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1 Abstract 13 

The microstructural evolution of neutron irradiated tungsten (W) after annealing and its correlation 14 
with the corresponding mechanical properties provides valuable insight on the defect interactions 15 
and their annihilation processes. This would result in the identification of recovery mechanisms, 16 
leading to the design of healing processes and thus, enabling the lifetime extension of fusion reactor 17 
components. Within this framework, samples from ITER specification forged W bar were neutron 18 

irradiated to a dose of 0.2 displacements per atom (dpa) at 600 C in the Belgian Material Test 19 

Reactor (BR2) and subsequently annealed at 800 and 1000 C. The evolution of the irradiation 20 
induced defects after annealing has been assessed by transmission electron microscopy (TEM), 21 
positron annihilation lifetime spectroscopy and electrical resistivity and its effect on the mechanical 22 
properties are discussed in terms of Vickers hardness. Neutron irradiation results in the formation of 23 
dislocation loops and voids.  TEM observations show an increase in the size of both defect types 24 
after post irradiation (PI) annealing at both temperatures, accompanied by an initial increase in their 25 

density after PI annealing at 800 C, followed by a subsequent decrease after PI annealing at 1000 C. 26 
The presence of TEM-irresolvable defects of both types is revealed in the as-irradiated state, which is 27 
evidenced by the evolution of Vickers hardness, resistivity and positron lifetimes and their 28 
correlation after the PI annealing. In the as-irradiated state, as well as after PI annealing at both 29 
temperatures, the hardening is dominated by voids.  30 
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2 Introduction 1 

Tungsten (W) is currently the baseline armour material for current and future fusion devices due to 2 
its numerous advantageous thermo-physical properties, low tritium retention, good sputtering 3 
resistance, low swelling, thermal stress and shock resistance, and high-temperature strength [1–6]. 4 
However, its low fracture toughness, low ductile-to-brittle transition temperature (DBTT) and low 5 
recrystallization temperature compared to the expected temperatures in a fusion device, impose 6 
limitations to its performance under service. Forged W bar is considered an ITER grade material to 7 
be used as a reference to other material options [3,7,8] with forging being one of the proposed 8 
methods of microstructural modification for decreasing DBTT down to room temperature and for 9 
improving its strength [3].  10 

The response of W in a fusion environment is studied either through the use of ion irradiation [9–13], 11 
or through fission neutron irradiation [14–25] at high temperatures. Neutron irradiation damage 12 
leads to the creation of vacancy clusters or voids and dislocation loops [14–17,26,27] as well as 13 
transmutation products (namely Rhenium (Re), Osmium (Os) and Tantalum (Ta)[25]) which can also 14 
form precipitates [28] or clusters [18]. The specific type and population of defects are determined by 15 
the neutron irradiation conditions [19–24,28].  16 

During fusion device operation with magnetically confined plasma, disruptions will locally cause an 17 
increase in temperature, further altering the microstructure, and thus the properties of the material. 18 
Therefore the study of the evolving microstructure of an as-irradiated material is of primary 19 
importance. Shedding light in the recovery stages of irradiated materials [29] could pave the way for 20 
implementing of on-site recovery annealing cycles, possibly allowing to extend the lifetime of the 21 
PFCs. 22 

The evolution of defects after neutron or ion irradiation has been investigated in a number of works 23 
and the main findings can be summarized as follows: Stage III recovery regarding monovacancy 24 
migration can be identified in the range of 400 to 600 °C [11,17,30–35]. Above 650 and up to 900 °C 25 
stage IV recovery comprising of coalescence of small vacancy clusters [17,31,33–37] and dislocation 26 
loop growth and dislocation line rearrangement [11,17,31,32,37] occurs. Further annealing leads to 27 
complete defect recovery, which seems to be heavily dependent on the irradiation conditions, and is 28 
observed at 900 °C [33], 1300 °C [17],1500 °C [29,34,38] and 1700 °C [39]. 29 

In this work forged W bar, neutron irradiated to 0.2 displacements per atom (dpa) at 600 C, has 30 

been annealed at 800 and 1000 C. The evolution of the microstructure is investigated through 31 
transmission electron microscopy (TEM), electrical resistivity, positron annihilation lifetime 32 
spectroscopy (PALS) and Vickers hardness. The evolution of the microstructure at the two annealing 33 
temperatures and the correlation between microstructure and micromechanics is discussed. 34 

