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Abstract 

The study of the recrystallization resistance of engineering grade tungsten (W) prior to and 

after neutron irradiation as well as subsequent thermal annealing provides valuable insight 

into neutron induced defect interactions and their kinetics as well as their correlation with 

recrystallization mechanisms. The outcome of such investigations would be of assistance for 

appropriate grade selection for a fusion reactor and the design of healing processes enabling 

the lifetime extension of fusion reactor components. Within this framework, samples from 

ITER specification W, forged bar and cold-rolled plate, were neutron irradiated to a dose of 

0.18 dpa at 600 C in the Material Test Reactor BR2, Mol, Belgium, and subsequently 

isochronally annealed from 700 to 1550 °C for 24 h with a 50 °C step with two non–

irradiated counterparts. X-ray diffraction, optical microscopy and positron annihilation 

lifetime spectroscopy, combined with Vickers Hardness are used to correlate the 

recrystallization process and recovery mechanisms. It is found that the non-irradiated plate 

has a higher recrystallization resistance compared to that of the bar, with the former requiring 

100 °C higher temperature for 24 h annealing time to recrystallize. Despite the irradiation 

induced dislocation loops and voids being of similar sizes and densities for both grades, the 

different initial microstructure affects the recrystallization process upon annealing, delaying it 

by 50 °C on the plate. Further in the plate a complete void dissolution is observed before 

recrystallization, which is not the case for the bar, for which the two effects occur at the same 

temperature. 
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1 Introduction 
Tungsten (W) has been selected as the prime candidate material for plasma facing 

components (PFCs) of current and future fusion devices. This is due to its many superior 

properties, including high thermal conductivity, high melting point, low tritium retention, low 

swelling under irradiation, low sputtering yield, as well as resistance to thermal stress and 

shock [1–6]. The main drawbacks limiting its exploitation under service are its low ductile-

to-brittle transition temperature (DBTT), fracture toughness and recrystallization temperature 

compared to the temperatures expected in a fusion environment. To cope with these issues, 

microstructural modifications have been proposed, with cold-rolling [7,8] and forging [9] 

producing ITER specification W [3,9,10] to be used as a reference to other material options. 

In a future fusion reactor, high neutron fluxes originating from the D-T nuclear reaction will 

occur. The neutrons impinging on the materials cause displacement damage and 

transmutations. The displacement damage results in the creation of point defects which may 

aggregate to form vacancy clusters or voids and dislocation loops [11–16]. Neutron capture 

reactions can also occur, with rhenium (Re), osmium (Os) and tantalum (Ta) being the main 

transmutation products in tungsten [17]  which can form precipitates [18] or clusters [19]. 

The specific type and population of defects are dependent on the neutron irradiation 

conditions [18,20–25].The fusion neutron irradiation damage is mimicked through the use of 

fission neutron irradiation [11,13,15–17,19–25] or ion irradiation [26–30].  

Plasma facing components also have to withstand high heat fluxes accompanied by transient 

events such as edge-localized-modes (ELMs) and disruptions in the reactor, causing 

temperature increase and high thermal stresses in PFCs. This can lead to grain growth and 

recrystallization of W, and will eventually restore the W intrinsic brittleness by changing its 

deformed microstructure to a defect-free new grain structure. Consequently, the ability of the 

material to handle high thermal loads will be reduced and its lifetime will be limited. 

Therefore, it is of high importance to study the microstructural evolution of ITER grade 

tungsten after annealing in order to investigate the recovery stages [31,32] and the 

recrystallization resistance of the irradiated materials.  This will aid both in the appropriate 

grade selection for a fusion reactor and the design of healing processes enabling the lifetime 

extension of PFCs. 

The recovery of tungsten in fusion relevant temperatures is segmented in different stages, 

based on the activation of different recovery mechanisms and can be summarized as follows: 

Monovacancy migration (from 400 to 600 °C) as stage III recovery [15,28,33–38], 

coalescence of small vacancy clusters, dislocation loop growth and dislocation line 

rearrangement (from 650 to 900 °C) as stage IV recovery [15,28,32,34,36–41], and finally 

complete defect recovery, heavily dependent on the irradiation conditions, sometimes termed 

as stage V recovery, observed at 900 °C [36], 1300 °C [15],1500 °C [32,37,42] and 1700 °C 

[43].  

