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A B S T R A C T

Critical for tungsten alloys’ use as plasma-facing component materials are their thermal response and their
evolution under irradiation. Utilising Transient Grating Spectroscopy, TEM, and Molecular Dynamics, this
study sought to probe these changes in W, W6Ta, and W11Ta alloys. Irradiation with 12.25 MeV W6+ ions
was carried out in the CLASS facility at MIT at a temperature of 500 ◦C for doses of 0.1, 0.3, and 1.0 dpa. The
alloys’ thermal diffusivity was found to degrade less than that of the pure counterpart. Molecular Dynamics
simulation revealed that this was due to a reduced defect population below TEM resolution. Despite these
alloys showing enhanced resilience to thermal property degradation, it was found that the absolute values of
their thermal diffusivity remained below that of pure tungsten. This study highlighted a key interplay between
enhancing radiation tolerance with alloying additions and the alloy additions’ initial negative effect on the
thermal response and thus in-service behaviour.
1. Introduction

Tungsten (W) and its alloys have been the subject of study for
use in nuclear fusion devices for many decades. Specifically, W has
been touted as a candidate material for the divertor region of many
fusion devices. Any candidate material must contend with high heat
fluxes, 14.1 MeV neutron irradiation, plasma surface interaction [1],
and transmutation of elements [2], leading to a multitude of challenges
to overcome [3,4]. Due to its high thermal conductivity, high melting
point, high temperature strength, and low sputtering yield prior to
high-dose irradiation, W emerged as the primary material for devices
such as the ITER project [5]. Although these attributes have led to
W being the frontrunner for this region, issues with low-temperature
brittleness [6,7], formation of brittle phases under transmutation [8],
irradiation-induced hardening [9], reduction of thermal conductiv-
ity [10], and recrystallisation embrittlement [11] have led to the desire
to alloy W to improve these properties.

Refractory metal addition has been suggested as a route to improve
W while maintaining many of its more desirable properties, such as
its high melting point and strength [12]. Despite the high initial ra-
dioactivity of elements such as Molybdenum (Mo) [13] and Tantalum
(Ta) [14], the latter has gained traction for use in a binary alloy
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system because its radioactivity is more short lived, thus meeting the
100-year target for reduced activation materials [15]. Ta has gained
further attention due to its inhibition of brittle Rhenium (Re) 𝜎-phase
formation under irradiation [16], improved bending strength, crack
resistance under thermal loads [17,18], resistance to blistering under
plasma-surface interaction [19,20], increased recrystallisation temper-
ature and suppression of void formation under irradiation [12,21].
There has been some evidence of increased ductility with Ta addition
in computational studies, but this has not been seen in experiments.
Indeed, the opposite has been observed with an increase in the already
high DBTT with Ta additions [12,22]. Other potential component per-
formance problems may arise from the reduction in thermal properties
by alloying alone detailed in Nogami et al.’s recent comprehensive
look into the alloy system [12]. With surface temperatures of W-based
components already being >1000 ◦C and evidence of a reduction in
thermal properties with irradiation, the thermal properties of W alloys
are an important area of study.

Studies of the thermal response of pure W have found a spe-
cific influence of smaller defects. Reza et al. [23] used a mixture of
molecular statics and Transient Grating Spectroscopy (TGS) to study
https://doi.org/10.1016/j.fusengdes.2024.114676
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Fig. 1. Figure detailing exemplar EBSD maps generated for each sample composition. The beam energy was 20 kV and a 50 μm step size. The black areas mark pores formed
during the arc melting process.
the different contributions of dislocation loops and small vacancy de-
fects after irradiation. They concluded that the vacancies remaining
after recombination played an important role in the drop in the mea-
sured thermal diffusivity. Similar conclusions have also been drawn
elsewhere. Ferry et al. [24], when studying the thermal response of Si-
irradiated single crystal Niobium (Nb), found an initial drop and then
a subsequent recovery of the thermal diffusivity, consistent with TEM
observations. With this correlation in mind, Ta addition and the effect
on defect populations could show commensurate changes to the ther-
mal response. To study the effect of Ta addition, molecular dynamics
work by Qiu et al. [25] showed little difference in defect populations
during damage cascade simulations of different alloy compositions,
while the proton irradiation work by Ipatova et al. [26] and the self-
ion irradiation work by Yi et al. [27] have shown a larger density and
smaller size of dislocations. Therefore, it is of interest to investigate the
influence of small defects on thermal properties. To study the effect of
irradiation on the thermal properties of W-Ta alloys, this study utilises
Transient Grating Spectroscopy (TGS) to measure the thermal response,
and Transmission Electron Microscopy (TEM) and Molecular Dynamics
(MD) to investigate defect production and evolution.

