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Abstract: Defect recovery and recrystallization studies of neutron-irradiated tungsten
(W) addressing the microstructural evolution in relation to the mechanical properties,
provide valuable insight into defect interactions and annihilation processes. Understanding
these mechanisms can aid in the development of effective healing processes, potentially
extending the lifespan of fusion reactor components. Additionally, this research helps to
elucidate how neutron exposure alters the behaviour of materials used in fusion reactor
components, contributing to improved design and durability. Within this framework,
an ITER grade forged W bar was neutron irradiated to a damage of 0.21 displacements
per atom at 600 ◦C and subsequently isochronally annealed from 700 up to 1550 ◦C in
50 ◦C steps. Irradiation causes the formation of dislocation loops and vacancy clusters
as well as the formation of Re and Os transmutation products, leading to a 35% increase
in hardness and a 23% increase in resistivity. The evolution of the microstructure after
isochronal annealing is investigated through positron annihilation lifetime spectroscopy,
X-ray diffraction, resistivity, and Vickers hardness measurements. The total dislocation
line density as well as the number density and size of voids are determined as a function
of annealing temperature. Specifically, the critical resolved stresses of dislocations and
voids are correlated with their densities and distinct recovery stages are identified. The
kinetics of defect annihilation are discussed in relation to the annealing temperature. Nearly
complete dislocation annihilation occurs after annealing at 1300 ◦C, followed by complete
void dissolution and recrystallization at 1450 ◦C.

Keywords: neutron-irradiated tungsten; recovery; recrystallization; positron annihilation
lifetime spectroscopy; electrical resistivity; hardness

1. Introduction
The development of fusion as a sustainable energy source requires the overcoming of

significant technological challenges, particularly in selecting viable materials and achiev-
ing efficient plasma confinement. To withstand the extreme heat loads, encountered in
the fusion environment, and damaging particles produced in Deuterium–Tritium fusion
reaction, the plasma-facing components (PFCs) will be armored with tungsten (W), with
both the divertor and first wall in ITER comprised of W components [1]. W offers nu-
merous advantages including low tritium retention and the highest melting temperature
of any natural element. Additionally, it exhibits very good thermo-physical properties,
such as good sputtering resistance, low swelling, thermal stress and shock resistance, and
high-temperature strength [2–7]. It suffers, however, from high ductile-to-brittle transition

Metals 2025, 15, 172 https://doi.org/10.3390/met15020172

https://doi.org/10.3390/met15020172
https://doi.org/10.3390/met15020172
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-9357-8252
https://orcid.org/0000-0002-2633-8750
https://doi.org/10.3390/met15020172
https://www.mdpi.com/article/10.3390/met15020172?type=check_update&version=1


Metals 2025, 15, 172 2 of 28

temperature (DBTT), low fracture toughness, and low recrystallization temperature, espe-
cially when compared to the expected temperatures in a fusion device. These factors impose
limitations on its performance under operational conditions. To address these challenges,
several microstructural modifications have been proposed [4], with cold rolling [8,9] and
forging [10] being among the most promising approaches [4,10,11] compared to other W
grade options.

Plasma-facing components will be exposed to high temperatures (above 600 ◦C), high
heat loads [12], and intense neutron irradiation. Neutron irradiation causes atomic displace-
ments resulting in the creation of vacancy clusters or voids and dislocation loops [13–18]
as well as transmutation, namely rhenium (Re), osmium (Os), and tantalum (Ta), as well
as hydrogen and helium [19]. These transmuted elements can form precipitates [20] or
solid solution clouds around voids, loops, and precipitates enriched with Re and Os [21,22].
These defects will cause material hardening and embrittlement and will eventually limit
the component lifetime beyond the design limits. To emulate the fusion neutron irradiation
damage on W, fission neutron irradiation at high temperatures [13,15,17–19,21–28] or ion
irradiation [29–33] are employed. The specific neutron irradiation conditions, such as the
irradiation temperature, neutron spectrum, and damage rate and dose define the type and
population of generated defects [20,23,24,26–28,34].

Besides the neutron damage in magnetically confined plasma fusion devices, inter-
action with the plasma, especially during disruptions, can cause local temperature spikes
in plasma-facing materials, further altering their microstructure and thus their properties.
From a technological perspective, it is crucial to prevent recrystallization of the material in
order to retain ductility and avoid crack formation during operation, even though avoiding
recrystallization after disruption events is highly unlikely [35]. Therefore, studying the
microstructural evolution of neutron-irradiated polycrystalline tungsten after annealing is
crucial for two main reasons: firstly, to elucidate the recovery stages [36,37], and secondly,
to assess the recrystallization resistance of neutron-irradiated material. This will aid in the
development of tailored annealing processes aiming at extending the lifetime of fusion
reactor components.

Regarding the recovery of neutron- or ion-irradiated tungsten, the main findings
of numerous investigations are outlined as follows: In the range of 400 to 600 ◦C, stage
III recovery occurs entailing monovacancy migration [17,31,38–43]. Above 650 ◦C and
up to 900 ◦C, stage IV recovery takes place, involving the coalescence of small vacancy
clusters [17,37,39,41–44], as well as the growth of dislocation loops and the rearrangement
of the dislocation line [17,31,39,40,44,45]. The evolution of interstitial-type dislocation loops,
which are the predominant types of dislocation loops in neutron-irradiated tungsten, arises
from loop–vacancy interactions such as vacancy-mediated climb. This occurs either through
pipe diffusion at low temperatures or bulk diffusion at higher temperatures. Additionally,
loop–loop interactions, such as self-climb, contribute to the coalescence of loops [46].
Especially in high-temperature and dose irradiation, the annealing of loops occurs from the
absorption of equilibrium vacancies since the density of available unbound vacancies in the
lattice is extremely low [46]. Further annealing results in complete defect recovery, which
has been observed at the temperatures of 900 ◦C [41], 1300 ◦C [17], 1500 ◦C [37,42,47], and
1700 ◦C [48] depending on the irradiation conditions.

Regarding recrystallization, it is important to address a common misconception about
the term “recrystallization temperature”. In reality, a single recrystallization temperature
does not exist, as recrystallization is an energy-driven process. This means that increas-
ing the annealing time lowers the recrystallization temperature and vice versa [49]. A
more accurate, quantitative method for comparing recrystallization resistance involves
using activation energy or temperature-dependent time to halve recrystallization [50–56].
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It is essential to recognize that the energy required for recrystallization depends on mi-
crostructural factors such as grain size, cold/hot working, and impurities. As a result,
recrystallization in tungsten can occur over a broad temperature range, from 1100 ◦C
for 1 h [57] up to 1500 ◦C for 30 min [54], with various intermediate temperatures and
times [55,56,58–70].

In this study, an ITER grade forged W bar, neutron irradiated to 0.21 displacements
per atom (dpa) at 600 ◦C, was isochronally annealed from 700 to 1550 ◦C for 24 h in 50 ◦C
steps, along with two non-irradiated counterparts. The evolving microstructure was inves-
tigated through X-ray diffraction (XRD), positron annihilation lifetime spectroscopy (PALS),
electrical resistivity, and Vickers hardness. The recovery of the neutron damage, along with
the correlation between microstructure, hardness, and resistivity, is discussed. The total
dislocation line density as well as the number density and size of voids were determined
as a function of the annealing temperature. Specifically, the critical resolved stresses of
dislocations and voids were correlated with their densities and individual recovery stages
were identified, discussing the kinetics of defect annihilation versus annealing tempera-
ture. The current research builds on and complements our previous study regarding the
microstructural evolution of post neutron irradiation annealed tungsten [37,71].

2. Materials and Methods
2.1. Material, Neutron Irradiation, and Post-Irradiation Annealing

The tungsten (W) material, provided by PLANSEE SE (Reutte, Austria), was fabricated
in bar form with a purity exceeding 99.97% using a powder metallurgy approach. This
process involved sintering, followed by hot forging from two orthogonal directions, and a
final stress-relief annealing at 1000 ◦C for 1 h [66,72]. Disks, each 1 mm thick, were cut with
their surface normal perpendicular to the bar’s axis using electrical discharge machining.
These disks were then mechanically polished on both sides with diamond suspension, with
a final polishing step of colloidal silica. The final sample thickness was approximately
0.5 mm. The manufacturer specifications for the maximum and typical impurity levels [73]
are presented in Table 1.

Table 1. Impurity contents of W in bar produced by Plansee SE.

