHM) of the prompt 32 

spectrum, was measured with 60Co and was found around 270 ps. For each spectrum at least 33 

four million counts were collected.  34 
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The maximum penetration in tungsten of the positrons emitted by 22Na (545 keV 1 

maximum energy) is around 50 µm, which is lower than the samples thickness, i.e. all positrons 2 

are annihilated within the sample. The mean penetration depth of positrons having the mean 3 

energy of the 22Na spectrum, i.e. 215 keV, is 11 µm, which is large enough to avoid any surface 4 

effects. On the other hand the two 0.511 MeV gammas emitted during the positron 5 

annihilation events have very small absorbance (~10%) by the tungsten material. 6 

The data analysis was performed using LT10 software [36, 37]. The experimental spectra 7 

were fitted to the expression [36],  8 
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which involves a sum of exponential components referring to the source, srcI , and to sample, 10 

sI ,  convoluted by the resolution function ( )R t  (assumed Gaussian) and the background B .  11 

The defect free material is referred as 0i   and 1,...,i N  corresponds to the different open 12 

volume defects of the sample. Each component is characterized by two parameters: the 13 

intensity iI  and the lifetime 1/i i  . The components k  refer to air, kapton and source part 14 

of the spectrum . In this expression it is assumed that in each defect the positron is annihilated 15 

independently of the other defects and the defect free matrix, i.e. there are no correlations.  16 

Since positrons may annihilate both in the source materials (22NaCl) and the thin foil 17 

encapsulating it, and these processes contribute additional lifetime components to the PALS 18 

spectrum it is  essential to determine these components in order to obtain reliable values of the 19 

lifetimes and intensities of the W investigated samples. To this end, a number of reference well 20 

annealed materials (Al, Ni, Cd and Pb) of high purity (better than 99.99%) were analyzed in 21 

order to determine the source parameters. Two source components were considered; one for 22 

the annihilations in the 22Na source and Kapton® foil (because of their very similar lifetimes) 23 

and another one for the annihilations in the air between the source and the specimen. The 24 

contribution of those components to the spectrum depends on the atomic number of the 25 

sample surrounding the source and this was found equal to 53% for tungsten.  26 

The obtained lifetimes of the reference materials were found in very good agreement 27 

with the values reported in the literature. The lifetime value of the first source component, 28 

,1src , comprising the annihilations in the source itself and the surrounding  Kapton® foil was 29 

found (375 ± 1) ps and it is in good agreement with values reported in the literature (in the 30 

range 368 - 386 ps for Kapton and NaCl source in [37, 38, 39], 385 ps for Kapton in [40]). The 31 

second source component, ,2src , corresponding to the annihilations in the air between the 32 

source and the specimen, exhibits a lifetime value of (2.56 ± 0.08) ns and relative intensity of 33 
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the source contribution airI =(2.4 ± 0.4)%; similar values in the range 1.4 – 1.9 ns are reported in 1 

literature [37, 39, 41, 42].  2 

 3 

2.3.2 Coincidence Doppler broadening positron annihilation spectroscopy (CDB-PAS) 4 

Positron annihilation spectroscopy (PAS) was used to determine the coincidence Doppler 5 

broadening (CDB) spectrum in the irradiated samples. The CDB spectrum provides the 6 

momentum distribution of the electrons in the material. Low momentum is associated to 7 

valence/free electrons and high momentum is associated to core electrons, which can be used 8 

to determine the chemical environment around a positron–electron annihilation site. In case of 9 

positrons trapped at a defect site, the relative contribution from core electrons towards 10 

annihilation is drastically reduced as compared to valence electrons. As a result, there is an 11 

increase in the low momentum region (valence electron) and a concomitant decrease in high 12 

momentum region (core electrons). The contributions in low and high momentum regions of 13 

the annihilation peak are defined as S- and W-parameters. 14 

The CDB setup [14,43,44] consists of two movable high-purity Ge detectors (coaxial HPGe 15 

detector from Canberra type GC3018) with high-energy resolution (FWHM = 0.8 keV at 122 keV 16 

and FWHM = 1.8 keV at 1332 keV) and built-in preamplifier (model 2101P). A digital signal 17 

processor (DSP Canberra Model 2060) for each detector and personal computer with LabView 18 

acquisition board card were used to collect the spectra. Both the electronics (two detectors and 19 

coincidence) as well as the hardware (biological shielding and mobility of the detectors) were 20 

optimized to measure highly active specimen with moderate detector dead time (< 20%) and 21 

very low background. 22 

The measurements were performed at room temperature using a 22Na positron source. 23 

The positron source was sandwiched between two identical samples, such that the fraction of 24 

positron annihilations outside the samples is negligible.  25 

The S- and W-parameters were defined as the ratio of low momentum and high 26 

momentum regions in the CDB spectrum to the total region, respectively. Up to some extent, 27 

the limits enclosing S- and W-parameters are arbitrary, as long as they are well separated. For 28 

comparison with Hu et al. [http://dx.doi.org/10.1016/j.jnucmat.2015.12.040], we have taken 29 

the same limits: |𝑝𝐿| < 2.78 × 10−3 𝑚0𝑐 for the S-parameter and 7.28 × 10−3 𝑚0𝑐 < |𝑝𝐿| <30 

