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Abstract 11 

Single crystal W is offered for Physics understanding of irradiation induced defects and their 12 

annealing as its structure is well defined and it is almost defect free. W(100) single crystal 13 

was neutron irradiated to a damage of 0.11 displacements per atom at 600 °C and 14 

subsequently isochronally annealed from 700 up to 1500 °C in 100 °C steps. Irradiation 15 

causes the formation of dislocation loops and vacancy clusters and a 45% increase in 16 

hardness. After the annealing of 1500 °C the positron lifetime annihilation spectrum shows a 17 

defect free material and its hardness has been reverted to the pre-irradiation value and only 18 

clusters of Re, WRe and WOs2 have been detected by grazing incidence X-ray diffraction. 19 

The total line density of dislocations, number density of voids and their size versus annealing 20 

temperature have been determined. From hardness, the critical resolved stresses arising from 21 

dislocations and voids have been derived and correlated with their densities.  The kinetics of 22 

defect annihilation versus annealing temperature is discussed.  23 

 24 
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1 Introduction 1 

Tungsten (W) is the main candidate material for plasma-facing components for current and 2 

future fusion devices due to its high melting temperature, high thermal conductivity, low 3 

tritium retention, good sputtering resistance, low swelling, thermal stress and shock 4 

resistance, and high-temperature strength [1–4]. Fission neutrons are usually used to simulate 5 

the neutron irradiation conditions in a fusion reactor [5–7]. The radiation induced damage 6 

mainly results in the formation of vacancy clusters, dislocations loops [8–10] and 7 

transmutation products [11–13]. The type and population of the induced defects are 8 

determined by the neutron irradiation conditions [7,14,15]. 9 

Aim of this work is the study of the recovery in single crystal (SC) tungsten after neutron 10 

irradiation damage at 600 C. This, apart from being a challenging scientific problem, is of 11 

technological importance, as it could lead to a damage recovery procedure, extending thus the 12 

lifetime of tungsten plasma facing components through intermediate in-situ annealing cycles 13 

[16,17]. Single crystal recovery serves as a model system since no grain boundary or 14 

recrystallization phenomena will affect recovery after neutron irradiation. The first studies 15 

regarding recovery stages in W involve the recovery of neutron irradiated W materials using 16 

mostly resistivity measurements [18–26] and some field-ion microscopy studies [27,28]. 17 

More recent studies involving self-ion [29,30], proton [31,32], He [33–35] and neutron [36] 18 

irradiation at temperatures below 100 °C report vacancy migration in the range of 400 to 600 19 

°C, with vacancy cluster coarsening when annealing at higher temperatures. Above 650 °C 20 

and up to 900 °C further coalescence of small vacancy clusters [29,31–33,36] along with 21 

dislocation loop growth and dislocation line rearrangement [30,33,35,36] occur, which could 22 

be termed as a stage IV recovery process. At higher temperatures, near 1000 °C dislocation 23 

loop annihilation is observed, most likely of interstitial type [32,36].  24 

In this work W(100) SC, neutron irradiated to 0.11 displacement per atom (dpa) at 600 °C, 25 

has been isochronally annealed from 700 up to 1500 °C in 100 °C steps. The evolution of the 26 

microstructure is investigated through X-ray diffraction (XRD), electrical resistivity and 27 

positron annihilation lifetime spectroscopy (PALS) while the hardness and the depth-load 28 

curves were measured by depth sensing indentation using a Vickers and a spherical indenter, 29 

respectively. The evolution of the microstructure with increasing annealing temperature and 30 

the correlation between microstructure and micromechanics is discussed. 31 

 32 

2 Materials and Methods 33 

2.1 Materials – Neutron irradiation – Post Irradiation annealing.  34 

The W(100) single crystal with purity of 99.999% was procured from MaTecK Material-35 

Technologie & Kristalle GmbH in rod form. From the crystal rod, circular samples with 36 

diameter 12 mm and thickness around 1 mm were cut using electrical discharge machining 37 

(EDM). After cutting, the samples were mechanically polished from both sides using 38 

diamond suspension for removing the surface damage induced by the EDM cutting. At the 39 

final stage, colloidal silica was used in order to obtain mirror quality surface. The resulting 40 

thickness of the samples was in the range from 0.5 to 0.6 mm (almost half of the sample was 41 
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removed). These samples, together with other W grades, were irradiated in the BR2 reactor, 1 

at SCK CEN, Mol, Belgium. The sample used for the post irradiation annealing was 2 

irradiated at 600 C to a neutron fluence of about 5.4×10
20

 n/cm
2
 for E>0.1 MeV 3 

corresponding to a dose of 0.11 displacements per atom (dpa) using a displacement energy, 4 

Ed, of 55 eV, following the recommendation of IAEA standard [37]. More details about the 5 

neutron irradiation can be found in [38]. The annealings were performed under high vacuum 6 

(~10
-6

 mbar) in the range from 700 to 1500 C and in steps of 100 C. The irradiated samples 7 

along with non-irradiated ones were annealed at each temperature for 24 hours. Subsequently 8 

they were cooled down and characterized with different techniques (see section 2.2) before 9 

the next temperature anneal.  10 

Hereinafter, we use the following terms a) non-irradiated sample refers to the initial state 11 

without irradiation and any heat treatment, b) as irradiated sample after the 0.11 dpa at 600 12 

C irradiation and before any annealing, c) annealed irradiated sample refers to the irradiated 13 

sample after annealing at a specific temperature (to be noted that the annealing at different 14 

temperatures is performed on the same sample) and d) control sample designates the non-15 

irradiated sample annealed at different temperature with the same conditions as the annealed 16 

irradiated sample.  It is noted that the control samples had the same surface treatment as the 17 

irradiated samples. Further an electropolished sample was used in order to assess any surface 18 

effects. Annealing of the control sample at 600 C has no effect on the measured properties.   19 