2. Methods

2.1. Materials

The alloys for this study were made at the University of Sheffield
through the Royce Access Scheme by arc melting a W rod (diameter
5 mm, Alfa Aesar, ≤ 30 appm impurity elements) with Ta wire (di-
ameter 2 mm, Alfa Aesar, ≤ 30 appm impurity elements) in a copper
crucible under high vacuum and back-filled with Argon (Ar). Each but-
ton was flipped 15 times to allow homogenisation during melting. The
composition of each material produced was pure W, W-6wt% Ta, and
W-11wt% Ta (labelled W, W6Ta and W11Ta throughout) with no other
2 
elements beyond trace quantities measured by X-ray fluorescence (XRF)
(all other elements were found to be < 0.05wt%, the full verification
can be found in the data repository of this article). The samples were
then cut by Electrical Discharge Machining (EDM) to form samples of
dimensions 5 × 10 × 2 mm3, one for each irradiation condition, and
polished up to a 40 nm colloidal silica mirror finish after grinding with
SiC paper from p800-p4000 grits. Example EBSD (Electron BackScatter
Diffraction) maps are shown in Fig. 1. The average grain sizes of each
composition are: 2090 ± 1702 μm, 947 ± 238 μm and 749 ± 101 μm.

2.2. W-ion irradiations

Irradiations were carried out at the CLASS Facility at the Mas-
sachusetts Institute of Technology (MIT) at temperatures of ≈ 500 ◦

C (497±20.6 ◦C across all exposures, heat rate of 5 ◦C/min) and an av-
erage flux of 1.96×1015 ionsm−2s−1 with the experimental arrangement
shown schematically in Fig. 2. The temperature was monitored using
a 2-colour IR pyrometer and the beam current was measured using a
Faraday cup. 12.25 MeV W6+ W ions were used, with the penetration
depth calculated via SRIM (Stopping Range for Ions in Matter) [28]
(Fig. 3). The SRIM calculation was performed with the Quick Kinchin–
Pease method with the binding energy set to 0eV using the method
from Stoller et al. [29] and W displacement threshold of 90 eV as
per [30]. Damage levels of 0.1, 0.3 and 1.0 dpa were used to allow
insight into the behaviour of the thermal property in a DEMO reactor
(the final dose is ∼0.1 dpa for the first ITER divertor [31] and dose
rates of ∼3 dpa/fpy (displacements per atom per full power year) in the
DEMO divertor and up to 9 dpa/fpy at the first wall for plasma-facing
W components [32,33]).

2.3. Transient Grating Spectroscopy (TGS)

In order to probe the thermal response of the very shallow damaged
layer, TGS was used to reduce the influence of the bulk material on the
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Fig. 2. Schematic of the experiment set-up at the CLASS facility, detailing the temperature, flux and diagnostics.
Fig. 3. Figure showing the damage depth distribution in addition to the probe depth of the TGS. Note that due to the probe depth all thermal diffusivity measurements of
irradiated materials will have contributions from the bulk, but as the relative change is being studied, this effect is constant across each composition and condition.
measured diffusivity values. Two 532 nm probe lasers formed a grating
spacing of 𝜆𝑔𝑟𝑎𝑡 = 6.4 μm giving an approximate probe depth of ≈ 2 μm
(estimated as 𝜆𝑔𝑟𝑎𝑡∕𝜋 [34]) with a sampling rate of 1 kHz. This is shown
in Fig. 3 superimposed on the damage profile. TGS was used to measure
the thermal diffusivity of the material at each damage state in an ex-
situ setup at room temperature. For further details on the technique,
see the works by Hofmann et al. [35,36], Dennett et al. [37] and Wylie
et al. [38].

