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ABSTRACT

Tungsten is a promising candidate material for plasma-facing armour components in future fusion reac-
tors. A key concern is irradiation-induced degradation of its normally excellent thermal transport prop-
erties. In this comprehensive study, thermal diffusivity degradation in ion-implanted tungsten and its
evolution from room temperature (RT) to 1073 K is considered. Five samples were exposed to 20 MeV
self-ions at RT to achieve damage levels ranging from 3.2 x 10~ to 3.2 displacements per atom (dpa).
Transient grating spectroscopy with insitu heating was then used to study thermal diffusivity evolution as
a function of temperature. Using a kinetic theory model, an equivalent point defect density is estimated
from the measured thermal diffusivity. The results showed a prominent recovery of thermal diffusiv-
ity between 450 K and 650 K, which coincides with the onset of mono-vacancy mobility. After 1073 K
annealing samples with initial damage of 3.2 x 10~3 dpa or less recover close to the pristine value of
thermal diffusivity. For doses of 3.2 x 10~2 dpa or higher, on the other hand, a residual reduction in
thermal diffusivity remains even after 1073 K annealing. Transmission electron microscopy reveals that
this is associated with extended, irradiation-induced dislocation structures that are retained after an-
nealing. A sensitivity analysis shows that thermal diffusivity provides an efficient tool for assessing total
defect content in tungsten up to 1000 K.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

injection decreases it by 55% with just 3000 appm of He ingress
[7,9]. In the reactor, a degradation of thermal diffusivity would lead

Tungsten and its alloys are frontrunners for use in plasma fac-
ing armour components of future fusion reactors [1-4]. This is due
to the high thermal conductivity, high melting point, low sputter-
ing yield and low vapour pressure of tungsten [3,5]. In service,
armour components must withstand a harsh operating environ-
ment with high temperatures, intense neutron irradiation and large
heat flux [1,3,6]. Neutron irradiation can alter the structure and
chemistry of tungsten, changing its physical properties such as its
strength and thermal conductivity [7-10]. Room temperature (RT)
thermal conductivity of pure tungsten is known to reduce dra-
matically with irradiation; up to 50% once 0.1 displacements per
atom (dpa) of displacement damage is reached. Similarly helium
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to steeper temperature gradients within components for the same
heat load. This would cause (a) higher surface temperatures that
could lead to cracking and melting, and (b) larger thermal stresses
that would accelerate fatigue [1,11]. A comprehensive understand-
ing of the evolution of tungsten’s thermal diffusivity with radia-
tion and temperature is thus essential for the design of safe and
efficient future fusion reactors.

In addition to neutron bombardment, tungsten will also be ex-
posed to deuterium and helium that may diffuse into the material
from the plasma [4,12-14]. Helium can form micro-bubbles within
the matrix and create surface fuzz [15,16] while deuterium creates
gas-filled voids and causes surface blistering [14,17]. Neutron bom-
bardment can induce transmutation to form rhenium, osmium and
tantalum that reduce the purity of the material [18-20]. Helium is
also produced by transmutation, in larger quantities than those en-
tering the matrix from the plasma, and deeper beneath the surface

1359-6454/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license
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[12]. In addition to transmutation, neutron bombardment can dis-
place lattice atoms creating self-interstitials and leaving behind va-
cancies. The displaced atoms can go on to knock further atoms off
their lattice sites, creating cascades of displacement damage. These
defects can elastically interact and evolve to form more complex
defect structures that modify material properties such as the ther-
mal conductivity, elastic modulus and others [10,21]. In this study,
we focus on the temperature and dose evolution of displacement
damage and the associated thermal diffusivity degradation.

High energy self-ion implantation mimics the displacement
damage created by fusion neutrons, while side-stepping additional
complexities associated with neutron irradiation, such as trans-
mutation. The defect population created by RT ion bombardment
spans a range of sizes, from single atom defects to large defect
clusters and dislocation loops [22-24]. At low doses the defect
size distribution follows a power law with a negative exponent,
giving more small defects (point defects and small clusters) and
fewer large defects (large clusters, loops and voids) [23,25]. At
medium and high doses, the defect population can be more com-
plex as there is significant overlap of displacement damage cas-
cades, which leads to the formation of larger defect structures and
dislocation networks [26]. Recent modelling work suggests that at
high doses a dense population of small defects persists, in addition
to the larger defect structures [27]. Traditional defect imaging tech-
niques such as transmission electron microscopy (TEM) have lim-
itations on the smallest size of defects that can be distinguished,
usually -1.5 nm [28]. Hence most studies have not considered the
effects of defects below this size [7,29]. Yet, previous studies sug-
gest that these ‘hidden’ defects may significantly affect mechanical
properties [29] and thermal diffusivity [7].

The effect of irradiation temperature on defect populations
in tungsten has been probed extensively in the past, including
work on ion-implantation [30-32] and neutron irradiation [33]. RT
ion-implantation studies on thin-foils showed TEM visible loops
(>1.5 nm), that were vacancy loops. The mechanism of their for-
mation is believed to be from the collapse of regions having a
super-saturation of vacancies at the core of displacement cascades.
For higher temperature implantations, 500 °C, interstitial loops are
also observed at higher doses [32]. However the defect yields at
high temperature were lower than those at RT [30]. This is due
to vacancy mobility which enables long-range migration, thus re-
ducing the local concentration below the nucleation threshold for
loops. Annealing of implanted tungsten to higher temperatures (>
800 °C) showed significant increase of loop size, accompanied by
a reduction in the number of loops [34]. The observed loops were
also reported to be of interstitial type. Temperature plays a key role
in the mobility of the different defect structures and thus the dam-
age population that evolves.