 20 

2.2. Characterization techniques  21 

The W(100) sample in its non-irradiated state, in the as-irradiated and after each annealing 22 

step was characterized with the techniques outlined below. X-ray diffraction techniques are 23 

aimed at the observation of structure evolution after each annealing step and the 24 

determination of any possible agglomeration of transmutation products in the form of 25 

crystalline phase. Positron annihilation lifetime spectroscopy was employed for the 26 

determination of the open volume defects (dislocations, vacancies, voids) and the assessment 27 

of the defect interactions as a function of the annealing temperature. Resistivity 28 

measurements reflect the temperature evolution of both open and close volume defects and 29 

transmutation products. Finally hardness measurements aimed at correlating the mechanical 30 

properties of the material with the evolving defect structure.  31 

 32 

2.2.1. X-Ray Diffraction (XRD) and Grazing Incidence X-ray diffraction (GIXRD) 33 

The crystalline structure was evaluated by X-ray diffraction (XRD) measurements carried out 34 

at room temperature using Bruker D8 diffractometer with a Cu Kɑ X-ray source, a parallel 35 

beam stemming from a Göbbel mirror and a scintillator detector. In addition, Grazing 36 

Incidence XRD (GIXRD) measurements were carried out at a grazing angle of 1.0 degree in 37 

order to increase the sensitivity for the detection of other phases.  38 

 39 
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2.2.2. Positron Annihilation Lifetime Spectroscopy (PALS) 1 

Positron Annihilation Lifetime Spectroscopy measurements were carried out at room 2 

temperature, using the Ortec® PLS-system. More details on the experimental setup can be 3 

found in [39]. The data analysis was performed using LT10 software [40,41]. From the 4 

analysis of the data, the lifetime, i , of each type i  of defect and the probability, iI , of the 5 

positron to be annihilated in type i  defect ( 1iI  ) are determined. 6 

 7 

2.2.3. DC Resistivity 8 

Electrical resistivity was measured employing the collinear 4-point probe (4PP) method using 9 

Keithley 2182A nanovoltmeter and Keithley 6221 AC and DC source. In order to eliminate 10 

the thermoelectric voltage contribution in the measurements, the current source and the 11 

nanovoltometer are operated in tandem utilizing “Delta Mode”. The measured resistance is 12 

converted to resistivity through a geometric factor, dependent on the sample’s size [39]. 13 

 14 

2.2.4. Hardness 15 

Depth-sensing indentation experiments were performed employing a NANOVEA’s 16 

mechanical tester using a Vickers indenter. The maximum load was set at 3 N, and the 17 

(un)loading rate was 20 N/min. A dwell time of 200 s was applied before starting the 18 

unloading process. The loading rate was selected after a series of preliminary indentation 19 

tests to achieve stability in the hardness values. The holding time was chosen such as to attain 20 

equilibrium conditions, i.e. almost no change of the indentation depth. A set of six 21 

indentation tests, spaced by 200 μm, were performed for each measurement. An optical 22 

microscope was used to select the indented area free from visible defects. The Vickers 23 

hardness, 
VH , of the samples was calculated using the contact area, CA , of the indenter, 24 

determined from optical microscopy images of the residual imprint after the indentation tests 25 

and the maximum applied force, maxF , employing the equation 26 

 

 max max

2

2
sin 2V

C mean

F F
H

A d
   (1) 27 

where meand  is the mean diagonal length measured from corner to corner on the residual 28 

impression in the specimen surface and 136a    is the face angle of the square-based 29 

diamond pyramid of the Vickers indenter. 30 

 31 

 32 

3. Results and Discussion 33 

The discussion of the experimental results after annealing is correlated with the observed 34 

microstructure and properties of the non-irradiated and the as irradiated sample (section 3.1). 35 

As mentioned above, a non-irradiated sample is also heat treated together with the irradiated 36 



                  
 

5 

one and it is characterized also after each annealing step and in the following text it will be 1 

referred as the control sample. 2 

In the experimental data graphs the datum point displayed for 600 C corresponds to the as 3 

irradiated material (before any annealing) and it is indicated as such. As a tool to understand 4 

and discuss the experimental data, jointly with them an empirical equation is displayed of the 5 

form  
 

 

2

0

0

T C T
y T y exp

T C

    
       

, where T  the annealing temperature, i.e irrT T . The 6 

form of empirical equations is based on the observation that annealing of the defects for each 7 

one of their measured properties starts mainly after the first annealing temperature (8 

0 700 CT    ) and that this form provides a good correspondence with all the measured 9 

values versus annealing temperature. The only Physics implication is that there is an energy 10 

activation of the process connected with 0T  and that the process has been mostly completed 11 

within the temperature range 0T T . To be more specific a defect annealing temperature, 12 

annealT , is defined such as 
 

0

0 05
annealy T

.
y

 (i.e. less than 5% of the defects remain). The 13 

experimental  y T  values and correspondingly the values of 0T  and T are function of type 14 

and number of defects and their effect on the measured property. Thus, these values obtained 15 

from different techniques are expected to be only in broad agreement as a consequence of the 16 

empirical description. The value of 0y  is compared and should be in good agreement with 17 

that of as the irradiated sample. It should be noted that the parameters of the empirical 18 

equations have not been obtained by least squares fit but by simulation (i.e. changing the 19 

parameters 0T , T and 0y ) in order to obtain the best overall description of the experimental 20 

data.  21 

In section 3.1 the microstructure of the unirradiated and as-irradiated samples determined by 22 

TEM and published previously is summarized as the base for the discussion of the 23 

experimental results of the as-irradiated sample temperature annealing. The TEM results 24 

show that irradiation at 600 C to a dose of 0.11 dpa results to the formation of dislocation 25 

loops and voids. In section 3.2 the crystal structure and the lattice stains are investigated by 26 

XRD and by GIXRD; it is observed after annealing at 1500 °C the agglomeration of Re, 27 

WOs2 and WRe- phases. In section 3.2 the radiation induced resistivity is utilized in the 28 

determination of the dislocation number density versus annealing temperature. In section 3.3 29 

from the radiation induced hardness the radiation induced critical resolved shear stress is 30 

obtained. Using the dispersed hardening barrier model and the total dislocation density 31 

determined by the resistivity, the individual components of critical resolved shear stress 32 

arising from dislocations and voids are determined versus annealing temperature. Finally in 33 

section 3.4 the PALS data are used to determine the behaviour of small vacancy clusters and 34 

in combination with the previous sections to evaluate the number density and size of the 35 

voids.  36 

 37 
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3.1. Microstructure of the unirradiated and as-irradiated sample 1 

The unirradiated tungsten single crystal (W(100) SC) is defect free within the resolution of 2 

transmission electron microscopy (TEM) [7]. The microstructure of the W(100) SC irradiated 3 

to a similar dose of 0.18 dpa (Ed=55 eV) at 600 °C determined by TEM [7] is dominated by 4 

massive rafts of about 500 nm length, spaced between 200-500 nm and formed by the 5 

dislocation loops located within the rafts.  The dislocation loops have a number density of  6 

