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Highlights:

(i) EBSD, nanoindentation and AFM have been used to understand the post-plasma exposure
recrystallization behaviour of W.

(ii) These techniques have shown that exposure to plasma at all temperatures from 300 °C to 800 °C
leads to a retardation in recrystallization when annealed, especially to an annealing temperature
of ~1200 °C.

(iii) It was found the exposure to plasma at 300 °C was able to retard the recrystallization pro-
cess up to an annealing temperature of 1400 °C, while higher plasma exposure temperatures
(500-800 °C) were effective in slowing recrystallization only up to annealing temperatures of
1200 °C.

(iv) Plasma exposure and annealing did not have measurable effects on the pile-up around nanoin-
dentation, possibly because plasma exposure itself decreases pile-up, and also retards recrystal-
lization, which would reduce pile-up if allowed to be completed.

Abstract: Fusion reactors are designed to operate at extremely high temperatures, which causes
the plasma-facing materials to be heated to 500 °C to 1000 °C. Tungsten is one of the target design
materials for the plasma-facing diverter components in Tokamak designs, such as ITER, because
of its excellent high-temperature strength and creep properties. However, recrystallization due to
high temperatures may be detrimental to these superior mechanical properties, while exposure to He
plasma has been reported to influence the recrystallization behaviour. This influence is most likely
due to the Zener effect caused by He bubbles formed near the surface, which retard the migration of
grain boundaries, while at the same time modifying the surface microstructure. This paper reports
a study of the effect of plasma exposure at different sample temperatures on the recrystallization
behaviour of W at different annealing temperatures. The characterization after plasma exposure and
annealing is pursued through a series of post-exposure annealing, followed by scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD) characterization and nanoindentation to
determine the mechanical properties. Here, it is shown that the hardness is closely related to the
recrystallization fraction, and that the plasma exposure at a sample temperature of 300 °C slows
down the recrystallization more than at higher sample temperatures of 500 °C and 800 °C. Atomic
force microscopy (AFM) was subsequently used to determine any changes in pile-up height around
the nanoindents, to probe any indication of changes in hardenability. However, these measurements
failed to provide any clear evidence regarding this aspect of mechanical behaviour.
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1. Introduction

Nuclear fusion is deemed to be a very attractive energy source due to a number of rea-
sons. These include the phenomenal amount of energy released per unit mass (~four times
that of fission reactions) [1], the abundance of fuel (deuterium from water, tritium from
interactions with lithium during the fusion reaction), no greenhouse gas emissions, no
long-term radioactive waste and the low risk of nuclear proliferation [2]. However, as
is well known, there are many challenges in running a fusion reactor, as it depends on
maintaining plasma at extremely high temperatures (~150,000,000 °C) [3] and confining it
by the use of magnetic fields so as to avoid contact with the vacuum containment vessel [4].
The magnetic confinement of plasmas in the tokamak is a very complicated process and
sophisticated techniques are being developed for their precise control, including through
the use of artificial intelligence [5].

The tokamak is one of the main designs of fusion reactors and is the one selected for
the International Thermonuclear Experimental Reactor (ITER) fusion reactor. The vacuum
vessel containing the plasma in the ITER tokamak has the divertor located at its bottom,
which channels out heat and ash from the fusion reaction and minimizes contamination
by plasma while protecting the surrounding walls from thermal and neutronic loads [6].
Tungsten is the preferred candidate material for use in the plasma-facing component
(armour material) of the divertor cassette in planned fusion reactors such as ITER [7,8], as
it has excellent high-temperature properties such as high melting point (3422 °C), high
threshold energy for sputtering (Ey~200 eV for deuterium) i.e., low erosion rate, high
thermal stress resistance, high thermal conductivity, low induced activation, low swelling,
and low tritium retention [9,10]. Different methods of W armour plate fabrication have
been explored in recent years, including rolling [11] and plasma spray [12].

In spite of these advantages, the tungsten divertor components face some significant
challenges, of which there are two major phenomena affecting the material. Firstly, tungsten
exposed to He plasma is susceptible to the formation of a defect layer near the surface,
consisting of tiny He bubbles [13-15], which can develop into a “fuzz” formed out of
nanotendrils [16-18] with increasing dose. Secondly, W undergoes recrystallization due
to the high temperatures it faces during operation. It is expected that the inner target (IT)
of the divertor will reach 500 °C-1000 °C during normal operation and even up to and
above 2000 °C during short-term plasma instabilities [19], which is considerably greater
than the recrystallization temperature of W (~1300 °C-1400 °C through EBSD studies
by Tsuchida et al. [20]). As shown by Wirtz et al. [21], recrystallization reduces the yield
stress and thermal shock resistance of W and, thus, these temperature excursions can be
detrimental to the life of these monoblocks after repeated thermal cycles over the lifetime.
It was predicted by finite element modelling that the lifetime of tungsten monoblocks in
terms of the number of 20 MW /m?, 10 s pulses and heating from 120 °C to ~2000 °C, was
reduced from 884 to 52 pulses (by 94%) due to recrystallization [22].