 35 

3 Materials and Methods 36 

3.1 Material, neutron irradiation and post-irradiation annealing 37 

The W material in bar form was produced by PLANSEE SE in a powder metallurgical route consisting 38 
of sintering and hot forging from two orthogonal directions [40]. Samples were cut from the bar in 39 
disk form having a diameter of about 11 mm and a thickness of about 0.5 mm. The samples were 40 
irradiated in the BR2 reactor (for which the typical spectra can be found in [41]), at SCK CEN at 600 41 

C for a duration of 70 days to a neutron fluence of about 6×1020 n/cm2 for E>0.1 MeV 42 
corresponding to a dose of 0.2 displacements per atom (dpa), as determined by MCNPX 2.7.0 43 
calculations using a threshold displacement energy of 55 eV. The irradiation temperature was based 44 
on thermo-hydraulic calculations with estimated temperature fluctuations, due to neutron flux 45 
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fluctuations and the burn out of the fuel element within a reactor cycle, of about 25 K. The samples 1 
were encapsulated in stainless steel tube filled with helium. The thickness (1.5 mm) of the steel tube 2 
was selected to maximize the shielding from the thermal neutrons and minimize the transmutation 3 
production. More details about the irradiation can be found in [42]. The Re, Os and Ta transmutation 4 
products have been evaluated by the FISPACT-II nuclide inventory code and employing TENDL-2019 5 
nuclear library, for Re and Os, and EAF-2010 for Ta and they are found (0.54±0.06) at% Re, 6 

(0.013±0.002) at% Os and (3.3±0.4)10-3 at% Ta. It is not noted that EAF-2010 was used for the 7 
evaluation of the W transmutation into Ta because there is a better agreement of the experimental 8 
activities determined by gamma spectroscopy measurements with the calculated ones for EAF-2010 9 
nuclear library. The material studied through PALS, DC resistivity and Vickers hardness was post-10 

irradiation (PI) annealed under high vacuum at the temperatures of 800 and 1000 C for 24 hours at 11 
NCSR “Demokritos”, while the one examined through TEM was PI annealed for 1 hour at SCK – CEN.  12 

 13 

3.2 Methods 14 

3.2.1 TEM 15 

Transmission electron microscopy measurements were carried out using a JEOL 3010 TEM operating 16 
at 300 kV. The samples were prepared for TEM investigation by conventional electrochemical 17 
polishing method. Conventional bright field and dark field diffraction contrast images were recorded 18 
mostly under weak beam two beam conditions, while cavities were visualized in out-of-focus 19 
imaging conditions. Further information regarding the experimental setup and the method can be 20 
found in [43], where the original investigation is provided and results are discussed in detail. 21 

 22 

3.2.2  PALS 23 

Positron Annihilation Lifetime Spectroscopy measurements were carried out at room temperature, 24 
using the Ortec® PLS-system. A 22Na radionuclide encapsulated in 3.6 mg/cm2 thin polyimide 25 
(Kapton®) with an activity of 100 μCi was used as the positron source, sandwiched between two 26 
pieces of specimens. The detectors were placed in a linear configuration at a distance of about 3 mm 27 
from the sample. More details on the experimental setup and the analysis can be found in [44]. The 28 

data analysis was performed using LT10 software [45]. From the analysis of the data, the lifetime, i , 29 

of each type i  of defect and the probability, iI , of the positron to be annihilated in type i  defect 30 

( 1iI  ) are determined. 31 

 32 

3.2.3 DC Resistivity 33 

Electrical resistivity was measured employing the collinear 4-point probe (4PP) method using 34 
Keithley 2182A nanovoltmeter and Keithley 6221 AC and DC source. In order to eliminate the 35 
thermoelectric voltage contribution in the measurements, the current source and the 36 
nanovoltometer are operated in tandem utilizing “Delta Mode”. The measured resistance is 37 
converted to resistivity through a geometric factor, dependent on the sample’s size [42]. 38 

