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Abstract
Tungsten (W) has a high melting point, excellent thermal conductivity, and irradiation
resistance, making it the most promising plasma facing material for divertors in fusion reactors,
which are currently under development. However, since the divertor is exposed to an extremely
harsh environment, it is considered necessary to develop suitable and cost-effective repair
techniques. In this study, the applicability of the atmospheric plasma spraying (APS) method

using a gas shroud as a repair technique for W components was investigated, in particular the
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possibility of strengthening the repaired part by applying friction stir processing (FSP) as a post-
treatment. It was found that the application of a gas shroud can suppress in-flight oxidation to
some extent, even when the W is deposited in air. In addition, the FSP treatment reduced grain
size and porosity, resulting in an increase in microhardness of approximately 37.5% compared to
the base material (W substrate) and 203.5% compared to the as-sprayed material. The gas shroud
APS and FSP post-treatments have been shown to have potential as repair techniques for tungsten

components in future fusion reactors.
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Introduction

A nuclear fusion reactor system is a complex arrangement of components designed to
facilitate and control nuclear fusion reactions in order to release energy in a controlled and
sustainable manner. The International Thermonuclear Experimental Reactor (ITER) is a notable
example of a collaborative project aimed at demonstrating the feasibility of nuclear fusion as a
large-scale and sustainable energy source (Ref 1). In nuclear fusion reactors, a divertor is a
crucial component designed to manage and control the exhaust of particles and heat generated
during the fusion process. Its primary purpose is to divert and guide the plasma away from the
main chamber of the reactor, thereby protecting the walls and other components from excessive
heat and damage (Ref 2, 3). The divertor in a nuclear fusion reactor is crucial due to the extreme
conditions in a nuclear fusion reactor, including high temperatures, intense radiation, and
exposure to plasma (Ref 2). The divertor is exhaust system in the nuclear fusion reactor to
eliminat helium ash and other impurities from the plasma as well as convected heat from the

fusion reactors. Tungsten (W) is the primary materials for divertors due to its high melting point,



high thermal conductivity, and good resistance to erosion by plasma particles (Ref 4, 5). It also
has low tritium retention, which is advantageous for fuel recycling. Since 2013, the ITER
Organization (IO) has recommended high-performance W monoblock technology for divertors.
Researchers are actively exploring improvements in design, fabrication techniques, and materials
to optimize divertor performance in the demanding environment of fusion reactors (Ref 4-7).
However, the surface of the divertor can be damaged due to several factors associated with the
extreme conditions of the fusion process, such as thermal loading, plasma surface interactions,
and neutron bombardment. (Ref 8). Therefore, processing technologies that enables the simple
repair of early-stage wear is crucial for obtaining insights into the operational efficiency and
economics of the prototype reactor. The material processing requirements of repair the wall of
divertor is focused on dimensional recovery, high-strength bonding between the repaired
materials and the base material, high thermal conductivity, etc. Hence, in this study research the
development of fundamental technologies enabling the repair of a W surface is the interested
research.

Thermal spray techniques provide significant cost savings and durability while reducing
working time. An atmospheric plasma spray (APS) process is a thermal spray technique that
utilizes a high-temperature plasma to produce a high-quality coating. APS can produce highly
adherent coatings on a substrate with a uniform and fine-grained microstructure, imparting
exceptional mechanical properties to them (Ref 9). Some relevant works include that by Huang
et al. (Ref 10) who, in the context of a design study for W coatings, prepared them on copper
(Cu) using a high-speed atmospheric plasma spray (HPAS) technique. The coatings exhibited a
good microstructure and relatively low oxygen content. The HAPS technique for depositing W

coatings could provide a convenient and low-cost method, making it potentially suitable for



