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Abstract 

In this work the relation of the neutron irradiation induced damage and the initial material 

microstructure is investigated. Further the modification of the structure as the result of the 

neutron irradiation is accessed and its effects on the mechanical properties is determined. 

Forged bar (ITER grade), cold rolled sheet and single crystalline tungsten materials were 

neutron irradiated at 600 °C to a damage of 0.12 displacements per atom. Positron annihilation 

lifetime spectroscopy reveals the formation of voids of about the same size in all tungsten 

grades after neutron irradiation. From the radiation induced electrical resistivity the total 

dislocation line density is determined. Irradiation hardening is observed, 13% for the cold rolled 

sheet, 29% for the forged bar and 47% for the single crystal. The yield strength of the 

polycrystalline materials presents similar increase with that of hardness demonstrating the 

correlation between the two properties.  
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1 Introduction 

Tungsten (W) presents significant advantageous properties for its application in plasma 

facing components (PFCs) in fusion reactors [1]. However, for the use of W as a PFC its inherent 

brittleness should be overcome. To that end microstructural modification processes have been 

proposed [2] for the reduction of its brittle to ductile transition temperature (BDTT) and 

increase of its strength, with cold rolling [3,4] and forging [5] providing promising results.  

For the application of W in PFCs in-depth understanding of the neutron irradiation 

induced microstructural changes and their effects on its mechanical properties are required. 

The use of fission neutrons to simulate the neutron irradiation conditions in a fusion reactor is 

the most common approach [6–8]. The radiation induced damage refers mainly to the 

formation of vacancy clusters or voids, dislocations loops [9–11] and transmutation products 

[12–14], while the type and population of the induced defects are dictated by the neutron 

irradiation conditions [8,15,16].  

In the current work we investigate the influence of the tungsten initial microstructure 

on the neutron induced irradiation damage and the effect of the latter on its mechanical 

properties. The neutron induced defects were studied using positron annihilation lifetime 

spectroscopy (PALS) and electrical resistivity measurements and the mechanical properties 

were assessed employing depth sensing indentation (DSI). Three W grades, namely, W(100) 

single crystal, ITER grade forged bar and cold rolled sheet irradiated at 600 °C to 0.12 

displacements per atom (dpa) were investigated.  

 

2 Materials and Methods 

2.1 Materials and Irradiation 

The production route of the W polycrystalline materials used in the current study and 

their reference microstructure are presented in Ref [17–19]. The W(100) single crystal (SC) of 

99.999 % purity was supplied by MaTeck. Disks with a diameter of about 11 mm were sectioned 

from the three W materials and were polished to obtain mirror quality surface as described in 

[19]. The final thickness of the samples was about 0.5 mm. 

Neutron irradiations were performed at the Belgian Material Test Reactor BR2, and the 

details of the irradiation conditions are presented in Ref. [20]. The irradiation dose was 

calculated to 0.12 dpa based on the total fast neutron fluence (5.8×1020 n/cm2, >0.1 MeV) 

achieved after an irradiation period of 49 days. The concentration of the transmutation 

products according to nuclide inventory calculations using FISPACT-II code and TENDL-17 

nuclear database was found 0.37 at% Re, 6×10-3 at% Os and 5.7×10-3 at% Ta. 
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2.1 Positron Annihilation Lifetime Spectroscopy (PALS) 

PALS measurements were performed at room temperature using the Ortec® PLS-system 

employing two plastic scintillation detectors. The details regarding the PALS methodology and 

the analysis of the spectra are presented in Ref [21]. 

2.2 Resistivity 

Electrical resistivity measurements were carried out employing the collinear 4-point 

probe (4PP) method using Keithley 2182A nanovoltmeter and Keithley 6221 AC and DC current 

source. The details of the measurements are presented in Ref [21]. 

2.3 Mechanical Properties 

2.3.1 Vickers Hardness 

Microindentation experiments were performed using a Vickers indenter to asses the 

materials’ Vickers hardness, VH , employing NANOVEA’s mechanical tester. In each specimen 

nine tests were made with a maximum applied load of 3 N and a loading/unloading rate of 20 

N/min. A holding time of 200 s was applied before the start of the unloading process. The VH  

was calculated as the ratio of the maximum applied load to the contact area. For the 

measurement of the hardness of the W(100) SC specimens the dependence on the orientation 

of the Vickers  indenter with respect to the crystallographic axes was considered and the mean 

hardness was determined [20]. 