Recrystallization is an energy driven process, and the energy needed depends on the level of 

material deformation, and the resulting microstructural features such as grain size and 

impurities, as well as on radiation induced defects. For that reason, it is of no surprise that 
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recrystallization in non-irradiated tungsten is reported in the literature in a wide range of 

temperatures. From 1100 °C for 1 h [44], up to  1500 °C for 30 min [45] and everything in 

between [46-60]. However, the influence of neutron damage on the recrystallization behavior 

of W has not been addressed in the literature to the best of authors’ knowledge.  

In this work forged W bar and cold-rolled W plate, neutron irradiated to 0.18 displacements 

per atom (dpa) at 600 C, have been isochronally annealed from 700 to 1550 °C for 24 h with 

a 50 °C step with two non–irradiated counterparts. The evolution of the microstructure is 

investigated through X-ray diffraction (XRD), optical microscopy, positron annihilation 

lifetime spectroscopy (PALS) and Vickers hardness. The evolution of the damage defects and 

the correlation between microstructure and hardening behavior are discussed, while the 

recovery stages of the two W grades are compared. By direct comparison of the two materials 

under the same annealing conditions information on the relative recrystallization resistance of 

the materials is provided. 

 

2 Materials and Methods 

2.1 Materials, neutron irradiation and annealing 

The W materials were produced by PLANSEE SE in a powder metallurgical route consisting 

of sintering and hot forging from two orthogonal directions and subsequent stress-relief 

annealing at 1000 
o
C for 1h [54,61] (W forged bar) and of sintering, hot and cold-rolling 

(below 1200 °C) to a thickness of 1 mm [61,62] (W cold-rolled plate). Samples were cut, 

using Electrical Discharge Machining (EDM), in disk shape with a diameter of about 11 mm 

and were polished down to a thickness of about 0.5 mm. For the forged bar, the disks to be 

irradiated were cut with their surface normal to the axis of forging. For the non-irradiated 

samples of bar grade, specimens with their surface normal both along and perpendicular to 

the bar axis were cut. The samples were irradiated in the BR2 reactor (for which the typical 

spectra can be found in [63]), at SCK CEN at 600 C for a duration of 70 days to a neutron 

fluence of about 9×10
20

 n/cm
2
 for E>0.1 MeV corresponding to a dose of 0.18 displacements 

per atom (dpa), as determined by MCNPX 2.7.0 calculations using a threshold displacement 

energy of 55 eV. More details about the irradiation can be found in [64]. The irradiated 

microstructure contains dislocations, mainly in the form of loops, vacancy clusters and voids 

as well as transmutation products [25]. The Re, Os and Ta transmutation products have been 

evaluated by the FISPACT-II nuclide inventory code and employing TENDL-2019 nuclear 

library, for Re and Os, and EAF-2010 for Ta and they are found (0.54±0.06) at% Re, 

(0.013±0.002) at% Os and (3.3±0.4)10
-3

 at% Ta. It is noted that EAF-2010 was used for the 

evaluation of the W transmutation into Ta because there is a better agreement of the 

experimental activities determined by gamma spectroscopy measurements with the calculated 

ones for EAF-2010 nuclear library.  

The irradiated samples were post-irradiation annealed (PIA) under high vacuum for 24 h in 

the temperature range from 700 to 1550 C with a 50 °C step. Non-irradiated W bar and cold-
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rolled W (plate) samples were simultaneously annealed with the irradiated ones under the 

same conditions. All specimens, prior to annealing and irradiation, had been mechanically 

polished from both sides using sub-micron diamond suspension and colloidal silica for 

removing the surface damage caused by the manufacturing processes and/or EDM cutting. 