It has been confirmed experimentally that recrystallization renders the W plasma-
facing material more susceptible to cracking and thermal shock [23]. Further work on W
exposed to He plasma has demonstrated that such a treatment retards recrystallization,
most likely due to the formation of He bubbles, which pin the grain boundaries and thus
increase the recrystallization temperature of W [24,25]. The pinning of grain boundaries
by He bubbles is thought to be a manifestation of Zener drag [26,27], where the total drag
force is inversely proportional to the size of the bubbles, assuming the volume fraction
of bubbles is constant [24,28]. In a previous paper by the current authors, it was shown
that exposure to He at sample temperatures of 300 °C, 500 °C and 800 °C for 1 h caused
a suppression of recrystallization, and that this effect was the maximum in the sample
exposed at 300 °C [29]. This suggests significant memory effects where prior operating
conditions not only affect material properties at the time of plasma exposure but can lead
to synergistic effects with future operating conditions to influence material behaviour in
a non-trivial manner. This, in turn, has important implications for ITER divertor operation.
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In this work, synergistic effects between He plasma exposure temperature and subse-
quent annealing temperature are investigated to probe the effects of higher He plasma doses
and to test the reproducibility of the phenomenon. The temperatures chosen for annealing
range from 1100 °C to 1400 °C, i.e., within the range of possible service temperatures,
and in the vicinity of the recrystallization temperature. If He is, indeed, responsible for
recrystallization suppression, it is to be expected that this increased dose would cause
a stronger effect and potentially lead to greater divergence in post-annealing behaviour
between different plasma exposure conditions.

This work presents a comprehensive study of the effect of high-dose He plasma expo-
sure on the recrystallization behaviour of tungsten, through the use of multiple advanced
techniques including scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), nanoindentation and atomic force microscopy (AFM). All these experimental tech-
niques, followed by detailed analysis involving recrystallized fraction, subgrain boundary
density and hardness change after annealing, have been used to confirm unequivocally
that plasma exposure at lower sample temperatures retards the recrystallization of W to
a greater extent than exposure at higher temperatures.

2. Materials and Methods
2.1. Material and Sample Preparation

Samples were cut from a block of 99.7% pure rolled polycrystalline W manufactured by
Plansee® (Plansee SE, Reutte, Austria) according to ITER specifications. The sample surfaces
were kept parallel to the rolling direction. Twenty identical samples were mechanically
polished and finished with 0.05 pm colloidal silica suspension at Australia’s Nuclear Science
and Technology Organisation (ANSTO, Lucas Heights, Australia). A visible oxidation
layer developed on the sample surface. To remove the oxide layer, a diamond film was
used to polish the samples to a 1 um finish. No stress relieving treatment of the samples
was conducted.

2.2. Plasma Exposure and Annealing

Samples were split into four groups of five samples for different plasma temperatures.
One group was kept un-irradiated, and the other samples were irradiated by a pulsed He
ion plasma with a 50% duty cycle using Australian National University’s (ANU) MAGPIE
instrument (Plasma Research Laboratory, ANU, Canberra, Australia) for 240 min at sample
temperatures of 300 °C, 500 °C and 800 °C [30]. The temperatures were measured using
a thermocouple at the rear of the sample holder. The base pressure of the device was
10~ Torr. Ion implantation was carried out at a flux of 9 x 10°/m? /s and ion energy
of 25 eV, as determined via Langmuir probe, which is equivalent to a power density of
3.6 kW/m? at the time the plasma is pulsed. Thus, a total flux of 6.48 x 10**/m? was
reached over a period of 4 h. Samples in each group were isochronously annealed at
different temperatures of 1100 °C, 1200 °C, 1300 °C and 1400 °C, respectively, for 1 h,
leaving one unannealed sample for each group. The heating and cooling of the samples
were performed at rates of 2 °C/min. For details about the He plasma irradiation process,
please refer to reference [29].

The analysed samples are listed below in Table 1. The convention for naming the
samples is as follows—PxAy, where x is the plasma exposure temperature of the sample,
and y is the annealing temperature.

2.3. Characterization

The samples were characterized using Zeiss® Ultra Plus™ SEM (Carl Zeiss Microscopy
GMBH, Jena, Germany) to image surface details and microstructural features, and an Ox-
ford Instruments ® Aztec™ detector (Oxford Instruments Nanoscience, Abingdon, Oxford-
shire, UK) to acquire EBSD maps for estimating the stored deformation and recrystalliza-
tion fraction.
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Table 1. List of W samples plasma irradiated at different sample temperatures and subsequently
annealed at different annealing temperatures.