2.3.2 Stress-Strain curves  

For the determination of the true stress-strain, tr tr  , curves a spherical indenter of 

200 μm radius, a maximum applied load of 100 N, and a loading/unloading rate of 20 N/min 

were employed using NANOVEA’s mechanical tester. Initially, the indentation strain, 
ind , and 

stress, ind , were determined through the relations 
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where indR  is the indenter radius and cR  is the contact radius calculated as 

 22c indR R h h  , (2) 

where h  is the penetration depth at the applied load F . Then the indentation stress-strain 

curves, 
ind ind  , were transformed to true stress-strain curves, tr tr   using the   and   

strain and stress constraint factors, respectively, as 
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The   and   constraint factors were determined by the scaling of the indentation stress-strain 

curves of the unirradiated cold rolled W plate and W SC to coincide with the stress-strain curves 

of the same type of W materials from conventional tensile tests [22,23]. The   and   factors 

were determined 2.1 and 0.1 for the plate, and 4.2 and 0.2 and the SC, respectively. These 

constrain factors are close to those reported in the literature (2-3 for   and 0.1-0.32 for ) 

[24–29]. The constrain factors derived for the unirradiated plate were also used for the 

determination of the stress-strain curves of the bar. The yield strength, YS , was determined at 

the constant strain of 1%. 

 

3 Results 

3.1 Positron Annihilation Spectroscopy (PAS) 

From the PALS spectra the positron lifetimes in the defects present in the material are 

determined. For the unirradiated W SC a single lifetime, 0 , was needed to describe the PALS 

spectrum and it was found (114±1) ps (Figure 1a), a value which is in the range of positron 

lifetimes (100-116 ps) reported in the literature for defect free tungsten [30–36]. This finding 

leads to the conclusion that, as expected, the W SC material is defect free. In contrast, for the 

unirradiated W plate and bar materials an additional lifetime, 
1 , was needed for the 

description of the PALS spectra. Its value was found (171±16) ps for the plate and (185±8) ps for 

the bar with a relative intensity, 
1I , of (75±16)% and (45±3)% (Figure 1b), respectively. The 

lifetimes for mono-vacancy and dislocation defects are reported in the range of 160-200 ps and 

130–180 ps, respectively [32,33,37–39]. Also, the positron lifetime of a vacancy associated to 

either screw or edge dislocation was calculated in the range from 188 to 192 ps [35]. Therefore, 

the lifetime 
1  of the unirradiated plate and bar is attributed to positron annihilations mainly in 

dislocations. The plate material presents a larger relative intensity, 
1I , (Figure 1b) which 

indicates that the number density of dislocations in the plate material is larger than that in the 

bar, as it is expected since the induced deformation is larger in the cold rolling fabrication 

process compared to forging. This finding is in agreement with TEM results [8], which show 

larger dislocation density for the unirradiated cold rolled plate compared to the forged bar. 
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Figure 1. Positron lifetimes (a) and relative intensities (b) for the unirradiated and irradiated at 

600 °C to 0.12 dpa W SC, plate and bar. 

 

Two lifetimes, 
1  and 2 , were required to fit the PALS spectra of all the irradiated 

specimens. The short lifetime, 
1 , presents a value in the range from 165 to 185 ps (Figure 1a), 

which according to the discussion above is attributed to positron annihilations mainly in 

dislocations. The 
1  lifetimes for the SC ((169±3) ps) and bar ((168±1) ps) are almost equal 

whereas for the plate 
1  is slightly higher of (184±1) ps. The relative intensities, 

1I ,  

corresponding to 
1  lifetime for the three materials (Figure 1b) are very close indicating that the 

number of the dislocations at the end of the irradiation is material microstructure independent. 

According to the electrical resistivity results (discussed below), the dislocation number density 

does not change significantly among the three irradiated W materials. This conclusion is in 

agreement with TEM findings [8].  

The long lifetime, 2 , is found in the range from 482 to 503 ps for all the W materials, 

(482±7) ps for the SC, (503±4) ps for the plate and (498±3) ps for bar (Figure 1a).  According to 

[34,40] 2 is associated with large vacancy clusters containing more than 40 vacancies. Thus, it 

is concluded that neutron irradiation at the temperature of 600 °C results in the formation of 

voids with similar size (>1 nm) for all tungsten grades. The relative intensity, 2I , represents the 

percentage of positrons annihilating in the voids. The SC and bar materials exhibit similar 2I  

values of (38±3)% and (40.7±0.7)% respectively, smaller than that found for the plate being of 

(45.3±0.9)% (Figure 1b). Thus it can be concluded that the void number density for the SC and 

bar material is similar, while for the plate material is higher. This is also confirmed by TEM 

measurements of the three W grades irradiated at the same temperature to a similar dose of 

0.18 dpa [8]. 
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3.2 Electrical Resistivity 

The electrical resistivity,  , of the unirradiated SC is (5.46±0.03) μΩcm, while that of the 

unirradiated bar and the plate is higher and of the same value ((5.65±0.05) μΩcm). The 

difference in   between the SC and the polycrystalline materials arises from electron 

scattering from dislocations and grain boundaries originating from the fabrication process. The 

resistivity of the irradiated samples was found larger than that of the unirradiated ones (Figure 

2) reflecting the additional electron scattering from the irradiation induced defects and 

transmutation products. By subtracting the resistivity of the unirradiated sample from that of 

the irradiated samples the Radiation Induced Resistivity, RIR , is derived. With this subtraction 

the electrical resistivity arising from the scattering of conduction electrons from phonons and 

also scattering arising from dislocations or other defects produced during the fabrication 

process of the material have been removed. RIR can be considered as the sum of three main 

components (ignoring cross scattering of the electrons from the different defects) [21]  

 
void disl transRIR RIR RIR RIR    (4) 

where voidRIR , dislRIR  and transRIR are the contributions of voids (including mono- or clusters of 

vacancies), dislocation loops and lines and transmutation products, respectively. The 

methodology for calculating each contributing component is described in [21]. 