Impurities Ag Al As Ba Ca Cd Co Cr Cu Fe K Mg Mn Na Nb

Guaranteed [µg/g] 10 15 5 5 5 5 10 20 10 30 10 5 5 10 10

Typical [µg/g] <5 5 <2 <2 <2 <2 <2 <5 <5 10 5 <2 <2 <2 <5

Impurities Ni Pb Ta Ti Zn Zr Mo C H N O P S Si

Guaranteed [µg/g] 5 5 20 5 5 5 100 30 5 5 20 20 5 20

Typical [µg/g] <2 <2 <10 <2 <2 <2 20 10 2 <2 5 <10 <2 5

The samples were irradiated in the BR2 reactor (for which the typical spectra can
be found in [74]), at SCK CEN at 600 ◦C for a duration of 70 days to a neutron fluence
of about 8.9 × 1020 n/cm2, for E > 0.1 MeV. This fast neutron fluence corresponds to
a dose of 0.21 dpa, as determined by MCNPX 2.7.0 [75] calculations using a threshold
displacement energy of 55 eV, according to IAEA recommendations [76]. The fission
neutron spectrum of the BR2 reactor [74] is considered as adequately representative of the
one expected to be encountered in the DEMO divertor [77], highlighting the importance
of the experimental data presented and their relevance to fusion material research. The
irradiation temperature of 600 ◦C is characteristic of the steady state regime at a 10 MW/m2

power load for the ITER and DEMO divertors [24]. The dose of 0.21 dpa is both ITER
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relevant and representative of the early-stage material changes during DEMO reactor
operation, considering that for the divertor tungsten armor, the expected dose rate is
3 dpa/fpy [78]. The irradiation temperature was determined within a 5% uncertainty,
based on thermo-hydraulic calculations. The estimated temperature fluctuations, caused
by the neutron flux fluctuations and the burn out of the fuel element within a reactor cycle,
were approximately 25 K. The samples were encapsulated in a stainless steel tube filled
with helium. The thickness of the steel tube was 1.5 mm and it was selected to maximize the
shielding from the thermal neutrons and minimize, therefore, the transmutation production.
More details about the irradiation can be found in [79]. The transmutation products of Re,
Os, and Ta were determined using the FISPACT-II nuclide inventory code [80], employing
the TENDL-2019 nuclear library for Re and Os, and the EAF-2010 library for Ta. The results
showed (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, as it
provides a better agreement between the experimental specific activities, determined via
gamma spectroscopy, and the calculated values using the EAF-2010 nuclear library.

Both irradiated and non-irradiated samples were annealed under high vacuum
(~10−6 mbar) from 700 to 1550 ◦C in 50 ◦C steps for an interval of 24 h at each temperature.

The following terminology is used to distinguish between the various sample condi-
tions: (a) non-irradiated sample refers to the material state before any irradiation and heat
treatment, (b) as-irradiated sample refers to the state after irradiation to 0.21 dpa at 600 ◦C,
but 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 differ-
ent temperatures was performed on the same sample), and (d) control sample denotes the
non-irradiated sample annealed under the same conditions as the PIA sample.

Since the irradiated samples had not been electropolished, the control samples
were kept with the same surface condition. However, whenever necessary, the prop-
erty/parameter in consideration of a non-irradiated electropolished sample is provided to
facilitate the discussion of the results.

2.2. X-Ray Diffraction (XRD) and Grazing Incidence X-Ray Diffraction (GIXRD)

The crystalline structure was investigated by X-ray diffraction (XRD) measurements
carried out at room temperature using a Bruker AXS (Karlsruhe, Germany) D8 diffractome-
ter equipped with a Cu Kα X-ray source, a Göbbel mirror to produce a parallel beam, a
scintillator detector, a soller collimator between the sample and the detector, and proper
optical slits after the Göbbel mirror to define the angular resolution. A LaB6 660c NIST
standard [81] was measured to determine the instrumental resolution near the (110) reflec-
tion of W (2θ = 40.26 degrees) and was found to be (0.090 ± 0.002) degrees. To increase the
sensitivity to secondary phase detection, Grazing Incidence XRD (GIXRD) measurements
were carried out at an incidence angle of 1.0 degree.

2.3. Scanning Electron Microscopy (SEM)

The grain structure was probed using a Thermo Fisher Scientific™ Apreo™ 2 scanning
electron microscope (Eindhoven, The Netherlands). The images were acquired using a
backscatter detector, on an accelerating voltage of 30 kV, a spot size of 14, and a working
distance of 5 mm.

2.4. Positron Annihilation Lifetime Spectroscopy (PALS)

Positron Annihilation Lifetime Spectroscopy measurements were carried out at room
temperature, using the Ortec® PLS-system (Oak Ridge, TN, USA). A 22Na positron source
was used, encapsulated in 7.5 mg/cm2 thin polyimide (Kapton®) windows. More details
on the experimental setup can be found in [82]. The LT10 software (v. 10.2.2.2) [83,84] was
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used to analyse the PALS data. This is performed by fitting the following equation to the
experimental data:

S(t) = B + R(t)⊗ (Isrc + Is) = B + R(t)⊗
(

L

∑
k=1

Ikλke−λkt +
N

∑
i=0

Iiλie−λit

)
(1)

The above expression comprises a sum of exponential components representing con-
tributions from the source, Isrc, and the sample, Is, convoluted with the resolution function
R(t), which is assumed Gaussian, and superimposed on the background B. i = 0 refers to
the defect-free material, and i = 1, . . . , N to the various open volume defects of the sample.
Ii and τi = 1/λi characterize the intensity and lifetime of each component, respectively. The
components k account for contributions from air, Kapton®, and the source in the spectrum.
To determine the source parameters, a set of well-annealed reference materials (Al, Ni,
Cd, and Pb) with high purity (≥99.99%) was analyzed. The source part of the spectrum
comprises annihilations in the 22Na source and Kapton® foil (since their lifetimes are nearly
identical) and annihilations in the air contained between the source and the specimen. The
analysis above assumes that positron annihilations occur independently within each defect
and the defect-free matrix, with no interactions or correlations between them.

From the analysis of the data, the lifetime, τi, of each type i of defect and the intensity,
Ii, of the positron to be annihilated in type i defect (∑ Ii = 1) are determined.

2.5. DC Electrical Resistivity

Electrical resistance was measured using the collinear 4-point probe (4PP) method. To
this end, a Keithley 2182A nanovoltmeter and Keithley 6221 AC and DC (Cleveland, OH,
USA) source were employed. The current used was in the range 1–100 mA and the probe
spacing, i.e., the distance between every two probes, was s = 1.5875 mm. The measurements
were carried out in “Delta Mode”, synchronizing the current source and nanovoltmeter,
eliminating the thermoelectric voltage contribution in the measurements. The measured
resistance is converted to resistivity through a geometric factor, F = ρ

R , dependent on the
sample’s dimensions and shape [82]. The geometric factor consists of the product of two
different factors referring to the finite thickness of the sample, F1, and to the lateral width
diameter of the disk-shaped sample, F2, assuming that the probes are placed in the center
of the sample [85]. The final geometric factor expression is:

F = F1 · F2 =
πs∫ ∞

0 coth(µt/s){J0(µ)− J0(2µ)}dµ
· ln(2)

ln(2) + ln

[
(d/s)2 + 3

(d/s)2 − 3

] (2)

where s is the probe spacing, t and d the sample’s thickness and diameter, respectively, and
J0 is the Bessel function of the first kind of order zero. All the resistivity measurements
were carried out at 19 ◦C.

2.6. Hardness

Vickers indentation experiments were performed at a maximum load of 3 N using a
NANOVEA’s mechanical tester. Preliminary indentation tests were performed to determine
the dwell time of 200 s at maximum load and the (un)loading rate of 20 N/min for which
stability in the hardness values and minimal creep are achieved. Each measurement com-
prised six indentation tests, spaced by 200 µm. The Vickers hardness, HV , was determined
employing the equation:

HV =
Fmax

AC
=

2Fmax

d2
mean

sin(α/2) (3)
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where AC is the contact area of the indenter, determined from optical microscopy images of
the residual imprint after the indentation tests, Fmax is the maximum applied force, dmean is
the mean diagonal length measured from corner to corner on the residual impression in
the specimen surface, and a = 136◦ is the face angle of the square-based diamond pyramid
of the Vickers indenter.

3. Experimental Results
The discussion of the experimental results after annealing is correlated with the

observed microstructure and properties of the non-irradiated and the as-irradiated samples.
All reported errors refer to the standard error of the mean, unless otherwise stated.

3.1. Grain Structure

The non-irradiated tungsten forged bar’s microstructure consists of grains with an
average grain size of 16 µm and elongated subgrains along the bar axis, with sizes in the
range of 2.3–4 µm and 0.6–1.7 µm along and perpendicular to the bar axis, respectively [24].
The average dislocation density is about 4.5 × 1012 m−2 with very few (density below
1020 m−3) but large (>50 nm) dislocation loops present [24].

SEM images of the non-irradiated and as-irradiated materials are presented in Figure 1.
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Figure 1. SEM images of the non-irradiated (a) and as-irradiated (b) W bars. The bar axis direction
is shown.

An analysis regarding the subgrain size is made as detailed in the ASTM standard
E112-12 [86]. The specific procedure used is the planimetric one by which each grain
is counted separately. The reported grain size corresponds to the diameter of the grain
considered as equiaxial. This allows for the determination of the relative frequency of the
appearance of different sizes of grains, and the possible analysis using a distribution. The
most common distribution for grain sizes is the log-normal distribution [87]:

D =
A√

2π · σ · x
exp

(
− (ln x − µ∗)2

2σ∗2

)
(4)

where µ∗ and σ∗ are the mean and standard deviation of the subgrain size’s natural
logarithm, respectively, and A is a normalization parameter.