29.12 × 10−3 𝑚0𝑐 for the W-parameter. Here 𝑐 denotes the lightspeed, 𝑚0 the electron rest 31 

mass and 𝑝𝐿 the longitudinal component of the positron-electron momentum along the 32 

direction of the γ-ray emission.  33 

  34 
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3 Results  1 

3.1 Microstructure of the reference materials 2 

 3 

Fig. 2. TEM images of the reference microstructure of the W forged bar (a),(c) with the 4 

horizontal axis along the bar axis, and W “cold”-rolled sheet (b), (d). 5 

(a) (b) 

(c) (d) 

Forged bar “Cold”-rolled sheet 
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The typical reference microstructure of the investigated polycrystalline W materials as 1 

determined by TEM measurements is presented in Fig.2 (for details see [23]). For the bar the 2 

sub-grains have elongated shape and their sizes vary in the range 0.6–1.7 μm in the normal to 3 

the bar axis and 2.3–4 μm along the bar axis (Fig. 1a). The dislocation density depends on the 4 

particular sub-grain, ranging from 4 to 8 × 1012 m−2, and has an average value of 4.5 × 1012 m−2. 5 

Most of the grain boundaries are low-angle type grain boundaries. For the W sheet the visible 6 

sub-grain size is in the range 1.5 – 2 µm, while it presents a dense tangled dislocation network 7 

with an average dislocation density of (9.8 ± 2.0)×1013 m-2 and low angle grain boundaries 8 

(Fig.2(b),(c)). 9 

 10 

3.2 Characterization of open volume defects using PALS 11 

The normalized PALS spectra of the unirradiated and irradiated samples are presented in 12 

Fig.3 for the four irradiation temperatures. The impact of neutron irradiation on the spectra is 13 

evident. As Fig.3 suggests, neutron irradiation on tungsten samples results in the increase of 14 

the average positron lifetime at all irradiation temperatures.  15 

Below we initially discuss the results on the unirradiated samples and subsequently those 16 

of the irradiated ones. 17 

 18 

3.2.1 Unirradiated materials 19 

Equation (1) is used to analyze the PALS spectra of the unirradiated tungsten samples. 20 

For the SC one lifetime is needed to describe the spectra which is found to be (114 ± 1) ps, 21 

whereas for the bar and the sheet two lifetimes are required. The results are presented in Table 22 

1. For the SC material the obtained lifetime is in agreement with the positron lifetime in defect-23 

free W material reported in the literature in the range 100-116 ps [45, 46, 47, 48, 49, 50, 51]. 24 

This lifetime was used as fixed to describe the positron annihilation in the defect free part of 25 

the W polycrystalline materials and the second lifetime, 1 , and its intensity were least square 26 

fitted.  27 

Before discussing our results, we summarize the necessary relevant information for the 28 

interpretation obtained from the literature. The positron lifetimes for mono-vacancy and 29 

dislocation defects are reported in the range of 160-200 ps and 130–180 ps, respectively [47, 30 

48, 52, 53, 54]. The low lifetime value of 130 ps corresponds to screw dislocations as calculated 31 

by Staikov et al [50]. Also, the positron lifetime of a vacancy associated to either screw or edge 32 

dislocation was calculated in the range 188-192 ps [50]. 33 
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The forged bar and “cold”-rolled sheet materials present similar 1  values which 1 

correspond to positron annihilations in dislocations and vacancies associated or not with them. 2 

The “cold”-rolled material though presents a quite larger relative intensity, 1I , associated with 3 

the defects of about 77% compared to 45% for the bar. This indicates that the “cold”-rolling 4 

process causes the formation of a larger density of dislocations than the forging process. This 5 

observation is in good agreement with TEM results which show almost an order of magnitude 6 

larger dislocation density in the W sheet compared to that of the bar [31].  7 

 8 

 9 

Table 1. Positron lifetimes and relative intensities obtained from least square fit of equation (1) 10 

to PALS spectra for the unirradiated samples. The dislocation density as determined by TEM is 11 

also presented. 12 

 
0  

(ps) 
0I  

(%) 
1  

(ps) 
1I  

(%) 

Dislocation 
density 

(m-2) 

SC 114 ± 1 100% - - - 

Forged bar 114 (fixed) 55 ± 3 185 ± 8 45 ± 3 4.5×1012 

“Cold”-rolled sheet 114 (fixed) 25 ± 15 171 ± 17 75 ± 15 9.8×1013 
  13 
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Fig.3. Normalized positron lifetime spectra for the unirradiated and irradiated W materials at 
various irradiation temperatures to a dose of 0.12 dpa. The solid lines are least-square fits of 

eq. (1) to the data. Zero time has been set arbitrarily. 
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3.2.2 Irradiated materials 1 