Several studies have also been undertaken on post-irradiation
annealing, examining the recovery of defects in tungsten. Most of
these studies used indirect methods such as electrical resistivity
measurements [35-38] and only recently direct TEM observation
[34]. These studies considered ex-situ annealing followed by the
resistivity measurements / microscopy. Thus far there has been
only one study on implantation-induced defects in tungsten, which
used TEM with insitu irradiation and heating [24]. Resistivity mea-
surements and positron annihilation lifetime spectroscopy (PALS)
have been particularly useful in identifying the recovery stages of
specific types of defects and the corresponding temperatures in
tungsten [39]. It should also be noted that defect recovery stages
differ in single-crystal and polycrystalline tungsten, due to the ab-
sence of grain boundaries in single-crystals, which act as sinks
for defects [34,37]. The first stage of defect recovery occurs below
<100 K, where free interstitials become mobile and begin to travel
around the lattice towards vacancies and other sinks [34]. Between
-100 K and 520 K is the second stage where interstitials can be re-
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leased from defect traps such as cascades [40]. The third stage of
defect recovery centers around monovacancies, which become mo-
bile at 520 K [39,40]. A fourth recovery stage at-800 K in tungsten
has been generally attributed to vacancy-impurity complexes and
di-vacancies [37]. A fifth stage at <1100 K is loosely attributed to
the formation of voids and the breaking down of defect clusters
[34,41]. For the temperature range covered in this study, i.e. RT-
1073 K, defect recovery stages 2-4 are applicable.

Although self-ion implantation is an easier alternative to neu-
tron irradiation, it poses a challenge due to the fact that it only
produces a thin damaged layer ( ytm). Transient grating spec-
troscopy (TGS) provides us with the unique capability of rapid,
non-contact and accurate measurements of thermal diffusivity in
micron thick implanted layers [9,42]. Kinetic theory models can
utilise these measurements to provide estimates of the underlying
defect densities [7,43].

In this study we demonstrate that TGS is able to capture the
evolution of thermal diffusivity in thin self-ion implanted tung-
sten surface layers during insitu annealing (Section 3.1). An esti-
mate of the underlying defect densities is obtained from the mea-
sured thermal diffusivities using simple kinetic theory point scat-
tering models (Section 3.2). The insitu heating capability provides
high resolution in temperature, thus making it possible to iden-
tify the onset of different defect healing mechanisms as well as
estimate the proportion of defects removed. TEM is performed
to confirm predictions of microstructural evolution obtained from
the thermal diffusivity measurements and defect density estimates
(Section 3.3).

2. Materials and methods
2.1. Sample preparation and implantation

The samples for this study were a subset of those used in
[7] and thus their preparation and implantation procedure is only
briefly summarised here. Polycrystalline tungsten samples with
>99.97 wt% purity procured from Plansee were cut into 10 mm
squares (1 mm thick), and annealed for 24 hrs at 1723 K in a vac-
uum of <10~ bar. The samples underwent a polishing process that
included mechanical, diamond slurry and electro-polishing steps.
An electron back scatter diffraction (EBSD) map of the 3.2 x 102
dpa sample showing the average grain sizes is given in Appendix A.

lon implantations were carried out with 20 MeV 84W5+ jons,
using a 5 MeV tandem accelerator at the Helsinki Accelerator Lab-
oratory [44]. The beam spot size used was-5 mm, and raster scan-
ning was utilised over a 15 x 15 mm? region to obtain a uniform
implantation profile. Five dose levels were considered: 3.2 x 1074,
32 x 1073, 32 x 1072, 3.2 x 10~! and 3.2 dpa. The lowest
and highest dose samples were implanted with flux densities of
6.2 x 108 and 11 x 10" jons/cm?/s respectively. The rest were
implanted at3.1 - 5.0 x 10 jons/cm?2/s. All implantations were
“nominally” at room temperature. We estimate that the maximum
temperature rise for the highest dose sample is no more than
100 K, and less for lower doses. Fig. 1(b) shows a normalised
damage profile of the samples, obtained from SRIM [45]. For the
SRIM calculations a threshold displacement energy of 68 eV was
used for tungsten [46], with the ‘Quick Kinchin-Pease’ calculation
model. The implanted samples were sectioned into four equally-
sized quartets, using a water-cooled diamond tipped fast saw, to
enable separate analysis whilst having the same implantation his-
tory. Thermal diffusivity scans carried out near the sectioned edge
confirmed no change in the thermal diffusivity due to the sec-
tioning process. As an extra precaution, the measurements for this
study were carried out 2 mm away from the sectioned edges. The
as-implanted samples have been considered in several separate
studies concerned with irradiation induced changes in lattice strain
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Fig. 1. (a) Sample TGS traces for the annealed and unannealed 3.2 dpa sample. (b) damage and implantation profiles predicted by SRIM (normalised to 1 dpa). The shaded
background in (b) indicates the TGS probing depth. The dashed vertical line in (b) shows the ~ )‘/n probing depth for the thermal diffusivity measurement.

[47], plastic deformation behaviour [48], defect structure formation
[49] and thermal diffusivity [7].

2.2. Thermal diffusivity measurements with insitu annealing

2.2.1. Thermal diffusivity

Thermal diffusivity measurements were carried out using the
transient grating spectroscopy (TGS) method [50-53]. Details of the
setup used can be found in [54]. Two excitation pulses (532 nm
wavelength, 0.5 ns pulse duration, 1 kHz repetition rate, 1.5 pj
average pulse energy at sample) were crossed at the sample sur-
face at a well-defined angle, to create a spatially periodic inten-
sity pattern, with a well-defined wavelength. The sample surface
partially absorbs the light, creating a thermal grating. Rapid ther-
mal expansion creates a displacement grating and launches two
counter-propagating surface acoustic waves (SAWs). The thermal
and displacement grating are referred to as the ‘Transient Grating’.
After the excitation pulse, heat flows from the peaks to the troughs
of the temperature grating as well as into the bulk, and thus the
temperature grating decays. The rate of this decay depends on the
thermal diffusivity of the sample’s surface region [51] . The SAWs
introduce a temporal oscillation of the surface displacement grat-
ing that depends on the elastic properties of the sample [10,55]

The rate of decay of the transient grating is probed by diffract-
ing a ‘probe’ laser beam (continuous wave, 559.5 nm wavelength)
from it. The intensity of the diffracted beam, monitored by an
avalanche photodiode, decays with a time constant that contains
the thermal diffusivity signature of the sample. The probe beam
is heterodyned with a reference beam for increased signal inten-
sity [50,53,54,56,57]. Fig. 1(a) shows sample traces for the 3.2 dpa
sample, before and after annealing. The unannealed state exhibits a
slower signal decay, indicating a lower thermal diffusivity. The os-
cillations in the signals are due to the counter-propagating SAWs
[58].