From now on, the following terminology is used to differentiate the various sample 

conditions,  a) non-irradiated sample refers to the initial state without irradiation and any 

heat treatment, b) as irradiated sample after the irradiation to 0.18 dpa at 600 C and before 

any annealing, c) post-irradiation annealed (PIA) sample refers to the irradiated sample after 

annealing at a specific temperature (it is noted that the annealing at different temperatures is 

performed on the same sample) and d) control sample designates the non-irradiated sample 

annealed at different temperatures with the same conditions as the annealed irradiated 

sample. 

 

2.2 Methods 

 

2.2.1 Optical Microscopy 

The grain structure of the control samples was probed through optical microcopy, using the 

upright Axio Imager 2 microscope by Zeiss. The available objective lenses range from a ×10 

up to ×100 magnification. 

 

2.2.2 XRD 

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

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

beam stemming from a Göbbel mirror and a scintillator detector. 

 

2.2.3 PALS 

Positron Annihilation Lifetime Spectroscopy measurements were carried out at room 

temperature, using the Ortec® PLS-system. A 
22

Na radionuclide encapsulated in 3.6 mg/cm
2
 

thin polyimide (Kapton®) with an activity of 100 μCi was used as the positron source, 

sandwiched between two pieces of specimens. The detectors were placed in a linear 

configuration at a distance of about 3 mm from the sample. More details on the experimental 

setup and the analysis can be found in [64]. The data analysis was performed using LT10 

software [65]. From the analysis of the data, the lifetime, i , of each type i  of defect and the 

probability, iI , of the positron to be annihilated in type i  defect ( 1iI  ) are determined. 

 

2.2.4 Vickers Hardness 

Vickers depth-sensing indentation experiments were performed employing a NANOVEA’s 

mechanical tester. The maximum load was set at 3 N, while both the loading and the 
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unloading rate were set to 20 N/min. A dwell time of 200 s was applied before starting the 

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

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

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

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

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

 

3 Results and Discussion 

 

3.1 Microstructure of the unirradiated and as-irradiated samples 

The microstructure of the unirradiated and irradiated W forged bar and cold-rolled plate 

samples is described in [25,61]. The non-irradiated plate is characterized by grains elongated 

along the rolling direction with sub-grain size in the range of 1.5-2 μm. In the bar the grains 

are elongated along the bar axis, with sub-grain size varying in range from 0.6 to 1.7 μm and 

from 2.3 to 4 μm normal and along the bar axis respectively. The plate material has a much 

higher average dislocation density of (9.8 ± 2.0) ∙ 10
13

 m
-2 

compared to that of the bar being 

of about (4-8) ∙ 10
12

 m
-2

 [25]. Dislocation loops can be observed in both materials. The bar 

contains loops in very low number density (below 10
20

 m
-3

) but of very high size (exceeding 

50 nm). In contrast the dislocation loops in the plate material exhibit a size of 3-11 nm with a 

number density of 6.3 ∙ 10
19

 m
-3

. Both materials exhibit a high purity (> 99.97%), with the 

maximum and typical impurity elements as provided by the manufacturer presented in Table 

I. 

 

Table I: Maximum and typical impurity contents of polycrystalline W bar and plate produced 

by Plansee SE. 

 

Impurities Al Cr Cu Fe K Mo Ni Si C H N O Cd Hg Pb 

Maximum [μg/g] 15 20 10 30 10 100 20 20 30 5 5 20 5 1 5 

Typical [μg/g] 1 3 1 8 1 12 2 1 6 - 1 2 1 - 1 

 

After irradiation voids as well as dislocation loops and lines are formed in both materials, 

while the grain structure remains unaffected [25]. The voids have a density of (4.1±1.1) ∙ 10
22

 

m
-3

 for the bar and (13±3) ∙ 10
22

 m
-3

 for the plate, with an average diameter of (1.4±0.3) nm 

for the bar and (1.2±0.7) nm for the plate. Dislocation loops are observed in the configuration 

of rafts or individual loops, having an average density of (2.3±0.8) ∙ 10
22

 m
-3

 for the bar and 

(2.1±0.9) ∙ 10
22

 m
-3

 for the plate, with an average diameter of (2.8±1.6) nm for the bar and 

(3.1±1.4) nm for the plate. The above mentioned errors refer to the standard deviation. 
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3.2 Optical Microscopy 