(5.4±1.1)×10
22  

m
-3

 and an average diameter of (3.0±1.6) nm corresponding to a line density 7 

of (5.0±2.9)×10
14 

m
-2

). Also dislocation lines with thirty times lower density (1.6±0.4)×10
13 

8 

m
-2

) are found. Voids with a density of (8.1±3.2)×10
22 

m
-3

 and an average diameter of 9 

(1.3±0.2) nm are randomly distributed within the matrix 
 
[7]. The TEM results of the as 10 

irradiated material will be utilized in the discussion of the experimental findings for 11 

comparison. This comparison should be viewed through the prism that simulations of 12 

collision cascades indicate that the sizes of radiation induced defects follow a power law and, 13 

thus, the majority of defects are below the threshold of TEM resolution [42]. The 14 

transmutation products have been evaluated by the FISPACT-II nuclide inventory code and 15 

TENDL-2019 nuclear database and are found to be 0.38 at% Re, 6×10
-3

 at% Os and 1.5×10
-3

 16 

at% Ta. Therefore the main transmutation product is Re.  17 

 18 

3.2. Microstructure evolution versus annealing (XRD, GIXRD)  19 

XRD and GIXRD measurements were performed after each step of post irradiation (PI) 20 

annealing. In XRD measurements, due to the crystal orientation, only the (200) Bragg peak 21 

was observed in a θ-2θ scan. The GIXRD measurements were employed in order to increase 22 

the sensitivity to a possible sample poly-crystallinity and phase formation.  23 

Assuming that the (200) Bragg peak and the resolution function are Gaussian, from the Full 24 

Width at Half Maximum (FWHM) of the (200) Bragg peak the standard deviation, B , after 25 

each step of isochronal annealing of the irradiated sample has been calculated (Figure 1a) 26 

together with that of the control  sample. Irradiation at 600 C has resulted in the reduction of 27 

B  peak compared to that of the unirradiated sample.  28 

The Bragg peaks of both irradiated and control samples annealed at 700 C have the same 29 

width and this indicates that the Bragg peak width reduction from the non-irradiated state 30 

after irradiation at 600 C is mainly a temperature effect. As the annealing temperature 31 

increases the standard deviation of the Bragg peak of the control sample decreases indicating 32 

that the coherence length increases i.e. stress fields are eliminated and at 1500 C the Bragg 33 

peak width has reached the instrumental resolution. The same also occurs for the irradiated 34 

sample. However, the stress fields do not disappear completely and they remain even after 35 

annealing at 1500 C (Figure 1b). This may be interpreted that a type of radiation induced 36 

defect has not been annealed and causes this remaining stress. The solid line in Figure 1b is 37 

described by the equation 
(°C) 700

(mins) 0 6 1
150

B

T
. exp

   
     

  
. The asymptotic value 38 

of the coherence length of the irradiated sample is about 500 nm which would correspond to a 39 
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defect density of the order of ~10
19

 m
-3

. The stress fields of the irradiated material have 1 

reached a steady state after the annealing at 1100 C.  2 

 3 

  

Figure 1a. Standard deviation, B , of the 

(200) Bragg peak after each annealing step,  

irradiated (), control sample (), non-

irradiated (dashed line). 

Figure 1b. Difference between the standard 

deviation of (200) Bragg peak of irradiated 

and control sample

   irradiated controlB B B    . Line: 

see text for details. 

 4 

In the GIXRD spectrum only after PI annealing at 1500 °C, additional Bragg peaks to those 5 

of W were observed (Figure 2). These have been assigned to polycrystalline bcc Re as well as 6 

WOs2 and WRe- phases with the two latter being both tetragonal within P42/mnm space 7 

group (Figure 2). These additional Bragg reflections have not been observed in the annealing 8 

treatments below 1500 C, indicating that a mechanism involving the local increase of Re and 9 

Os concentration is at play. It is noted that in a perfect W(100) SC no Bragg peaks should 10 

have been observed in GIXRD mode. Their presence, also in the non-irradiated and control 11 

samples, shows that in the SC material small polycrystalline regions exist which are not 12 

revealed in the XRD mode of measurement. The crystallite size of all the polycrystalline 13 

phases detected, as determined from the width of the Bragg peaks corrected for the 14 

instrumental resolution and using the Scherrer equation, varies in the range of 30 to 50 nm.   15 

The calculated Re concentration is around 0.38 at% and thus the sigma phase WRe is not 16 

expected according to the phase diagram [43]. Precipitation is, however, observed in neutron 17 

irradiated W at higher doses (usually > 1 dpa) and Re concentrations [14,44–46]. Possibly 18 

migrating vacancies pair with Re and Os. The attractive behavior between Re-vacancy and 19 

Os-vacancy has been shown by calculations [47]. These pairs as the temperature increases 20 

migrate and finally create second phases at the void surfaces (decoration). Probably some 21 

second phases have been formed below 1500 C, but, because of their very low volume 22 

fraction, have not been observed.  23 
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Figure 2. GIXRD after annealing at 1500 °C. The phases of W, Re, WRe- and WOs2 are 2 

detected.  3 

 4 

3.3.  DC Resistivity 5 

After irradiation the resistivity increases from  5.46 ± 0.03 μΩ cmnon irrR     to the value 6 

 6.41 ± 0.05 μΩ cmirrR  . The resistivity of the control sample does not show any 7 

annealing temperature dependence and has a mean value over all the annealing temperatures 8 

of   μ5 48 0 02 Ω cmcontrolR (T ) . .   .  In Figure 3 the radiation induced resistivity (RIR)9 

   irr controlRIR T R T R (T )   is shown. From Figure 3 it is observed that there is a slight 10 

decrease in the RIR  up to the annealing temperature of 800 C, then follows a much faster 11 

decrease and finally after 1100 C the RIR  remains constant.  The temperature dependence of 12 

RIR  can be described by the empirical equation  
2

0

(°C) 700T
RIR T RIR R exp

T


  
    

   

 13 

with 0 46 μΩ cmRIR .  , 0 0 44 μΩ cmR .   and 260 CT   .  14 

Irradiation has produced voids, dislocations and transmutation products. Using the 15 

Matthiessen's rule [48], RIR , can be expressed as  16 

 
void disl transRIR RIR RIR RIR    (2) 17 

where voidRIR , dislRIR  and transRIR  are the contributions of voids, dislocations (both loops and 18 

lines) and transmutation products, respectively. Initially will be discussed the RIR  of the as 19 

irradiated sample from which the strength of the different contributions can be determined 20 

since the sizes and the densities of the different defects have been measured by TEM (see 21 

3.1).  22 

 23 
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Figure 3. Radiation induced resistivity versus annealing temperature. 