The subgrain size distributions analysis from the SEM investigation is presented in
Figure 2, with the determined log-normal distribution parameters in Table 2.

The determined mean grain sizes prior to annealing are in accordance with the sub-
grain sizes determined by TEM [24], with the grain structure remaining unaffected by
the irradiation.
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Figure 2. Subgrain size distributions of the non-irradiated (△), as-irradiated (#), control annealed at
1450 ◦C (△), and post-irradiation annealed (PIA) at 1550 ◦C (#) W bar samples from SEM investiga-
tion. Solid lines: see text and Table 2. The dashed red lines for the PIA at 1550 ◦C sample correspond
to the two log-normal distributions that make up the observed distribution.

Table 2. Determined subgrain sizes of the W bar materials derived from the log-normal distributions
presented in Figure 2.

Sample Mean Subgrain Size,
µ (µm)

Standard Deviation,
σ (µm)

Non-irradiated 2.85 ± 0.06 1.35 ± 0.04

As-irradiated 2.54 ± 0.05 0.97 ± 0.03

Control—1450 ◦C 46 ± 1 25.0 ± 0.7

PIA—1550 ◦C
Fine grain distrib. 7.3 ± 0.2 2.6 ± 0.1

Coarse grain distrib. 41 ± 2 20 ± 2

After irradiation, the microstructure is characterized predominantly by dislocation
loops and voids, with relatively few dislocation lines. The dislocation loops are hetero-
geneously distributed within the grains, in the form of rafts or individual loops, having
an average density of (2.3 ± 0.8) × 1022 m−3 and an average diameter of (2.8 ± 1.6) nm
corresponding to a line density of (2.2 ± 1.2) × 1014 m−2 [24]. Dislocation lines, with a
density approximately 10 times lower than the dislocation line density that corresponds to
loops, are also present. Voids, which are randomly distributed within the matrix, have a
density of (4.1 ± 1.1) × 1022 m−3 and an average diameter of (1.4 ± 0.3) nm.

For the PIA bar, after annealing at 1550 ◦C, abnormal grain growth, i.e., the pronounced
growth of grains in a particular crystallographic direction relative to others, is observed.
This is evident from the double log-normal peak shown in Figure 2 with parameters
presented in Table 2. The microstructure exhibits a wide distribution of grain sizes, with
some grains reaching up to 100 µm in diameter, while smaller subgrains, approximately
~2 µm in size, remain detectable. This abnormal grain growth suggests that grain growth
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has not been completed yet for the irradiated bar after PIA at 1550 ◦C, indicating an
increased recrystallization resistance resulting from the prior neutron irradiation.

SEM images showing significant grain growth are presented in Figure 3, with the
control sample annealed at 1450 ◦C and the irradiated sample after PIA at 1550 ◦C.
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Figure 3. SEM images after annealing at 1450 ◦C of the control (a) and after post-irradiation annealing
at 1550 ◦C of the irradiated (b) W bar.

3.2. Open Volume Defect Evolution Versus Annealing

PALS measurements were carried out after each step of isochronal annealing on both
the control and the irradiated samples. The results are depicted in Figure 4 for the annealed
control samples and in Figure 5 for the PIA samples. The measured positron lifetimes
are linked to specific open volume defects, particularly vacancies, vacancy clusters, and
dislocations. From the evolution of the determined positron lifetimes, the evolution of
these defects is inferred.

The PALS spectrum of the non-irradiated mechanically polished sample exhibits a
positron lifetime of (153 ± 1) ps, equal, within error bar, to that of the electropolished
non-irradiated sample (152 ± 1) ps, as can be observed in Figure 4. This lifetime originates
mainly from positron annihilations in dislocations present in the material due to the forging
process. In the literature, the reported positron lifetime for dislocations lies in the range
from 130 to 180 ps, whereas the positron lifetime for the defect-free tungsten is reported in
the range of 100–116 ps ([79] and references therein). The determined lifetime may include
a small contribution of vacancies which present a lifetime in the range (160–200 ps) ([79]
and references therein) as will be discussed below.

For the control sample, a single positron lifetime component was needed to describe
the PALS spectra after each annealing step (Figure 4). This lifetime, however, is an effective
lifetime, containing information about all the abovementioned annihilation mechanisms of
the positron.

A small increase in the lifetime to the value of (162 ± 1) ps is observed after annealing
at 700 ◦C. This increase may be related to the emission of vacancies bound at disloca-
tions or impurities [88], which would raise the effective positron lifetime. It has been
shown that vacancies associated with dislocations [89,90] and vacancy impurity element
complexes [91–94] are shallower positron traps than free vacancies in the bulk of the ma-
terial, exhibiting shorter positron lifetimes. Therefore, the de-trapping of vacancies after
annealing at 700 ◦C could explain the observed increase in the apparent lifetime, which then
decreases as these vacancies are annealed out at 750 ◦C. After annealing in the range from
950 to 1050 ◦C, the positron lifetime decreases to about 147 ps and continues to decrease
with further annealing reaching 123 ps after annealing at 1350 ◦C. This reduction suggests
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enhanced dislocation annihilation at this temperature. After annealing at 1450 ◦C, complete
recovery of the defects (mainly dislocations) resulting from the forging process [95] occurs,
as evidenced by the positron lifetime reaching 116 ps, which corresponds to that of the
defect-free material.

Metals 2025, 15, x FOR PEER REVIEW 9 of 30 
 

 

600 700 800 900 100011001200130014001500
100

110

120

130

140

150

160

170

τ 
(p

s)

 Annealing Temperature (oC)

Non-irradiated

Electropolished non-irradiated

Electropolished W SC

 

Figure 4. Positron lifetime after each step of isochronal annealing for the control sample. The posi-
tron lifetime of the electropolished W sample and the electropolished pristine W(100) single crystal 
(SC) [37] are also shown for reference. Solid line: guide to the eye. Adapted from [71]. 

For the control sample, a single positron lifetime component was needed to describe 
the PALS spectra after each annealing step (Figure 4). This lifetime, however, is an effec-
tive lifetime, containing information about all the abovementioned annihilation mecha-
nisms of the positron. 

A small increase in the lifetime to the value of (162 ± 1) ps is observed after anneal-
ing at 700 °C. This increase may be related to the emission of vacancies bound at disloca-
tions or impurities [88], which would raise the effective positron lifetime. It has been 
shown that vacancies associated with dislocations [89,90] and vacancy impurity element 
complexes [91–94] are shallower positron traps than free vacancies in the bulk of the 
material, exhibiting shorter positron lifetimes. Therefore, the de-trapping of vacancies 
after annealing at 700 °C could explain the observed increase in the apparent lifetime, 
which then decreases as these vacancies are annealed out at 750 °C. After annealing in 
the range from 950 to 1050 °C, the positron lifetime decreases to about 147 ps and con-
tinues to decrease with further annealing reaching 123 ps after annealing at 1350 °C. This 
reduction suggests enhanced dislocation annihilation at this temperature. After anneal-
ing at 1450 °C, complete recovery of the defects (mainly dislocations) resulting from the 
forging process [95] occurs, as evidenced by the positron lifetime reaching 116 ps, which 
corresponds to that of the defect-free material. 

Figure 4. Positron lifetime after each step of isochronal annealing for the control sample. The
positron lifetime of the electropolished W sample and the electropolished pristine W(100) single
crystal (SC) [37] are also shown for reference. Solid line: guide to the eye. Adapted from [71].

Metals 2025, 15, x FOR PEER REVIEW 10 of 30 
 

 

600 700 800 900 1000 1100 1200 1300 1400 1500

100

150

200

500

600

700

800

 τ2

 τ1

Annealing Temperature (oC)

τ 
(p

s)

(a)

As-irradiated

 Control WNon-irradiated

600 700 800 900 100011001200130014001500

0
10
20
30
40
50
60
70
80
90

100 (b)

As-irradiated

Annealing Temperature (oC)

In
te

ns
ity

 %  I1

 I2

 

Figure 5. Positron lifetimes, 1τ  () and 2τ  () (a), and their relative intensities 1I  () and 2I  

() (b), as determined by PALS, after each step of post-irradiation isochronal annealing for the ir-
radiated W sample. The solid lines are guides to the eye. The lifetime of the control sample is also 
shown for reference. Adapted from [71]. 

For the irradiated sample, two positron lifetimes were required to describe the PALS 
spectra, a short, 1τ , and a long, 2τ , lifetime. The short lifetime, 1τ , represents a weighted 
average of lifetimes of positrons being annihilated in the defect-free bulk (100–116 ps), in 
dislocations (130–180 ps), and in mono-vacancies (160–200 ps) ([79] and references 
therein). The long lifetime, 2τ , is associated with positron annihilations in vacancy clus-
ters or voids with a diameter larger than 1 nm, corresponding to a vacancy cluster con-
taining more than 40 vacancies. For such void sizes, theoretical calculations suggest that 
the positron lifetime exhibits minimal or no dependence on void size due to positron lo-
calization at the void surface, reaching a saturation lifetime of approximately 500 ps 
[96,97]. 