Optical microscopy measurements were performed after each step of isochronal annealing on 

the control samples. Characteristic optical microscopy pictures after annealing for the control 

samples are presented in 

Figure 1. After annealing at 1200 °C and 1300 °C for both W grades, grain boundary 

grooving [66–68] is observed revealing the underlying grain structure.  
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Figure 1: Optical microscopy images after characteristic annealing temperatures for the W 

control bar (left) and W control plate (right) samples. For the control bar the bar axis 

direction is shown, while in the case of the control plate, when apparent, the arrow shows the 

rolling direction of the plate. 

 

The average grain size after annealing at 1200 °C, is measured to be (2.27 ± 0.09) μm for the 

bar and (1.80 ± 0.07) μm for the plate, in agreement with the sub-grain sizes determined by 

TEM in the original non irradiated samples [25], indicating that the sub-grains are visible 

after grain boundary grooving takes effect. After annealing at 1400 °C for the bar and 

1500 °C for the plate, grain growth can be observed, with grains as large as ~100 μm in 

diameter, while some other grains remain unaffected. This difference in temperature reveals 

the increased recrystallization resistance of the plate compared to the bar. Further annealing 

leads to substantial grain growth, and annealing at 1550 °C results in the formation of grains 

with an average size of (50 ± 3) μm for the bar and (43 ± 3) μm for the plate. 

 

3.3 XRD 

X-ray diffraction measurements were performed after each step of isochronal annealing on 

both the irradiated and the control bar and plate samples. In order to assess recrystallization, 

the evolution of the texture coefficient (TC) for the bar (Figure 2) and plate (Figure 3) after 

isochronal annealing for both the control and post-irradiated samples is used. The texture 

coefficient of a crystallographic plane  
i

hkl is defined as: 

 

 

 

 
 

 

0

1 0

1







i

i
c i N

i

i i

I hkl

I hkl
T hkl

I hkl

N I hkl

 (1) 

where   
i

I hkl

 

is the observed intensity of the peak corresponding to the  
i

hkl  

crystallographic plane,  0 i
I hkl  is the intensity of the same peak for a randomly oriented 

polycrystalline sample and N  is the total number of visible peaks. A texture coefficient 

having a value of 1 corresponds to randomly orientated crystallites in the sample, while a 

value higher (lower) than 1 indicates a (non-)preference in the specific crystallographic 

direction.  

 

 

 For the control bar and plate, signs of recrystallization start appearing after annealing at 1300 

and 1400 °C, respectively, with a drastic change of texture of the (222) Bragg peak for the 

bar and an increase in intensity in the already strong (200) component for the plate.  

Regarding the irradiated plate, the drastic increase of the (200) TC after PIA at 1500 °C 

(Figure 3) could indicate the onset of recrystallization, but could still be attributed to 

extended recovery, with only small adjustments in the sub-grain boundaries sharpening the 

texture of the deformed material [69]. For the irradiated bar (Figure 2), the small differences 
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in the determined texture is due to the inhomogeneity of the material’s texture in the plane 

normal to the bar axis. However, after PIA at 1400 °C the decrease of the TC for (110) Bragg 

peak and the increase of that for (222) Bragg peak could indicate recrystallization. 
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Figure 2: Texture coefficient for the various Bragg peaks after representative steps of 

annealing (a) and PIA (b) for the control and irradiated to 0.18 dpa at 600 
o
C W bar 

samples, respectively. 
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Figure 3: Texture coefficient for the various Bragg peaks after representative steps of 

annealing (a) and PIA (b) for the control and irradiated to 0.18 dpa at 600 oC W plate 

samples, respectively. 