Two lifetimes are required to describe the spectra of all the irradiated samples. The exponential 2 

model analysis is used to determine the lifetimes and their related intensities by least squares 3 

fitting of equation (1) to the spectra. In the following sections we present the PALS results for 4 

each material type. For the comparison with the unirradiated material the average lifetime of 5 

the latter is used, since as it will be explained below the average lifetime of the unirradiated 6 

materials corresponds to the same types of defects as those of the short lifetime of the 7 

irradiated materials. 8 

 9 

a) Single crystal W(100) 10 

The lifetimes and their related intensities, as determined by least squares fitting of eq. (1) to 11 

the data, together with the average lifetime, av , are depicted in Fig. 4. The average positron 12 

lifetime provides a convenient single parameter description of the lifetime spectra and its value 13 

reflects how much defective a material is. 14 

The average lifetime, av ,  after irradiation at 600 C increases by more than a factor of 2, 15 

denoting the creation of open volume defects in the lattice. As the irradiation temperature 16 

increases av  decreases indicating that at higher temperature the population of open volume 17 

defects decreases.  18 

After irradiation, the PALS spectra are described by two lifetimes. The short lifetime, 1 , 19 

has values in the range 130 to 176 ps and corresponds to annihilations in dislocations and in the 20 

defect-free part of the material (Fig. 4a). More specifically, after irradiation at 600 C the short 21 

lifetime attains the value of (176±1) ps which decreases to (161±1) ps at the irradiation 22 

temperature of 800 C. Further increase of the irradiation temperature to 900 C does not 23 

significantly affect 1 . However, after irradiation at 1200 C 1  decreases to (130±1) ps. This 24 

decrease of 1  indicates the decrease of the dislocation density and the enhancement of 25 

positron annihilations in the defect-free part of the material.  26 

The long lifetime, 2 , has values in the range 512-534 ps (Fig. 4a) and it corresponds to 27 

annihilations in vacancy clusters having more than 40 vacancies and sizes larger than 1 nm. 28 

According to literature, voids having 13-37 vacancies have a lifetime of 410 - 440 ps [49], and a 29 

longest lifetime of 550 ps has been associated with large vacancy clusters containing more than 30 

40 vacancies [9]. As the irradiation temperature increases from 600 to 900 C the lifetime 2  31 

increases linearly from 512 up to 534 ps, indicating the increase of the void size. Further 32 

increase of the irradiation temperature does not significantly affect the lifetime 2 . It is noted 33 

that for large vacancy clusters (>40 vacancies) theoretical calculations predict a small or no 34 
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dependence of the positron lifetime on the void size due to the localization of positron at the 1 

cavity surface. Therefore, for large void sizes the lifetime 2  is insensitive to the size of the 2 

voids.  3 

 
 

Fig. 4. (a) Positron lifetimes and (b) relative intensities for irradiated single crystal as a function 

of the irradiation temperature. The average lifetime av  for the unirradiated material 

corresponds to 0  (see Table 1). 
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The relative intensity of the long lifetime is almost constant at all irradiation temperatures 1 

having a value of about 29%. Since the intensity reflects the relative percentage of the positrons 2 

being annihilated at the various annihilation sites, it can be considered as a measure of the 3 

volume fraction of these sites.   Thus, the constant intensity value, 2I , in combination with the 4 

increase of the void size as the irradiation temperature increase indicates the decrease of the 5 

number density of voids, most probably through the coalescence of small voids to larger ones.  6 

Summarizing the above results, we conclude that irradiation at 600 C results in the 7 

formation of dislocations as well as voids having a diameter of more than about 1 nm. As the 8 

irradiation temperature increases to 800 C the coalescence of vacancy clusters to larger ones 9 

takes place. Further increase of the irradiation temperature to 900 C does not significantly 10 

affect the volume fraction of the voids while neutron irradiation at 1200 C results in a 11 

significant decrease of 1  reflecting the increase of positron annihilations in the defect-free bulk 12 

material and indicating the decrease of the total dislocations’ density. 13 

 14 

b) Forged bar 15 

The lifetimes and their related intensities as determined by least squares fitting of eq. 16 

(2.1) to the PALS spectra are depicted in Fig. 5. Two lifetimes are needed to describe the PALS 17 

spectra.   18 

At all irradiation temperatures an increase of the average positron lifetime,  av , is 19 

observed, compared to the unirradiated material, with its value ranging in the range from 303 20 

to 372 ps indicating the creation of open volume defects in the lattice due to neutron 21 

irradiation. A maximum in the average lifetime is observed after irradiation at 800 C implying 22 

that after irradiation at this temperature the material has the highest volume fraction of open 23 

volume defects.  24 

As in the case of the SC material 1  is a weighted lifetime resulting from positron 25 

annihilations in dislocations and the bulk defect-free material. After irradiation in the 26 

temperature range 600 to 900C 1  has a value of about (170 ± 2) ps. After irradiation at 1200 27 