Up to PIA at 1150 °C, 1τ  remains almost constant, while a continuous decrease is 

observed up to annealing at 1550 °C. Since 1τ  is a weighted average, this decrease, cor-
responding to a reduction in the contribution of positron annihilations in dislocations in 
the lifetime component, indicates dislocation annihilation. 

The increase in the value of 2τ  after specific steps of PIA corresponds to an increase 
in the average size of vacancy clusters, which occurs in two stages: Directly after PIA up 
to 750 °C, and after annealing in the range of 950–1150 °C. As will be discussed after-
wards, the first step can be attributed to de-trapping of vacancies and their subsequent 
coalescence. The second stage suggests an Ostwald ripening process [98], where larger 
clusters grow at the expense of smaller ones, driven by the decrease in the total surface 
free energy. Positron lifetimes exceeding 500 ps have been attributed to pick-off annihi-
lations of ortho-positronium within large vacancy clusters [17,42], indicating partial 
decoration of the internal surface of these clusters by impurities [17]. Therefore, the pos-
itron lifetime values observed for the voids in the current study may also be related to the 
segregation of Re/Os at the void surface, as evidenced by other experiments at a higher 
irradiation dose [22,99]. 

The relative intensities of the positron lifetime components can provide additional 
information regarding the evolving microstructure. The relative intensity, I , is propor-
tional to the trapping rate, κ , of the defect. The positron trapping rate is equal to the 
defect number density, defN , multiplied by the trapping strength, μ , of the defect [100], 
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sample. The solid lines are guides to the eye. The lifetime of the control sample is also shown for
reference. Adapted from [71].

For the irradiated sample, two positron lifetimes were required to describe the PALS
spectra, a short, τ1, and a long, τ2, lifetime. The short lifetime, τ1, represents a weighted
average of lifetimes of positrons being annihilated in the defect-free bulk (100–116 ps), in
dislocations (130–180 ps), and in mono-vacancies (160–200 ps) ([79] and references therein).
The long lifetime, τ2, is associated with positron annihilations in vacancy clusters or voids
with a diameter larger than 1 nm, corresponding to a vacancy cluster containing more than
40 vacancies. For such void sizes, theoretical calculations suggest that the positron lifetime
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exhibits minimal or no dependence on void size due to positron localization at the void
surface, reaching a saturation lifetime of approximately 500 ps [96,97].

Up to PIA at 1150 ◦C, τ1 remains almost constant, while a continuous decrease is
observed up to annealing at 1550 ◦C. Since τ1 is a weighted average, this decrease, corre-
sponding to a reduction in the contribution of positron annihilations in dislocations in the
lifetime component, indicates dislocation annihilation.

The increase in the value of τ2 after specific steps of PIA corresponds to an increase in
the average size of vacancy clusters, which occurs in two stages: Directly after PIA up to
750 ◦C, and after annealing in the range of 950–1150 ◦C. As will be discussed afterwards,
the first step can be attributed to de-trapping of vacancies and their subsequent coalescence.
The second stage suggests an Ostwald ripening process [98], where larger clusters grow
at the expense of smaller ones, driven by the decrease in the total surface free energy.
Positron lifetimes exceeding 500 ps have been attributed to pick-off annihilations of ortho-
positronium within large vacancy clusters [17,42], indicating partial decoration of the
internal surface of these clusters by impurities [17]. Therefore, the positron lifetime values
observed for the voids in the current study may also be related to the segregation of Re/Os
at the void surface, as evidenced by other experiments at a higher irradiation dose [22,99].

The relative intensities of the positron lifetime components can provide additional
information regarding the evolving microstructure. The relative intensity, I, is proportional
to the trapping rate, κ, of the defect. The positron trapping rate is equal to the defect number
density, Nde f , multiplied by the trapping strength, µ, of the defect [100], i.e., I ∝ κ = µ · Nde f .
An increase in the relative intensity of the long lifetime, I2, such as that after PI annealing
from 950 to 1100 ◦C, could either indicate a decrease in the dislocation density or an increase
in the trapping strength of the voids with increasing void size. The vacancy cluster positron
trapping rate, however, has been shown to increase almost linearly with the number of
vacancies in the cluster [101], and the increase is expected to slow down as the number of
vacancies increases [102]. Thus, the increase in void size with the accompanied decrease in
void density, even in the case of perfect conservation of vacancies, cannot be attributed to
an increase in the trapping rate of voids. Therefore, the increase in the relative intensity
of the long lifetime, I2, is solely attributed to the reduction in the dislocation density. The
reduction in relative intensity at temperatures above 1250 ◦C can be attributed to void
dissolution (Figure 5b). Complete void dissolution is observed following PIA at 1450 ◦C.

3.3. DC Electrical Resistivity

DC electrical resistivity measurements at room temperature were performed after
each step of isochronal annealing on both the irradiated and the control samples. The
determined resistivity after each step of isochronal annealing is presented in Figure 6 for
both the control and irradiated samples. For the non-irradiated reference sample, the value
presented is the average from a population of eight reference samples.

Regarding the control samples, a single regime of recovery can be observed in the
range of 1250 to 1400 ◦C, which could be due to both dislocation annihilation but also
recrystallization. Electron scattering from grain boundaries can influence the resistivity of
polycrystalline materials [103] but is expected to decrease after grain growth has occurred.
The resistivity value of the fully recovered and recrystallized sample after annealing at
1500 ◦C is close but does not coincide with that of the pristine W (100) SC, a fact that is
attributed to a higher level of impurities present in the W bar (Table 1) compared to a
pristine single crystal.

After irradiation, resistivity increases from (5.62 ± 0.02) µΩ·cm to (6.973 ± 0.001)
µΩ·cm, an increase of ~24%, due to the creation of radiation-induced defects. An initial
reduction in the resistivity after PIA up to 700 ◦C can be observed which continues with



Metals 2025, 15, 172 11 of 28

almost the same rate up to 800 ◦C. This reduction can be attributed to both dislocation anni-
hilation, since dislocations are the primary contributors in radiation-induced resistivity, and
vacancy de-trapping, as implied from the PALS results. Additionally, vacancy migration
and clustering, as inferred from the hardness results in Section 3.5, likely contribute to this
effect. Vacancies and small vacancy clusters contribute heavily to the measured resistivity;
however, when large vacancy clusters or voids are formed, this contribution diminishes.
For instance, for the same total number of vacancies, if they are arranged in vacancy clus-
ters consisting of 10 vacancies, the contribution to resistivity is halved compared to the
configuration of purely mono-vacancies. Two recovery mechanisms can be identified after
PIA from 900 to 1150 ◦C and from 1150 to 1300 ◦C, both attributed to dislocation recovery.
For higher annealing temperatures up to 1400 ◦C, the resistivity remains nearly constant,
followed by a decrease after PIA at 1450 ◦C. This drop may be attributed to recrystallization
and grain growth, as will be argued below.
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The effect of grain boundaries on resistivity, ρGB, can be quantified using the Andrews
method [104]:

ρGB(d) =
A
d

(5)

where A is the Andrews parameter equal to 0.24 for W [105] and d the mean grain size.
The contribution of the subgrain size to the resistivity in the as-irradiated sample

(subgrain size of 2.54 µm) and after PIA at 1500 ◦C (subgrain size of 22 µm) is determined
to be ρGB−irr = 0.094 µΩ·cm and ρGB−1550◦C = 0.01 µΩ·cm (negligible), respectively. Taking
into account that the grain size has not changed significantly after PIA up to 1400 ◦C, since
recrystallization has not yet occurred, it follows that ρGB−irr = ρGB−1400◦C = 0.094 µΩ·cm,
which is very close to the observed resistivity difference between PIA at 1550 ◦C and 1400 ◦C
(~0.06 µΩ·cm). This supports the speculation that the decrease in resistivity between PIA
at 1400 and 1550 ◦C is primarily due to grain growth.

To analyse the recovery processes involved in resistivity, using the Matthiessen’s
rule [106], the radiation-induced resistivity, RIR, which is the difference between the resistivity
of the irradiated sample, ρirr, and that of the non-irradiated, ρunirr = (5.62 ± 0.02) µΩ·cm, can
be expressed as [95]:
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RIR ≡ ρirr − ρunirr = RIRvoid + RIRdisl + RIRtrans (6)

where RIRvoid, RIRdisl , and RIRtrans are the contributions of voids, dislocations (both loops
and lines), and transmutation products to the radiation-induced resistivity, respectively. It
has been assumed that the grain boundaries contribute the same before and after irradiation,
which is a valid assumption as has been discussed in Section 3.1. It has been demonstrated
in the literature that texture also affects the resistivity of irradiated W materials [47],
influencing both the type and number of radiation-induced defects, as well as their impact
on resistivity depending on the preferential orientation within the crystal. For the purpose
of this study, texture effects in resistivity are negligible since the texture as a function of the
PIA temperature does not change significantly prior to grain growth as reported in [71].

RIRvoid can be estimated [82], taking into account vacancy self-shielding in a cluster
configuration [107–109], using the void diameter and number density as determined by
TEM in [36] and the specific resistivity of vacancies in tungsten (P1V ≈ 10−34Ω · m4) [110].
This contribution is estimated to be in the order of 10−2 µΩ·cm, and can, therefore, be
considered negligible.