The wavelength of the transient grating, i.e. the TGS wavelength
used in this study, was set at A = 5116 £+ 0.001 pm. This sets
the thickness of the sample layer within which thermal diffusivity
is probed, ~ )‘/n, at~1.6 pm [51]. From Fig. 1(b) we see that this
probing depth is fully contained within the thickness of the sur-
face layer damaged by self-ions. The mean probe beam power was
22 mW (at the sample), which was the total for both probe beams

and reference beams as the dual-heterodyne technique was used
[53]. The average power of the excitation beams at the sample was
<.5 mW (1.5 pJ pulses at 1 kHz). The average excitation and probe
power absorbed by the sample was-0.75 mW and ~-11 mW respec-
tively, consistent with a sample reflectivity of 50%. The laser spot
size at the sample was90 pm and -140 um for the probe and exci-
tation respectively (1/e? level).

2.2.2. Insitu annealing

A high temperature resistive button heater was used for insitu
annealing (Heatwave labs 101,491, 0.5 inch diameter). It is held in
a refractory metal heat shield and uses clips (Fig. 2(c)) to press the
sample to the heater surface during TGS measurements (Fig. 2(a)).
The heater is rated to 1473 K but was tested only to 1073 K as this
was sufficient for this study. Ceramic spacers, shown in Fig. 2(c)
are used between the sample clips and the sample surface to pre-
vent heat loss to the clips. A K-type thermocouple placed on the
rear surface of the heater, within the heat-shield, is used for tem-
perature control. For the sample temperature reading, a second K-
type thermocouple was clamped on to the sample surface using
one of the sample clips and a ceramic spacer for thermal and elec-
trical insulation. Fig. 2(c) shows the heater assembly with a tung-
sten calibration sample in place. As tungsten readily oxidises at el-
evated temperatures (> ~700 K) [11,59], a vacuum of 10~> mbar
or greater was used in this study, provided by a turbo-molecular
pump and a diaphragm backing pump. To maintain the alignment
of the sample with respect to the laser beams while connected to
the pumps, counterbalanced vacuum bellows were used.

To control the heater, a proportional-integral-derivative (PID)
controller (Omega Platinum CN8DPt) along with a Darlington tran-
sistor was used. Temperature readout and the TGS measurements
were automated via MATLAB [60]. For all samples a uniform heat-
ing/cooling rate of <13 K/min (RT - 1073 K in 1 hr) was used. Since
no active cooling was implemented, below 500 K the rate of cool-
ing was less than 13 K/min. A sample corresponding to each expo-
sure condition was heated sequentially to 473 K, 673 K, 873 K and
1073 K, cooling to RT after each ramp. They were held at the max-
imum temperature for 2 min in each cycle. TGS data was recorded
at 20 second intervals (corresponding to a temperature range of
4 K at this heating rate) throughout the heating and cooling seg-
ment of each cycle.
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Fig. 2. (a) The insitu heater with the sample marked and the laser beams visible on the sample and the achromatic doublet. This image was taken with the heater at
873 K. (b) View of the sample showing the excitation and probing spots through the in-line microscope. (c) Close-up view of the heater showing the sample, spacers and

thermocouple.

2.3. Transmission electron microscopy

TEM cross-section lamella were lifted out from the as-
implanted 3.2 x 103 dpa and annealed 3.2 x 10~2 dpa sample us-
ing a Zeiss NVision 40 FIB-SEM fitted with a gallium source. After
insitu lift-out, they were subsequently thinned to electron trans-
parency using 30 keV Ga ions and beam currents from 700 pA to
80 pA. A final step of surface cleaning used 5 keV 200 pA Ga ions
to remove as much as possible of the FIB induced surface damage.
TEM investigation was carried out using a Jeol 2100 TEM with LaBg
source, operating at 200 keV. The TEM specimens were tilted close
to weak-beam conditions suitable for radiation defect characterisa-
tion.

3. Results
3.1. Thermal diffusivity

First we examine the thermal diffusivity evolution of the dif-
ferent samples for the various annealing stages from RT to 1073 K
(Fig. 3). Data at each measurement point was averaged over 5000
laser excitations to increase accuracy. Sample TGS traces for the
3.2 dpa sample, before and after annealing, are shown in Fig. 1(a).
The trace after annealing decreases faster, indicating a higher ther-
mal diffusivity after annealing. The traces were fitted using custom
MATLAB [60] scripts, taking into account the thermal diffusivity
and SAW contributions to the signal (see eqn. B.1 in Appendix B for
the fitting equation). A pristine tungsten sample was also mea-
sured as a reference and its data plotted as a grey shaded area in

Fig. 3. The upper and lower bounds of the region correspond to one
standard deviation, after averaging the measurements over 20 K
temperature intervals. Data for a hypothetical case where no an-
nealing occurs, for the 3.2 dpa sample, is given by the black cross
markers in Fig. 3(e). This was obtained by predicting the RT de-
fect density using the model detailed in Section 3.2 and keeping it
constant throughout. This is discussed in more detail in section 4.

For the lowest dose sample (3.2 x 104 dpa, Fig. 3(a)) the
unannealed RT thermal diffusivity is ~ 6.0 x 107> m2s~—1; ~10%
lower than the pristine value. After the 673 K anneal, it recov-
ers to the pristine value, suggesting significant defect removal. For
the as-implanted 3.2 x 10~3 dpa sample, as seen at the start
of the 473 K anneal in Fig. 3(b), the RT thermal diffusivity is
~5.0 x 107> m2s~1. It is observed to be the same after the 473 K
anneal, suggesting negligible defect evolution in that temperature
range. However, the RT thermal diffusivity after the 673 K anneal is
~ 5.8 x 107> m2s~1, indicating that significant annealing has taken
place. The 873 K and 1073 K anneals further increase the RT ther-
mal diffusivity to 6.0 and 6.4 x 10~> m2s~! respectively, thus ap-
proaching the unimplanted value.