fusion applications. Nevertheless, the microstructures of thermal spray coatings are normally
heterogeneous, with unmelted particles, porosity, and oxides weakening mechanical properties.
To reduce the defects from thermal spray coating, further post-treatments, such as heat treatment
(HT), friction stir processing (FSP), shot peening (SP), and laser remelting (LRM), are essential
for sprayed coatings. The HT process is the most widely known process for post-treatment of
whole thermal sprayed coatings, which is performed by a heater (furnace) under high temperature,
while the FSP is the very strong thermal-mechanical process, and the SP process is the typical
mechanical process. The FSP uses the rotating pin tool to form a very fine-grained microstructured
surface, and the SP is an excellent modification technique to reduce the cracks in the coating by
the peening body, which has the hardest impact on the coating and develops the surface in a
plastically deformed condition. Another one by the LRM is a process that utilizes the thermal
energy of laser beam to rapidly melt with rapid cooling on the coating, which generate the high-
density coating (Ref 11). Wang et al. (Ref 12) studied the effects of annealing under vacuum and
a hydrogen atmosphere on the properties of an APS-W coating. The annealing treatment can
reduce the tungsten oxides, leading to improvements in thermal conductivity, microhardness and
other performance aspects of the APS-W coating. However, vacuum annealing at high
temperatures damaged the interface between the APS-W coating and the copper substrate.
Furthermore, many investigations of heat treatment techniques using an electrical furnace have
shown that this approach may not be sufficient for on-site applications because of limited of the
size of repair parts. Similarly, the high energy density of laser by LRM post-treatment could
damage the base material, and the oxides possibly result from the oxidation by the material
remelting reacted with ambient atmosphere (Ref 11-12). Among these processes, the friction stir

processing (FSP) is the one of the mechanical post processing methods with low temperature



used to enhance their properties, improve adhesion, and optimize the performance of thermal
spray coatings. This process leads to severe plastic deformation and dynamic recrystallization,
resulting in the formation of a very fine-grained microstructural surface (Ref 13-15). FSP
provides excellent modification of surface properties along with the removal of defects from the
coatings, resulting in advantages in terms of improving the microstructures and properties of
coated surfaces (Ref 13). Huang et al. modified cold-sprayed Ni-Ti coatings by comparing two
methods: high-temperature vacuum annealing (HTVA) and the FSP processes. Their results
showed that applying FSP to an as-sprayed coating can significantly improve the microstructures
and mechanical properties. Compared to HTVS, FSP presents a potential method of modifying
dense coatings and properties to improve the thermal spray coatings (Ref 16). In the W coatings,
Tannigawa et al., improved the thermal conductivity and the hardness values of a vacuum plasma
spray (VPS) W coating by the FSP process, resulting in enhance both in mechanical and thermal
properties of VPS-W coating on ferritic/martensitic steels (Ref 17). The successful post-treatment
process of the the W coating by the FSP process can also significantly reduce the oxide content
and porosity along with improve the mechanical properties.It is possible to apply the post-
treatment of the W coating in order to modify the microstructure (fine grain, less porosity, low
oxide content). This microstructure and property analysis is critical because this understanding
will help a specific development to tailor the desired microstructure and parameter process,
which apply for the tungsten repair technology in nuclear reactor applications.

Therefore, the objective of this study was to develop fundamental technologies to enable
the repair of the W surfaces. This involved combining two processes: (1) atmospheric plasma

spray (APS) for material build-up, and (2) friction stir processing (FSP) for strengthening the



build-up section. To clarify technical challenges and optimize each process as a repair technique,

actual simulations of tungsten repair were attempted using these processes.

Materials and Methods
Atmospheric plasma spray process conditions

A commercially available 99.9% purity tungsten feedstock powder (D100, manufactured
by Allied Materials), with particle diameters in the range of 7-12 um, was used as feedstock
powder, and a tungsten plate (ITER grade for a divertor in a nuclear fusion reactor), with a size
of 20x20x3 mm?> was grit-blasted and ultrasonically cleaned before deposition. The plasma
spraying of the W powder was carried out using an APS system (TriplexPro-210, Oerlikon
Metco) with a 9 mm internal diameter nozzle and a gun moving speed of 500 mm/s. The coating
thickness for all the deposits was maintained at more than 1 mm. To prevent oxidation of powders
during spraying, a spray torch with shroud gas was used, as shown in Fig. 1(a). The obtained
results were compared with those of the APS without shroud gas. The APS process parameters on
each condition are shown in Table 1.
Simulated repair of a divertor by APS process and post-treatment by FSP