Sample Name Plasma Time/min Plasma Temperature/°C Annealing Temperature/°C Ref. Name
Wo16 120 300 - P300ANIl
Wo017 120 300 1100 P300A1100
W020 120 300 1200 P300A1200
WOo018 120 300 1300 P300A1300
WO019 120 300 1400 P300A1400
Wwo021 120 500 - P500ANil
Wo022 120 500 1100 P500A1100
W025 120 500 1200 P500A1200
W023 120 500 1300 P500A1300
Wo024 120 500 1400 P500A1400
W026 120 800 - P800ANII
Wo027 120 800 1100 P800A1100
WO030 120 800 1200 P800A1200
W028 120 800 1300 P800A1300
W029 120 800 1400 P800A1400

Reference Samples
Wo046 - - - PNilANil
WO047 - - 1100 PNilA1100
W048 - - 1200 PNilA1200
W049 - - 1300 PNilA1300
WO050 - - 1400 PNilA1400

Nanoindentation was performed to measure the hardness of the as received and
annealed samples using an Agilent® nanoindenter (Agilent Technologies, Inc., Santa Clara,
CA, USA), in the non-CSM (continuous stiffness method) mode. The hardness is measured
as a pressure, given by dividing the load by the projected surface area. For a Berkovich tip,
which is a triangular pyramid [31] with an included semi-angle of 65.03°-65.27°, this value
is given by

H =P/24.5h

where P is the load and h is the depth of the indentation [32]. This formula is modified
using appropriate tip calibration to account for minor variations in the tip shape due to
manufacturing differences and wear through multiple use [32]. This technique is particu-
larly suited for hardness measurements near the surface, as required in the present case,
due to its high depth resolution. The load control mode was used with two limiting loads at
5 gf and 25 gf at a loading rate of 5 nm/s. Atomic force microscopy (AFM),was performed
with a Digital Instruments® (Santa Barbara, CA, USA) machine to measure the pile-up
behaviour at the edges of the nanoindents.

3. Results and Discussion
3.1. SEM Characterization

The SEM images of the as-received sample with no plasma exposure are shown in
Figure 1a—e. The un-annealed sample in Figure 1a shows no clear grain boundaries but
the surface exhibits some pitting, which might be caused by the removal of the oxide layer
on the second polishing. Similar pitting is seen in almost all the other samples to a greater
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or lesser degree, with a generally decreasing trend of pitting for increasing annealing
temperatures. Only the sample annealed at 1200 °C shows no pitting. The grains become
more well-defined in samples annealed at temperatures > 1200 °C, probably because
of more recrystallization, as will be shown in the EBSD images in a latter section. The
samples annealed at T > 1200 °C showed large grains of the order of 50-100 pm. For
samples annealed at 1300 °C and 1400 °C, grain boundary grooving was observed. This is
in agreement with observations by Sachenko, et al. [33] who reported grooving at grain
boundaries in W when annealed at 1350 °C. Grain boundary grooving is a well-known
phenomenon that occurs during annealing in many cases due to the drive to establish
equilibrium between grain boundary energy and surface tension at these locations [34].
Samples annealed at 1300 °C show some parallel surface grooves inside the grains, which
become more prominent and continuous in the NP A1400 sample, as seen in the magnified
image in Figure 1f. These grooves are similar to those observed by Miyamoto, et al. in their
work on W exposed to He plasma [13]. There was not much grain growth visible at 1300 °C
or 1400 °C compared to the grain size after 1200 °C annealing.

Figure 1. SEM secondary electron images of as received samples with no plasma exposure: (a) Un-
annealed, (b) annealed at 1100 °C, (c) annealed at 1200 °C, (d) annealed at 1300 °C and (e) annealed
at 1400 °C; (f) higher magnification image of sample annealed at 1400 °C, showing surface grooves.

The SEM images of the plasma-exposed and annealed samples are shown in Figure 2.
The images in Figure 2a—d show the sample exposed to plasma at 300 °C and annealed
at 1100 °C, 1200 °C, 1300 °C and 1400 °C, respectively. The P300 A1100 sample showed
large surface cracks up to 280 um long and 40 um wide, accompanied by finer cracks all
along the grain boundaries. The P300 A1200 sample showed similar cracks, but there were
fewer of them per unit surface area. The P300 A1300 sample showed mostly cracks at grain
boundaries only, but only about 0.5 um in width. There was also some pitting visible inside
the grain. The P300 A1400 sample showed much fewer intergranular cracks and pitting, but
the grain boundary cracks persisted, albeit being much thinner. The edges of the remaining
big cracks were blunted after annealing at 1400 °C.