After PIA at 1550 ◦C, as indicated by PALS, XRD, and Vickers hardness results (the
latter two to be discussed in Sections 3.4 and 3.5, respectively), tungsten has undergone
complete recrystallization and is nearly defect free apart from the transmutation impurities.
Consequently, RIRtrans can be directly determined by the following equation:

ρPIA−1550◦C = ρRX + RIRtrans (7)

where ρPIA−1550◦C = (6.440 ± 0.002) µΩ·cm and ρRX = (5.54 ± 0.04) µΩ·cm are the
resistivities of the irradiated and control samples after annealing at 1550 ◦C, respec-
tively. Thus, the resistivity contribution from transmutation products is determined to be
RIRtrans = (0.90 ± 0.04) µΩ·cm. This is in satisfactory agreement with the calculated value
of RIRtrans = (0.77 ± 0.08) µΩ·cm derived from the Re and Os concentrations obtained
from neutronic calculations (Section 2.1), as well as the specific resistivity for rhenium PRe

(~1.3 µΩ·cm/Re at.%) [111] and for osmium POs (~5 µΩ·cm/Os at.%) [112], assuming that
Re and Os are homogeneously distributed in the W matrix in solute form.

From the above, it can be inferred that the sole contributor to the increase in RIR up
to 1300 ◦C is dislocations. The contribution of dislocations to RIR can be expressed using
the following equation:

RIRdisl = PDSR · Ndisl (8)

where Ndisl is the dislocation density and PDSR the dislocation specific resistivity, which
was determined as PDSR = 1 × 10−23 Ω · m3 in our previous work [36].

From the experimentally determined resistivity and using Equations (6)–(8), the total
dislocation density after each PIA step was determined and is presented in Figure 7. The
TEM-determined dislocation density in [113] is included for comparison.

The dislocation density ((4.6 ± 0.9) × 1014 m−2) in the as-irradiated state as determined
from the resistivity is two times larger compared to the TEM-determined one ((2.2 ± 1.2) ×
1014 m−2). This discrepancy is attributed to the underestimation of the dislocation density
from TEM, owing to the TEM’s inability to resolve defects smaller than 1 nm, as discussed
in [36]. The disagreement at the annealing temperatures of 800 and 1000 ◦C is mainly
due to the annealing time difference between [36] and the present study, as well as the
large uncertainties in determining the total dislocation line density from TEM when the
dislocation loops have a wide size distribution.

The discrete regimes of dislocation recovery allowed for the splitting of the recovery
into three separate stages. The initial decrease in dislocation density after annealing at
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700 ◦C indicates a dislocation loop growth mechanism. The recovery stage from 900 to
1150 ◦C is associated with dislocation loop growth as well. The presence of two dislocation
recovery regimes associated with dislocation loop growth could indicate the existence of
areas with different dislocation loop densities. This could result in different interaction
rates, with lower temperature loop growth occurring in the high-density region. Finally,
the recovery from 1150 to 1300 ◦C is attributed to dislocation loop annihilation.

In addition to the microstructural information provided by resistivity, by itself, resis-
tivity is proven to be a helpful engineering tool with regards to characterizing material
properties of irradiated materials relevant to the operation of a fusion reactor. The electri-
cal resistivity and the electronic contribution to the thermal conductivity, κe, are related
through the Wiedemann–Franz law as ρ · κe = L · T [114], where L is the Lorenz number
and T the temperature. Theoretically, if the free electrons are the sole contributors of
thermal conductivity, the Lorenz number attains the Sommerfeld value of L0 = π2k2

3e2 =
2.445 × 10−8 W·Ω·K−2, where k is the Boltzmann constant and e the electron’s charge.
In tungsten, however, the Lorenz number is larger than the Sommerfeld value at room
temperature and equal to 3.2 × 10−8 W·Ω·K−2 [115]. Nevertheless, taking into account that
the phononic contribution in W is estimated between 1% and 25%, with most of the works
in the literature assuming negligible contribution and that the Wiedemann–Franz law still
holds for irradiated tungsten [105,116], one can assume that any changes in resistivity due
to irradiation will influence the thermal conductivity as well. This means that any recovery
of resistivity from annealing in the current study is directly proportional to the recovery of
thermal conductivity.
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Figure 7. Total dislocation line density (loops and lines) and dislocation recovery percentage for 
the irradiated sample after post-irradiation annealing determined from the DC electrical resistivity. 
The TEM-determined total dislocation line density is included for comparison [113]. Solid lines: 
guides to the eye. 
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XRD and GIXRD measurements were performed after each step of isochronal an-
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ing steps are presented in Figure 8. 
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Comparing this behavior with that of the control sample, it can be inferred that irradiation 
retards the recrystallization of W while inhibiting abnormal grain growth. This prevents 
the formation of predominantly (222) grains, which is observed in the control sample. 

Figure 7. Total dislocation line density (loops and lines) and dislocation recovery percentage for the
irradiated sample after post-irradiation annealing determined from the DC electrical resistivity. The
TEM-determined total dislocation line density is included for comparison [113]. Solid lines: guides to
the eye.

3.4. Crystalline Structure Evolution Versus Annealing (XRD, GIXRD)

XRD and GIXRD measurements were performed after each step of isochronal anneal-
ing. XRD patterns of the control and irradiated samples after representative annealing
steps are presented in Figure 8.
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For the control sample (Figure 8a), signs of recrystallization begin to appear after
annealing at 1300 ◦C, with a significant texture change occurring after annealing at 1350 ◦C
(Figure 8a). This is evidenced by the abrupt increase in the (222) Bragg peak, with the
sample reaching an almost monocrystalline (222) texture after annealing at 1400 ◦C.

Regarding the irradiated sample (Figure 8b), no significant change in the XRD pattern
is observed up to 1350 ◦C. However, after PIA at 1400 ◦C, a decreasing trend for the (110)
Bragg peak can be observed, which may indicate the onset of recrystallization. Comparing
this behavior with that of the control sample, it can be inferred that irradiation retards the
recrystallization of W while inhibiting abnormal grain growth. This prevents the formation
of predominantly (222) grains, which is observed in the control sample. This effect is more
clearly demonstrated in the evolution of the texture coefficient [117] as reported in [71].
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Figure 8. X-ray diffraction patterns after representative steps of annealing (a) and post-irradiation 
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The lattice constants, as determined from the position of the W Bragg peaks in the
XRD patterns, for the irradiated and control samples after each step of isochronal annealing
are presented in Figure 9, along with the lattice constants of the respective electropolished
non-irradiated samples.

For the control sample, a decrease in the lattice constant is observed after annealing at
700 ◦C, which is due to the partial removal of surface stresses caused by the mechanical
polishing (Figure 9). Subsequent annealing up to 800 ◦C does not change the lattice
constant, and only after annealing at 850 ◦C does it attain the value of the electropolished
non-irradiated sample. Further annealing up to 1300 ◦C results in a continuous decrease
in the lattice constant. This decrease must originate from the gradual removal of stresses,
inherent in the plastically deformed (forged) W material. While the original material is
stress relieved at 1000 ◦C for 1 h, the larger annealing time (24 h) at 950 ◦C is able to remove
some of the stress caused by forging. The lattice constant reaches the unstrained material
(W powder) value after annealing at about 1250 ◦C (Figure 9), which could be indicative of
the onset of recrystallization in the material. Further annealing above 1300 ◦C leaves the
lattice constant unchanged within error. It should be noted that the increased uncertainty
after annealing at 1350 ◦C arises from the partial overlapping of multiple Bragg peaks,
which affects the accuracy of the Bragg peak position. This is due to the contribution of
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recrystallized, partially recrystallized, and non-recrystallized parts within the material to
the XRD pattern.
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The lattice constant of the post-irradiation annealed sample does not change up to
annealing at 800 ◦C. Hence, the first recovery stage present in the control sample is absent
in the as-irradiated sample (Figure 9). This indicates that all the surface strain due to the
mechanical polishing of the sample prior to the irradiation is removed during the annealing
at the irradiation temperature of 600 ◦C for the duration of 70 days (irradiation time). As the
temperature increases above 800 ◦C, the lattice constant decreases, approaching the value
of the unstrained material (W powder, ICDD PDF: 00-0004-0806). After PIA at 1200 ◦C,
it falls below the W powder value (Figure 9), which is attributed to the presence of Re,
known to reduce the lattice constant [23]. Specifically, according to [23], the concentration
of 0.54 at% Re is expected to decrease the lattice constant by roughly 0.0003 Å, in accordance
with the measured difference between the powder value and the lattice constant measured
after PIA at 1250 ◦C. This indicates that the defects affecting the lattice constant are mostly
annihilated after PIA at 1250 ◦C, leaving only the effect of solute Re in the W matrix. After
PIA at 1300 ◦C, the lattice constant seems to recover back to that of the unstrained material,
indicating the agglomeration and/or segregation of Re, which reduces its effect on the
lattice constant, with an almost complete recovery after PIA at 1450 ◦C (Figure 9).