2.4. Transmission Electron Microscopy (TEM)

TEM was performed on a FEI Talos F200 system on samples made on
a FEI Helios 660 Gallium (Ga) Focused Ion Beam (FIB). FIB liftouts were
performed at 30 kV from random areas within the damaged region with
sample sizes of 10x20x1 μm. These were attached to a molybdenum grid
and initially thinned down to ≈ 170 nm with an 80 pA 30 kV Ga beam,
with an expected damage depth of ≈ 20 nm. They were further thinned
using a 39 pA 2 kV Ga beam with an expected damage depth of ≈2 nm.
The damage depths were calculated as described in Section 2.1 for a
Ga incident ion. While this damage depth is small and any generated
defects from the FIB were expected to escape to the surface, FIB damage
is seen in Fig. 6. An example of a lift-out and the analysed region
can be found in the supplementary information. STEM images were
taken with the (200) reflection excited, consistent with viewing loops
with expected Burgers vectors of either [100] or [111]. These images
were used at a consistent magnification for semi-automated analysis
3 
of the dislocations, with 3 micrographs per sample being used. The
sample thickness was measured with CBED (Convergent Beam Electron
Diffraction) for each composition and was averaged for three different
points per lamellae as per [39] (also shown in the supplementary
information). The lamellae thickness ranged from 90–140 nm across
all the samples. All measurements of foil thickness in the sample had
a variation of less than 10%. A cut-off diameter of 5 nm was chosen
based on the maximum size of the FIB defects in this work. Due to the
irregular and varied shape of the dislocations, the dislocation area was
recorded and converted to an equivalent diameter (approximated as a
perfect circle of area 𝜋𝑟2).

2.5. Molecular Dynamics (MD)

MD simulations were employed to further study defect generation
behaviour and population. Although the timescales and the size of the
simulations were not enough to capture statistically useful loop forma-
tion, they are used here to give insight into initial defect populations
and agglomeration. Using the EAM / FS potential of Chen et al. [40],
a PKA (Primary Knock-on Atom) damage cascade simulation was ran
using 432,000 atoms in a simulation box of 60a × 60a × 60a (a being
the lattice parameter of 3.165 Å ) and a PKA input at a random location
with an energy of 10 keV. A total of 20 PKAs were simulated with a
distance-limited variable timestep. This limited the maximum distance
that a particle can move in each timestep to control the highly energetic
particles at the beginning of the cascade.
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After equilibrating the system at 500 ◦C for 1.25 ps, a PKA was
created by deleting a random atom and creating an atom in its place
with an energy of 10 keV. The timestep of each PKA cascade was
limited between 10−8 𝑝𝑠 and 10−3 𝑝𝑠 for a series of four distance-
limited timestep runs. The first 150,000 timesteps were distance limited
to 0.00025 Å, then the next 150,000 to 0.001 Å, subsequent 75,000
to 0.005 Å, and the final 25,000 time steps to 0.01 Å . After these
timesteps were completed, a subsequent PKA was generated and the
process was repeated up to a total of 20PKAs. Periodic boundary
conditions were used and atoms were held at a temperature of 500 ◦C
to match the irradiations with the simulations run in an NVE micro-
canonical fashion. Each simulation was performed on LAMMPS version
29-Sep-2021 on 48 cores. Visualisation was performed with OVITO
software [41] and defect identification was conducted using OVITO’s
Wigner–Seitz function, with cluster analysis performed using a cutoff
distance of 1.1a. The files to run these simulations can be found in the
GitHub repository linked to this paper.

3. Results

3.1. Thermal diffusivity

The thermal diffusivity results are presented in Table 1 and are
shown graphically in Fig. 4. These detail changes in both the mea-
sured absolute and normalised values of the thermal diffusivity with
irradiation damage, with additional data from the literature [12,42].
The absolute values show an initial drop in thermal diffusivity with
alloying content, consistent with the existing literature on changes
in thermal properties of irradiated materials, including pure W [38,
42,43]. The change between 0.1 and 0.3 dpa for the W11Ta system
showed an significant increase while all other compositions and doses
show a slight change in thermal diffusivity with irradiation between
0.1 dpa and 1.0 dpa, but no increase with a high degree of statistical
significance. All these changes less than 2% and within the error bars
of other measurements. The final absolute values at 1 dpa showed a
decrease of 29.5%, 25.7% and 22.0% for W, W6Ta, W11Ta respectively.
Normalised data in Fig. 4 show the same saturation in diffusivity but
with the greatest reduction in the unalloyed material, suggesting a
greater effect of irradiation damage. The values of thermal diffusivity
appear to have saturated for sample W and W6Ta at 0.1 dpa. For
W11Ta, this seems to occur at 0.3 dpa with the difference between 0.1
dpa and 0.3 dpa values showing a point-by-point change greater than
2%. This suggests a delay in the saturation for this alloy.