Line: see text for details. 

 1 

The contribution of voids to RIR  in the as irradiated sample can be calculated  [49–51] using 2 

their diameter and number density determined by TEM and the specific resistivity [52] and it 3 

is found to be 10
-2

 µΩcm.  Therefore, the contribution of voids to the measured RIR  of the 4 

as irradiated sample is less than 1% and their contribution can be ignored.  5 

 The contribution of the transmutations products to the measured RIR can be calculated from 6 

their concentrations (see 3.1) and the specific resistivity of rhenium ReP  (~1.3 μΩcm/Re 7 

at.%) [53] and osmium OsP  (~5 μΩcm/Os at.%) [54] (Ta may be ignored as its concentration 8 

is much lower), and it is found to be transRIR  0.52 μΩcm. This is close to the asymptotic 9 

value ( 0 46 μΩ cmRIR .  ) obtained from the experimental data. If we take into account the 10 

errors in calculating the resistivity arising from the transmutation products and that part of 11 

them that have been agglomerated as shown by GIXRD (section 3.2), thus resulting in lower 12 

resistivity, we may conclude that the value of RIR arises from the transmutations products. 13 

Therefore, it can be deduced that  RIR T RIR arises solely from dislocations lines and 14 

loops, i.e.  15 

      disl DSR dislRIR T RIR RIR P N  (3) 16 

where dislN is the total density of dislocation lines (both loops and lines) and DSRP  the specific 17 

resistivity of dislocations (3×10
-23 

Ωm
3
) [39]. Using Eq. (3) and the measured values of 18 

dislRIR  the total dislocation line density values have been calculated and they are presented in 19 

Figure 4. The total dislocation line density (from both loops and lines) of the as irradiated 20 

600 800 1000 1200 1400 1600

0.4

0.6

0.8

1.0

As irradiated

Annealing Temperature (
o
C)

R
IR

(T
)


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material determined by the resistivity measurements is (1.6±0.2)×10
14

 m
-2

 and it is in good 1 

agreement with that determined by TEM ((5.2±2.9)×10
14

 m
-2

, see section 3.3) taking into 2 

account the errors. The line in Figure 4 corresponds to the equation 3 

 
2

14 2(°C) 700
1 5 10  mdisl

disl

T
N T . exp

T


   

     
   

 where T  is the annealing temperature in C 4 

and 260 CdislT   . The temperature at which about less than 5% of the initially neutron 5 

irradiation produced dislocations is 1150 CannealT  .  6 

 

Figure 4. Total dislocation line density (loops and lines) determined by resistivity. Line: see 

text for details. 

 

 

3.4. Vickers hardness  7 

The Vickers hardness of a single-crystal sample depends on the angle between the diagonals 8 

of the indenter and the in-plane crystallographic axes [55]. The highest hardness value is 9 

found when the indenter’s diagonal is parallel to <010> direction, whereas the lowest 10 

hardness value when the indenter’s diagonal is parallel to <011> direction (see [56] for more 11 

details). This dependence can be explained through the availability of slip planes on BCC 12 

crystals [57,58]. The modulation itself is caused by the available slip systems and the 13 

geometry of the indenter [59]. In this work, the mean hardness over all the different 14 

directions of the indenter diagonal will be utilized.  15 

  16 
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Figure 5. Radiation induced hardness versus annealing. Line: Calculated 

from 
calc

CRSSτ (Fig. 7) and eq. (4). 

 1 

The hardness of the control sample does not change with annealing temperature giving a 2 

mean value over all the annealing temperatures of (3.29±0.04) GPa which is close to that of 3 

the non-irradiated sample ( 3.34( 0.05) GPanon irrH   ). The radiation induced hardness 4 

 ( ) irr non irrRIH T H T H     after each annealing step is presented in Figure 5. The radiation 5 

induced hardness can be associated with the radiation induced critical resolved shear stress 6 

(CRSS), CRSSτ , as 7 

 CRSSRIH k k M   σ τ  (4) 8 

where    the yield strength [60], k  is a factor of 3.2 for tungsten [61] and for M  the value 9 

of 3.06 for non-textured BCC and FCC crystals [62] will be used. Using eq. (4) and the 10 

measured values of RIH  the radiation induced critical resolved shear stress has been 11 

determined (Figure 6). As RIH  at 1500 C is almost zero, it is inferred that the contribution 12 

of the transmutations products is negligible to RIH as these are the only remaining defects at 13 

this temperature. Therefore the CRSS can be attributed solely to dislocations and voids.  In 14 

figure 6 the contributions arising from dislocation and voids CRSS (
calc

dislτ  and 
calc

voidsτ ), as will be 15 

demonstrated below, are displayed.  16 

 17 
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Figure 6. Radiation induced critical resolved shear stress calculated from 

radiation induced hardness, RIH , and eq. (4). Dotted line: Contribution of 

dislocations, 
calc

dislτ  (line of Figure 7). Dashed line: Contribution of voids, 

calc

voidsτ  (line of Figure 8). Continuous line: Sum of the contribution from 

dislocations and voids    
2 2

calc calc calc

CRSS disl voids  τ τ τ .  