 

3.4 Open volume defects from PALS 

In both W bar and plate control samples, one positron lifetime,  , is required to describe the 

PALS spectra, having a value of (152±1) ps for the bar and (159±6) ps for the plate (Figure 

4). This lifetime is a compound time, considered as a weighted average of lifetimes for 

annihilations taking place in the defect-free bulk (100-116 ps), in dislocations (130-180 ps) 

and possibly in mono-vacancies (160-200 ps) ([64] and references therein). The plate being 
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more heavily deformed compared to the bar shows a slightly higher lifetime than the bar due 

to the much higher number density of dislocations. 

The evolution of the positron lifetime,  ,  after annealing of the control samples is depicted 

in Figure 4. An increase of  after annealing at 700 °C (800 °C) for the bar (plate) is observed 

which is attributed to the emission of vacancies bound at dislocations or impurities, 

increasing the effective positron lifetime. The difference in temperature needed for the 

detrapping of vacancies between the two materials types could be mainly due to the different 

dislocation structures emerging from the different fabrication processes, i.e. forging and 

rolling, ultimately altering the energy needed for the specific mechanism to be activated. 

After annealing at 850 °C for both materials the positron lifetime lies between 160 and 150 

ps, a range indicative of positron annihilations in dislocations and continues dropping to 

values below 150 ps upon further annealing at 950 °C for the bar and 1150 °C for the plate, 

signifying a reduction in the dislocation density and increase of positron annihilation in the 

defect free part of the tungsten. A major decrease in the positron lifetime after annealing at 

1300 °C (1400 °C) for the bar (plate) could be an indication of recrystallization, with the 

lifetime attaining values in the region of a pristine W(100) single crystal  (114 ps) [70] after 

annealing at 1400 C (1550 °C) for the bar (plate), showing that the majority of the positron 

annihilations take place in the defect free part of the material. 
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Figure 4: Evolution of positron annihilation lifetime as determined by PALS, after each step 

of isochronal annealing, for the control W Bar () and the W plate (). The positron 

annihilation lifetime of the W(100) single crystal (SC) [32] is also shown for reference. The 

dashed vertical lines show the recrystallization region for each material type. 

 

After irradiation two positron lifetimes are needed to simulate the PALS spectra for both W 

grades, a short one, 1 , and a long one, 
2 . The short lifetime attains an increased value, 

compared to the non-irradiated sample, of (168±2) ps for the bar (Figure 5a) and (164±3) ps 
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for the plate (Figure 6a), indicative of the creation of irradiation induced dislocations in the 

material. The long lifetime, 
2 ,corresponds to annihilations in vacancy clusters or voids (with 

more than 40 vacancies) having a diameter larger than 1 nm, for which theoretical 

calculations predict a small or no dependence of the positron lifetime on the void size due to 

the localization of positron at the void surface, with a saturation positron lifetime value of 

around 500 ps [71,72]. The similar lifetimes determined for both the irradiated bar and plate 

materials are a testament to the same types of irradiation induced defects present in the 

materials.  

The determined positron lifetimes and the corresponding intensities of the PIA samples for 

the bar and plate samples are presented in Figures 5 and 6, respectively. Up to PIA at 1150 
o
C, for both the bar and the plate (Figures 5a and 6a), 

1  remains almost constant, while a 

continuous decrease is observed afterwards up to annealing at 1550 °C. Since 
1  is a weighted 

average, as described above, this decrease, corresponding to a reduction of the contribution of 

positron annihilations in dislocations, indicates dislocation annihilation. It should be noted 

that both W grades do not attain the lifetimes values of a pristine W(100) single crystal in 

contrast to their control counterparts, after annealing at 1550 °C. This indicates that while 

recrystallization and grain growth have taken place, there are still a number of grain 

boundaries trapping positrons, slightly elevating the positron lifetime. This inference is 

supported by our previous study regarding the annealing of a neutron irradiated single crystal 

W to a similar dose [32], in which recrystallization does not occur, where after annealing at 

1500 °C 
1  reaches the value of a pristine W(100) single crystal.  