The differences in diffusivity between the compositions are large in
the virgin state and remain large after irradiation. The initial difference
from unalloyed W is 41.5% for W-W6Ta and 50.7% for W-W11Ta with
the final difference being 38.4% and 45.4% for W-W6Ta and W-W11Ta
respectively.

3.2. Microstructural analysis

An overview of the microstructures is shown in Fig. 5 with high-
magnification images shown in Fig. 6. The defect diameter distributions
are given in Fig. 8 and the defect number density changes in Fig. 9.
All compositions show contributions of both dislocation loops and loop
chains at all damage levels, which can be seen further in Fig. 7. This
shows a series of loops in a chain with dislocation lines also seen, in
addition to singular loops. Higher magnification images further show
this and show the relatively little change in dislocation morphology
with increasing dose as can be seen by comparing images of 0.1 dpa and
1 dpa samples in Fig. 6. Fig. 6 shows the damage induced by the FIB
preparation method. This damage will be present in the micrographs
of the irradiated material, but it is clearly smaller in size and can be
identified and removed from the quantitative analysis.

The loop number density for the alloy compositions is higher at all
irradiated levels, with the average for the W11Ta is higher than the
4 
Fig. 4. (a) Graphs detailing the thermal diffusivity changes with irradiation, in addition
to W-Ta samples from elsewhere measured through the laser flash method [12,42] and
(b) details the normalised thermal diffusivity change to allow for further visualisation
of the percentage changes across each sample. The error bars were calculated based on
both the experimental distribution and the uncertainty in the measurements, with these
being one-sigma errors. The pristine values are slightly offset from 0 dpa for clarity
with the additional data.

Table 1
Overview of the irradiation conditions and final values for the thermal diffusivity at
different damage levels.

Sample Damage
(dpa)

Temperature
(◦C)

Flux (m−2s−1) Thermal
diffusivity
(10−5 m2s−1)

W 0 – – 7.36 ± 0.34
0.1 515.0 ± 33.2 1.96 × 1015 4.78 ± 0.33
0.3 491.0 ± 14.3 1.96 × 1015 5.11 ± 0.22
1 487.5 ± 18.0 1.96 × 1015 5.19 ± 0.21

W6Ta 0 – – 4.30 ± 0.19
0.1 510.2 ± 25.1 1.96 × 1015 3.10 ± 0.19
0.3 499.0 ± 22.8 1.96 × 1015 3.22 ± 0.09
1 482.1 ± 17.3 1.96 × 1015 3.19 ± 0.13

W11Ta 0 – – 3.62 ± 0.18
0.1 488.5 ± 28.7 1.96 × 1015 2.65 ± 0.05
0.3 512.4 ± 19.1 1.96 × 1015 2.88 ± 0.14
1 505.2 ± 19.6 1.96 × 1015 2.83 ± 0.20
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Fig. 5. An overview of the microstructures through Bright Field STEM images, with the (200) reflection highlighted with a white arrow in each micrograph.
Table 2
Data for final microstructures at each dpa, in addition to the MD simulations for the final defect population after 20 PKAs generated in the
system. In addition, the fraction of either interstitials or vacancies in a cluster (within 1.1a of another defect of the same type) is also listed.
Sample TEM MD

Damage
(dpa)

Loop number
density
(× 1021 m−3)

Loop size
(nm)

Final defect
population

Interstitial
cluster
fraction

Vacancy
cluster
fraction

W 0.1 7.34 ± 1.83 10.58 ± 5.90 259 ± 29 0.37 0.12
0.3 7.24 ± 0.93 11.03 ± 7.08
1 8.21 ± 0.97 12.13 ± 8.57

W6Ta 0.1 12.74 ± 1.65 11.25 ± 6.84 234 ± 11 0.27 0.11
0.3 9.95 ± 2.17 10.63 ± 1.52
1 10.63 ± 1.52 11.14 ± 7.65

W11Ta 0.1 16.84 ± 2.93 9.79 ± 4.57 223 ± 20 0.29 0.08
0.3 15.95 ± 3.17 8.11 ± 6.31
1 12.80 ± 2.61 10.70 ± 6.58
W6Ta in all damage levels. The evolution of the number density for the
alloys follows a weak negative trend with increasing dose, while pure W
shows a slight increase in the number density with each damage level.
The trends in diameter changes are less clear, but there is an increase in
the largest dislocations at the highest dpa with a positive trend for the
pure sample and the W11Ta, but these trends are weak (see Table 2).