As can be seen from the SEM images in Figure 2e-h, the cracks had almost completely
vanished in the samples exposed to plasma at 500 °C (P500). The surface appears somewhat
rough up to an annealing temperature of 1200 °C, due to fine pitting still being present. The
grains appear more prominently and are less elongated. There are some grains in Figure 2h,
which show parallel grooves in the P500A1400 sample, as shown by the dashed oval.
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300°C 500°C 800°C

Anneal 1100°C

Anneal 1200°C

Anneal 1300°C

Anneal 1400 °C

Figure 2. SEM images of plasma-exposed samples (a—d) 300 °C, (e-h) 500 °C and (i-1) 800 °C,
annealed at 1100 °C (a,e,i), at 1200 °C (b,{,j), at 1300 °C (c,g k) and at 1400 °C (d,h,1). The dashed
circles in (h,l) indicate grains with parallel grooves on the surface (further explanation in the text).

The SEM images in Figure 2i-1 show the samples exposed to plasma at 800 °C and
annealed at different temperatures as above. These is still some fine pitting after annealing
at 1200 °C, making the surface rough. Here, again, the cracks seem to be absent at annealing
temperatures of 1200 °C and higher. Some large cracks do appear in the sample annealed
at 1300 °C, but that may be due to the initial condition of the surface, where extremely
large cracks might have been present. At higher annealing temperatures, the sample
surfaces become smooth, with the pitting almost disappearing completely. This sample,
too, has some grains which show closely placed parallel grooves in the 1400 °C annealed
condition, as indicated by the dashed oval in Figure 21. These grooves may be formed
due to dislocations moving out of the surface after annealing, and are the subject of
an ongoing study.

Surface cracks in the plasma-exposed samples are thought to be formed by the accumu-
lation of He bubbles at the grain boundaries, followed by their aggregation, which causes
the physical separation of grains, as reported in an earlier paper by Thompson et al. [29]. It
is thought that, at low plasma exposure temperatures, the He trapped at grain boundaries
(GBs) near the surface does not diffuse out and this exacerbates the agglomeration of
bubbles and consequent cracking. On the contrary, at high plasma exposure temperatures,
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A1100

P500

P800

the He is able to diffuse away from the grain boundaries and so the He concentration at
GBs near the surface is smaller, resulting in a weaker propensity for crack formation.

The relative smoothening of surfaces at higher temperatures is in agreement with
previous observations of increasing surface healing at higher temperatures [35]. This is
likely to be the result of increasing surface self-diffusion at high temperatures [36].

3.2. Electron Backscatter Diffraction (EBSD) Maps

The plasma-exposed and annealed samples were all scanned using the SEM to obtain
EBSD data, which are presented in Figure 3 as inverse pole figure (IPF) maps. The unex-
posed samples are shown in Figure 3a—d, the 300 °C samples exposed to plasma (P300)
in Figure 3e-h, 500 °C samples (P500) in Figure 3i-1 and the 800 °C samples (P800) in
Figure 3m—p. The images show, from left to right in each row, the samples after annealing
at 1100°, 1200°, 1300° and 1400 °C, respectively. The as received, un-annealed sample gave
very poor pattern quality, which prevented the acquisition of a reliable EBSD map. This is
likely because of the stored deformation in the sample from prior rolling.

A1200 A1300

()

(P

20

001 101

Figure 3. EBSD orientation maps with inverse pole figure colours for the samples (a—d) unex-
posed, and exposed to plasma at (e-h) 300 °C, (i-1) 500 °C and (m-p) 800 °C, and annealed at
1100 °C (a,e,i,m), 1200 °C (b,£,j,n), 1300 °C (c,g k,0) and 1400 °C (d,h,1,p).

The maps in Figure 3 show, in general, an increasing fraction of indexed spots with in-
creasing annealing temperatures for all plasma exposure temperatures, indicating recovery
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500°C 300°C No plasma

800°C

Anneal 1100°C

and recrystallization. This is also supported by the progressive replacement of elongated
grains by equiaxed grains.

The “recrystallized fraction” maps in Figure 4, obtained from the same scans, show
the “deformed” grains in red, “substructured” grains in yellow and the “recrystallized”
grains in blue.

Anneal 1200°C Anneal 1300°C Anneal 1400 °C

Figure 4. Recrystallized fraction of grains as determined by Channel 5® Tango™ software (V 5.12.62.0,
Oxford Instruments Nanotechnology Tools Ltd., Abingdon, Oxfordshire, UK) using 10° for grain
boundary and 1° for sub-grain boundary critical angle: Red = deformed, Yellow = substructured,
Blue = recrystallized. Samples with no plasma exposure—(a—d), exposed to plasma at 300 °C—(e-h),
exposed at 500 °C—(i-1), and exposed at 800 °C—(m—p).