Figure 1(b) show a schematic diagram of the simulated step on the divertor. First, the
surface of the W plates was damaged by laser irradiation. A 3D printing device (SLM280, SLM
Solutions) was used for laser irradiation, with a laser output of 500 W, a scan speed of 300 mm/s,
a hatch width of 0.1 mm, and circular scan area with a diameter of 6 mm. The damaged area was
then hollowed out by an electrical discharge machine. The removed area was cylindrical, with a
diameter of 6 mm and a depth of approximately 0.28 mm measured by optical profilometry, as
shown in Fig.2(a). After that, a W overlay was applied to the damaged area using the APS

spraying process (Fig. 2(b)), which was selected as the best condition parameter from section 2.1.



Further explanation is provided in section 3. The surface overlay was made flat to some extent by
blasting and surface grinding (as shown in after grinding in Fig.2(b)). The FPS was selected for
mechanical post-treatment on the repaired W area to optimize the overlay performance. The
process was performed using a 12 mm WC-Co plate tool (a tool without a small protrusion on
the tip). The tool was positioned at 0° from the process direction, and a constant tool rotation
speed of 500 rpm was maintained. The downward push force was controlled at 0.16 MPa, and the
holding time was set to 30 seconds without moving the tool, as shown in the photographs in Fig.
2(c).
Analytical characterization

The cross-sectional microstructure of the samples was obtained using a JSM-6010
scanning electron microscope (SEM: JSM-6010, JEOL) at an accelerating voltage of 20 kV and
an electron backscattered diffraction technique (EBSD: JSM-7100F, JEOL), using a step size of
0.3 um. The oxygen and oxide contents in the coatings were measured using an energy-dispersive
X-ray detector (EDS) and an X-ray diffraction system (XRD: Rigaku) with Cu Ka radiation (A =
1.54060 A). The XRD data were collected from the range of 20 = 10-80° with a step size of
0.02°. Vickers hardness measurements were performed using a Matsuzawa AMT-7FS hardness

tester with a load of 300gf. The average hardness values and standard deviations were determined.

Results and Discussion
The W coating prepared by APS process.

Figure 3 displays photographs of W coatings prepared using different APS process
parameter without a shroud gas, for all thermal sprayed coatings. It can be observed that W
coating deposition was successfully using 350 A and Ar = 50 L/min (sample 1). The other

samples (samples 2-11) were not sufficient, resulting in local delamination of the coating from



the substrate despite the deposition of a continuous coating. The addition of helium (He) or
hydrogen (Hz) with argon (Ar) used in plasma spraying increased both the specific enthalpy and
thermal conductivity of the plasma flow, especially at temperatures where dissociation and
ionization occurred (Ref 18, 19). Simply increasing the current together with the gas mixture in
plasma spraying during in situ structuring resulted in coating delamination during deposition (Ref
19). It is assumed that the increased heat input into the substrate and higher tensile stresses
caused this delamination. Based on the overall morphology after deposition, the parameters used
for sample 1 are selected to build a W coating for repairing the divertor in a nuclear fusion
reactor.

After the APS parameters were selected, a shroud gas was used in the APS process to
reduce oxidation during spraying. Figure 4(a) shows photographs of W coatings produced using
different spraying distances of the shroud gas. The results showed that all coatings deposited the
W feedstock powders onto the W plate continuously, achieving a thickness of 1-1.5 mm (Fig.
4(b)). The coatings prepared by APS with a shroud gas were expected to have a dense lamellar
microstructure with low oxide contents. The backscattered electron (BSE) image in Fig. 4(b) also
reveals that a dense cross-section at a low level of porosity and an oxide layer in the shrouded W
coating (sample 16) was achieved; only a few gray areas indicate the presence of oxide layers.
The high shielding gas flow rate can prevent the agglomerated oxidized features from being
swept away by the gas, effectively flushing away fine dust and oxidized splash droplets during
deposition (Ref 20). This is impact on achieving the lowest oxide contents in the shrouded W
coating under the processing parameter conditions used for sample 16. A comparison of oxygen
contents on the W coatings is shown in Fig. 5. The results showed that the oxygen contents of the