3.3. Atomistic simulation

Snapshots of the molecular dynamics simulations at 1, 10 and
20 PKAs are seen in Fig. 10. The values for the evolution of the
defect number per PKA and the final interstitial and vacancy cluster
fractions are shown in Figs. 11 and 12. Due to the short timescale,
with interest being the generation of Frenkel pair populations, it is
only the clustering (interstitials of vacancies closer than 1.1 𝑎) and
not extended defects such as dislocations are simulated. These show a
5 
reduction in the number of defects with Ta addition. The evolution of
these defects shows an increase in the number of defects with increasing
PKA cascades. For all compositions, an initially steep gradient showed
rapidly increasing defect numbers at low PKA numbers, with this rate
of damage accumulation slowing with more PKAs cascades. The effect
of Ta showed a decrease in the number of defects accumulated at each
PKA, which became more pronounced at higher PKAs. With increasing
Ta addition, the number of defects reduced, but the change between
W and W6Ta was much less than the difference between W6Ta and
W11Ta.

For all alloys, there is significantly greater interstitial agglomeration
than vacancy agglomeration. The W6Ta showed the least interstitial
agglomeration and the W11Ta showed the smallest vacancy cluster
fraction, with both showing reduced clustering compared to pure W.
This suggested some inhibition of defect agglomeration when alloying.
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Fig. 6. Higher magnification STEM micrographs of loops and loop chains within each composition at both 0.1 and 1.0 dpa. Additionally an image of the damage created by the
FIB preparation is also seen. Again the (200) reflections are highlighted with a white arrow in each image, indicating the plane normal.
Fig. 7. STEM image of sample W01 (a dose of 0.1 dpa) highlighting both the loops
chain, an amalgamation of loops and lines, and of singular dislocation loops that formed
under irradiation.
6 
4. Discussion

4.1. Unirradiated thermal diffusivity values

Quantitative comparisons can be made for the unirradiated values.
The work presented here (Fig. 4) is consistent with the work of other
studies such as Nogami et al. [12] and Fukuda et al. [42]. Alloying
decreases the thermal properties through straining of the lattice pro-
viding scattering centres for electron and phonon thermal transport in
the sample. Ta in solid solution provides small strains in the lattice,
affecting phonon transport, while electronic contributions from the Ta
also reduce the thermal diffusivity. The thermal diffusivity of Ta itself
sits far below that of W, at 2.42 × 10−5 m2s−1 [44] compared to W’s
measured diffusivity of ≈ 7 × 10−5 m2s−1. This implies a contribution
from the innately lower thermal diffusivity of the Ta atoms and the
contribution through the lattice strains caused by solid solution. It is
clear that alloying has a significant effect on thermal properties. To
compare with the effects of irradiation, alloying with 6% Ta gave a
greater reduction than irradiating unalloyed W in this study and pure
W irradiated at room temperature and annealed at 400 ◦C in Reza
et al. [45]. Alloying with W11Ta in this study is comparable to a similar
decrease as irradiating pure W at RT and annealing at 200 ◦C [38] and
with proton irradiations by Habainy et al. [46] up to damage levels
of 5.8 dpa. Alloying effects have been shown to be less pronounced
at higher temperatures [42], but such a significant drop is likely still
to play a part during operation. This has a twofold effect in that the
design of new alloy systems must account for these changes, and that
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Fig. 8. Histograms of the dislocation loop equivalent diameter distribution for each damage level of (a) 0.1, (b) 0.3 and (c) 1.0 dpa as taken from the TEM micrographs.
Fig. 9. Loop number density evolution with damage across each composition as
measured in the TEM micrographs, showing consistently higher dislocation densities
across the alloyed samples. The Ta content in each same is highlighted by a different
colour, indicated in the legend.

in systems where the thermal properties are a priority, alloying may
not always be useful depending on the total dose of the component.
The increases in temperature caused by this reduced thermal transfer
could lead to different recovery kinetics under irradiation (W has
been shown to recover defects at temperatures similar to operating
temperatures [1,47], and fully recover at temperatures ≈ 300 ◦C above
7 
it [48]) and affect the diffusion processes of plasma species and trans-
mutation products. Therefore, this means that a comparison between
irradiations at the same temperatures for different alloy systems may
not be representative of the reactor environment if these alloy systems
replace, e.g., W in the divertor. This would be due to the temperature of
an alloyed component being higher than that of a pure W component,
meaning the potential for different damage morphologies. Indications
of these effects have been seen in [49] where Ta addition, known
to be beneficial for reducing the extent of surface modification in W
by plasma species [20,50], performed more poorly under ELM-like
conditions, suggested to be due to the reduced thermal conductivity
still having an effect at elevated temperature, causing a great increase
in surface temperature, thus surface modification.