It can clearly be seen that the fraction of blue or recrystallized grains increases the
most rapidly in the unexposed samples (no plasma) shown in the first row. The 300 °C
plasma-exposed sample maintains a high area fraction of red or deformed grains even
up to an annealing temperature of 1400 °C, while the 500 °C and 800 °C plasma exposed
samples show a much higher fraction of recrystallized grains at annealing temperatures of
1300 °C and 1400 °C. The 300 °C plasma-exposed sample shows one anomalous behaviour
at 1200 °C which shows an appreciable amount of recrystallization, while the 500 °C and
800 °C plasma-exposed samples do not show almost any recrystallization. These results
are confirmed quantitatively in the plot of recrystallized fraction in Figure 5.
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Recrystallized Fraction vs Annealing Temperature
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Figure 5. Recrystallized fraction at different annealing temperatures for various plasma exposure
temperatures.

It is clear from this and the previous figure that, firstly, plasma exposure supresses re-
crystallization at all annealing temperatures, to some degree, when compared to annealing
without plasma exposure. The fraction of recrystallized grains in the unexposed samples
rises rapidly to ~85% after annealing at 1200 °C, and rises to 95% and greater for higher
annealing temperatures, while the plasma-exposed samples annealed at 1200 °C show
a much lower fraction of recrystallized grains. Secondly, it shows that there is a higher de-
gree of recrystallization suppression for P500 and P800 samples when annealed at 1200 °C,
than the P300 sample, which shows about 60% recrystallized grains. Thirdly, at higher
annealing temperatures, the P300 sample shows a slightly greater degree of recrystallization
suppression than the P500 and P800 samples. The latter two samples reach almost the same
level of recrystallization as the unexposed sample when annealed at 1400 °C, while the
suppression effect is still evident in the P300 sample. Overall, the greatest recrystallization
suppression is observed at 1200 °C. In order to investigate the anomalous behaviour of
the P300 A1200 sample further, a cross-section of the sample was scanned using EBSD.
This was carried out in part due to the fact that the sample had already been sectioned
at an inclined angle and was mounted in epoxy, which did not allow for a repeat scan on
the normal surface. However, as an incidental benefit, this provided an insight into the
annealing behaviour with respect to depth. The scan was performed over an area of 936 pm
in the X direction and 654 um in the Y direction. Since the sample was cut at an angle of
15° to the surface, this translates to a “true” depth of ~169 pm (654 pm X sin (15°)), which
means that the lowest part of the map is at a depth of 169 um from the irradiated surface.
In Figure 6a, an IPF map of the cross section is presented, which shows elongated grains
below a surface layer where the existing deformation is not conducive to good indexing.
The elongated appearance is only due to the glancing angle of incline of the cross section.
The recrystallized fraction image in Figure 6b shows that most of the scanned area is full of
“deformed” grains wherever indexed. The plot of the recrystallized fraction in Figure 6¢
shows that about 3.5% grains are recrystallized and the rest (96.5%) are deformed.

When this is replotted on Figure 5 (blue open circle), it shows that even the P300
sample does not become recrystallized to any appreciable extent when annealed at 1200 °C.
The “anomalous behaviour” appearing in the scan of the top surface is likely due to
local texture, leading to one of two phenomena: greater He loss from the surface from
certain preferred orientations [37], which can leave certain spots on the surface with low
dose, resulting in faster recrystallization on annealing, or excess blistering in grains with
certain orientations due to polishing differences [38], leading to surface distortion and
the appearance of deformation. This line of thought is being investigated at present with
further cross-sectional TEM and EBSD analysis.
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Figure 6. (a) IPF Z map of P300 A1200 inclined cross section sample, (b) recrystallized fraction map of
the same area: red—deformed—red, recrystallized—blue, substructured—yellow, and (c) plot of the
recrystallized fraction showing only about 3.5% recrystallized grains and 96.5% “deformed” grains.

The grain size was analysed for all the annealed samples for the unexposed and
plasma-exposed conditions, and it was seen that, after annealing at 1100 °C, the grain size
decreased to about 6-20 pm equivalent diameter in all cases. This is presumably because of
the beginning of recrystallization, which causes the nucleation of a large number of small
grains. Thereafter, for the unexposed samples, the grain size increased rapidly and stayed
in the 50-70 um range for the higher annealing temperatures. For the P300 samples, the
grain size remained small (~10-20 um) up to annealing temperatures of 1300 °C, indicating
the slow progress of the recrystallization process, and then increased to ~39 um at 1400 °C.
For the P500 and P800 exposure conditions, the grain size remained low (~10 pm) till
an annealing temperature of 1200 °C. However, annealing at higher temperatures caused
grain growth of ~30 um at 1300 °C and 55-65 um at 1400 °C. This shows that grain growth
starts sooner (i.e., at lower temperatures) for the P500 and P800 samples than in the P300
sample. This is indicative of greater retardation of recrystallization in the P300 case, in
agreement with the other evidence presented here.