Likewise, in the 3.2 x 1072 dpa sample (Fig. 3(c)), the 473 K
anneal does not alter the RT thermal diffusivity. The 673 K an-
neal however increases the RT thermal diffusivity from 3.5 to 4.6 x
10— m2s~1. Subsequent anneals continue to increase the thermal
diffusivity up to 5.0 x 10~> m2s~1 after the 1073 K anneal. For the
higher doses, i.e. the 3.2 x 10~! dpa and 3.2 dpa, the annealing
behaviour is similar to the 3.2 x 10~2 dpa sample, where a RT
thermal diffusivity of 5.0 x 10~5 m2s~! is reached after the 1073 K
anneal, significantly less than the pristine sample value.
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Fig. 4 provides a summary of the RT thermal diffusivities mea-
sured after the different annealing cycles for all samples. For the
higher dose samples (> 3.2 x 102 dpa) the thermal diffusivity
only recovers to 5.0 x 10> m2s~! after the 1073 K annealing cy-
cle. In the lowest dose sample, complete recovery is seen, returning
values close to the book value for pristine tungsten [61]. This sug-
gests that some defects are retained in the high dose samples even
at 1073 K. Across all samples, the 673 K annealing cycle consis-
tently gave the most significant recovery of thermal diffusivity. An
interesting point to note is the fact that the unannealed 3.2 x 103
dpa sample and annealed higher dose samples have similar RT
thermal diffusivity. In addition, it is worth noting that the RT ther-
mal diffusivity after the 673 K anneal decreases with increasing
dose, similar to the RT thermal diffusivity in the as-implanted sam-
ples before annealing.

3.2. Defect annealing kinetics from thermal diffusivity measurements

Above the Debye temperature (312 K for tungsten [62]) elec-
trons are the main carriers of heat. Increased scattering of conduc-
tion electrons due to the presence of implantation-induced crys-
tal defects decreases the thermal diffusivity. The present samples
are of high purity and thermal diffusivity measurements after an-
nealing and before ion implantation confirmed a thermal diffusiv-
ity corresponding to pristine tungsten. The samples are also large
grained, with grain sizes on the order of tens of microns (see
Fig. A.1 in Appendix A for grain maps), and hence grain bound-
ary scattering is negligible [63]. Hence, we can unambiguously at-

tribute the observed reduction in thermal diffusivity to increased
electron scattering from crystal defects induced by the ion implan-
tation. The subsequent recovery of thermal diffusivity upon anneal-
ing hints at the removal of defects. In this section we examine the
evolution of the defect population, by using our thermal diffusivity
measurements to estimate the underlying defect densities.

3.2.1. Formulation
The electronic thermal conductivity, e, can be expressed as a
function of the electronic heat capacity C,, fermi velocity v and
electron scattering time 7. as follows [64]:
1
= 1
3 (1)
The electron scattering time for pristine tungsten can be ex-
pressed as

Ke = 5 CelV2Te.

Te= (00 + T+ 03 Tz)fl.

(2)

where oy is the temperature-independent scattering contribution
from impurities (-0 for pure tungsten), o¢T is the electron-phonon
scattering term that scales linearly with temperature and o, T2 is
the electron-electron scattering contribution. Their values are de-
termined from the temperature dependence of the thermal diffu-
sivity of pure tungsten [61] and are given in Table 3.1.

Considering the self-interstitials and vacancies created by the
implantation as impurities in the pure tungsten matrix, the elec-
tron scattering time at an impurity of type ‘m’ is given by
-1

Tem = (Gom + 01T + 03 T?) (3)
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Table 3.1
Values and/or sources of parameters used.
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Parameter  Value

Source

0o 44 x 10714 s -1 Calculated from [61]
0 135 x 101 s -1 K- 1 Calculated from [61]
03 842 x 107 s~ 1K~ 2 Calculated from [61]
00, 16.5 fs—! Calculated from [69]
oo 5.8 fs! Calculated from [69)]
Ce 87.4T Jm~3K-1 [70]
Cp 21.868372 + 8.068661 x 1073T - 3.756196 x 1076T2 + 1.075862 x 10~9T3 +1.406637 x 104T2 [68]
L 32 x 108 V2 K - 2 [71]
Vg 9.50 A fs~1 [70]

Here op, is the scattering contribution from the impurity
[65,66]. For the defect densities considered in this study, the ef-
fect of defects on electron-phonon and electron-electron scattering
rates is small, and hence o7 and o, were assumed to be constant.

The thermal conductivity for the matrix containing defects or
impurities, with atomic fraction ¢, and scattering time 7 is then
given by [9] as

-1
1., Cm 1
Ke = §CeuF (Zm: . + (1 - Zcm> Te) ) (4)

Due to the complexity of the irradiation-induced defect popula-
tion, in this study we represent the damage caused by irradiation
in terms of an equivalent Frenkel pair population. Le. an interstitial
loop with ‘X’ atoms in the matrix and ‘X’ individual interstitials in
the matrix are treated equally. It should be noted that many types
of “collective defects” have been shown to exist, as point defects
cluster into different structures. Considering an equivalent point
defect density is a necessary simplification and allows a reasonable
first order estimate of the underlying defect number density. From
here on in this study, the defect number density will be referred
to as ‘eq. Frenkel pairs’ or just as ‘defect density’. Equal numbers
of interstitials and vacancies are presumed. While loss of intersti-
tials to free surfaces is a significant issue in thin foil TEM samples
(-10s of nm) [67], the implanted layer considered in this study was
over 2 pum thick, so interstitial loss to the surface or grain bound-
aries is not expected to play an important role. These assumptions
are required to reduce the complexity of the kinetic theory model
used for the defect density prediction. A previous study using the
same formulation showed good agreement between the predicted
defect densities and those from TEM and molecular dynamics (MD)
[7]. 1t should be noted that in order to fully capture the entire
effect of irradiation induced damage, the environment of the de-
fects and potentially differing interstitial and vacancy concentra-
tions would need to be considered. This would require additional,
detailed knowledge of the dose and temperature dependence of
defect evolution, and as such these refinements are not included
in the present defect prediction formulation.