W coating sprayed at less than 120 mm (sample 15) and 140 mm (sample 16) of distance were



~0.62 and ~0.59 wt.%, respectively. The oxygen contents of the shrouded W coatings are 25%
lower than that of the unshrouded coating (sample 1). Similar to the oxygen content results by the
EDS, the characteristic peaks for WO3 and WO> can be found in the XRD patterns from all W
coatings with/without shrouded gun, which is the possible oxide phases in the thermal sprayed W
coating (Fig. 6). The XRD pattern of the sample 15, 16 and 1(unshrouded) exhibited lower
intensity WO3 and WO» peaks than the other samples. When the diffraction angle from 23 to 25°
of the WO3 phase was enlarged, it was confirmed that the oxide content in sample 16 was lower
than that of sample 15 and 1. Clearly, the APS equipped with shrouded gun can reduce the
oxidation during in-fight spraying process. The shroud system in the APS process is designed to
create an oxygen-reduced or inert atmosphere, and an atmospheric plasma gun is attached to its
end. This minimizes the risk of oxidation during the spraying process, which is critical for a W
coating (Ref 21). The spray distance is close to the substrate, it may be affected by the plasma.
The temperature of the substrate to rise too high, and it would be heavily oxidized due to the
influence of the flame flow and thermal deformation. Therefore, the oxide contents of sample 14
(100 mm) was higher than that of sample 15 (120 mm) and 16 (140 mm), respectively. Moreover,
the high shielding gas flow rate (157 L/min for samples 15 and 16) displaces the ambient air in
the spraying environment to create a barrier that prevents direct contact between the W powder
and oxygen from the ambient air, results in lower coating oxide contents compared to the low
shielding gas flow rates (17 L/min (sample 12) and 85 (sample 13). These results are similar to
what has been achieved with inert gas shrouding in a hybrid water argon plasma spraying of W
and Cu coatings (Ref 22). The inert gas shrouding, tightly attached to the torch front, was found
to effectively reduce the extent of in-flight oxidation, especially when a reduced outlet orifice

was used (Ref 20, 23).



The W overlay before and after the FSP treatment to repair a divertor on a nuclear fusion
reactor

BSE and IPF images in Fig. 7 show the microstructure of the simulated cross-sectional
damaged area on the surface of W plate after applying the laser radiation. The results present that
vertical crack with a depth of 200-500 um due to thermal and mechanical stresses during high
power laser beam by SLM across the W surface. Moreover, additional heating/remelting from
laser radiation caused by the grain microstructure, resulting in the grain size in damaged area is
larger than that of the W plate because of remelting by laser radiation. Moreover, the
microstructure of damaged area shows the columnar grains that grew epitaxially on the previously
solidified track similar to the normally microstructure of SLM samples (Ref. 24). This is area was
removed by electrical discharged before deposit the APS-W overlay and FSP process in order to
simulate the repair the wall of the W divertor. Fig. 8 shows the microstructures of the W overlays
before and after FSP treatment to fill up the damaged area on the surface of the W plate, giving
an overview and details of the W overlay structure. There are some pores and oxide layers in the
W overlay. The W overlay after the FSP treatment (Fig. 8(b)) appears to have a denser and finer
microstructure compared to the W overlay before the FSP treatment (Fig. 8(a)). Before the FSP
treatment, the overlay mainly exhibited a lamellae structure, splat boundaries, oxide layers (gray
color), and pores (black color). In addition, the W grain in the lamellae structure formed a
columnar structure, as seen in an inverse pole figure (IPF) image (Fig. 8(a)) by EBSD analysis.
The orientation of this overlay is random because the thermal energy was inadequate to form the
preferred orientation during rapid cooling by the APS process (Ref. 25). The kernel average
misorientation (KAM) map before the FSP treatment appears mostly blue, indicating a general