The long positron lifetime (Figures 5a and 6a), 
2 ,  is found  to increase in two stages, 

directly after PIA up to 750 °C and after PIA in the range of 950 – 1150 °C.  The first 

increase is related to de-trapping of vacancies and their subsequent coalescence leading to the 

increase of the average size of vacancy clusters. The second regime of increased 
2   is 

attributed to excessive void growth involving, most probably, an Ostwald ripening process 

[73].  It is noted that positron lifetimes larger than 500 ps, which are above the theoretical 

saturation value of 420 ps, have been attributed to pick-off annihilations of ortho-positronium 

formed in large vacancy clusters  [15,37], suggesting that the internal surfaces of the clusters 

may be partially decorated with impurities [15]. Therefore, the positron lifetime values for 

the voids found in the current study may be also related to the segregation of Re/Os at the 

void surface, which was evidenced by other experiments at a higher irradiation dose [74,75]. 

However, due to a higher positron affinity to W-vacancy than Re/Os-vacancy  [76], positron 

annihilation spectroscopy is not sensitive towards possible Re/Os-vacancy clusters. 

Regarding the relative intensities of the components, the following reasoning can be made. 

The relative intensity is proportional to the trapping rate,  , of the defect, which is equal to 

the defect number density, N , multiplied by the trapping strength,  , of the defect (

I N   ) [77]. The increase in the relative intensity of the long lifetime (Figures 5b and 

6b), 
2I , for both grades from 950 to 1100 °C, is indicative of both the reduction of the 

dislocation density and the increase in the trapping strength of the voids with increasing void 
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size. The coalescence of vacancy clusters into larger voids seems to increase the void 

trapping rate, regardless of the decrease in their number density. The decrease in the relative 

intensity after 1150 °C for the polycrystalline materials and onwards could be attributed to 

void dissolution, with complete void dissolution observed after annealing at 1450 °C and 

1400 °C for the bar and plate, respectively. 

The systematic dominance of the intensity of the positron lifetime attributed to dislocations (

1I ) over the one attributed to voids (
2I ) for both materials reflects the fact that dislocations 

mainly shape the PALS spectrum. This observation allows one to attribute the systematically 

higher intensity of about 5% for the dislocation component (
1I ) in the irradiated plate 

compared to the bar, to a higher total dislocation density of the plate, however not in absolute 

values, after irradiation. 
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Figure 5: Positron annihilation lifetimes, τ1 () and τ2 () (a) and their relative intensities 

I1 () and I2 () (b) as determined by PALS, after each step of PIA for the irradiated to 0.18 

dpa at 600 
o
C W bar sample. 
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Figure 6: Positron annihilation lifetimes, τ1 () and τ2 () (a) and their relative intensities 

I1 () and I2 () (b) as determined by PALS, after each step of PIA for the irradiated to 0.18 

dpa at 600 
o
C W Plate sample. 

 

3.5 Vickers Hardness 

Vickers hardness measurements were performed after each step of isochronal annealing on 

both the irradiated and the control samples. The determined Vickers hardness after each step 

of isochronal annealing of both the control and PIA samples is presented in Figure 7. 
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Figure 7: Vickers hardness after each step of isochronal annealing of the control and 

irradiated to 0.18 dpa at 600 °C W bar (a) and W plate (b) samples. The temperature ranges 

where recrystallization occurs are highlighted. The hardness of the W(100) single crystal 

(SC) is from [32]. The dashed vertical lines show the recrystallization region for each 

material type. 

 

 

Comparing the non-irradiated samples, the plate presents the highest hardness, (4.7±0.1) GPa 

versus (4.2±0.2) GPa for the bar, due to the higher initial degree of deformation compared to 

the W bar. However, after irradiation, both W grades present similar hardness values.  
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Regarding the hardness evolution of the control bar (Figure 7a) a first region of hardness 

decrease of about 0.3 GPa is observed in the temperature range from 950 to 1350 °C, 

reflecting dislocation annihilation, followed by a sudden drop after annealing at 1400 °C  to 

the value of non-irradiated single crystal [32] indicating that recrystallization and grain 

growth have taken place.  