Given that the thermal diffusivity can be written in terms of
the thermal conductivity k. and heat capacity Cp as

==L (5)
the expression in Eq. (4) can be used to write the eq. Frenkel pair

density cgp as

TeCeV?

3pCprax
, 6
l’e((f{ +a,j) -2 (6)

Crp=Ch=10( =

where o/ =1/7,; and o, = 1/7e are the scattering rates at inter-
stitial and vacancy sites, respectively, obtained from [9], p is the
mass density, and Cp is the isobaric heat capacity [68]. The values
and/or sources of the parameters used are listed in Table 3.1.

Inserting the measured value of the thermal diffusivity into
Eq. (6) and using literature values for the remaining parameters
as detailed in Table 3.1, would give the eq. Frenkel pair density,
as seen in [7]. This formulation essentially compares the measured
thermal diffusivity to the diffusivity of pure tungsten predicted by
the kinetic theory model. It assumes that the behaviour of pristine
tungsten exactly matches the model. Hence any minor deviation of
pristine tungsten from the perfect kinetic theory model becomes
falsely attributed to irradiation induced defects.

A more robust approach is to extract the eq. Frenkel pair den-
sity, based on the thermal diffusivity degradation, which is the
difference between the measured value for the implanted sample
at a given temperature, and that of an unimplanted tungsten ref-
erence sample at the same temperature. The implanted and ref-
erence samples considered here had the same processing history
apart from the ion implantation. The modified expression for the
eq. Frenkel pair density is then given by

Ao

Crp=Cy=0Ci= — (7)
[te(a/ +07) - 2][ Tt — Aa]

where A« is the thermal diffusivity difference given by

Aa = opyre — Aimplanted s (8)

and @y pignred 1S the measured value for the implanted sample at
a given temperature and opyre is that of an unimplanted tungsten
reference sample at the same temperature. It should be noted that
Ce, Cp, Te, 0/ and oy are all temperature dependant.

The values for o}, and o/ are obtained from electrical resistiv-
ity data on resistivity per interstitial and vacancies respectively
[69] using the method detailed in [7,9]. The Wiedemann-Franz
law is used to convert resistivity estimates to thermal conductiv-
ity ones, using the Lorenz ratio ‘L’ given in Table 3.1. C, and vg
are obtained from [70] and t. is obtained from fitting the thermal
diffusivity data for pure tungsten (see Eq. (2) for expression and
Table 3.1 for values). Cp is calculated using an analytical expres-
sion from [68,72]. See Appendix B for the uncertainty calculation
and Table 3.1 for the values used.

3.2.2. Results

Plots of the thermal diffusivity difference (difference between
measured thermal diffusivity of the relevant sample during the
annealing cycles and the thermal diffusivity of a pristine sample
from the same batch of material measured at the same temper-
ature) and estimated defect density for the 3.2 x 10~3 dpa and
3.2 x 10! dpa samples are shown in Fig. 5. Plots for the remain-
ing samples are provided in Figs. A.2-A.4 in Appendix A.

For the 3.2 x 1073 dpa sample the RT defect density before
heating to 473 Kis 7.3 +0.1 x 10~* atomic fraction (at.fr.). Upon
cooling, it is 7.0 +£0.1 x 10~% at.fr.. This hints at the removal of a
small proportion of the defects present. After annealing to 673 K,
the RT defect density is 3.0 +£0.1 x 10~% at.fr., a 57% reduction,
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Fig. 5. Thermal diffusivity degradation (a), (c) and equivalent Frenkel pair density estimates (b), (d), for the 3.2 x 10~ dpa and 3.2 x 10! dpa samples. The data was
binned into 20 K wide bins. The shaded region indicates the temperature range of mono-vacancy mobility [73].

implying significant removal of defects. Further annealing to 873 K
decreases the RT defect density to 2.0 +0.1 x 10~# at.fr. There is
a slight discontinuity between the end of the 873 K anneal and
the start of the 1073 K anneal, the cause of which is not clear. It is
possible that a shift in the scan location on the sample led to this.
After the 1073 K anneal, the defect density is 0.7 +£0.1 x 1074 at.
fr.. This, and the fact that the thermal diffusivity has recovered im-
plies almost complete removal of the irradiation induced defects.

The 3.2 x 10~ dpa sample has an unannealed RT defect den-
sity of 2.55 +0.02 x 103 at.fr, only a little over three times
greater than the 3.2 x 103 dpa sample, despite a 100 times
greater damage dose. The 473 K anneal reduces it slightly to
245 4£0.02 x 1073 atfr. The 673 K anneal causes a drastic re-
moval of defects, giving a RT defect density of 1.10 £0.02 x
103 at.fr., a more than 50% reduction. The 873 K and 1073 K an-
neals further decrease the RT defect density to 0.92 +£0.02 x
103 and 0.71 +£0.02 x 103 at.fr. respectively.

Fig. 6 shows RT defect density estimates for all the damage
levels considered in this study following the different annealing
cycles. The highest dose sample (3.2 dpa) behaves similar to the
3.2 x 10~! dpa sample. This is expected as a saturation of defect
density has been observed beyond 0.1 dpa in self-ion implanted
tungsten [7,24]. It is interesting to note that for the damage lev-
els of 3.2 x 10~2 dpa and above, the RT defect densities after the

1073 K anneal (green markers in Fig. 6) are surprisingly similar,
around ~ 0.71 x 103 at.fr.

A common trend across all samples is the significant (50%) de-
fect removal in the 673 K anneal. Interestingly, studies have shown
that while interstitials are mobile well below RT, mono-vacancies;
the smallest and most common vacancy-type defects, become mo-
bile in the 500-600 K temperature interval [34,39,73]. Hence we
hypothesize that this large reduction in defects is triggered by the
onset of single-vacancy mobility, making it possible for vacancies
to move to sinks, combine into larger defects, or recombine with
self-interstitials.