4.2. Alloying effects on defect structures

The dislocation structures presented here demonstrate an increase
in the loop number density with alloying composition (Fig. 9). This is
consistent with the work of Yi et al. at the same temperature for pure W
and a 5%Ta alloy. Overall, the alloyed samples also showed an increase
in smaller dislocations across all damage levels. The number of defects
under 10 nm was consistently higher in all alloy compositions. This
would imply a reduction in the ease of formation of loop chains with
alloying and therefore smaller dislocation diameters were recorded.
This can be associated with an increase in the Peierls stress by alloying
and is consistent with the experimental works by Yi et al. [27] and
Ipatova et al. [26] which demonstrated an increased number density
and reduced size of defects with Ta alloys, and with computational
studies [25,51] predicting an increase in Peierls stress. The cut-off
diameter for quantitative analysis for the dislocation was used as 5 nm.
across each sample. This was required to not include FIB damage,
but defects in Ta alloyed samples have been seen to be below 5 nm
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Fig. 10. Snapshots of the cascade evolution at PKA numbers of 1, 10 and 20PKAs. The white dots represent vacancies across each image, and the atoms with colour represent
interstitials.
Fig. 11. Figure showing the number of defect present in the simulation box evolving
with increasing PKA number. The alloyed samples showed a reduction in final Frenkel
pairs produced when compared to the pure W.

elsewhere [26] and therefore may have been present in these sample
too. Other works such as Yi et al. [27] have found such a correlation
8 
Fig. 12. Fractions of interstitial and vacancies clusters within each alloy composition
demonstrating a weak trend in clustering reduction with alloy addition.

with increased alloying, showing a reduction in loop size and an
increase in density with alloying with both Ta and Re in binary syst-
ems.

The alloy samples showed a decreasing trend in the defect popu-
lation with dose and a small increase in the defect size. This implied
loop agglomeration with increasing dose. As the pure W values were
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consistent, it implied that minimal agglomeration of loops was occur-
ring, and rather loop growth. This may be due to the increased Peierls
stress retarding the formation of loop chains in the alloy samples.

The molecular dynamics simulation showed an increase in defect
recombination with the addition of Ta. This enhanced recombination
led to smaller final defect number, with this effect becoming less
pronounced with increasing Ta addition. Defect saturation begins to
occur at high PKA numbers, where the generated Frenkel pairs are
likely to interacted with defects already in the lattice to recombine. This
is consistent with work on binary systems elsewhere by Jin et al. [52]
that showed enhanced recombination in Ni-Fe alloy systems over much
longer cascades. Some room temperature MD cascade studies in W-Ta
alloys of single cascades at a range of energies did not find such recom-
bination enhancement [25], but ab-intio works [53] have demonstrated
a strong repulsive force of SIAs along the ⟨111⟩ crowdion direction with
some weak attraction when Ta occupies the perpendicular neighbour-
ing site to this direction and small vacancy attraction (with the study
concluding this attraction to be insignificant). Overall, this would lead
to enhanced defect recombination in WTa systems as seen in this study.
This is consistent with alloying with Re where Positron Annihilation
Spectroscopy (PAS) demonstrated a reduced number of small vacancy
defects [54]. Additionally, as is shown here, such differences in defect
populations can occur after multiple cascades which was not simulated
by Jin. Agglomeration of these defects into clusters was observed,
and the interstitials showed a greater affinity for cluster formation
than vacancies. This is consistent with the mobility of interstitial-type
defects compared to vacancy defects at this temperature in W [47].
This agglomeration was reduced with Ta addition, suggesting a reduced
mobility of these small defects in the matrix. The demonstrates a
disagreement between the experimental works showing increased num-
ber density of resolvable defects, and with the atomistic simulations
showing a reduced number of Frenkel pairs. The implication is that the
resolvable defects populations have a different trend to those simulated
during the PKA cascades. Defect populations have a critical effect on the
thermal properties, and thus measurement of the thermal properties can
further elucidate the defect populations. Therefore, irradiated thermal
properties are critical for understanding the evolution of the defect.