For the control plate (Figure 7b) an initial small decrease of about 0.4 GPa (with respect to 

the non-irradiated state) is observed after annealing at 900 °C , a second one of 0.2 GPa after 

annealing at 1150 °C, and a third one after annealing at 1400 °C. The first two drops are 

attributed to dislocation annihilation while the third one to extended recovery – adjustments 

in the sub-grain boundaries [69]. The onset of dislocation recovery takes place at a lower 

temperature in the plate than in the bar because of the much higher dislocation density of the 

former. Besides, recovery of the bar has already taken effect from the stress-relief annealing 

at 1000 °C for 1 h following forging. The initial part of the dislocation recovery observed in 

the plate near 900 °C has already occurred in the bar, also evident from the much lower 

dislocation density of the latter. Finally after annealing at 1500 °C the Vickers hardness 

reaches the value of the non-irradiated single crystal, signaling that recrystallization and grain 

growth have taken place.  

Regarding the irradiated samples the following behaviour is observed after PIA. An initial 

increase in hardness with a peak at 700 C for the bar (Figure 7a) and at 750 C for the plate 

(Figure 7b) is apparent, followed by an almost continuous decrease. For the irradiated bar 

(Figure 7a)  two discrete recovery ranges can be identified: one from 900 °C to 1200 °C with 

a decrease in hardness of about 4MPa/°C, and another from 1200 °C to 1400 °C with a 

decrease in hardness of about 2MPa/°C. For the irradiated plate, the hardness recovery is 

rather continuous from 900 to 1300 °C, with a rate of 3 MPa/°C presenting no discrete 

identifiable ranges. The initial increase in hardness is attributed to monovacancy detrapping 

from impurities and vacancy cluster formation-growth and is more pronounced in the plate 

material, as is the case for the non-irradiated samples as well, as evidenced by PALS (Figure 

4). The plate reaches the non-irradiated reference hardness value after annealing at 1150 °C, 

while for the bar this takes place after annealing at 1350 °C. The decrease in hardness from 

900 °C and onwards is attributed to both vacancy cluster coarsening and dislocation 

annihilation. Finally, a last decrease in hardness from 1400 to 1500 °C for the bar and from 

1450 to 1550 °C for the plate at a rate of roughly 8 MPa/°C indicates grain growth. Both the 

irradiated bar and plate samples reach the hardness value of the non-irradiated single crystal 

W, revealing that significant grain growth has occurred. From this, one may infer that there is 

no formation of a significant number of precipitates or clusters of transmutation products, 

since these would cause an observable impact on the measured hardness. 

A quantitative way of comparing recrystallization resistance would be using the temperature 

dependent time to half recrystallization [45,48,55,78–81]. However, a representative 

recrystallization temperature (for 24 h annealing) corresponding to half of the hardening loss 

from recrystallization can be used [79] and this is presented in Table II. 
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Table II: Recrystallization temperature for 24 h annealing, defined as the temperature where 

half of the hardening loss from recrystallization has occurred, for the non-irradiated and 

irradiated to 0.18 dpa at 600 °C W forged bar and W cold-rolled plate. 

Recrystallization temperature 

for 24 h annealing 

Forged bar Cold-rolled plate 

Non-irradiated 1375 °C  1475 °C  

Irradiated to 0.18 dpa at 600 °C 1450 °C  1500 °C  

 

 

Comparing the recrystallization temperature of the non-irradiated W grades, the higher initial 

deformation of the plate seems to provide a higher resistance to recrystallization compared to 

the bar.  

Since recrystallization depends on the stored energy in a material, one would expect that the 

more highly deformed material would recrystallize faster. However that does not seem to be 

the case. Behind this discordance the following three factors could contribute on different 

degrees: 

1) Recovery depends on the stored energy in a material and is antagonizing to 

recrystallization. Therefore the recovery in hardness observed after annealing in the 

plate may lead to a higher reduction of the stored energy compared to the bar, 

resulting in the retardation of recrystallization. Especially the  extended recovery – 

adjustments in the sub-grain boundaries [69] in the plate, which are absent in the bar, 

could contribute heavily towards the observed phenomenon. 