C  1  decreases to the value of (154± 2) ps which is very close to the average lifetime of the 28 

unirradiated sample ((146 ± 7) ps). This decrease of 1  indicates the decrease in the dislocation 29 

density after irradiation at 1200 C. 30 

After irradiation at 600 C a long lifetime, 2 , is determined with a value of 498 ps (Fig. 31 

5a). This lifetime corresponds to positron annihilations at large vacancy clusters or voids having 32 

more than 40 vacancies as discussed for the case of the single crystal material. The obtained 33 

values for 2  show that for all irradiation temperatures the voids have a diameter larger than 34 
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about 1 nm in agreement with TEM results [23]. Increase of the irradiation temperature results 1 

in the increase of 2 . However, as already mentioned above, due to the localization of positron 2 

at the void’s surface, the positron lifetime saturates and becomes insensitive to void size for 3 

large voids. 4 

 

 
Figure 5. (a) Positron lifetimes and (b) relative intensities for irradiated forged bar as a function 

of the irradiation temperature. The average lifetime, av , of the unirradiated material 

corresponds to 1  of the irradiated material (see Table 1). 
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The relative intensity, 2I , of the long lifetime increases from (41 ± 1)% after irradiation at 1 

600 C to 2I = (54 ± 1) % after irradiation 800 °C. This increase in 2I  is probably caused by the 2 

increase of the trapping rate of the voids due to their size increase. Further increase of the 3 

irradiation temperature up to 1200 °C causes 2I  to decrease by about 15%, indicating a 4 

decrease in the number density of voids.  5 

The picture that emerges about the evolution of the open volume defects in W forged bar 6 

is the following: irradiation at 600 C results in the formation of dislocations and voids with the 7 

latter having a diameter of more than about 1 nm. As the irradiation temperature increases the 8 

void size increases reflecting the coalescence of small vacancy clusters to larger ones. The 9 

percentage of positrons being annihilated in voids presents a maximum at 800 C, indicating a 10 

maximum in their volume fraction after irradiation at this temperature. Moreover, neutron 11 

irradiation at 1200 C results in a decrease of 1 , from (168 ± 1) ps after irradiation at 600 C to 12 

(154 ± 2) ps, manifesting the increase of positron annihilations in the bulk material and 13 

indicating the decrease of the total dislocations’ density. 14 

 15 

 16 

c) “Cold”-rolled sheet 17 

As in the case of SC and bar, two lifetimes are needed to describe the PALS spectra.  The 18 

lifetimes and their related intensities are depicted in Fig. 6.  19 

The average lifetime, av , increases by a factor of two after irradiation at 600 C and as the 20 

irradiation temperature increases further to 1200 C av presents a small linear increase, 21 

contrary to the behavior observed for W SC in which av  decreased with the increase of the 22 

irradiation temperature. This different behaviour of av for W sheet suggests that the in-situ 23 

“healing” of the material due to the annealing as the irradiation temperature increases is not 24 

dominant.  25 

After neutron irradiation at 600 C, 1  increases from 160 ps for the unirradiated material 26 

to (184±1) ps. The obtained values of 1  correspond to a weighted average of positron 27 

annihilations in dislocations, in mono-vacancies (for which the reported positron lifetimes lie in 28 

the range 160-200 ps) and in the bulk defect free material. The increase of the irradiation 29 

temperature from 600 to 800 °C results in a small decrease of 1  to the value of (173±1) ps. 30 

Further increase of the irradiation temperature does not significantly change the value of 1 . 31 

The observed decrease of 1  is attributed in the decrease of the dislocation density and the 32 

recovery of mono-vacancies either at dislocations or grain boundaries or through their 33 

coalescence to vacancy clusters.  34 
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After irradiation at 600 C a long lifetime, 2 , is found, having a value of (503 ± 4) ps, which 1 

corresponds, as in the case of the SC and the bar, to voids having more than 40 vacancies and a 2 

diameter larger than 1 nm. As the irradiation temperature increases to 1200 C 2  continues to 3 

increase almost linearly to the value of (576 ± 2) ps, showing the growth of the voids in 4 

agreement with TEM results [23].  5 

The relative intensity, 2I , of the long lifetime shows small variation as a function of the 6 

irradiation temperature, with values ranging between 45 and 51% and presenting a broad 7 

shallow maximum of ( 51 ± 1) % after irradiation at 900 C. 8 

Summarizing the above findings, we conclude that after irradiation at 600 C dislocations, 9 

mono-vacancies and voids, with the latter having a size larger than about 1 nm, are formed.  10 

The mono-vacancies annihilate after irradiation at 800 C. As the irradiation temperature 11 

increases, the void size increases, while the percentage of positrons being annihilated in voids 12 

presents a maximum at 900  C, indicating a maximum in their volume fraction after irradiation 13 

at this temperature.    14 
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  1 