 1 

Assuming that the lattice friction stress does not change with irradiation, the induced CRSS 2 

arises from the radiation defects, i.e. dislocation loops and lines and voids, and it can be 3 

written according to the dispersed hardening barrier (DHB) model as [61,63] 4 

  2 2 2 2 2 2 2 2 2τCRSS line loop void line line loop loop void voidG b h h h      τ τ τ ρ ρ ρ  (5) 5 

where G  is the shear modulus (159 GPa), b  is the Burgers vector (0.274 nm), lineh  is the 6 

dislocation line strength coefficient equal to 0.26 [64], looph  has the value of 0.15 [36], voidh  7 

is the defect strength of voids which is dependent on their size [39] and ρ  is the obstacle 8 

length density ( N d ρ , N  the defect number density and d  the defect size). As the 9 

strength of dislocation lines and loops are very close and also the density of loops in the as 10 

irradiated sample is 30 times larger than that of the lines eq. (5) can be approximated as  11 

  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 h     τ ρ ρ ρ ρ τ  (6) 12 

where disl loop line ρ ρ ρ . From the total dislocation line density determined by the resistivity 13 

(Fig. 4) the CRSS arising from all the dislocations (loops and lines), disl , can be determined 14 
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(see Figure 7). The continuous line corresponds to the equation  1 
2

(°C) 700
(GPa) 0 046

380

calc

disl

T
. exp

   
    

   

τ  where T  is the annealing temperature in C and 2 

700 C the first annealing temperature. 
calc

dislτ is displayed as the dotted line in Figure 6 3 

indicating the contribution of the dislocations to the total CRSS. Comparing with RIR  results 4 

(Figure 3) we observe that 0T  is the same, whereas T  from CRSS is higher than that of 5 

RIR . This reflects the difference in the sensitivity of the two methods in the density of 6 

dislocations. 7 

From eq.(6) the CRSS arising from voids is calculated i.e. 2 2

void CRSS disl τ τ τ  and it is 8 

presented in Figure 8. The continuous line corresponds to the equation  9 
2

(°C) 850
(GPa) 0 165

380

calc

void

T
. exp

   
    

   

τ  which is also displayed as the dashed line in 10 

Figure 6 indicating the contribution of the voids to the total CRSS.  11 

The continuous line in Figure 7 has been calculated by adding the contributions of both 12 

dislocations and voids to the irradiation induced CRSS i.e.    
2 2

calc calc calc

CRSS disl void  τ τ τ . From 13 

calc

CRSSτ  and eq. (4) the calculated radiation induced hardness, 
calcRIH , is obtained which is 14 

presented as the continuous line in Figure 5, and from this the hardness can be calculated as 15 

 calc calc

irrad unirrH T RIH H  . 16 

  

Figure 7. CRSS arising from dislocations 

calculated from disl loops dislGbhτ ρ , where

dislρ obtained from the resistivity 

measurements (Figure 5).  

Continuous line: 
calc

dislτ (see text for details).  

Figure 8. CRSS arising from voids,  

calculated from equation  
2 2

void CRSS disl τ τ τ ( CRSSτ  calculated from 

radiation induced hardness and eq. (5). 

Continuous line: 
calc

voidτ (see text for details). 
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3.5.Open volume defects from PALS 1 

From the analysis of the experimental positron annihilation spectra a set of lifetimes 2 

  1exp

i T , i ,...,n   and corresponding intensities  exp

iI T  are determined. The intensities 
exp

iI  3 

denote the probability of a positron to be annihilated in the interaction volume of the material 4 

by the defects designated by 
exp

i  and consequently 1exp

iI  .  The state of the material after 5 

an annealing at temperature   is described by a function   0deff T , def ,a,b,....  denoting 6 

the fraction of defects a,b,...   within the material volume and 0f   corresponding to the defect 7 

free part of the material ( 1deff  ). The corresponding lifetimes are denoted by def . The 8 

probability of positrons to be annihilated within the interaction volume of the sample with the 9 

positron, defI , from a specific defect fraction is def def defI p f  and 10 

  1def def defp f I T   , where defp  the probability of positron annihilation with the 11 

specific defect. A measured lifetime, 
exp

i , may correspond to a specific, def , open volume 12 

defect e.g. dislocation, void or to a group of defects having close lifetimes and which cannot 13 

be distinguished in the spectrum due to resolution limitations. Thus, in correlation with 14 

known from the literature lifetimes for specific defects, the measured  exp

i T and 15 

consequently the corresponding intensities  exp

iI T  can be assigned to one or more defects. 16 

The evolution of the defect structure versus annealing is described, as discussed in section 17 

3.3, by heuristically derived equations of the form  
2

0
def

T T
I T c exp

T

   
   

   

to be 18 

compared with the experimental ones and 
0 1 def

a ,b,...

I I  . In case a specific experimental 19 

lifetime 
exp

k   has been assigned to more than one defect i.e. for example a',b'  then the 20 

function 
def

a',b'

I (T ) is compared with the experimental 
exp

kI  and the mean lifetime 21 

  

 

  

def

a ,b

def def

a ,b

I T

I T




 

 






 (7) 22 

with the experimental 
exp

k .  23 

Before discussing the experimental PALS results, a brief literature review of the positron 24 

lifetimes of the relevant irradiation defects in W is advantageous. The lifetime, 0 , for the 25 

defect free material is reported in the range of 100-116 ps [65–72]. Dislocation lifetime varies 26 

from 130 to 180 ps [35,36,65–71]. Mono- or di- vacancies have a lifetime in the range of 27 

160-200 ps and small vacancy clusters between 200 to 230 ps, [67]. The calculated positron 28 

lifetime for voids increases with their size and reaches a saturation value of around 500 ps for 29 

a void containing around 40 vacancies [67,73]. 30 
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The PALS spectrum of the unirradiated W single crystal sample after electropolishing 1 

exhibits a lifetime 0 114 ps  , as reported in our previous work [38], which is in agreement 2 

with that reported for the defect free material. However, the determined lifetime for the 3 

unirradiated and mechanically only polished control sample is around 1 154 ps  . 4 

 

Figure 9. Lifetime of the control sample versus annealing temperature. Points (): 

Experimental data. Continuous line: Simulation (see text for details). 