 39 

3.2.4 Vickers hardness 40 

Vickers depth-sensing indentation experiments were performed employing a NANOVEA’s 41 
mechanical tester. The maximum load was set at 3 N, while both the loading and the unloading rate 42 
were 20 N/min. A dwell time of 200 s was applied before starting the unloading process. The loading 43 
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rate was selected after a series of preliminary indentation tests to achieve stability in the hardness 1 
values. The holding time was chosen such as to attain equilibrium conditions, i.e. almost no change 2 
of the indentation depth. A set of six indentation tests, spaced by 200 μm, were performed for each 3 
measurement. An optical microscope was used to select the indented area free from visible defects.  4 

 5 

4 Results and discussion 6 

4.1 Microstructure evolution from TEM 7 

The as-fabricated W material due to the forging process presents a dislocation line density of 8 

4.5×1012 m-2. Neutron irradiation at 600 C results in the formation of dislocation loops and voids 9 
having densities and sizes as presented in Table I. Characteristic TEM images of the W forged bar 10 
sample after irradiation and PI annealing are presented in Figure 1. The figure contains two colums 11 
to illustrate separately the observation of voids (left one) and dislocation loops (right one). The 12 
dislocation loops appear as black dots and elliptical ripples in Figure 1b), 1d) and 1f), and the voids 13 
are depicted as white dots in Figure 1a), 1c) and 1e). The summary of the TEM characterization of 14 
the voids and loops is presented in Table I, in which the uncertainty reported regarding size is a 15 
measure of the width of the size distribution. TEM observations show an increase in the loop and 16 

void density and size after PI annealing at 800 C. This indicates that a fraction of dislocation loops, 17 
too small to be resolved by TEM in the as-irradiated state, unpin and interact with each other, 18 
forming larger, TEM-resolvable loops. A similar effect is observed for the voids, with the increase in 19 
size indicating unpinning of vacancies or small vacancy clusters, leading to the formation of nano-20 
sized voids through coalescence. In all cases, the smallest visible void size is about 0.8 nm, which is 21 
the instrument’s resolution. Therefore the TEM observed increase in density after the annealing at 22 

800 C is due to the unpinning of TEM-invisible loops and self-interstitial atom clusters, and the TEM-23 
determined density of the defects in the as-irradiated state is actually underestimated.  24 

The increase in size, for both loops and voids, continues after annealing at 1000 C. However, it is 25 
accompanied with a considerable decrease in the density of loops by about 53% and a small 26 
decrease in the density of voids by about 20%, compared to the corresponding values after PI 27 

annealing at 800 C. These results suggest that some fraction of the loops has coalesced and some 28 
have been annihilated or removed by sinks such as dislocation lines and grain boundaries. For the 29 
voids, the reduction in density is associated with an increase in void volume fraction by 32%, hinting 30 
towards an Ostwald ripening process [46], i.e. growth of larger voids by the dissolution of smaller 31 
ones. An extended analysis of the TEM results can be found in [43]. 32 

A study involving the same material irradiated at a higher dose of 1 dpa at the same irradiation 33 
temperature and subsequently PI annealed at 800 °C for 1.5 h and 1000 °C for 1 h reported a similar 34 
trend of void microstructural evolution [37]. In the as irradiated state in [37], the increased dose by a 35 
factor of ~5 compared to that of the current study leads to an increased void density of the same 36 
factor. However, after PI annealing in [37] the corresponding increase in void density at both 37 
temperatures is only by a factor of ~2 higher compared to that of the current study. This indicates 38 
that higher damage doses result in a higher degree of recovery. 39 

  40 
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Figure 1: Under-focus bright field images showing the presence of voids in the as irradiated at 600 C 

(a), PI annealed at 800 °C (c) and 1000 C (e) forged W bar. Bright field images showing the presence 

of dislocation loops in the as-irradiated at 600 C (b) and PI annealed at 800 °C (d) and 1000 C (f) 
forged W bar. 
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Table I: Summary of the defect densities and sizes in the as-irradiated and PI annealed W forged bar 1 
as observed by TEM, along with the void length density determined from resistivity and hardness 2 
measurements (see section 4.4 for details). 3 

 TEM Hardness & 
Resistivity 

Loops  Voids Voids 

Sample 
condition 

Density 
 

loopN  

(1022 m-³) 

Size 
 

loopd  

(nm) 

Linear 
density 

loop loopd N  

(1014 m-2) 

Density 
 

voidN  

(1023 m-³) 

Size 
 

voidd  

(nm) 

Volume 
fraction 

  

(%) 

Length 
Density 

void voidd N   

(1013 m-2) 