assumption of low plastic deformation in the W overlay prepared by the APS process. After the
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FSP treatment (Fig. 8(b)), the microstructure of the W overlay underwent significant changes,
resulting in an extremely dense with low porosities near surface. As the IPF image reveals, there
is a significant presence of a recrystallized and fine equiaxed grain structure, which is smaller in
term of grain size compared to those observed in the W overlay before FSP treatment. A large
number of ultrafine grains were observed in the FSP region near the surface. During the FSP
treatment, the W overlay undergoes severe plastic deformation by non-equilibrium grain
boundaries with high energy and long-range stresses caused by the absorption of a large number
of lattice dislocations. Furthermore, the KAM map predominantly displays green and blue colors,
indicating increased local dislocation density and the formation of dislocation pileup after the
FSP treatment. Therefore, it appears that this could be due to grain boundary sliding or other
boundary-dominated strain accommodation mechanisms (Ref 14-16). The FSP treatment refined
the microstructure, resulting in the appearance of fine and equiaxed grains at near the surface,
specifically in the stir zone. This transformation is influenced by maximum strain, peak
temperature and the occurrence of dynamic recrystallization (Ref 15-17, 26, 27). During FSP, the
intense plastic deformation and frictional heating generated by the rotating tool can create
elevated temperatures in the material (Ref 26). The W overlay undergoes varying combinations
of strain and temperature within the stir zone, leading to non-uniform plastic deformation or a
strain gradient. However, the grain size near the surface appears finer than that in the lower area
near the bottom indicating the presence of a possible strain gradient. This variation can be
attributed to the different degree of deformation and temperature experienced in these areas due
to variations in material flow patterns around the tool. The area near the bottom overlay (lower
zone) involves relatively lower strains and temperatures compared to the area near the surface

(upper zone), which belong to the thermomechanically affected zone (Ref 26). This area

11



undergoes slight recrystallization due to insufficient strain and a high rate of dynamic recovery,
leaving the grain structure little changed. Compared to other treatments on W coatings (Ref 12,
25), the FSP treatment showed a refined microstructure with decreased oxide and porosity, while
post-treatment by a vacuum annealing and a press annealing on the W coatings reported by Park
et al. (Ref 25) showed no obvious differences in microstructure and slightly decreased the
influences of some defects, such as oxides and splat boundary problems. In addition, the
annealing process also causes a certain damage to the tungsten copper interface, especially as a
result of vacuum annealing at a high temperature, as reported by Wang, et.al. (Ref 11).

The average hardness values of the W overlay before and after the FSP treatment
compared to the W plate are shown in Fig. 9(a). It can be observed that the hardness values of the
W plate on slightly decreased when applying laser radiation. This causes increases in the grain
size and the vertical crack results in a reduction in the hardness of them. For the hardness value
of the W overlay before the FSP treatment was about 202+30 HV, which is lower than that of the
overlay after the FSP treatment (613+104 HV). Moreover, the hardness value of the overlays
after the FSP increased by about 1.3-1.5 times compared to that of the W plate (44621 HV). As
previously explained regarding the microstructure of the W overlay after the FSP treatment, it is
evident that the FSP, as a surface reinforcement method, is effective in developing grain
refinement in the W overlay. The grain refinement formed as a result of dynamic recrystallization,
along with the reduced porosity, is responsible for the increase in hardness at the FSP area. The
schematic diagram of changing hardness before and after applied the FSP compared to the W
base materials is shown in Fig. 9(b). Similar to the other works (Ref 14-16, 28), especially the
VPS-W by moving tip single and double pass of the FSP, reported by Tanigawa et al. (Ref 17),

demonstrated the refinement of grain structure and reduction in porosity in thermal sprayed
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coatings through the FSP treatment, contributing to increased hardness and improved wear
resistance. It can assume that both FSP without moving tip of this work and with moving tip of
Tanigawa et al. (Ref 17) can modify and improve the microstructure and mechanical properties
of the W coating. However, a heat input of the FSP without moving tip can modify the deeper
section near the W plate, which indicate in the hardness values of the lower area of FSP area
(573£116 HV) that slightly lower than that of the upper area but still higher than that of the W
plate. According to the well known Hall-Petch equation (Ref 29, 30), the changes in yield stress
(and hence the hardness) are inversely proportional to variations in the square root of grains size,
and the high density of dislocation formed by the FSP. Therefore, the smaller the grain size, the
higher the hardness will be, as demonstrated near the surface. Moreover, the high dislocation
density and sub-grain boundaries also contribute to an improvement in strength, as they act as
obstacles for dislocation motion (Ref 29, 30). The low oxide content, dense and high hardness
values of the W overlay produced using the APS process with the FSP treatment, have the
potential to repair and protect the surface of a W divertor in a nuclear fusion reactor from thermal
stress, plasma surface interactions, and neutron bombardment. This material can be considered

suitable for use under these work conditions.