At higher temperatures in the lower dose samples (e.g.
3.2 x 1073 dpa in Fig. 5(b), and 3.2 x 10~ dpa in Fig. A.2 and
3.2 x 102 dpa in Fig. A.3 in Appendix A) defect density decreases
with heating, only to increase again upon cooling. This effect is be-
lieved to not be physical but rather the combined effect of the re-
duced sensitivity of the thermal diffusivity to defects at high tem-
peratures, the inherent uncertainty in the measurement and sys-
tematic error. This effect is seen to be amplified with decreasing
dose, i.e. more prominent, in the 3.2 x 10~* dpa sample, and for
the higher temperature anneals where the previous anneals have
further reduced the defect densities. The defect densities in general
in the 3.2 x 1074, 3.2 x 10~3 and 3.2 x 102 dpa samples are quite
low and this effect corresponds to a significant portion of the total
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Fig. 6. Summary of the RT equivalent Frenkel pair estimates after the various annealing stages for all samples. Also given in the plot are spatially averaged RT TGS defect

measurements for self-ion implanted tungsten from a previous study [7].
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Fig. 7. (a) Temperature dependence of the different electron scattering terms. The electron-electron and phonon-electron scattering rates are the same, irrespective of the
level of damage in the sample. Given in red is the electron-impurity scattering rate assuming constant defect density with temperature, assuming the starting value of the
3.2 x 10! dpa sample. Given in black is the electron-impurity scattering term when defects are removed through annealing in the 3.2 x 10~' dpa sample. (b) rate of
change of thermal diffusivity with respect to equivalent Frenkel pair density as a function of temperature from the model introduced in this study for pristine tungsten. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

defect density, making it more prominent. Considering systematic
errors, the thermal diffusivity measurements are regarded to be ac-
curate up to2 x 106 mZs~! which is 3% for pristine tungsten at
RT, in line with uncertainties expected for TGS measurements.
The reduced sensitivity at high temperatures of the thermal
diffusivity to crystal defects is captured clearly by the plots in
Fig. 7. Fig 7(a) shows the temperature dependence of the electron-
phonon, electron-electron and electron-impurity/defect scattering
terms. Above 600 K the electron-phonon and electron-electron

scattering terms dominate. When defect removal due to annealing
is considered, the electron-impurity scattering term is almost an
order of magnitude lower at 1000 K than the self-scattering and
electron-phonon scattering contributions.

According to the kinetic theory model used, the rate of change
of the thermal diffusivity with respect to the defect density is
given by

2
da a3cp[1 1 1}. )

ac, Cevl%- Te i Tev Te
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Fig. 7(b) shows a plot of Eq. (9) for pure tungsten from RT to
1073 K. The rate of change of the thermal diffusivity with respect
to the defect density is negative, as expected. Its magnitude de-
creases with increasing temperature, showing a reduced sensitivity
of the thermal diffusivity to defects at higher temperatures.

The unannealed defect densities in Fig. 6, at higher doses | de-
fect densities, are slightly higher than those previously determined
by RT TGS on the same samples [7]. This is due to the difference
in the Lorenz ratio ‘L’ (proportionality constant in the Weidemann-
Franz law) used in the current study. Generally for metals the
Lorenz ratio takes the theoretical value (Sommerfeld value) of
244 x 1078 V2 K — 2, which was the one used in [7] when com-
puting the scattering rates. However for tungsten, experimentally
determined values are appreciably higher, 3.0-3.4 x 1078 V2 K — 2
at RT [71]. 3.2 x 1078 V2 K ~ 2 was chosen as the Lorenz value
for this work, also given in Table 3.1. A higher Lorenz value gives
lower electron-impurity scattering rates, resulting in higher defect
density estimates, as seen in Fig. 6.

Also noticeable in Fig. 6 is that, with increasing dose, the defect
density after the 473 K anneal decreases, implying some defect re-
moval even before the temperature for mono-vacancy mobility is
reached. Interestingly, this effect only becomes significant at the
higher doses. The second stage of defect removal [40], where in-
terstitials are released from traps can account for this. Studies have
shown that at higher doses there are larger defect structures, e.g.
dislocation networks, that can act as traps for interstitials [40,47].
The damage population at lower doses, on the other hand, is dom-
inated by point defects and small defect clusters [24,74]. Thus in
higher dose samples more trapped interstitials are present that
are released between RT-500 K, giving a slight recovery of ther-
mal diffusivity. Furthermore, the 873 K and 1073 K anneals also
cause an appreciable decrease in defect density in the higher dose
samples. This would be consistent with the onset of mobility for
larger defects, such as di-vacancies and vacancy-impurity com-
plexes [34,37].

3.3. Transmission electron microscopy

Fig. 8 shows TEM micrographs of FIB lift-outs from the
3.2 x 1072 dpa sample after the 1073 K annealing cycle (a, b and
c) and the as-implanted 3.2 x 103 dpa sample (d,e and f). These
two cases were chosen as they both exhibit a similar thermal dif-
fusivity of ~ 5.0 x 10~> m2s~! (Fig. 4) and mark the apparent tran-
sition from low dose to high dose behaviour. From Figs. 8(c) and
8(f) we see that there is a population of evenly spread defects in
the unimplanted bulk. These are likely to be damage caused by
the FIB beams used for sample manufacture (5 and 30 keV Ga
ions) that have energy greater than the displacement threshold en-
ergy of tungsten ( 68eV) [46]. Similar damage effects have been
observed previously in FIB lift-outs of self-ion implanted tungsten
[75]. Hence, in the micrographs taken at the interface between the
implanted and unimplanted regions (Figs. 8(b) and 8(e)), we see
some crystal damage in the unimplanted region also.