Length 
Density 

void voidd N  

(1013 m-2) 

         

As irrad. 
0.2 dpa, 

600 C 
2.3±0.3 2.8±1.7 2.0±1.2 0.4±0.3 1.4±0.5 0.006±0.008 6±5 16±2 

PI 
annealed 

800 C 

3.4±0.3 4.1±1.7 4.4±1.9 1.5±0.3 1.7±0.5 0.038±0.014 26±9 25±1 

PI 
annealed 

1000 C 

1.6±0.5 6.1±5.4 3.1±2.9 1.2±0.3 2.0±0.5 0.050±0.018 24±8 9±1 

 4 

 5 

4.2 Open volume defects from PALS 6 

From the analysis of the PALS spectra, two lifetimes were determined (Figure ), a short one, 1  , and 7 

a long one, 2  .  8 

In the unirradiated state, only the short lifetime, 1 ,  can be identified, with a value of (152±1) ps. 9 

This lifetime is a compound time, considered as a weighted average of lifetimes for annihilations 10 
taking place in the defect-free bulk (100-110 ps) [10,47–52], in dislocations (130-180 ps) and possibly 11 

in mono-vacancies (160-200 ps) [10,17,32,47–52]. After irradiation 1  attains an increased value of 12 

(168±2) ps, indicative of the creation of irradiation induced dislocations in the material, which 13 

remains rather constant after PI annealing at 800 and 1000 C having the values of (171±4) ps and  14 
(174±2) ps, respectively. 15 

In the irradiated material the long lifetime 2  is found to be (498±5) ps. This value corresponds to 16 

the annihilation in vacancy clusters (containing more than 40 vacancies) or voids having a diameter 17 

larger than 1 nm. After PI annealing at 800 C 2  increases to the value of (546±5) ps and to the 18 

value of (627±2) ps after PI annealing at 1000 C, revealing an increase in void size at both 19 
temperatures. It is noted that theoretical calculations predict a small or no dependence of the 20 
positron lifetime on the void size due to the localization of the positron at the void surface, with a 21 
saturation positron lifetime value of around 500 ps [48,53]. Positron lifetimes larger than 500 ps and 22 
above the theoretical saturation value of 420 ps, are reported in proton [34] and neutron [17] post-23 
irradiation annealed tungsten and they were attributed to pick-off annihilation of ortho-positronium 24 
formed in large vacancy clusters, suggesting that the internal surfaces of the clusters may be 25 
partially decorated with impurities [17]. The positron lifetime values for the voids found in the 26 
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current study may be also related to the segregation of Re/Os at the void surface, which was 1 
evidenced by other experiments at a higher irradiation dose [54,55].  2 

Regarding the relative intensities of the lifetime components, after irradiation and subsequent 3 

annealing, 1I  is around 60% and 2I  
near 40%. The relative intensity is proportional to the trapping 4 

rate   of the defect, which is equal to the defect number density, N , multiplied by the trapping 5 

strength,  , of the defect, i.e. I N   . The fact that the intensities remain almost constant 6 

shows that the relative positron trapping rates of the two main types of defects – dislocations (lines 7 
and dislocation loops) and voids – do not significantly change after the PI annealing at 800 and 1000 8 

C. Taking into account that the number density of the voids decreases after the PI annealing, it may 9 
be inferred that the trapping strength of the voids increases as the their size increases after PI 10 
annealing. 11 

 12 
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Figure 2: Positron annihilation lifetimes (left) and their relative intensities I1 and I2 (right) as 14 

determined by PALS, of the unirradiated, irradiated to 0.2 dpa at 600 C and PI annealed at 800 and 15 

1000 C forged W bar. 16 

 17 

 18 

4.3  DC Resistivity 19 

DC resistivity measurements at room temperature were performed on the unirradiated, irradiated 20 
and PI annealed W, and the determined resistivity values are presented in Figure . 21 

After irradiation an increase in resistivity by 24% is observed compared to the unirradiated sample, 22 
due to the creation of dislocations, voids and transmutation products in the material. Using the 23 

Matthiessen's rule [56] the radiation induced resistivity, RIR , which is the difference between the 24 

resistivity of the irradiated sample, irrad , and that of the unirradiated, unirrad , can be expressed as 25 