The increase in resistivity, RIR , after irradiation is similar for all W grades (Figure 2). 

Regarding the transmutation products, the calculated concentration for Os and Ta are about 

two orders of magnitude lower than that of Re and therefore only Re is taken into account for 

the calculation of transRIR . transRIR is found equal to (0.49±0.02) μΩcm. An upper limit for the 

voids contribution, max

voidRIR , can be estimated employing TEM results for the void size and their 

number density of the same materials irradiated to a similar dose (0.18 dpa). This is found 

equal to 0.02 μΩcm which is negligible compared to the total RIR . Therefore from eq.(4) as 

0voidRIR  and using the  calculated value for transRIR we can obtain the dislRIR ,  From dislRIR

the total dislocation line density, dislN , can be determined using for the dislocation specific 

resistivity the value of 23 32.6 10 m    [21]. The determined values for dislN are depicted in 

Figure 2 and they are (1.8±0.3)×1014 m-2 for the SC, (2.4±0.3)×1014 m-2 for the plate and 

(1.6±0.3)×1014 m-2 for the bar. These results are in very good agreement with those obtained 

from the TEM investigation in [8]. 
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Figure 2. Resistivity of unirradiated and irradiated tungsten SC, plate and bar, showing the 

contributions of void dislRIR RIR  and transRIR . The total dislocation line density, dislN , after 

irradiation is also presented (see text for details). 

 

3.3 Mechanical Properties 

Irradiation results in the Vickers hardness (
VH ) increase of all W materials.  The 

VH  of 

the SC exhibits the highest hardening of (47.0 ± 0.1)% whereas the polycrystalline specimens 

exhibit significantly lower hardening of (29 ± 3)% and (13 ± 2)% for the bar and plate, 

respectively (figure 3a). The lower hardening of the polycrystalline specimens is attributed to 

their high degree of deformation leading to the creation of fine-grains and a relatively high 

dislocation density. Indeed, the plate, which has been through the highest deformation, 

presents the lowest hardening. 

The stress-strain curves (Figure 3b) after irradiation show a strengthening effect which is 

more profound in SC. The slope of the elastic region at the beginning of the stress-strain curve, 

which defines the elastic modulus E , was determined by impulse excitation measurements 

(not presented). The yield strength, YS , of the SC, bar and plate increases after irradiation by 

(25±2)%, (15±2)% and (6±2)%, respectively. For the polycrystalline W materials the relation 

3VH YS  , established by Tabor [41], is a good approximation both before and after 

irradiation with the ratio /Vk H YS  slightly increasing after irradiation (Figure 3a). In the case 

of the SC k  increases after irradiation, from 6.68±0.08 to7.87±0.05, being significantly higher 
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than 3. The deviation of k  from the value of 3 for the SC is expected as the relation 3VH YS   

is valid for perfect plastic materials that do not present work hardening. This condition is 

fulfilled for the polycrystalline materials that have sustained high deformation. The ultimate 

tensile strength, UTS , for the unirradiated W SC is in the range 0.9 and 0.96 GPa [42]. If we use 

the UTS  value instead of the YS  one for the calculation of the ratio k  then k  is found in the 

range 3.5-3.8, indicating that the 
VH  of the SC should not be correlated with its YS  but with its 

ultimate tensile stress [43]. 
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Figure 3. (a) Vickers hardness, yield strength and their ratio, of unirradiated and irradiated W 

SC, plate, and bar. (b) True stress-strain curves before and after irradiation of SC, plate and 

bar. The % increase of the yield strength (strengthening) at a strain of 1% is depicted.  
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4 Summary and Conclusions 

Three W material grades, single crystal, cold rolled plate and forged bar, have been 

irradiated at 600 C to 0.12 dpa. According to PALS results the unirradiated SC material is defect 

free, whereas dislocations are present in the polycrystalline W materials due to their fabrication 

process.  The dislocation density of the unirradiated plate is higher than that in the bar. After 

irradiation at 600 C PALS shows the formation of dislocations both in the SC and the bar 

materials as well as the formation of voids containing more than 40 vacancies and having a size 

larger than 1 nm in all W materials. The void and total dislocation density is similar in all 

irradiated W materials with the dislocation density being in the range (1.6-2.4)×1014 m-2. 

Irradiation results in the increase of the hardness and yield strength of all W grades. The 

hardening and strengthening of the materials are highly influenced by their initial 

microstructure; the deformation of the polycrystalline material results into significantly 

reduced hardening and strengthening compared to the single crystalline material. The higher 

the initial deformation is, the lower the hardening/strengthening of the material. Additionally, 

hardness can offer a measure of the yield strength of the polycrystalline material as the 

proportionality constant of about three between hardness and yield strength applies for both 

unirradiated and irradiated W materials.  
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