By comparing the evolution of the lattice constant between the control and irradiated
sample, we observe that, apart from the initial regime at 600 ◦C that is absent in the
irradiated sample, as discussed above, the two following recovery regimes starting at
800 ◦C and 1000 ◦C, and concluding near 1250 ◦C, are shared by both samples. This
suggests that these regimes are associated with the release of strain from the annealing of
defects which may be either inherent to the material or induced by irradiation, and are also
present in the non-irradiated sample. Thus, it is likely that dislocations are the primary
defect type responsible for this reduction in strain.
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Below, we discuss the values of the Full Width at Half Maximum (FWHM) of the most
intense Bragg peak of the XRD patterns ((110) peak), arising only from Cu Kα1 irradiation,
for the irradiated and control samples after each isochronal annealing. The FWHM is a
measure of the micro-strain in the lattice [118], taking into account that the sample crystallite
size is large (>1 µm) to influence the evolution of the FWHM. A progressive decrease in the
FWHM for both samples with increasing annealing temperature can be observed (Figure 10).
This corresponds to a decrease in the dislocation density since dislocations are responsible
for causing Bragg peak broadening.

The initial FWHM of the non-irradiated sample reflects the level of deformation caused
not only due to the fabrication process but also due to the mechanical polishing. This is
evident from the higher FWHM value compared to that of an electropolished sample. The
material attains the FWHM value of the electropolished sample after annealing at 850 ◦C,
which is consistent with the lattice constant evolution of the control sample (Figure 9). After
annealing at 900 ◦C, the FWHM reaches the instrumental resolution value, indicating that
almost no defects producing micro-strains remain in the material.
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control W samples. The FWHM of the electropolished W bar as well as the instrumental resolution
are displayed for comparison. Solid lines: guides to the eye.

For the irradiated material, four recovery regimes can be observed where the FWHM
decreases prior to recrystallization at 1500 ◦C. These recovery stages occur after PIA at
700 ◦C, at 800 ◦C, at 950 ◦C, and at 1250 ◦C. This suggests that specific dislocation recovery
mechanisms are activated at each of these temperatures, as discussed below. Dislocation
recovery continues up to 1500 ◦C, at which point the FWHM attains the resolution value.
The irradiated sample reaches the FWHM value of the non-irradiated bar after PIA at
1350 ◦C. The sharp decrease in the FWHM after PIA at 1500 ◦C is attributed to recrystalliza-
tion, bringing the FWHM to the instrumental resolution value, similarly to the behavior
observed in the control sample after annealing at 900 ◦C.

The first two dislocation recovery regimes (600–750 ◦C and 750–900 ◦C) are common
for both the as-irradiated and the control sample, suggesting partial recovery of the dis-
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locations existing in the sample prior to irradiation. The last two dislocation recovery
stages (900–1000 ◦C and 1200–1450 ◦C) are only discernible in the irradiated sample, indi-
cating the recovery of dislocations created through irradiation, or more complex dislocation
structures that have a higher energy requirement in order to be recovered, such as pinned
dislocations from the other irradiation defects existing in the material, for instance, voids
or dislocation loops.

Along with the XRD measurements, Grazing Incidence XRD (GIXRD) measurements
were performed after each annealing temperature, in order to increase the probed volume
and therefore the detection sensitivity of any new phase formation. After PIA at 1550 ◦C,
in addition to the tungsten Bragg peaks, extra peaks were observed (Figure 11). These
have been assigned to bcc Re and WOs2, and sigma phase WRe phases, which are both
tetragonal within the P42/mnm space group (Figure 11). These additional Bragg peaks
have not been detected after annealing below 1550 ◦C, suggesting a mechanism leading to
the local increase in Re and Os concentration, which results in the formation of WRe-σ and
WOs2 phases.
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Figure 11. GIXRD pattern of the W sample after PIA at 1550 ◦C. In addition to W (bcc) peaks,
identified phases are Re (bcc), WRe-σ, and WOs2.

3.5. Vickers Hardness

The determined Vickers hardness after each step of isochronal annealing of both the
control and irradiated samples is presented in Figure 12.

Regarding the hardness evolution of the control sample, a small decreasing trend can
be observed after annealing from 950 ◦C to 1350 ◦C. The small fluctuations in hardness
reflect dislocation rearrangements as the annealing temperature increases. Finally, after
annealing at 1400 ◦C, the Vickers hardness reaches the value of the non-irradiated W(100)
single crystal, indicating that recrystallization and massive grain growth have taken place.

For the irradiated sample, an initial increase in hardness is observed with a peak
near 700 ◦C, followed by a gradual hardness decrease starting after annealing at 900 ◦C
and continuing with higher annealing temperatures. The increase in hardness is probably
associated with monovacancy de-trapping and vacancy cluster formation growth. The
subsequent decrease beyond 900 ◦C is attributed to vacancy cluster coarsening and dis-
location annihilation. Two distinct recovery regimes are observed: one between 900 and
1200 ◦C, with a hardness decrease rate of approximately 4 MPa/◦C, and a second one
from 1200 to 1400 ◦C, with a reduction rate of about 2 MPa/◦C. After PIA at 1350 ◦C,
the hardness of the irradiated sample reaches the value of the non-irradiated reference.



Metals 2025, 15, 172 18 of 28

Finally, the hardness reduction observed from 1400 to 1500 ◦C indicates substantial grain
growth, with the material exhibiting hardness similar to that of pristine W single crystal
after annealing at 1500 ◦C. This suggests significant grain coarsening and an absence of a
significant number of precipitates of transmutation products in the sample.
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Figure 12. Vickers hardness after each step of isochronal annealing for the W irradiated and control
samples. The bar for the non-irradiated reference represents the standard deviation of the measured
values. The Vickers hardness of the W(100) single crystal [37] is shown for comparison. Solid lines:
guides to the eye. Adapted from [71].

The radiation-induced hardness, RIH, with respect to the pristine single crystalline W,
can be associated with the radiation-induced critical resolved shear stress (CRSS), ∆τCRSS,
under the assumption that the lattice friction stress remains unchanged with irradiation, by
the following relation [119,120]:

RIH = k · ∆σ = k · M · ∆τCRSS = k · M · ∆τCRSSde f + HHP (9)

where ∆σ is the yield strength, k is a factor of 3.2 for tungsten [121], M is the Taylor
factor having a value of 3.06 for non-textured BCC and FCC crystals [120], and ∆τCRSSde f

is the critical resolved shear stress attributed to radiation-induced defects. HHP is the
grain boundary hardening, which depends on the grain size according to the Hall–Petch
relation [122]:

HHP = kHP(T) · d−0.5 (10)

where kHP is the Hall–Petch coefficient with a value of 3.72 (MPa·m0.5) for the W bar grade
at room temperature as investigated in [122] and d is the average grain size. The change
in hardness above 1300 ◦C for the control and above 1400 ◦C for the irradiated sample
is attributed to grain growth in agreement with the electrical resistivity results discussed
in Section 3.3. The evaluation of the grain size, using Equation (10) and the RIH for the
temperature range from 1400 to 1500 ◦C for the irradiated sample and from 1300 to 1400 ◦C
for the control sample, gives a mean grain size of (26 ± 6) µm and (28 ± 10) µm for the
irradiated and control sample, respectively, in fair agreement with the TEM-determined
value of 16 µm [24].



Metals 2025, 15, 172 19 of 28

Utilizing the dispersed hardening barrier (DHB) model [121,123], the radiation-
induced critical resolved shear stress due to defects can be written as:

∆τ2
CRSSde f

= τ2
line + τ2

loop + τ2
void = G2b2

(
h2

lineρline + h2
loopρloop + h2

voidρvoid

)
(11)

where G is the shear modulus (159 GPa), b is the Burgers vector (0.274 nm), hline is the
dislocation line strength coefficient equal to 0.26 [124], hloop has the value of 0.15 [17],
hvoid is the defect strength of voids, which is dependent on their size [82], and ρ is the
obstacle length density (ρ = N · d, N the defect number density and d the defect size).
Since the strengths of dislocation lines and loops are similar, and the loop density in the
irradiated sample is approximately 30 times higher than that of the lines, Equation (11) can
be approximated as:

∆τ2
CRSSde f

= G2b2
(

h2
lineρline + h2

loopρloop + h2
voidρvoid

)
≈ G2b2

(
h2

loopρdisl + h2
voidρvoid

)
= τ2

disl + τ2
void (12)

where ρdisl = ρloop + ρline. From the total dislocation line density determined by the
resistivity (Figure 7), the CRSS arising from all the dislocations (loops and lines), τdisl , can
be determined as τdisl = Gbhloops

√
ρdisl and is presented in Figure 13. The CRSS arising

from voids is also calculated as τvoid =
√

∆τ2
CRSS − τ2

disl and is presented in Figure 13, along

with the continuous recovery line concerning the CRSS, ∆τcalc
CRSS =

√(
τcalc

disl
)2

+
(
τcalc

void
)2.
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τdisl = Gbhloops

√
ρdisl , where ρdisl is obtained from the resistivity measurements (Figure 7). Dashed

line: contribution of voids, τvoid =
√

∆τCRSS
2 − τdisl

2. Continuous line: sum of the contribution from

dislocations and voids ∆τcalc
CRSS =

√(
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)2
+
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)2
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Employing the derived critical resolved shear stress due to the presence of voids, a
further quantitative determination of the void sizes and densities can be made by combining
the results from PALS and hardness as is presented below.
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The obtained lifetime τ
exp
2 can be connected with the void size by combining the PALS

and TEM results [24]. Following the methodology applied in our previous work and using
Equation (8) from [37], the average void size was determined as a function of the long
positron lifetime, τ

exp
2 , for annealing temperatures up to 1000 ◦C.