[57] 26 

 
irrad unirrad void disl transRIR RIR RIR RIR       (1) 27 
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where voidRIR , dislRIR  and transRIR  are the contributions of voids, dislocations (both loops and 1 

lines) and transmutation products to the radiation induced resistivity, respectively. 2 

voidRIR  can be estimated through the void diameter and number density as determined by TEM by 3 

using the specific resistivity of vacancies in tungsten [58–61]. This contribution is of the order of 10-2 4 

μΩcm, and therefore can be ignored. The contribution of the transmutation products is calculated 5 

employing the specific resistivity for rhenium ReP  (~1.3 μΩcm/Re at.%) [62] and for osmium OsP  6 

(~5 μΩcm/Os at.%) [63], and is found to be transRIR  (0.77 ± 0.08) μΩcm, assuming that Re and Os 7 

are homogeneously distributed in W matrix in solute form. 8 

 9 

 10 

5.62

6.97
6.74 6.69

7.9E13

5.9E14

3.6E14

3.1E14

0

1

2

3

4

5

6

7

8

R
e

s
is

ti
v
it
y
 (


c

m
)

1

2

3

4

5

6

7

D
is

lo
c
a

tio
n

 D
e

n
s
ity

 (1
0

1
4

 m
-2)

 Unirradiated   Irradiated to 0.2dpa/600 oC

 PIA - 800 oC  PIA - 1000 oC

 Dislocation Density From TEM

 11 

Figure 3: Measured DC resistivity (left) and the estimated dislocation densities (right) of the 12 

unirradiated, irradiated to 0.2 dpa at 600 C and PI annealed at 800 and 1000 C forged W bar. The 13 
TEM determined values of the dislocation densities from Table I are included for comparison. 14 

 15 

For the contribution of dislocations in resistivity, the value for the dislocation specific resistivity, 16 

DSRP , spans two orders of magnitude according to literature [64–67]. However, by utilizing the TEM 17 

measured dislocation density of the PI annealed W material at 1000 C (Table I) and the resistivity 18 

from an unirradiated W bar material after complete recrystallization ( recr  = (5.54 ± 0.03) μΩcm), 19 

achieved after annealing at 1500 C for 24 h [68], DSRP
 
can be obtained through the equation 20 

 
1000o recr DSR disl transPIA C

P N RIR 


     (2) 21 

since the recrystallized material W bar material contains the same impurity levels as the as – 22 

fabricated W bar, which affect resistivity. The choice of the PI annealed W material at 1000 C is to 23 
minimize the percentage of loops that are unresolvable from TEM, as is the case of the as-irradiated 24 

state. The obtained value 
23 31 10 mDSRP    is in good agreement with the previously 25 

determined value of 
23 310 m2.6   in [42]. 26 
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Utilizing the resistivity of the recrystallized forged W bar and eq. (1), the dislocation density can be 1 

determined for the unirradiated, the as-irradiated and the PI annealed at 800 C and their values are 2 
presented in Figure . 3 

The difference between the TEM determined value of the dislocation density and the one obtained 4 
from the resistivity measurement for the unirradiated (as fabricated) W material is attributed to the 5 
presence of dislocation loops created from the forging process [24], for which no exact numbers are 6 
provided by the TEM analysis due to their very low density (lower than 1020 m-3) and large size 7 
variation. However, since the ones that were observed are usually larger than 50 nm in size, they 8 
could increase resistivity significantly. The discrepancy concerning the as-irradiated state is 9 
attributed to the underestimation of the loop dislocation density from TEM (as explained in section 10 

3.2.1). The reduction in the resistivity after PI annealing to 800 C is attributed mainly to dislocation 11 
line density reduction. However, it could be also due to a) agglomeration of a fraction of the 12 
transmutation products and to b) vacancy detrapping and migration, since vacancies and very small 13 
vacancy clusters may contribute significantly on the measured resistivity, however, when large 14 
vacancy clusters or voids are formed, this contribution diminishes. The subsequent recovery after 15 

the PI annealing at 1000 C is attributed solely to the removal of dislocation loops.  16 

 17 

4.4 Vickers Hardness 18 

Vickers hardness measurements were performed on the unirradiated, irradiated and PI annealed 19 
forged W bar, and the determined Vickers hardness values are presented in Figure . 20 

 21 

 