In order to further understand the recrystallization behaviour, the subgrain boundary
density per unit area in the grains was analysed for all conditions. Subgrain boundaries
(SGB) are defined here as those marking a misorientation of 1-10° in adjacent pixels.
Examples of this analysis are presented in Figure 7, where the band contrast map with SGB
and the SGB density map for NP A1300 sample and P300 A1300 samples are shown in
(a,b) and (c,d), respectively, and the corresponding subgrain boundary density distribution
(SGBD) is shown in (c) and (f), respectively.

It is seen that, in the unexposed sample annealed at 1300 °C, most grains (>90%) have
a low subgrain boundary density (<0.05/pm?), while in the 300 °C plasma exposed sample,
the fraction of grains with SGBD < 0.05/um? decreases to <60%, and there are grains with
SGBD up to 0.75/um?. Similar analysis was performed on all the annealed samples, and
the data are plotted in Figure 8.

Here, it is evident that, while the no plasma (NP) sample showed a rapid increase in
the fraction of grains with SGBD < 0.05/um? (up to 85-95% above 1200 °C annealing), the
plasma-exposed samples continue to show a low fraction at these high temperatures. The
300 °C plasma-exposed sample shows a low fraction of grains (<60%) with low SGBD all
the way up to 1400 °C annealing, with only a slight increase. The 500 °C and 800 °C plasma
samples also maintain a low fraction of grains with low SGBD up to 1300 °C, and show
a significant rise in the fraction of such grains only on annealing at 1400 °C. This analysis,
therefore, constitutes further evidence that plasma exposure retards the recrystallization
process in W and that exposure at 300 °C has the strongest effect in this respect.
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(b)

Fraction of grains
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(f) 06
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200 pm Subgrain boundary density

Figure 7. Subgrain boundary map (black—grain boundary, yellow—subgrain boundary), subgrain
boundary density (no./ um?) for each grain and corresponding normalised distribution plot for
(a—c) No plasma exposure, annealed at 1300 °C and (d—f) plasma exposure at 300 °C, annealed at
1300 °C.

Juny
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Fraction of grains with SGB density
<0.05/um? (%)

0
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Annealing Temp (°C)

Figure 8. Fraction of grains with subgrain boundary density < 0.05/um? at different annealing tempera-
tures for various plasma exposure temperatures.

As can be seen from Figure 4, in some of the maps, indexing is poor in some grains even
after high temperature annealing, while other grains in the same area are fully indexed and
recrystallized. An attempt was made to check whether there was a preferred orientation
for grains which were indexed poorly, on the basis of the small fraction of points that were
indexed in such grains. The EBSD map in Supplementary Figure Sla shows the major grains
which have a large fraction of unindexed points, but nevertheless have a reasonable number
of indexed ones, allowing the determination of grain orientation. The crystal orientations
for these grains are indicated on this map using cubes. These orientations are also indicated
in the pole figures shown in Supplementary Figure S1b and in the inverse pole figure in
Supplementary Figure Slc. These plots indicate that none of the grains with low indexing
fraction are oriented with the <100>, <110> or <111> poles parallel to the Z axis, while
many are aligned with the sample Z axis parallel to directions ranging from about <112> to
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around <123>. A possible reason for this may be due to greater retention of He in grains
oriented along these directions, causing the severe suppression of recrystallization and
a reduction in indexed fraction. While this agrees somewhat with the idea of preferential
He retention in grains oriented along <112> directions reported by Hammond et al. [37],
they report that such effects are significant only in short time frames of <1 ns. The present
results indicate that, if the indexing fractions are, indeed, governed by slow recrystallization
in grains with certain orientations caused by differential He retention, then these effects
may be stable for much longer durations than previously thought.

Another possible explanation for the difference in fraction of indexed points in
grains with different orientations could be an orientation-dependent variation in the
stored deformation or surface finish at the end of the polishing process [39], which
might result in changes in the amount of blistering after plasma irradiation, as reported
by Zayachuk et al. [40].

Dedicated experimental and modelling studies need to be performed to determine the
precise cause and elucidate the reasons for such behaviour.