The determined void size ((1.6 ± 0.2) nm) using the methodology above in the as-
irradiated material at 600 ◦C is in very good agreement with the one determined by TEM
((1.4 ± 0.3) nm) [24].

The number density of voids, Nvoid, can be derived from τvoid (Figure 13), as a function
of the annealing temperature, using the relation:

τvoid = Gbhvoid
√

ρvoid = Gbhvoid
√

Nvoiddvoid (13)

The void obstacle strength, hvoid, by utilizing the data from [82] depends on the void
size as described by the equation:

hvoid = Cdn
void (14)

where C = (0.144 ± 0.024)nm−n and n = 0.56 ± 0.16.
The number density of the voids, Nvoid, was determined using Equations (13) and

(14), and it is presented in Figure 14. The Nvoid of the as-irradiated sample obtained by
this procedure is (16 ± 7) × 1022 m−3, which is in fair agreement with the values obtained
by TEM ((4.1 ± 1.1) × 1022 m−3) taking into account the fact that voids with size ≤1 nm
are not resolved by TEM [125]. Above 1000 ◦C, no data are displayed in Figure 14 due
to the saturation of the positron lifetime, which prevents the determination of the void
size. However, it can be inferred from Figure 5b that the void density progressively
decreases up to 1450 ◦C. At this temperature, the PALS results indicate that the material
has become void free. The continuous line in Figure 14 corresponds to the equation
Nvoid(T) = 16 × 1022 · exp

(
− T(o C)−600

115

)
m−3.
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up to 1450 °C. At this temperature, the PALS results indicate that the material has become 
void free. The continuous line in Figure 14 corresponds to the equation 
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4. Discussion
The investigation of the evolution of the properties of post-irradiation annealed tung-

sten and of the corresponding microstructural changes causing this evolution, provides a
more comprehensive understanding of the evolving microstructure.

The FWHMs of the Bragg peaks, PALS results, electrical resistivity, and hardness
are all affected by changes in the dislocation density. The recovery stages concerning
dislocation density as derived from resistivity and the FWHM of the (110) Bragg peak
and depicted in Figures 7 and 10, respectively, are in general agreement. The first two
recovery stages observed in the FWHM (Figure 10), i.e., after PIA at 700 and 800 ◦C, are
smoothed out in the dislocation density determined from resistivity (Figure 7) and appear
as an almost continuous stage up to 900 ◦C. The observed decrease in both the FWHM and
resistivity is attributed to dislocation loop growth which continues in the temperature range
900–1150 ◦C. The resistivity decrease after PIA in the temperature range 1150–1300 ◦C is
probably due to dislocation annihilation, in broad agreement with the FWHM decrease in
the range 1200–1450 ◦C (Figure 10). The evolution of the short positron lifetime (Figure 5),
which is associated with dislocations, indicates that dislocation recovery carries on even
after the resistivity has been almost completely saturated to its minimum value. This attests
to the exceptional sensitivity of PALS. In any case, the temperature at which about less than
5% of the initially neutron irradiation-produced dislocations remain is ~1280 ◦C.

The evolution of voids or vacancy clusters is more complex, with both void size and
density affecting the sample’s hardness and resistivity, and the obtained positron lifetimes.
Insight can be gained by studying the control sample, where an increase in the mean
positron lifetime after annealing at 700 ◦C (Figure 4) suggests the activation of vacancy de-
trapping and migration at that temperature. Similarly, in the irradiated sample, the increase
in the lifetime associated with voids (Figure 5a), along with the corresponding increase
in hardness originating from voids (Figure 12), indicates the de-trapping and subsequent
coalescence of vacancies. This phenomenon may influence the resistivity of the material,
contributing to the sudden drop in resistivity after annealing at 700 ◦C. An Ostwald
ripening mechanism of the voids is in effect after annealing in the range of 900–1150 ◦C.
This is inferred by the decrease in hardness (Figure 13), coupled with the void size increase
as revealed by the increase in the positron lifetime corresponding to voids (Figure 5a). After
annealing at 1250 ◦C, void dissolution starts (Figure 13), which is also inferred by the drop
in the intensity of the positron lifetime corresponding to voids in this temperature range
(Figure 5b). Complete void dissolution has occurred after annealing at 1450 ◦C (Figure 5b),
coinciding with a sudden drop in hardness attributed to recrystallization (Figure 12). The
temperature at which less than about 5% of the initially neutron irradiation-induced critical
resolved shear stress from voids remain is ~1360 ◦C.

Lastly, the increase in the lattice constant from its minimum value after PIA at 1300 ◦C
(Figure 9) and beyond is indicative of Re depletion from the W matrix, which most probably
agglomerates. This Re agglomeration can be inferred from the observation of bcc Re and
sigma phase WRe phases in the GIXRD pattern after annealing at 1550 ◦C. In addition to
these phases, WOs2 is detected. However, these phases have to be in fairly low quantities
since the sample maintains the hardness of a pristine W single crystal after annealing
at T ≥ 1500 ◦C. It is noted that the formation of WRe and WOs2 phases is not expected
according to the phase diagram for the transmutation production that takes place at the
investigated dose of 0.21 dpa.

Conclusively, the recovery stages of the irradiated at 0.21 dpa W bar material can be
summarized as in Table 3.
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Table 3. Recovery stages observed after post-irradiation annealing of W bar.

Mechanism Temperature (◦C)

Vacancy de-trapping and migration 700–750

Dislocation Recovery I—loop growth 700–900, 900–1150

Dislocation Recovery II—loop dissolution 1150–1550

Nearly complete dislocation annihilation ~1280

Increase in void size—Ostwald ripening 900–1150

Void dissolution 1250–1450

Re-segregation and/or agglomeration 1250–1450

Recrystallization 1450

Re/WRe/WOs phase formation 1550

A comparison between the recovery mechanisms and the evolution of the microstruc-
ture of the neutron-irradiated bar studied in the current work and the W(100) single crystal
studied in [37] is of particular interest. Regarding both dislocation and void recovery, the
identification of three recovery mechanisms in the bar is more evident than in the single
crystal. It seems that while grain boundaries add more complexity to the microstructure,
their presence as defect sinks speeds up the recovery mechanisms once they are activated
and allows for their distinction. It has to be noted that dislocation recovery at a rate of 95%
occurs approximately 130 ◦C earlier in the single crystal compared to the bar. However, the
trend reverses for the voids, with their complete dissolution occurring ~140 ◦C earlier in
the bar. This again emphasizes the influence of grain boundaries in the material and their
complex interactions with different defect types.

5. Summary and Conclusions
A tungsten bar, manufactured by PLANSEE SE via a powder metallurgical process

involving sintering and hot forging from two orthogonal directions, was irradiated to
0.21 dpa at 600 ◦C in the BR2 reactor, at SCK CEN. The microstructure of the as-irradiated
sample, as had been previously investigated through TEM [24], showed the existence of
vacancy clusters having a size of (1.4 ± 0.3) nm and a density of (4.1 ± 1.1) × 1022 m−3.
Dislocation loops and lines were also observed, leading to a total linear dislocation density
of (2.2 ± 1.2) × 1014 m−2. In the current study, post-irradiation annealing was performed
under high vacuum, isochronally for 24 h, in the temperature range from 700 to 1550 ◦C in
steps of 50 ◦C.

The evolution of the microstructure was investigated employing positron annihilation
lifetime spectroscopy, X-ray diffraction, resistivity, and Vickers hardness measurements.
The combination of the abovementioned techniques allowed for the quantitative deter-
mination of the dislocation density after each PIA step, the void size and density up to
1000 ◦C, and the defect-induced critical resolved shear stress, as well as the identification of
the recovery stages as the annealing temperature increases.

Dislocation recovery in the irradiated sample is observed after annealing at 700, 800,
and 950, and continuously in the range 1200–1550 ◦C, as shown by PALS, DC resistivity,
and the FWHM obtained from XRD measurements. The first three stages hint towards
a loop growth mechanism, enabled through self-climb of the dislocation loops. The last
recovery stage (1200–1550 ◦C) is possibly due to eventual loop annihilation through a
vacancy diffusion-aided process.

Regarding the evolution of vacancies and vacancy clusters—voids—as determined
from Vickers hardness measurements, this can be split into three stages: 700 ◦C,
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900–1150 ◦C, and 1250–1450 ◦C. Vacancy de-trapping and subsequent coalescence towards
the formation of vacancy clusters occurs after annealing at 700 ◦C, followed by an Ostwald
ripening mechanism starting after PIA at 900 ◦C and, finally, void dissolution starting after
PIA at 1150–1200 ◦C.