4.2

5.7 5.7

5.2

0

1

2

3

4

5

6

 Unirradiated   Irradiated to 0.2dpa/600 oC

 PIA - 800 oC  PIA - 1000 oC

V
ic

k
e
rs

 H
a
rd

n
e

s
s
 (

G
P

a
)

 22 

Figure 4: Vickers hardness of the unirradiated, irradiated to 0.2 dpa at 600 C and PI annealed at 800 23 

and 1000 C forged W bar. 24 

 25 
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After irradiation of the material, a 36% increase in Vickers hardness is observed, due to the creation 1 

of dislocations and voids. After PI annealing at 800 C the Vickers hardness remains unchanged, 2 
indicating that while the dislocation density is reduced (Figure ) its effect in hardness is compensated 3 
by an increase in the density of nano-sized voids created from the possible unpinning of vacancies or 4 

small vacancy clusters and their coalescence.  Further annealing at 1000 C causes a 9% reduction in 5 
Vickers hardness, attributed to both nano-void coarsening and dislocation annihilation. 6 

The increase in hardness after irradiation, RIH , can be associated with the radiation induced 7 

critical resolved shear stress (CRSS), CRSSτ , as 8 

 irrad unirrad CRSSRIH H H k k M     σ τ  (3) 9 

where unirradH and irradH  the hardness of the unirradiated and as irradiated samples, respectively,10 

  is the radiation induced yield strength [69], k  is a factor of 3.2 for tungsten [70] and for M  11 
the value of 3.06 for non-textured BCC and FCC crystals [71] will be used. Using eq. (3) and the 12 

measured values of RIH the radiation induced critical resolved shear stress has been determined 13 

(Figure ). In the same figure the contributions arising from dislocation and voids CRSS ( dislτ  and14 

voidsτ ), as will be demonstrated below, are displayed. 15 

Assuming that the lattice friction stress and the grain size do not change with irradiation and 16 
annealing, the induced CRSS arises from the radiation defects, i.e. dislocation loops and lines and 17 
voids, and it can be written according to the dispersed hardening barrier (DHB) model as [70,72] 18 

  2 2 2 2 2 2 2 2 2τCRSS line loop void line line loop loop void voidG b h h hτ τ τ ρ ρ ρ           (4) 19 

where G  is the shear modulus (159 GPa), b  is the Burgers vector (0.274 nm), lineh  is the dislocation 20 

line strength coefficient equal to 0.26 [73], looph  has the value of 0.15 [17], voidh  is the defect 21 

strength of voids which is dependent on their size [42], and in this case an average value of 0.2 will 22 

be used, and ρ  is the defect length density ( N d ρ , N  the defect number density and d  the 23 

defect size). As the strength of dislocation lines and loops are very close and also the density of loops 24 

in the as-irradiated sample is 30 times larger than that of the lines eq. (4) can be approximated as  25 

  2 2 2 2 2 2 2 2 2 2

CRSS line line loop loop void void loop disl voidG b h h h G b hτ ρ ρ ρ ρ τ          (5) 26 

where disl loop line ρ ρ ρ . From the total dislocation line density determined by the electrical 27 

resistivity measurements (Figure ) the radiation induced CRSS arising from all the dislocations (loops 28 

and lines), dislτ , can be determined, while the remaining contribution to the critical resolved shear 29 

stress is attributed to voids, as shown in Figure . 30 

Examining the relative contributions of voids and dislocations to the total radiation induced critical 31 
resolved shear stress, it can be seen that the contribution of dislocations decreases rapidly after PI 32 
annealing at 800 °C. In every case, voids play the most important role in shaping the critical resolved 33 
shear stress of the material, with an almost complete dominance after PIA at 800 °C.  34 
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Figure 5: Irradiation induced critical resolved shear stress and the contribution from voids and 2 

dislocations, according to eq.3 and eq.4 for the unirradiated, irradiated to 0.2 dpa at 600 C and PI 3 

annealed at 800 and 1000 C forged W bar. 4 

 5 

The CRSS arising from voids, voidτ , was utilized in order to calculate the void length density, 6 

void voidd N ,  using eq.5, and its values are presented in Table I. It is observed that there is an 7 

excellent agreement between TEM data and the calculated values from hardness and resistivity after 8 