In the implanted region of the annealed 3.2 x 102 dpa sam-
ple (Fig. 8(b)) we see larger defect structures unlike in the as-
implanted 3.2 x 10~3 dpa sample (Fig. 8(e)). The annealing is be-
lieved to have caused defect removal, as well as the growth of
these larger defect structures. Since the FIB lift-outs were carried
out after the implantation and annealing, we do notice smaller de-
fects from the FIB damage in the 3.2 x 10~2 dpa implanted region.
However this effect is seen to be less prominent, perhaps because
the larger defects act as a defect sinks during the FIB process. In
the 3.2 x 10~3 dpa sample however, there is no clear difference
between the implanted and unimplanted region. This suggests that
in this sample, there aren’t any large defect structures at the end
of the implantation stage.
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4. Discussion

An interesting point concerns the increase in thermal diffusivity
with temperature observed in the higher dose samples (3.2 x 10!
dpa and 3.2 dpa), at temperatures below the threshold for vacancy
mobility (see the 473 K annealing cycle in Fig. 3). This effect is
not one of defect removal as the thermal diffusivity curve upon
cooling retraces the heating one. The expected thermal diffusivity
when there is no annealing taking place in the 3.2 dpa sample is
plotted in Fig. 3(e) (black crosses) assuming the initial defect den-
sity. At lower temperatures it clearly shows an increase in ther-
mal diffusivity with temperature. A similar behaviour has been ob-
served in tungsten alloyed with rhenium, where, unlike the crys-
tal defects, the rhenium “impurities” are not removed by anneal-
ing [9,21]. This effect is the result of several competing phenom-
ena: The thermal conductivity is inversely proportional to the three
term electronic scattering expression given in Egs. (2) and (3) in
Section 3.2. This varies with temperature in the functional form:
a+ bT + cT?, where T is the absolute temperature. The thermal dif-
fusivity is dependant on the thermal conductivity, the electronic
heat capacity that is linear in temperature (gT), and the phonon
heat capacity. The dependence of the phonon heat capacity on
temperature near the Debye temperature is weaker than a linear
relationship, perhaps proportional to T, approaching a constant
value as the Dulong-Petit limit is reached [64]|. The phonon heat
capacity is greater than the electronic heat capacity by approxi-
mately two orders of magnitude and thus dominates behaviour. Ul-
timately, this gives a functional dependence of thermal diffusivity
on temperature with the functional form 1/(aT-%5 + bT%5 4 cT15).
Hence, for sufficiently large values of ‘a’, there can be a positive
slope of the thermal diffusivity with temperature. Indeed this ef-
fect could be exhibited in any regime where the phonon heat ca-
pacity has a sub-linear temperature dependence. This is useful for
our analysis, as we can look for when the actual annealing curves
deviate from the “no annealing” curve (black crosses in Fig. 3(e))
as an indication of when defects begin to be removed. Since this
deviation falls into the range of temperatures associated with the
onset of vacancy mobility, we hypothesize that it is the vacancy
movement that leads to this first large defect removal step in our
work.

The microstructural changes inferred from the measured ther-
mal diffusivity evolution can be further substantiated by consider-
ing the TEM observations as well as previous literature studies: For
the lower dose samples (3.2 x 10~ and 3.2 x 103 dpa), we ob-
serve near total recovery of the thermal diffusivity by the end of
the 1073 K anneal. These low doses have not been covered in TEM
studies, understandably, as we hypothesize that the defects would
be mostly point defects and invisible in TEM. A resistivity recovery
study, where the resistivity of low dose neutron irradiated tung-
sten was monitiored with annealing temperature showed complete
recovery by 700 K [38]. Interestingly, the Frenkel pair concentra-
tion in this study was 4.92 x 10~* at.fr,, simillar to the lowest dose
samples in our study, which also showed complete defect removal.

Unlike the lower dose samples, the higher dose ones,
3.2 x 1072 dpa and above, undergo a partial recovery of 70% by
the end of the 1073 K anneal. The low temperature anneal to
473 K showed recovery levels of 5%, attributed to the release of
defects from traps. The 673 K anneal had the largest defect recov-
ery (50%), showing significant annealing in the 473 K-673 K tem-
perature range. This was seen to correlate well with PALS results
that indicate mono-vacancy mobility in this range of temperature
[39,73]. Other PALS studies also showed significant reductions in
small vacancy cluster concentrations in this temperature range, in
neutron irradiated tungsten [7G]. The hypothesis is also supported
by creation-relaxation algorithm MD studies that predict a super-
saturation of vacancies at higher doses [27,77].
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Fig. 8. TEM micrographs of the 3.2 x 102 dpa sample after the 1073 K annealing cycle (a) overview, (b) near surface layer with implanted and unimplanted regions, and
(c) unimplanted bulk. 3.2 x 10~3 dpa as-implanted sample TEM micrographs show (d) overview, (e) near surface layer with implanted and unimplanted regions, and (f)
unimplanted bulk. The interface between the implanted and unimplanted regions is marked by the yellow dashed line. Blue arrows indicate the implantation direction and
sample surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

After annealing the high dose samples to 873 K and 1073 K, the
pristine value of thermal diffusivity is still not recovered. Partial re-
covery of the thermal diffusivity suggests that there is a remaining
defect population even after annealing to 1073 K. The TEM results
confirmed this hypothesis as large defect structures are clearly vis-
ible in the implanted region of the 3.2 x 10~2 dpa sample after the
1073 K annealing cycle. No such large defect clusters are visible in
the 3.2 x 103 dpa unannealed sample.

It is interesting to compare our findings and predicted defect
number densities to previous observations. Due to the time con-
suming nature of performing quantitative analysis of defect pop-
ulations using TEM, few studies have been conducted for ion-
implanted tungsten [24,34]. The reported defect loop densities
were combined with the loop size distribution data to convert TEM
data to equivalent Frenkel pair density for comparison with our re-
sults (see Fig. 9). The procedure for this is explained in detail in
[7]. In Fig. 9 we see that the TEM defect densities from Yi et al.
[24] are an order of magnitude lower than the TGS estimates. It is
known that TEM lacks sensitivity to defects smaller than ~1.5 nm
in diameter [7,28,43,78]. At low irradiation doses, the defect size
distribution follows an inverse power law, giving large numbers of
small defects [23,25]. Hence for a quantitative comparison (mag-
nitudes and trends) of the TGS defect density predictions in this
study, data for smaller defects, usually obtained from MD [7], is
needed. The room temperature data from [24] has been supple-
mented with MD data [23], to give the blue square markers in
Fig. 9. This MD+TEM data agrees well with the as-implanted RT
defect predictions from TGS. Comparing the annealing effects di-
rectly is not possible as no high temperature MD data is available.