 5 

Upon annealing the lifetime of the control sample increases from the value of 154 ps (not 6 

shown) to 170 ps after annealing at 700 C and upon further annealing is reduced with 7 

increasing temperature reaching the value of 112 ps after annealing at 1500 C (Figure 9).  8 

These observations lead to the conclusion that the observed lifetime,  , is an average of the 9 

lifetimes of the defect free material and that of defects arising from the mechanical treatment 10 

and as these defects are annealed the lifetime decreases to the value of the defect free 11 

material. The continuous line in Figure 9 has been simulated using eq. (7) and assuming two 12 

lifetimes that of the defect free material ( 0 114 ps  ) and of a defect type with lifetime13 

210 ps a  having a temperature dependence found by simulations as14 

 
2

700

360
a

T
I T exp

  
     

. The lifetime  a employed in the simulation is close to that 15 

corresponding to dislocations and mono/di-vacancies and reflects dislocation and mono/di-16 

vacancy formation by the mechanical polishing. The increase of the positron lifetime from 17 

154 ps to 170 ps after annealing at 700 could be due to vacancy de-trapping from 18 

dislocations. 19 

Two lifetimes were needed in order to describe the PALS spectra for the irradiated sample, a 20 

short one,  exp

1 177 4  ps   , and a long one,  exp

2 478 9 ps   . After the annealing at 1500 21 
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C, only the short positron lifetime (Figure 10a) is observed and its value is close to that of 1 

the defect free material. From this, it may be concluded that the short positron lifetime is an 2 

average, as discussed in the first paragraph of this section, of the defect free material and 3 

defect(s) with positron lifetimes around 200 ps or a little higher. From the literature review of 4 

the positron lifetimes mentioned above, these two defects could be dislocations, mono or di-5 

vacancies or very small vacancy clusters. The long positron lifetime, 2

exp , can be attributed 6 

to large vacancy clusters or voids having a size larger than 1 nm (Figure 10b).  7 

From the annealing temperature dependence of 1

expI  (Figure 11a) and 1

exp  (Figure 10a), there 8 

is the suggestion that there are three annealing mechanisms which imply the kinetics of three 9 

different defects. As 1

exp after 1500 C attains the value of the defect free material we have to 10 

accept that 1

expI includes positron annihilation in the defect free part of the material. 11 

Therefore, we make the correspondence of experimental data and simulations as 12 

     1 0

exp

a bI I T I T I T  . According to the discussion in paragraph two of this section, 13 

the determined 1

exp has to be correlated with the mean time of the lifetimes of three sources of 14 

positron annihilation. 15 

 For the short lifetime, depicted in Figure 10a, we observe that there are two annealing 16 

mechanisms centered at around 700 and 1100 C. Similar conclusions are drawn for the 17 

lifetime 2

exp . The long lifetime has been assigned, as discussed above, to voids. Therefore, 18 

these two mechanisms could be assumed to be related to voids and, thus, the use of the 19 

association  2

exp

cI I T is justified.  20 

Simulation equations of a bI (T ), I (T)  and cI (T )  have to be in agreement with the 21 

experimental data of 1 2

exp expI , I  of Figures 11a and 11b and the experimental lifetime 1

exp via 22 

the equation of mean lifetime of defects a  and b . The simulations equations displayed in 23 

Figure 11a are  
2

700
45

360
a

T
I T exp

   
    

   

,  
2

1050
22

180
b

T
I T exp

   
    

   

and 24 

        0 1 a b cI T I T I T I T    . The simulated lifetime in Figure 10a is calculated from 25 

the equation 
     

     
0

0

0

a b

a b

a b

I T I T I T

I T I T I T
  

 

 

with 0 114 ps    (that of the defect free material) 26 

and b210 ps, =260 psa  . Finally, the simulation equation for 2

expI  data is 27 

 
2 2

750 1200
44 50

230 180
c

T T
I T exp exp

          
           

         

(Figure 11b).  28 

The lifetime of defects of type a ( 210 psa  ) is close to that of the dislocations and 29 

mono/di-vacancies.  Their annealing temperature (the temperature at which only 5% of the 30 

initial defects remain) 1300 CannealT ~   is also close to that found for dislocations from 31 

resistivity measurements (Figure 4, section 3.3). Therefore, defects of type a are assigned to 32 
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mainly dislocations both for those on the surface prior to irradiation (Figure 9) and those 1 

generated by the irradiation. It should be noted that resistivity measurements correspond to 2 

the bulk dislocations i.e. those generated by the neutron irradiation. On the contrary, positron 3 

annihilation is partly sensitive to the surface state and surface dislocations contribute to the 4 

spectrum.  5 

  

Figure 10a. Short lifetime, 1 , versus 

annealing temperature. Points (): 

Experimental data, Line: Simulation (for 

details see text).  

Figure 10b. Long lifetime, 2 , versus 

annealing temperature. Points (): 

Experimental data, Line: least squares, 

Dashed line: mean value. 

  

Figure 11a. Points (): Experimental 

intensities,
exp

1I , corresponding to the short 

lifetime, 
exp

1 . Dash-dot line: simulation of 

the contribution of the defects a , ( )aI T . 

Short-dash line: simulation of the 

contribution of the defects b , ( )bI T . Dash 

line: simulation of the contribution of the 

defect free material, 0 ( )I T . Continuous line: 

     0 a bI T I T I T  .  

Figure 11b. Points (): Experimental 

intensities, 
exp

2I , corresponding to the long 

lifetime, 
exp

2 .Continuous line: Simulation of 

 cI T . 
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The type b  defect has not been caused by the neutron irradiation but it has been produced by 1 

the annealing. The lifetime of 260 psb   corresponds to that of clusters of five to six 2 

vacancies [67]. Therefore, it is apparent the mono- and di-vacancies produced by irradiation 3 

at around 900 C have increased mobility and coalesce into small vacancy clusters (Figure 4 

10a). As the temperature is raised above 1100 C their number decreases with 5 

1360 CannealT ~  . This will be further addressed below in the discussion of the long 2

exp6 

which has been associated to large vacancy clusters-voids.  7 

The long lifetime, 2

exp , associated with voids, increases almost linearly (Figure 10b) from the 8 

value of about 480 ps of the as irradiated sample to 530 ps after annealing at 1000 C. 9 

Annealing at 1100 C causes an abrupt increase from 530 ps to around 630 ps, then up to 10 

1400 C the lifetime remains almost constant and after annealing at 1500 C only the lifetime 11 

corresponding to the defect-free material is observed. Calculations of the lifetime of vacancy 12 

clusters show a linear behavior for lifetimes up to 425 ps corresponding to a cluster of around 13 

fifteen vacancies [67,73]. For larger vacancy clusters the lifetime remains constant and 14 

around 420 ps. Thus, the positron lifetime dependence on annealing temperature observed in 15 