3.3. Nanoindentation

As is well known, one of the effects of annealing and resultant recrystallization is
the reduction in hardness or yield strength. While there are other factors influencing the
hardness, such as plasma exposure and grain orientation, the decrease in hardness in
this study can be attributed entirely to the recrystallization process due to the following
reasons. Firstly, the plasma exposure at the dose applied in the present case creates mostly
nanoscale bubbles, which act as barriers to dislocation motion, thus increasing the strength.
Secondly, while texture can affect overall strength, it is the individual orientation of grains
that affect the hardness due to the anisotropy of material properties. However, the hardness
of individual grains in W is not seen to depend significantly on orientation, probably due
to the relatively low anisotropy of W. Both of these points are demonstrated by Zayachuk
et al. in their study of W exposed to high-flux deuterium plasma [40].

As described in the experimentation section, nanoindentation was performed on the
samples using a Berkovich tip on the unirradiated and plasma irradiated, un-annealed and
annealed samples. The results are summarised in Figure 9. The plot in Figure 9 shows the
variation in nanoindentation hardness with change in annealing temperature, as measured
at a maximum load of 5 gf. The error bars denote the 95% confidence interval (CI), and are
calculated as 2x standard error (SE), where SE = SD//n, SD = standard deviation and
n = no. of observations. The hardness values here are measured with a much higher load
than in the previous paper, where the maximum load was 10,000 uN or ~1 gf [29]. This is
the reason for the lower measured hardness in this case, since the greater load in the present
case resulted in a larger indentation depth, hence a smaller indentation size effect [41].
However, the results show the same general trend as in that work, except for the fact that
the drop in hardness after annealing at 1200 °C is much greater for the unexposed sample
than the plasma-exposed sample in this case, in contrast to the previous work [29]. Thus,
the present work demonstrates more clearly the effect of plasma exposure on retarding
recrystallization than before. This difference may be due to the fact that the previous study
did not include annealing at 1200 °C, which seems to be a critical temperature at which
rapid recrystallization begins in the unexposed W, but which is not sufficiently high for
plasma-exposed material.

It is evident from all these plots that the hardness decreases with increasing annealing
temperature for all samples, as expected, due to increasing recrystallization. The “No
plasma” sample shows a relatively high hardness up to an annealing temperature of
1100 °C, and then the hardness abruptly falls and stays almost constant for annealing
temperatures of 1200 °C and higher. Then, the P300, P500 and P800 samples all maintain
a relatively high hardness after annealing at 1200 °C, and show a statistically significant
higher value compared with the NP sample. After that, the P500 and P800 samples show
an abrupt decrease in hardness at 1300 °C, and this level is maintained at 1400 °C. The P300
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sample also shows a decrease in hardness at 1300 °C and 1400 °C, but the overall hardness at
these temperatures is slightly higher than that of the other two plasma temperatures, albeit
with a statistical overlap in the 95% CI. These results are, on a first approximation, consistent
with the recrystallized fraction trend. They all support the idea that plasma exposure retards
recrystallization to various extents on the surface, and this suppression effect is dependent
on the temperature of exposure and also of annealing. The suppression of recrystallization
is most evident in the hardness measurements after annealing at 1200 °C. The softening
due to recrystallization is the greatest for the P500 and P800 samples at 1300 °C annealing,
and all hardness values converge at 1400 °C annealing.

Nanoindentation hardness (5g load)

©
o

N
n

il

6.5 I\ 1

c}n \ I -e-No Plasma
o0 Jr @-Plasma 300
>3 gl @-Plasma 500
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Annealing temperature (°C)

Nanoindentation hardness (GPa)

Figure 9. Nanoindentation hardness for various plasma exposure temperatures at different annealing
temperatures.

3.4. Atomic Force Microscopy (AFM)

In order to assess the effect of irradiation on changes in hardenability due to annealing,
the pile-up height around the nanoindents was measured using AFM. It is known that
hardened metals with low hardenability show higher amounts of pile-up than annealed
metals [32], so it is expected that, in general, the pile-up depth will decrease with annealing.
Specifically, in tungsten samples, it was shown that annealing reduces the pile-up height
in recrystallized grains by up to 50~65% [42]. The no plasma, 500 °C plasma and 800 °C
plasma samples, with no annealing and 1400 °C annealing, were examined with AFM.
The 300 °C samples were not studied as the surface was deemed too rough to assess the
pile-up heights. The pile-up height for each edge of the indents was measured for multiple
indents and averaged for each sample. A typical AFM topographical map with a profile
measurement is shown in Supplementary Figure S2. The pile-up height for any given
edge was measured as the height difference between the highest and lowest points on
the surface along a profile line drawn perpendicular to the edge and passing through the
opposing corner. The results are shown in the plot in Figure 10. It is evident from this
figure that, while the pile-up has decreased measurably for the unexposed sample due to
annealing, no measurable change is obvious for the 800 °C plasma samples after annealing
at 1400 °C. The samples exposed to plasma at 500 °C show a slight increase in the pile-up
height after annealing, which the authors cannot explain on the basis of known theory. This
seems to indicate that the effect of annealing on hardenability is smaller or less significant
for the plasma-exposed samples than for the unexposed samples. It has been reported
by Zayachuk et al. that plasma exposure suppresses the indentation pile-up [42]. Since
plasma exposure also suppresses recrystallization, which would reduce pile-up if allowed
to go unhindered, plasma exposure and annealing, therefore, seem to have opposing effects
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on pile-up, which might be able to explain the lack of noticeable difference in pile-up in
exposed samples after annealing.