PI annealing at 800 C. However, the determined value from resistivity and hardness results is three 9 

times higher in the as-irradiated state and three times lower after the PI annealing at 1000 C. 10 
Regarding the as-irradiated state, this discrepancy confirms the reported remark in section 4.1 that 11 
TEM underestimates the density of defects in that state. For the discrepancy after the PI annealing 12 

at 1000 C, the main reason lies in the annealing time difference between the TEM studied samples 13 
annealed for 1 hour and the samples studied by resistivity and hardness annealed for 24 h. 14 

Isothermal annealing at 1100 C has shown that there is a significant hardness reduction between 15 
annealing for 1 and 24 h (results to be published), while the resistivity (mostly affected by 16 
dislocations) remains constant. This indicates that, regardless of the small temperature difference, 17 
the difference in annealing time could alter the final microstructure regarding voids significantly, 18 
explaining the observed discrepancy. 19 

  20 

5 Summary and Conclusions 21 

Tungsten in bar form, produced by PLANSEE SE in a powder metallurgical route consisting of 22 

sintering and hot forging was irradiated in the BR2 reactor, at SCK CEN, to 0.2 dpa at 600 C and 23 

subsequently post irradiation (PI) annealed at 800 and 1000 C. In order to probe the evolving 24 
microstructure TEM, PALS, resistivity and Vickers hardness measurements were performed after 25 
each post-irradiation annealing temperature. 26 
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Neutron irradiation to 0.2 dpa at 600 C generates dislocation loops of 2.31022 m-3 density with an 1 

average diameter of 2.8 nm and voids of 41022 m-3 density with an average diameter of 1.4 nm, 2 
detectable directly from TEM and via their corresponding positron lifetimes from PALS. The presence 3 
of the irradiation induced defects increases the Vickers hardness and resistivity of the material by 4 
36% and 24%, respectively. 5 

TEM results, after PI annealing at 800 C, show an increase in the defect sizes and densities, with the 6 

detection of dislocation loops of density (3.4 ± 0.3)1022 m-3 with an average diameter of (4.1 ± 1.7) 7 

nm and voids of density (15 ± 3)1022 m-3 with an average diameter of (1.7 ± 0.5) nm. The observed 8 
increase in density is arises from the fact that in the as-irradiated state there is a population of sub-9 
nanometer defects that cannot be resolved by TEM. Τhis is also inferred by the similar intensities of 10 
the positron annihilation lifetimes corresponding to dislocations and voids for the irradiated and PI 11 
annealed samples. This assertion is further supported by electrical resistivity measurements from 12 
which the total dislocation line density, from both dislocation loops and lines, after the neutron 13 
irradiation was determined and was found to be underestimated by TEM by a factor of three. A 14 
similar underestimation is revealed in the as-irradiated state of the material for the void length 15 
density (Table I) employing hardness values and the dispersed hardening barrier (DHB) model.  16 

TEM and PALS show an increase in the void size after the PI annealing at both 800 and 1000 C.  This 17 
increase is accompanied by a slight decrease in their density of about 20% when the annealing 18 

temperature increases from 800 to 1000 C. Regarding the dislocation loops their density decreases 19 

by about 53% as PI annealing increases from 800 to 1000 C and their size shows a two-fold increase 20 

compared to the as-irradiated state and a 24% increase compared to PI annealing at 800 C. A drop 21 

in the resistivity by about 3.3% after PI annealing at 800 C is associated with the annihilation of 22 
dislocation loops. However, it is not followed by a change in hardness showing that while the 23 
dislocation loop density is reduced, its effect on the hardness is compensated by an increase in the 24 
density of nano-sized voids acting as strong obstacles. This may arise from the possible unpinning of 25 
vacancies or small vacancy clusters and their coalescence, thus contributing to the void density 26 
increase as well as void growth.  27 

The trends of void and dislocation loop evolution with PI annealing reported above are in agreement 28 
with previous works in the literature. Specifically, in the temperature range of 800 °C to 1000 °C, the 29 
increase in size coupled with the decrease in density concerning voids [31,34,37,47] as well as 30 
dislocations [11,17,31,74] is within the range of a stage IV recovery process usually considered above 31 
650 °C [74]. 32 

The above described evolution of the microstructure leads to a 9% decrease in hardness after PI 33 

annealing at 1000 C. In the as-irradiated state as well as after PI annealing at both temperatures, 34 
voids dominate the hardening of the material, with their contribution peaking at 800 °C.  35 

 36 
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