Figure 10b is in accordance with the calculations. As the calculations show, an increase in the 16 

void size results in a positron lifetime increase as that observed up to 1000 C.  After a 17 

specific size of vacancy cluster the calculated lifetime has reached a plateau, i.e. remains 18 

constant independent of void size. The experimental data show that this size has been reached 19 

after the 1100 C annealing. Positron lifetimes larger than 500 ps and above the theoretical 20 

saturation value of 420 ps, are reported in proton [32] and neutron [36] post-irradiation 21 

annealed tungsten and they were attributed to pick-off annihilation of ortho-positronium 22 

formed in large vacancy clusters, suggesting that the internal surfaces of the clusters may be 23 

partially decorated with impurities [36]. Figure 11b indicates that the fraction of voids 24 

remains almost constant up to 1300 C, then sharply decreases to become zero at 1500 C. 25 

Notwithstanding that the fraction of the voids remains almost constant the two peaks in 26 

Figure 11b in conjunction with Figure 10b indicate that there are two size distributions. At 27 

temperatures up to 900 C the smaller sizes prevail, but after 1100 C the larger ones do. 28 

From the simulated curve in Figure 11b we find that the annealing temperature for the 29 

smaller voids is around 1150 C and for the larger clusters 1500 C.  30 

The determined lifetime 2

exp can be connected with the size of the voids by utilizing previous 31 

research on neutron irradiated tungsten in which both positron lifetime (not published) and 32 

TEM void size determination were made [7]. These data are depicted in Figure 12. From this 33 

correlation, we obtain a relationship connecting the average void size and PALS lifetime as  34 

  2(nm) 0.24+0.043 (ps) 470exp

voidd      (8) 35 

The experimental validity range of eq. (8) connecting void size with positron lifetime 2  is 36 

for 2450 ps 620 ps   and the average systematic error in its application is around 15%. 37 

The diameter of voids corresponding to the linear part of the lifetime dependence on 38 

annealing temperature (Figure 10b) is given by  as-irradiated (°C) 600d d C T    with39 
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 as-irradiated 1.0 0.4  nmd   and 3C=5 10  nm/ C   (for example, the size of the voids at 1000 1 

C is 2.76 nm). We observe that the size of the voids for the as irradiated sample determined 2 

by TEM ((1.3±0.2) nm), section 3.1) and that obtained by the positron lifetimes (3 

 1.0 0.4  nm ) are in good agreement within errors. The void size which corresponds to the 4 

constant positron lifetime (annealing temperatures 1100 C and above) is around 7.4 nm. 5 

According to calculations [67], the lifetime for large voids is size independent, thus we may 6 

assume that the value of 7.4 nm reflects that of 1100
 

C, the first temperature at which the 7 

large and constant lifetime is observed. For higher annealing temperatures very likely the size 8 

of the voids is larger. An increase in the size of voids coupled with a decrease in their number 9 

density after annealing at 1100 °C [74] or even 1300 °C and 1600 °C [75] is observed. 10 

 11 

Figure 12. Void size determined by TEM [7] as a function of positron lifetime 2

exp12 

determined from PALS measurements on W single crystal irradiated to 0.2 dpa (unpublished 13 

data). 14 

 15 

From the discussion in the previous paragraph, we may conclude that we have extracted from 16 

the PALS data the size of the voids accurately and assuredly up to 1100 C. The following 17 

analysis in which the determined size is utilized will be applicable to annealing temperatures 18 

up to 1100 C. 19 

Next, the CRSS derived from the hardness measurements and the assumption of the validity 20 

of the dispersion hardening barrier (DHB) model will be utilized in order to derive the 21 

number density and volume fraction of voids. Ought to be mentioned that the values that 22 

have been derived based on the DHB model correspond to the effect of voids on the 23 

measured hardness. Therefore, the results have to be in broad agreement with the findings of 24 

PALS but may differ in the details. The CRSS, voidτ ,  arising from voids (see Figure 8) will 25 

be utilized in order to determine the number density of voids as a function of the annealing 26 

temperature using the relationship 27 
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 void void void void void voidGbh Gbh N d τ ρ  (9) 1 

The void obstacle strength, voidh , by utilizing experimental and calculated values [39] 2 

depends on the void size by the equation 3 

 
n

void voidh Cd  (10) 4 

where -n(0 144 0 024) nmC . .   and 0 56 0 16n . .  .  5 

 
Figure 13. Number density of voids versus annealing temperature. Points (): Experimental 

data, Line: Simulation (for details see text). 

 6 

The number density of the voids, voidN ,  using the experimental values of  voidτ  and voidd   7 

(calculated from 2

exp   and eq. 8) and eqs. 9 and 10, is presented in Figure 13. The voidN  of 8 

the as irradiated sample obtained by this procedure is (39±34)×10
22

 m
-3

 which is in fair 9 

agreement with the value obtained by TEM ((8.1±3.2)×10
22 

m
-3

) taking into account the large 10 

errors and the fact that voids of ~1 nm size are barely within TEM resolution [42]. It is noted 11 

that above 1100 C no data are shown in Figure 13 because of the saturation of the positron 12 

lifetime (Figure 10b) that does not allow the determination of the void size. In any case, it 13 

may be assumed that the number density of voids continuously decreases up to 1500 C the 14 

temperature at which a defect free material is observed by PALS. The continuous line in 15 

Figure 13 corresponds to the equation  
o

22 3( C) 600
39 10 m

160
void

T
N T exp  

    
 

. The 16 

experimental data and the empirical equation show a fast exponential decrease of the number 17 

of voids generated by neutron irradiation. The temperature at which 5% of neutron generated 18 

voids remains is 1080 CannealT ~  . From PALS data, as discussed above, we find that the 19 
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annealing temperature for the smaller voids (Figure 11b) is around 1150 C. However, from 1 

PALS the annealing temperature for the larger clusters is around 1500 C. This value is in 2 

excellent agreement with the annealing temperature from 
calc

voidτ (Figure 8) which is 1510 C. 3 

Therefore the number density of voids calculated above is weighted towards smaller voids.   4 

Finally, from the void size and their number density the volume fraction of voids 5 

  

3
4

3 2

void
void void

d
f N

  
  

 
   (11)  6 

can be determined and is presented in Figure 14. The continuous line corresponds to the 7 

heuristic equation  
2

(°C) 900
0 048

250
void

T
f T . exp %

  
    

   

 . The 1330 CannealT ~   for the 8 

volume fraction is in better agreement with the values obtained from PALS and hardness 9 

measurements. From the TEM data, the calculated volume fraction of voids for the as 10 

irradiated sample is (0.011±0.008)%,  which is within errors in agreement with the value 11 

derived from the combination of the PALS and hardness measurements (Figure 14), 12 

validating the overall approach.  13 

 

Figure 14. Volume fraction of voids versus annealing temperature. Points (): Experimental 

data, Line: Simulation (for details see text). 