The main transmutation products are Re and Os with the calculated concentrations
by FISPACT-II being (0.54 ± 0.06) at% Re and (0.013 ± 0.002) at% Os in solute form. After
annealing at 1300 ◦C, Re segregation is observed, while after annealing at 1550 ◦C, part of
the Re transmutation product has accumulated to larger clusters since the phases of bcc
Re and WRe-σ are detected in the GIXRD pattern. Moreover, WOs2 formation is observed,
which indicates the agglomeration of Os in addition to that of Re.

Complete defect recovery occurring at 1450 ◦C, as inferred from the intensity of the
positron lifetime components (Figure 5), coincides with recrystallization at 1450 ◦C as
deduced from the hardness evolution (Figure 12). This suggests that designing a healing
process aimed at achieving complete defect recovery without altering the grain structure is
challenging. However, annealing at 1300 ◦C for 24 h could potentially be used to extend the
lifetime of fusion reactor components made from this specific W grade. At this temperature,
nearly all irradiation-induced dislocations are annihilated and large voids still remain in
the microstructure, but their impact on hardness is small, with the material exhibiting a
hardness value similar to the non-irradiated state. Furthermore, although Re segregation
has started, no detectable precipitates are present. Of course, dose-dependent deviations
from this behavior may arise.

Future work could extend the investigation to other tungsten grades, such as cold-
rolled grades, or even advanced tungsten materials and alloys. This would not only aid
in the selection of optimal tungsten grades for plasma-facing components (PFCs) but also
explore the potential of in situ annealing healing processes. Furthermore, conducting
coupled isothermal and isochronal annealing on irradiated tungsten materials could elim-
inate the time-dependent influence on recovery evolution. This approach would enable
the determination of activation energies. The activation energies, which are independent
of both temperature and time, could serve as a valuable reference for calculations and
simulations, essential for future advancements. Additionally, these experiments could
provide deeper insights into the fundamental nature of defect interactions.
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43. Ogorodnikova, O.V.; Gasparyan, Y.; Efimov, V.; Ciupiński; Grzonka, J. Annealing of radiation-induced damage in tungsten under
and after irradiation with 20MeV self-ions. J. Nucl. Mater. 2014, 451, 379–386. [CrossRef]

44. Chauhan, A.; Yuan, Q.; Litvinov, D.; Gaganidze, E.; Schneider, H.C.; Terentyev, D.; Aktaa, J. Effect of temperature on the neutron
irradiation-induced cavities in tungsten. Philos. Mag. 2022, 102, 1665–1683. [CrossRef]

45. Wang, S.; Guo, W.; Wang, H.; Yi, X.; Ge, L.; Sun, Y.; Cheng, L.; Zhang, X.; Yuan, Y.; Cao, X.; et al. Defect annealing in heavy-ion
irradiated tungsten: Long-time thermal evolution of saturated displacement damage at different temperatures. J. Nucl. Mater.
2023, 581, 154454. [CrossRef]

46. Breidi, A.; Dudarev, S.L. Dislocation dynamics simulation of thermal annealing of a dislocation loop microstructure. J. Nucl.
Mater. 2022, 562, 153552. [CrossRef]

47. Zakharova, M.I.; Artemov, N.A.; Bogdanov, V.V. Effects of neutron irradiation and annealing on the elastic moduli and electrical
resistivity of molybdenum and tungsten single crystals. Inorg. Mater. 2001, 37, 786–789. [CrossRef]

48. Zibrov, M.; Dürbeck, T.; Egger, W.; Mayer, M. High temperature recovery of radiation defects in tungsten and its effect on
deuterium retention. Nucl. Mater. Energy 2020, 23, 100747. [CrossRef]

49. Burke, J.E.; Turnbull, D. Recrystallization and grain growth. Prog. Met. Phys. 1952, 3, 220–292. [CrossRef]
50. Pantleon, W. Thermal stability of the microstructure in rolled tungsten for fusion reactors. Phys. Scr. 2021, 96, 124036. [CrossRef]
51. Alfonso, A.; Juul Jensen, D.; Luo, G.N.; Pantleon, W. Thermal stability of a highly-deformed warm-rolled tungsten plate in the

temperature range 1100–1250 ◦C. Fusion Eng. Des. 2015, 98–99, 1924–1928. [CrossRef]
52. Ciucani, U.M.; Thum, A.; Devos, C.; Pantleon, W. Recovery and recrystallization kinetics of differently rolled, thin tungsten plates

in the temperature range from 1325 ◦C to 1400 ◦C. Nucl. Mater. Energy 2019, 20, 100701. [CrossRef]

https://doi.org/10.1016/j.jnucmat.2014.08.002
https://doi.org/10.1088/1741-4326/ac75ff
https://doi.org/10.1016/j.jnucmat.2015.05.029
https://doi.org/10.1016/j.nimb.2014.07.043
https://doi.org/10.1016/j.actamat.2016.03.051
https://doi.org/10.1080/14786435.2012.754110
https://doi.org/10.1016/j.jnucmat.2019.02.050
https://doi.org/10.1088/1741-4326/ad7967
https://doi.org/10.1016/j.fusengdes.2023.113486
https://doi.org/10.1016/j.nme.2022.101357
https://doi.org/10.1002/pssc.200982114
https://doi.org/10.1016/j.jnucmat.2017.12.020
https://doi.org/10.1080/10420159208220193
https://doi.org/10.1016/j.jnucmat.2019.02.010
https://doi.org/10.1016/j.jnucmat.2020.152017
https://doi.org/10.1016/j.jnucmat.2014.04.011
https://doi.org/10.1080/14786435.2022.2079750
https://doi.org/10.1016/j.jnucmat.2023.154454
https://doi.org/10.1016/j.jnucmat.2022.153552
https://doi.org/10.1023/A:1017979230262
https://doi.org/10.1016/j.nme.2020.100747
https://doi.org/10.1016/0502-8205(52)90009-9
https://doi.org/10.1088/1402-4896/ac2854
https://doi.org/10.1016/j.fusengdes.2015.05.043
https://doi.org/10.1016/j.nme.2019.100701


Metals 2025, 15, 172 26 of 28

53. Yu, M.; Wang, K.; Zan, X.; Pantleon, W.; Luo, L.; Zhu, X.; Wu, Y. Hardness loss and microstructure evolution of 90% hot-rolled
pure tungsten at 1200–1350 ◦C. Fusion Eng. Des. 2017, 125, 531–536. [CrossRef]

54. Richou, M.; Durif, A.; Lenci, M.; Mondon, M.; Minissale, M.; Gallais, L.; Kermouche, G.; De Temmerman, G. Recrystallization at
high temperature of two tungsten materials complying with the ITER specifications. J. Nucl. Mater. 2020, 542, 152418. [CrossRef]

55. Ciucani, U.M.; Pantleon, W. Stagnant recrystallization in warm-rolled tungsten in the temperature range from 1150 ◦C to 1300 ◦C.
Fusion Eng. Des. 2019, 146, 814–817. [CrossRef]

56. Alfonso, A.; Juul Jensen, D.; Luo, G.N.; Pantleon, W. Recrystallization kinetics of warm-rolled tungsten in the temperature range
1150–1350 ◦C. J. Nucl. Mater. 2014, 455, 591–594. [CrossRef]

57. Levin, Z.S.; Brady, B.G.; Foley, D.C.; Hartwig, K.T. Recrystallization behavior of tungsten processed by equal channel angular
extrusion at low homologues temperature: Microstructure, hardness, and texture. Int. J. Refract. Met. Hard Mater. 2019, 83, 104966.
[CrossRef]

58. Tsuchida, K.; Miyazawa, T.; Hasegawa, A.; Nogami, S.; Fukuda, M. Recrystallization behavior of hot-rolled pure tungsten and its
alloy plates during high-temperature annealing. Nucl. Mater. Energy 2018, 15, 158–163. [CrossRef]

59. Xia, F.Z.; Wei, H.G.; Wang, M.P.; Zhu, D.H. Investigation of normal recrystallization and abnormal recrystallization in pure
tungsten sheet by EBSD. Int. J. Refract. Met. Hard Mater. 2015, 52, 98–103. [CrossRef]

60. Nogami, S.; Hasegawa, A.; Fukuda, M.; Rieth, M.; Reiser, J.; Pintsuk, G. Mechanical properties of tungsten: Recent research on
modified tungsten materials in Japan. J. Nucl. Mater. 2021, 543, 152506. [CrossRef]

61. Wang, K.; Zan, X.; Yu, M.; Pantleon, W.; Luo, L.; Zhu, X.; Li, P.; Wu, Y. Effects of thickness reduction on recrystallization process of
warm-rolled pure tungsten plates at 1350 ◦C. Fusion Eng. Des. 2017, 125, 521–525. [CrossRef]

62. Wang, K.; Ren, D.; Zan, X.; Luo, L.; Zhu, X.; Wu, Y. Recrystallization behavior of pure tungsten hot-rolled with high accumulated
strain during annealing at 1250 ◦C–1350 ◦C. Mater. Sci. Eng. A 2021, 806, 140828. [CrossRef]
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