  2 

Figure 6. (a) Positron lifetimes and (b) relative intensities for irradiated “cold”-rolled sheet as a 3 

function of the irradiation temperature. The average lifetime, av , of the unirradiated material 4 

corresponds to 1  of the irradiated material (see Table 1). 5 
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3.3 Trapping model results 1 

The analysis above showed the existence of two distinct open volume defect groups, 2 

dislocations and voids, for all W materials and at all irradiation temperatures. Only for the 3 

“cold”-rolled sheet the short lifetime for the irradiation at 600 C could involve a small 4 

percentage of positrons being annihilated at mono-vacancies. Therefore the two traps model 5 

could be used to obtain quantitative results for the defect densities. 6 

The trapping model is described by the equation [55] 7 

   0

1 1
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In the trapping model the intensities are related to the trapping rates, i , through the equation 9 

 i
i

i

I

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  (3) 10 

where 
2

0

1

i

i

 


   , 1

0 0    the inverse lifetime of the positron in the defect free material. 11 

The trapping rate is related to the concentration, iC , of the ith trap by 12 

 i i iC    (4) 13 

where i  the trapping strength of the ith trap. The trapping model can provide an estimation of 14 

the number density of each defect type (positron trap) in the irradiated tungsten as described 15 

below. 16 

 Below we discuss the application of the two-defect trapping model for the identified 17 

defects in the materials of the current study, namely voids and dislocations.  18 

In the case of diffusion limited positron trapping in a spherical void of diameter voidd  and 19 

number density voidN  the positron trapping rate is described by the equation [56, 57] 20 

  2void void voidd D N    (5) 21 

where D the positron diffusion constant which can be determined from the equation [58] 22 

 L D     (6) 23 

where 135 nmL  the positron diffusion length in W [13] and  the positron lifetime in the 24 

bulk defect-free W (~100 ps). Using eq. (5) the number density of voids can be determined 25 

using void diameter values from TEM literature data from the same W material and very similar 26 

irradiation dose [23]. 27 
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The trapping rate for trapping in dislocations or cylindrical pores with radius dr   is given by 1 

[57] 2 

  
2

4

ln[1/ ( )]

disl
disl

disl d

D N

N r





  (7) 3 

where dislN the number density of dislocations. Using eq. (7) dislN can be determined assuming 4 

dr equals the magnitude of Burgers vector for W, 0.274 nmb  .  5 

The two traps model presented above was used to analyze the PALS spectra. The positron 6 

lifetime in the defect free bulk tungsten was set to 100 ps and for the lifetime of the voids the 7 

values determined using eq. (1) and depicted in the Figs. 4, 5 and 6 were used, whereas for the 8 

positron lifetime for the dislocations was set to the value of 174 ps.  9 

From the obtained trapping rates the void and dislocation densities have been calculated 10 

using eqs. (5) and (7) respectively. For the void sizes the values determined by TEM 11 

measurements on the same W materials irradiated to a similar dose of 0.18 dpa were used [23]. 12 

Since TEM measurements were not performed for o900 CirrT   an interpolated value for the 13 

void size was calculated for this irradiation temperature.   14 

In Fig. 7 the positron trapping rates for trapping in dislocations, disl ,  are presented 15 

together with the corresponding dislocation density, dislN , determined using eq. (7). It is 16 

observed that the dislocation density decreases as the irradiation temperature increases for all 17 

W types, presenting similar values for the different initial microstructures. In the temperature 18 

range from 800 to 900 C no significant variation is observed. The obtained dislN values are in 19 

satisfactory agreement with the dislocation density determined from TEM measurements of 20 

the same W types for a similar irradiation dose of 0.18 dpa [23].  21 

In Fig. 8 the positron trapping rate at voids is depicted together with the corresponding 22 

void number density, voidN , obtained employing eq. (5). As the irradiation temperature 23 

increases the trapping rate and the void number density decrease. The comparison of voidN24 

with that obtained by TEM measurements of the same W types irradiated to a similar dose of 25 

0.18 dpa shows that the voidN values as determined by PALS are underestimated. The larger 26 

discrepancy is observed for the W SC and in general the higher the irradiation temperature the 27 

larger the percentage difference is. This can be understood with the following line of reasoning. 28 

As the irradiation temperature increases the average distance between voids increases and it 29 

becomes a significant fraction of the positron diffusion length (~135 nm) and therefore eq.(3) 30 

may no longer be valid [59]. In addition as the void size increases well beyond 1 nm the 31 

positron trapping at the surface of the void may no longer be described by Eq. (5) as discussed 32 

in [60] and references therein.  33 

 34 
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Figure 7. Positron trapping rates at dislocations and corresponding dislocation density 
according to eq. (7) for W SC (a), W bar (b) and W sheet (c). For comparison the dislocation 

density determined by TEM measurements according to [23] is presented.  
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Figure 8. Positron trapping rates at voids and corresponding void number density according to 

eq. (5) for W SC (a), W bar (b) and W sheet (c). For comparison the void number density 
determined by TEM measurements according to [23] is presented. 
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3.4 Characterization of open volume defects using CDB-PAS 1 