4.3. Irradiated thermal diffusivity

The measured absolute value will have contributions from the un-
damaged bulk due to the probe depth of the TGS profile. Hence, care
should be taken when making a quantitative comparison with other
studies. At the lowest damage level of 0.1 dpa all compositions show
the greatest reduction in thermal diffusivity. Point-by-point changes
beyond 0.1 dpa are minimal for all alloys, apart from in between
W11Ta01 and W11Ta03, suggesting that a level of saturation has
occurred within pure and W6Ta at 0.1 dpa and 0.3 dpa in the W11Ta
system. Saturation by 0.1 dpa is consistent with work in pure W
elsewhere by Wylie et al. [38] but seen at a higher dose of 1 dpa in
Reza et al. [23], both for room temperature irradiations. Saturation at
lower damage levels in this study could be due to higher defect mobility
at the higher temperatures, meaning defects would agglomerate more
quickly for the same dose rate. The saturation in the W11Ta sample
occurred at a higher damage level of 0.3 dpa. The profile of the W11Ta
shows an initial ‘drop and recovery’ consistent with work in W by Wylie
et al. [38] and in Nb by Ferry et al. [24]. These studies suggest this is
due to ordering of smaller dislocations into larger ones. For this to be
the case here, changes in the size and density of dislocations should
follow the same trend as the diffusivity profile. This is not the case,
implying that a different factor must be contributing to these changes,
such as smaller defects than were resolvable in the TEM.

Small defects, below that of TEM resolution, have been proposed
as the dominant defects on thermal property changes. This theory can
be the basis for understanding the shape of the diffusivity profiles in

this work. This was thoroughly investigated by Reza et al. [23] using a
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mixture of irradiation and molecular statics calculations. Through this,
Reza demonstrated the significant influence of Frenkel pair generation
and small monovacancies on the thermal diffusivity drop over that
of larger defect structures. While there is an increase in the number
density of TEM resolvable defect structures under irradiation with
increasing Ta addition in this study and in other [27], MD has shown a
reduction in Frenkel pairs produced through enhanced recombination.
The atomistic simulations are consistent with the thermal diffusivity
change, while the TEM resolvable defect structure trends are not.
This suggests a reduction in defect population of the alloyed sample
leading to an improved response to irradiation of the thermal diffusivity
(demonstrated in the normalised values in Fig. 4). It follows that the
reduction in Frenkel pairs produced, shown by the MD simulations,
is therefore contributing to a more irradiation tolerant thermal dif-
fusivity in the alloyed samples. This shows that these small defects
play a critical role in the thermal diffusivity drop and that enhanced
recombination in alloyed samples can act to reduce this drop in thermal
conductivity under irradiation. This is an example of how these alloys
are more tolerant to irradiation than the pure counterpart. To extend
this work to broader alloy design, enhanced recombination has been
demonstrated to reduce the relative change in thermal properties by en-
hancing the recombination of point defects. It poses the idea that some
alloy additions, should they employ similar recombination behaviour,
could be more beneficial than their pure or lower alloy counterparts on
longer timescales. Through enhanced recombination, end-of-life values
have the potential to show improvement not only on a relative basis
but also on an absolute basis in some systems.

5. Conclusion and further work

Overall, this study demonstrated a significant reduction in the ther-
mal diffusivity under irradiation of W and W-Ta alloys. The irradiation-
induced reduction in thermal properties was mitigated by Ta addition,
which has been suggested to be due to a reduction in defect generation
and enhanced recombination in these alloy systems. While this is
beneficial in terms of acting to reduce the defect production under
irradiation, critically, the loss from the initial alloying stage is too great
for any reduction in damage to be beneficial for these alloyed samples
in terms of their thermal properties. For design of fusion components,
this highlights the importance in accounting for changes in thermal
properties with alloying and their behaviour under irradiation; when
seeking improvement in other properties from alloying.

Further study should investigate these effects at more temperature
ranges, where different defects will form under irradiation and there-
fore interact with the alloying elements differently. In addition, studies
using techniques like PAS for the defect population could further aid
in understanding the concentrations of small, below the resolution of
TEM, defects and their effect on the thermal properties.
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