1

We note that there is a decrease of 50% in the defect densities
between the RT and 773 K TEM data from [24], which is simillar
to the change observed with TGS, between RT and 673 K. This is
an interesting finding since the TEM work in [24] was done with
insitu implantation at the relevant elevated temperatures, rather
than the post-irradiation annealing as in this work. The data from
[34] in Fig. 9 is significantly lower than the other TEM studies. The
reason is that in [34] only defects with diameters larger than 4-
5 nm were considered, whereas [24]| considered defects down to
~1.5 nm.

A recent study using X-ray diffraction and atomic scale simu-
lations showed that ion-implanted tungsten undergoes a complex
sequence of structural changes as a function of damage dose [47].
Initially up to 0.01 dpa, there is an accumulation of Frenkel pairs
as a result of displacement cascades. At higher doses, beyond 0.01
dpa, damage starts to overlap and interact, resulting in the clus-
tering of self-interstitials while vacancies are immobile (< 600 K).
As self-interstitials continue to cluster they eventually form new
atomic planes. This is an effective mechanism for the removal of
self-interstitials from the system without need for free surfaces.
Since vacancies are immobile below 600 K, they stay in the sys-
tem. The result is an excess of finely-dispersed vacancies as well
as large scale defect structures that form at high doses. Recently
it has become possible to model this whole evolution using mas-
sively parallel MD simulations [27,47,77]. In [77] the thermal dif-
fusivity degradation associated with the MD-predicted microstruc-
ture is computed using a kinetic theory model similar to that used
in this study and [9]. The findings agreed well with the measured
thermal diffusivity as a function of dose in the RT implanted tung-
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Fig. 9. Comparison of TGS predicted defect densities with TEM [24,34] and MD [23] estimates. The TGS data are the estimates at RT after the relevant anneals whereas the

TEM data are insitu.

sten [7]. This further confirms that small defects, particularly of
vacancy type, that are too small to be discerned by TEM play a
substantial role in the degradation of thermal diffusivity.

Thus, by combining TGS thermal diffusivity measurements, de-
fect density predictions, TEM observations, lattice strain measure-
ments, atomistic simulations and PALS measurements, a complete
picture of the underlying irradiation defect evolution in tungsten
and its effect on material properties begins to emerge.

5. Conclusions

A comprehensive study has been carried out on the thermal dif-
fusivity degradation in ion-implanted tungsten, and its evolution
with temperature, from RT to 1073 K, by transient grating spec-
troscopy with insitu heating. A simple kinetic theory model was
used to estimate defect densities and transmission electron mi-
croscopy was used to verify the inferred microstructural evolution.
The following key points are noted:

The insitu heating stage designed and implemented in this
study allows TGS measurements of thermal diffusivity and SAW
velocity in thin ion-implanted layers from RT-1073 K.

The temperature evolution of thermal diffusivity deviates from
that expected for a static microstructure, indicating significant
changes of the defect population in this temperature range.

A kinetic theory model was introduced that allows the interpre-
tation of thermal diffusivity in terms of evolving defect popula-
tion. By making a relative comparison between implanted sam-
ples and pristine material from the same batch, rather than the
book value, more accurate interpretation was possible.

The largest removal of defects occurs in the temperature inter-
val between 500 and 600 K. This coincides with the tempera-
ture window at which mono-vacancies become mobile. This is
also consistent with a previous hypothesis that there is a large
population of vacancies in RT implanted tungsten.

The thermal diffusivity recovery associated with the vacancy
mobility step is up to 50% of the RT thermal diffusivity. This
shows that vacancies and small vacancy clusters are major con-
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tributors to irradiation-induced degradation of thermal trans-
port.

The estimated changes in defect populations are consistent
with ex-situ TEM observations in this study and in the litera-
ture.

The results obtained show that beyond ~1000 K, implantation
induced defects have relatively little effect on thermal diffusiv-
ity. This is good news for fusion reactors, where some parts of
the armour are expected to operate beyond this temperature. A
caveat is that the addition of H/He during real exposure con-
ditions may significantly change the defect retention behaviour
with temperature.
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Supplementary Figures
Appendix B

Fitting formulae and error analysis
The TGS traces were fitted with the following equation [9] using
MATLAB [60]:

I = A erfc(qvat) + Csin(27 ft + E) exp (-t /F) + G,

where A, G, E, F, G, @ and f are free parameters determined by the
fitting. o is the thermal diffusivity, f is the SAW frequency, and ¢
is time. Fits with a range of starting times covering one full SAW
oscillation period were used to reduce the uncertainty associated
with the exact starting point of the fit. The reported value for each

(B.1)

-
a,

[ MAG:200x HV: 20kv T S
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measurement is the average over the range of different fit starting
points.

The experimental uncertainty in the measurement of the ther-
mal diffusivity o creates an uncertainty in the obtained value for
the eq. Frenkel pair density. The eq. Frenkel pair density, cgp, is
given by

Crp=Ch=C = Ac e (B.2)
[relof + 1) -2][ %5 - o]

The uncertainty in cgp is derived as follows:

acep

oo

d(cpp) = d(Aw),

Tungsten

[001]

E

Fig. A.1. EBSD map of the 3.2 x 102 dpa sample after preparation annealing and polishing, obtained using a Zeiss MERLIN FEG SEM.
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Fig. A.2. Thermal diffusivity degradation (a) and estimated equivalent Frenkel pair density (b) for the 3.2 x 10~* dpa sample. The shaded regions indicate the temperature
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7CoV2
3Cr

[re(o; + 01) - 2] S

where §(A«) is the uncertainty in the thermal diffusivity differ-
ence Ao which is the thermal diffusivity difference between the
measured value and that measured for a pristine sample. o/ =
1/7.; and o) =1/t are the adjusted scattering rates for inter-
stitials and vacancies respectively. p is the mass density [61], Cp
is the specific heat capacity [61], C, is the electronic heat capac-
ity [70], vf is the Fermi velocity [70] and 7. is the electron scat-
tering time. It should be noted that since Aa = /pure — Uimpianteds
where apyre is the thermal diffusivity measured for a pristine sam-
ple, §(Aa) = /28 (), where §(«) is the uncertainty of the TGS
thermal diffusivity measurement.

d(cep) = §(Aa), (B.3)

2

- Aa
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