3.4.1 Unirradiated materials 2 

The relative CDB spectra, n/nSC, for the polycrystalline W grades, i.e., W bar and W sheet, with 3 

SC as reference are presented in Figure 9. As shown in the figure, the CDB spectra of both bar 4 

and sheet are very similar. Compared to SC, both W grades show a slight increase at the low 5 

momentum region, i.e., pL < 4×10-3 0m c , followed by a larger increase in the region (12-22)×10-3 6 

0m c . The increase in the low momentum region can be attributed to both the polycrystalline 7 

nature of the crystals and the significant dislocation density present in these grades. The 8 

increase in the higher momentum region could potentially be attributed to impurities present 9 

in the polycrystalline grades due to the industrial process (see for example Table 1 in [61] for 10 

typical levels of impurities in polycrystalline W grades) which have higher positron affinity than 11 

W [62]. However, this increase is subtle and it is not reflected in the S-W plot (see section 12 

3.4.3).  On the other hand, the statistical error in the high momentum region is large due to the 13 

limited statistics in the high momentum region compared to the low momentum region. 14 

 15 
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Figure 9. Relative CDB spectra, SCn / n , for the W bar and W sheet compared to SC W. All curves 17 

were smoothed by moving average over 10 data points. 18 

 19 
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While a clear distinction can be observed between SC and the polycrystalline W grades, 1 

the differences between the W bar and W sheet are very subtle and probably better reflected 2 

by the S- and W-parameters (see Figure 12). A marginal increase for pL < 4×10-3 0m c  and 3 

decrease for pL in the range 12×10-3-14×10-3 0m c  of the spectrum for the sheet compared to the 4 

bar is observed. The increase in the low momentum area for the sheet compared to the bar is 5 

consistent with the higher dislocation density observed in the former. 6 

 7 

3.4.2 Irradiated materials 8 

a) Single crystalline W(100) 9 

In Figure 10, the relative CDB spectra, irr refn / n , are presented for the different irradiation 10 

temperatures, where unirradiated SC W served as reference. In the temperature range 600-800 11 

°C, there is a clear increase of the CDB spectra for low momenta, pL<4×10-3 0m c  . For higher 12 

momenta, the CDB spectra reduce. The spectrum for the SC irradiated at 1200 °C is almost 13 

coincident with that of the unirradiated material. Thus, a clear effect of irradiation temperature 14 

is observed: the increase for low momenta reduces with the increase of the irradiation 15 

temperature and is almost fully recovered at 1200 °C. 16 
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Figure 10. Relative CDB spectra, irr refn / n , for the irradiated SC compared to unirradiated SC W. 18 

All curves were smoothed by moving average over 10 data points. 19 
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b) Polycrystalline W grades 1 

In Figure 11, the relative CDB spectra, irr refn / n , are presented for the different irradiation 2 

temperatures for the W bar and W sheet, respectively. As reference spectra the unirradiated W 3 

bar and W sheet were used, respectively. The obtained relative CDB spectra are almost 4 

identical for both grades. For all irradiation temperatures, a clear increase in the CDB spectrum 5 

is observed for low momenta, pL<4×10-3 0m c , while for high momenta the spectra are reduced. 6 

The shape of the observed spectra is qualitatively very similar to the ones obtained for SC. 7 

However, unlike the case for SC, the irradiation temperature dependence of the CDB spectra is 8 

more subtle for the polycrystalline W grades and better reflected in the S- and W-parameters 9 

(see Figure 12). 10 
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Figure 11. Relative CDB spectra, irr refn / n , for the irradiated (left) W bar and (right) W sheet. As 11 

reference spectra, the unirradiated W bar and W sheet were used, respectively. All curves were 12 

smoothed by moving average over 10 data points. 13 

 14 

3.4.3 S-W parameter analysis 15 

The S-parameter reflects the population of the open volume defects, whereas the W-parameter 16 

depends on the chemical environment around the positron annihilation. Introduction of open 17 

volume defects results in the increase of the S- and the decrease of the W-parameter. The 18 

evolution of positron annihilation parameters is best monitored by the variation of S-W 19 

correlation plots. In such plots, different slopes in data sets can be correlated to different 20 

defect types. The S-W plot for our data is presented in Figure 12a. As already reported in [14], 21 

all data for SC lie on a straight line. Hereby the S- and W-parameter decreases/increases with 22 

irradiation temperature and almost fully recovers at 1200 °C to that of the unirradiated 23 

reference material which is an almost defect-free material as shown by the PALS 24 

measurements. The data for the polycrystalline W grades, i.e., both irradiated and unirradiated 25 
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samples, also follow the same straight line. This indicates that the open volume defect types 1 

(nano-voids and dislocations) introduced by the irradiation is the same in all W grades.  2 