 14 

4. Summary and Conclusions 15 

W single crystal was irradiated at the BR2 reactor, at SCK CEN, Mol, Belgium, to 0.11 dpa 16 

at 600 C and it was subsequently isochronally annealed for 24 h up to 1500 °C in steps of 17 

100 °C. As the radiation induced damage results mainly in the formation of vacancy clusters 18 

or voids, dislocations loops [8–10] and transmutation products [11–13] the experimental 19 
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methods employed, namely (GI)XRD, electrical resistivity, PALS and hardness, were 1 

appropriate to quantify the different defects versus annealing temperature and determine their 2 

kinetics.  3 

The neutron irradiation of the W(100) single crystal at 600 °C generates dislocation loops 4 

having a number density of (5.4±1.1)×10
22  

m
-3

 and an average diameter of (3.0±1.6) nm, 5 

whereas the dislocation line density  ((1.6±0.4)×10
13 

m
-2

) is about thirty times smaller (TEM 6 

results). Irradiation induced dislocation loops in tungsten appear to have a Burgers vector ½a0 7 

〈111〉 or a0 〈100〉, the former being the most commonly observed as they are energetically 8 

more favourable [76]. They are of interstitial type with ½a0 〈111〉 Burgers vector aligned in 9 

preferential crystallographic directions as a result of large elastic interactions [77] and form 10 

rafts [78]. The dislocation density is reduced versus annealing temperature (Figure 4) and the 11 

temperature at which about 5% of the initially neutron produced dislocations remain is 12 

1150 CannealT ~  . Such a fast decrease with annealing temperature has been observed in 13 

irradiated W with 2 MeV W
+
 at 500 °C to a damage of 1.5 dpa [74]. The W

+
 irradiation 14 

induced loops are of similar diameter to those observed in the as irradiated state of our 15 

sample. However, the number density of loops in the self-ion irradiated material is ten times 16 

lower than that observed in our neutron irradiated sample. This discrepancy needs to be 17 

addressed taking into account that the neutron damage in the current work is around ten times 18 

less and the irradiation temperatures are close. The main differences are the damage rates and 19 

the sample sizes. The self-ion measurements [74] bring another important aspect of the 20 

mechanism of dislocation loops annealing. The reduction of their number is accompanied by 21 

the increase of their size versus annealing time and temperature. From this size increase an 22 

activation energy of 1.34 to 1.41 eV is calculated. From our data in Figure 4 and a plot (not 23 

shown) of   dislln N T  versus 1 / kT  for up to 1100 °C an activation energy of (1.6±0.2) eV 24 

is obtained. It should be noted that the resistivity measurements (Figure 4) are in concurrence 25 

with PALS (Figure 11a, curve of aI ) and hardness measurements (Figure 7). Combining our 26 

results and those in the literature, we could make the following remarks regarding the 27 

annealing of dislocations: a) there is a fast decrease in their number density versus annealing 28 

temperature and above 1100 °C most of them have been annealed, b) the loop size increases 29 

with temperature, c) the loop size increases with annealing time indicating a diffusion type 30 

process and d) the activation energy for both number density decrease and size increase is 31 

around 1.5 eV.  32 

The as irradiated state of single crystal W(100) in addition to dislocations contains voids of 33 

density (8.1±3.2)×10
22 

m
-3

 with an average diameter of (1.3±0.2) nm (TEM results). The size 34 

of voids increases almost linearly with annealing temperature up to 1100 C. For example the 35 

void size of 1 nm in the as irradiated state increases to 3.5 nm after annealing at 1100 C. In 36 

addition, mono- and di-vacancies produced by irradiation present increased mobility at 37 

around 900 C and coalesce to form small vacancy clusters (Figure 11a, curve bI ). From the 38 

simulated curve in Figure 11b it is concluded that the annealing temperature for these 39 

vacancy clusters is around 1150 C. As these clusters dissolve their vacancies are 40 

incorporated in the voids and this is confirmed by a “jump” in their size from 3.5 nm at 1100 41 

C to at least 7 nm at 1200 C (Figure 10b). The annealing temperature of the large voids is 42 
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around 1500 C and the observed PALS spectrum corresponds to a defect free material. From 1 

molecular dynamics calculations it has been found that the dissociation temperature of 2 

vacancy clusters increases with vacancy cluster size being around 1100 C for a size cluster 3 

of 60 vacancies [79].  Our results are in agreement with this trend. The observed kinetics of 4 

the void dissolution versus annealing temperature is in concurrence with the idea of a critical 5 

size [80].  6 

The annealing behaviour of the dislocations and voids discussed above is reflected in the 7 

mechanical properties of the material revealed by the hardness measurements. The critical 8 

resolved stress arising from dislocations has an annealing temperature 1350 CannealT ~  , 9 

higher by 200 C than that obtained from the number density of dislocations determined by 10 

resistivity measurements. This arises from the fact that the critical resolved stress due to 11 

dislocations is not reduced as fast as the dislocation density, since it depends on the square 12 

root of it. The critical resolved stress arising from voids has an annealing temperature 13 

1500 CannealT ~  which is in excellent agreement with the value found from PALS 14 

measurements. The 45% increase in hardness induced by neutron irradiation has been 15 

completely eliminated after the 1500 C annealing and the material has reverted to its pre-16 

irradiation state.  17 

The main transmutation product is Re and the calculated concentration by FISPACT-II is 18 

0.38 at%. The other two transmutation products (Os and Ta) are at much lower 19 

concentrations (~10
-3

 at%). After 1500 °C annealing, as GIXRD data show, the randomly 20 

produced Re isotope has accumulated to larger clusters and also the phases of Re, WRe and 21 

WOs2 are observed.  22 

Finally, it is concluded, that after the annealing at 1500 C no other defects except Re, WRe 23 

and WOs2 clusters are detectable. Complete defect recovery strongly depends on the 24 

irradiation conditions, and it has been observed at various temperatures of 900 °C [31], 1300 25 

°C [36], 1500 °C [32,81] and 1700 °C [75]. Annealing of W components in service in a 26 

Fusion reactor would serve to reverse the adverse effects of neutron irradiation. However, 27 

this conjecture has to be validated to more heavily damaged W than the one used in the 28 

present study and to engineering grade materials.  29 
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