2) The difference in grain structure between the two materials, while small, could play a 

major role in the recrystallization kinetics. TEM revealed that the sub-grain size in the 

bar material is slightly smaller compared to the plate, which in turn means that there 

are more possible nucleation sites for new grains in the bar, facilitating and speeding 

recrystallization. Also, the difference in initial texture (almost textureless bar and 

strong (100) and (222) textured plate) could also influence recrystallization [82]. 

3) Different impurity levels in the two W grades could influence recrystallization 

kinetics, with some impurity atoms pinning the grain boundaries and retarding 

recrystallization even in small concentrations, or even forming bubbles retarding 

boundary motion through Zener pinning forces, as is the case in the well-studied K-

doped W [47,83,84].  

 

After irradiation, the recrystallization resistance of both grades increases, with the plate 

presenting a recrystallization temperature (as defined above) higher than that of the bar by 

about 50 °C.  

 

4 Summary and Conclusions 

Tungsten in plate and bar form, produced by PLANSEE SE in a powder metallurgical route 

consisting of sintering and rolling and hot forging from two orthogonal directions were 
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irradiated in the BR2 reactor, at SCK CEN, to 0.18 dpa at 600 °C. Annealing of the irradiated 

samples together with non-irradiated ones was performed under high vacuum isochronally for 

24 hours, in the temperature range 700 to 1550 °C in steps of 50 °C. 

The two tungsten grades studied, due to the difference in their manufacturing process, present 

dissimilarities in their microstructure. Despite the similar sub-grain sizes of roughly ~1 μm, 

their textures differ drastically with the plate having a strong (100) and (222) texture and the 

bar being almost textureless. The difference in their deformation levels leads to a significant 

difference in their dislocation densities with the plate exhibiting more than 10 times higher 

dislocation density compared to the bar. The stress relief annealing of the bar after forging at 

1000 °C for 1 h contributes heavily to this difference as well. All the above are the main 

factors contributing to the differences in both recovery and recrystallization kinetics between 

the two grades which are summarized below. 

Recovery of the non-irradiated bar and plate is rather continuous with dislocation re-

arrangement, rotation and annihilation occurring after annealing at 900 °C for the bar and 

after annealing at 700 °C for the plate. Vacancy emission seems to occur at 700 °C for the bar 

and 800 °C for the plate. The plate presents extended recovery with further sharpening of the 

characteristic (200) texture after annealing at 1300 °C, before recrystallizing. 

Regarding the irradiated samples more recovery stages are apparent for both grades with the 

de-trapping of vacancies, leading to their coalescence, around 750 °C, followed by vacancy 

cluster coarsening as well as dislocation annihilation from 900 °C onwards and lastly 

Ostwald ripening in the range of 950 to 1150 °C. Void dissolution begins after annealing at 

1150 °C for both grades resulting in a void – free microstructure after PIA at 1450 °C for the 

bar and 1400 °C for the plate. 

All the techniques used in the present study demonstrate the higher recrystallization 

resistance of the plate compared to the bar before and after neutron irradiation to 0.18 dpa at 

600 °C. Neutron irradiation seems to increase the recrystallization resistance of both W 

grades, especially for the bar. To the best of the authors’ knowledge, the present study is 

novel with regard to the effect of irradiation on recrystallization kinetics, with works in the 

literature focusing on the effects of different fusion related phenomena, such as the effect of 

He exposure[85–89], Ne irradiation [90] and H exposure[91]. 

Therefore, concerning the effect of the initial microstructure on annealing and 

recrystallization kinetics on two ITER specification W grades, and their possible use in a 

fusion reactor, the plate material appears to be more promising compared to the bar. Besides 

the lower irradiation hardening the plate presents the advantage that void dissolution occurs 

before recrystallization, meaning that an annealing regime exists where a large part of the 

irradiation damage is healed while softening from recrystallization is avoided. Consequently, 

while this annealing range is quite narrow, it could pave the way towards an in-situ annealing 

cycle prolonging the lifetime of the in-vessel plasma facing components. 
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