As discussed in depth in [14], the fact that all data follow the same straight line indicates 3 

that all damage is associated to the same type of open volume defects taking into account the 4 

fact that data obtained from plastically deformed and electron irradiated samples follow the 5 

same trend line (see [14]). 6 

It is worth noting that the values for the S-parameter of the W bar are systematically 7 

lower than the values for the W sheet at the same irradiation temperature. This suggests that 8 

the irradiation damage recovers more efficiently in the bar compared to the sheet with 9 

irradiation temperature. This observation is consistent with the lower void density observed in 10 

the W bar compared to the W sheet (see Figure 8), especially at low irradiation temperature 11 

(also in the S-W plot the difference in the S- parameter between bar and sheet is the largest at 12 

the lowest irradiation temperature). 13 

 The CDB data obtained in the present work are compared to the data obtained by Hu et 14 

al. [9] in Figure 12b. In that work, single crystal W was neutron irradiated in the HFIR reactor at 15 

90 °C up to 0.006 dpa and 0.03 dpa. After irradiation, the samples were post-irradiation 16 

annealed in the range 400-1300 °C. A non-negligible difference was observed in the absolute 17 

values of S- and W-parameters for reference SC W. Because the same limits were used for 18 

defining the S- and W-parameters, this difference is likely attributed to the use of different 22Na 19 

sources which contribute to the CDB spectra. Therefore, each data set was normalized to the S- 20 

and W-parameters corresponding to reference SC W of the respective works. These are the 21 

values presented in Figure 12b. 22 

 Clearly, in Figure 12b all data falls on the same slope, indicating that the data sets 23 

generated in both works are consistent, i.e., the observed defect types are the same in both 24 

works. Further, the as-irradiated data in Hu et al. [9] is consistent with our SC data: the S-25 

parameter for irradiation at 90 °C is larger than the one for irradiation at 600 °C, even though 26 

the accumulated dose is up to two orders of magnitude lower. 27 

 The data concerning post-irradiation annealing are extensively discussed in the work by 28 

Hu et al. [9] and will not be discussed here. The data was added with the sole purpose of 29 

showing that it fits the same slope as our data, and is thus consistent. 30 

 31 
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Figure 12. S-W plot of the data obtained from tungsten SC, bar and sheet (left) and the same 1 

plot using relative values for S-W enriched with data by Hu et al. [9] (right).   2 

 3 

4 Discussion 4 

In this section we compare the behavior of the three different W grades in order to investigate 5 

the effect of the initial microstructure in the neutron irradiation induced open volume defects.  6 

The average positron lifetime, av , for the three materials is presented in Figs. 4-6. av  is a 7 

measure of how defective the material is. The bar and sheet present similar av  values while 8 

the SC presents lower av  at almost all the irradiation conditions. Thus, it is inferred that the SC 9 

is systematically the less defective material for the same irradiation conditions. This is in 10 

agreement with the variation of the S parameter for the three W grades as depicted in Fig. 12. 11 

It is noted that the W polycrystalline grades have a considerable number of defects because of 12 

their fabrication process. The evolution of av for the SC material as a function of the irradiation 13 

temperature shows damage recovery as the irradiation temperature increases and this 14 

becomes more apparent at the irradiation temperature of 1200 C in line with the decrease of 15 

the S-parameter determined from the PAS-CDB measurements. For the bar a saturation of av is 16 

observed after irradiation at 900 C, whereas for the sheet material av shows a small linear 17 

increase with the increase of the irradiation temperature. 18 

After irradiation at 600 C the short lifetime, 1 , increases in the range 168 to 184 ps for all 19 

W materials (Fig. 13). Taking into account that 1  is a weighted average of annihilations in 20 

dislocations, possibly in mono-vacancies and to a much lesser degree in the defect free 21 

material, the higher value of 1  for the sheet in most of the irradiation conditions implies higher 22 

dislocation density and possibly higher density of mono-vacancies. The effect of the initial 23 

microstructure is more evident at the irradiation temperature of 1200 C, with the sheet 24 
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presenting larger 1 value than that of the bar and SC. This implies a higher volume fraction of 1 

monovacancies for the sheet material trapped at the available sinks.  2 

Regarding the long lifetime 2 , which corresponds to positron annihilations in voids, similar 3 

values are observed for the three W types at all irradiation conditions (Fig. 13) leading to the 4 

conclusion that the voids are of similar size independent of the initial microstructure. However, 5 

as it is apparent in Fig. 13, 2 saturates after irradiation at 900 C for the SC, while it keeps 6 

increasing from 900 to 1200 C for the bar and sheet and this effect is more pronounced for the 7 

sheet than for the bar. This different evolution of 2  of the polycrystalline materials indicates 8 

that the initial microstructure affects the accumulation and growth of voids. Moreover, it might 9 

be inferred that in the temperature range 800 – 900 C the initial microstructure of the 10 

polycrystalline materials suppresses the void growth thanks to sinking at available dislocations 11 