Pile-up height before and after annealing
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Figure 10. Pile-up heights for unexposed, plasma exposed at 500 °C and plasma exposed at 800 °C,
before and after annealing.

Considering all the results from the EBSD recrystallization fraction, subgrain boundary
density and nanoindentation, one finds incontrovertible evidence that plasma exposure
suppresses or delays the recrystallization process in W on annealing, especially up to an
annealing temperature of 1200 °C. The main reason behind this effect is thought to be
the pinning of grain boundaries by the He bubbles, also known as the Zener effect [24].
It was shown in previous papers by some of the present authors that the retardation
effect was stronger for the plasma exposure temperature of 300 °C than for higher plasma
temperatures as it was thought to be causing a finer distribution of small He bubbles
near the surface, which limited grain boundary migration to a greater extent [24,29]. This
was suggested to be the cause as it was shown by Smith that, if the volume fraction
of the second phase—in this case, the bubbles—is maintained at a constant value, the
radius of curvature of the grain is proportional to the particle size [26]. Therefore, smaller
bubbles will restrict the grain size to smaller values. Beyond this temperature, the 300 °C
plasma exposure seems to have a slightly greater effect on recrystallization suppression
than higher temperature annealing. Although the subgrain boundary density data in the
present paper support this idea, the recrystallization fraction (RXF) data and the hardness
data are somewhat ambiguous. While the RXF data support the idea of the stronger
suppression at plasma exposure temperature of 300 °C for 1300 °C and 1400 °C annealing,
it surprisingly shows consistently higher RXF at 1200 °C annealing for the P300 sample.
The nanoindentation hardness data, on the other hand, shows approximately uniform
suppression of the recrystallization behaviour for all plasma irradiated samples to an
annealing temperature of 1200 °C and then a slightly higher suppression effect (by way of
higher retained hardness) for the P300 sample at 1300 °C and 1400 °C annealing. Thus, both
RXF and nano-hardness data seem to confirm the higher efficacy of 300 °C plasma exposure
in recrystallization suppression at higher annealing temperatures, but the 1200 °C EBSD
data seem to contradict this idea. One possible reason for this anomaly could be the texture
in the EBSD scanned region of the P300A1200 sample, which might have led to rough
surfaces on a larger number of grains, causing the impression of lower recrystallization.
This idea is supported by the cross-sectional EBSD data of the sample shown in Figure 6.
The SGB density data also support the higher efficacy of 300 °C plasma in recrystallization
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suppression at 1400 °C annealing, but at lower annealing temperatures, all plasma exposure
temperatures seem equally effective.

4. Conclusions

Pure W samples were exposed to He plasma using the MAGPIE instrument at ANU
and annealed at 1100-1400 °C at 100 °C intervals for 1 h. These samples were then char-
acterized using SEM, EBSD, nanoindentation and AFM. The EBSD studies showed some
clear trends with a few exceptions, which might be due to inhomogeneities in He retention
based on the surface plane orientation of different grains.

However, in spite of that, from all the data based on EBSD and nanoindentation, the
points for which there seems to be conclusive evidence are as follows:

(i) Plasma exposure at all temperatures (300 °C, 500 °C and 800 °C) suppresses recrystal-
lization on annealing.

(i) Plasma exposure at 300 °C is more effective in supressing the recrystallization on
annealing, and it maintains the suppression effect even at higher annealing tempera-
tures, while the P500 and P800 samples are more susceptible to recrystallization after
1300 °C and 1400 °C annealing.

(iif) The hardness measured by nanoindentation agrees with these conclusions in a semi-
quantitative manner.

(iv) There is no statistically significant change in the pile-up heights after annealing,
showing that the material hardenability is not affected much due to the annealing.
This is possibly because plasma exposure itself decreases pile-up, and also retards
recrystallization, which would reduce pile-up if allowed to be completed.

(v) There seems to be difficulty in indexing grains which are away from any major
low-indexed crystallographic axes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met13091582 /51, Figure S1: Orientation of grains with low indexing
fraction; Figure S2: AFM scan image showing surface height around indent and measuring pile-
up height.
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