and grain boundaries. 12 

 13 

 14 

Figure 13. Positron lifetimes for all W grades. 15 

 16 

 17 

After irradiation at 600 C the intensity of the long positron lifetime, 2I ,  is significantly 18 

larger for the sheet (45%) and the bar (41%) than that of the SC (30%) which indicates that the 19 

voids volume fraction that affects positron annihilation at these sites increases with the 20 

increase of the dislocations pre-existing in the unirradiated material due to the fabrication 21 
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process. After irradiation at 800 C or 900 C 2I  presents a shallow maximum for the bar and 1 

the sheet, respectively, and very similar values which decrease likewise as the irradiation 2 

temperature increases.  On the contrary, for the SC 2I  is slightly reduced to about 28% after 3 

irradiation at 800 C and saturates for higher irradiation temperatures.  The difference in the 4 

values of 2I  between the polycrystalline materials and the SC reflect the influence of the initial 5 

microstructure (grain boundaries and dislocations) in the void growth and this difference 6 

becomes more apparent after irradiation at 1200 C. Thus, it may be inferred that the plastic 7 

deformation of the polycrystalline W suppresses void dissolution and this is probably related to 8 

the stress field in the material. This is further confirmed by the larger void size found for the W 9 

sheet. In addition, this inference is in agreement with the void size distribution observed in TEM 10 

measurements of the same W materials irradiated to a similar dose of 0.18 dpa, in which no 11 

voids with diameter larger than 2 nm are observed in the SC contrary to those observed in the 12 

heavily deformed sheet [23]. Moreover, corroboration for this is provided by the fact that the 13 

higher stress field increases the long-range attractive force between the interstitials and the 14 

dislocations allowing an excessive vacancy flux at the voids [63].    Also the higher percentage of 15 

impurities in the W polycrystalline materials may pay role to this effect as it is known that 16 

impurities can act as stabilization sites for vacancy clusters [63].     17 

 The results from the PAS-CDB are fully consistent with the presented PALS data. In 18 

particular, it must be noted that reduction of the S-parameter and even recovery of the S-19 

parameter does not necessarily mean that all damage is recovered. As explained in [14] for SC, 20 

the reduction and recovery of the S parameter with irradiation temperature correspond to the 21 

growth and saturation of void size and the reduction or saturation of their density. The latter is 22 

indeed observed in Fig. 2, i.e. the long lifetime increases and saturates with the increase of the 23 

irradiation temperature, while its intensity saturates or slightly decreases with temperature. 24 

For the polycrystalline W grades, the same reasoning can be applied: the long lifetime increases 25 

with irradiation temperature while its intensity saturates. 26 

 The application of the two-defect trapping model, with the one defect group being the 27 

dislocations and the other the voids, enables the determination of the density for the two 28 

defect types. It is found that the dislocation density decreases as the irradiation temperature 29 

increases and the obtained values are comparable to the values obtained by TEM for a similar 30 

but slightly higher neutron irradiation dose of 0.18 dpa. Regarding the void density, it is found 31 

to decrease with irradiation temperature, with a decreasing decrease rate as the irradiation 32 

temperature increases. The determined density for the voids is much lower than that obtained 33 

by TEM measurements, which indicates that the trapping process as described by eq. (5) is not 34 

adequate to describe positron annihilation at voids and more elaborate trapping processes as 35 

the diffusion-reaction-controlled trapping modeling might be more appropriate [60]. 36 

 37 
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5 Summary and conclusions 1 

Two polycrystalline W grades, having different degree of plastic deformation, i.e. ITER grade 2 

forged bar and heavily deformed “cold”-rolled sheet, and a single crystal W(100) were neutron 3 

irradiated in the temperature range between 600 and 1200 C at the Belgian Material Test 4 

Reactor (BR2) to a fast neutron fluence of 5.8×1020 n/cm2, (E>0.1 MeV) corresponding to a dose 5 

of 0.12 dpa. Positron annihilation lifetime (PALS) and coincidence Doppler broadening (PAS-6 

CDB) spectroscopy has been applied to study the evolution of open volume defects as a 7 

function of the irradiation temperature. From the analysis of the PALS spectra two positron 8 

lifetimes were identified at all irradiation temperatures and for all W grades, a short lifetime 9 

that corresponds to dislocations and possibly mono-vacancies, and a long lifetime characteristic 10 

of voids having sizes more than about 1 nm. From the PAS-CDB results it is confirmed that all 11 

damage is associated to the same type of open volume defects. The two traps model was 12 

employed to quantify the defect densities. The number density of both the dislocations and 13 

voids decreases as the irradiation temperature increases, with decreasing rate as the irradiation 14 

temperature increases. Moreover, the void size increases with the increase of the irradiation 15 

temperature. It is found that the plastic deformation of the polycrystalline W bar and sheet in 16 

combination with a higher percentage of impurities suppress the dissolution of the voids. 17 

 18 
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