Conclusions

The development of a repair technology for tungsten parts that can be applied to a divertor
on a nuclear fusion reactor led to the following results.

This work optimized the parameter conditions for depositing a W coating by the APS
process. Additionally, the use of a shroud gas has achieved certain results in suppressing
oxidation in the coating, reducing the oxygen content by 25%. Furthermore, it was easily possible

to obtain a thick coating of 1 mm or more on the W substrate.
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Successful repair in the damaged area were achieved by simulating repair on the W plate
using the APS and the FSP treatment processes, with the application of a W overlay prepared
through both of these processes. The results demonstrate that the W overlay, after the FSP
treatment, can effectively enhance the performance of the W overlay produced by the APS
process. This enhancement includes reducing grain size, and porosity of the overlay. As a result,
the hardness of the repaired part increased by 1.3 to 1.4 times that of the base metal.

The APS and the FSP treatment processes can be combined to repair the surface of the
divertor part, resulting in the W overlay with fine structure, dense and low oxides content, which
enhances its properties and performance, including mechanical properties. It can be expected that
APS-W with FSP can become the candidate process the development of tungsten repair
technology. This maintenance concepts hold the potential to ensure an acceptable level of
applicability to future fusion power reactors. Nevertheless, the microhardness result is not enough
to explain the properties for the future fusion power reactor applications. Considering the
practical application, future work is necessary to systematically unravel the mechanical and other
properties, such as tensile properties, wear resistance, erosion resistance, and radiation effects,

etc.
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Table 1 Parameters for W spraying on an W substrate (ITER grade) by APS

Current, Gas Gas flow Spraying Shielding

Sample no. rate, distance, as flow
b A types L/min mm rz:gte, L/min
1 350 Ar 50 100
2 400 Ar 50 100
3 450 Ar 50 100
4 500 Ar 50 100
Without 5 540 Ar 50 100
shroud 6 350 Ar/He 50/10 100
gas 7 400 Ar/He 50/10 100
8 450 Ar/He 50/10 100
9 350 Ar/Ha 44/6 100
10 350 Ar/Ha 44/6 100
11 350 Ar/H» 44/6 100 ..
12 350 Ar 50 100 17
With 13 350 Ar 50 100 85
shroud 14 350 Ar 50 100 157
gas 15 350 Ar 50 120 157
16 350 Ar 50 140 157
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Fig. 1 Schematic diagram of (a) the atmospheric plasma spray (APS) system equipped with the

shroud gas and (b) simulated repair of the divertor by the APS process and post-treatment by the

friction stir processing (FSP) treatment.
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from surface of base material

L Damaged
LS Outsidermmee
< ‘} '| . "( Q

¥

(a) Depth =280 pm - (b) lusidc\
"'::::“';\@ _

Before grinding

S ey

W overlay FSP treatment

RN
W plate

Fig. 2 Photographs and optical profilometry images of simulated repair of the divertor including
(a) the damaged area after laser radiation and electrical discharge, (b) the W overlay to fill up the

damaged area, and (c) the W overlay after the FSP treatment
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Sample 3 1= 450A, Ar gas Sample 4 I= 500A, Ar gas Sample 5 I= 540A, Ar gas

Sample 6 I= 350A, Ar/He gas  Sample 7 I= 400A, Ar/He gas Sample 8 I= 450A, Ar/He gas
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Fig. 3 Photographs of the W coating produced using different process parameters of the APS

process without the shroud gas

With shroud gas

Sample 1 without shroud gas Sample 14 D=100mm  Sample 15 D =120 mm Sample 16 D 140 mm

Fig. 4 (a) photographs of the W coating produced using different spraying distances of the APS
process with the shroud gas and (b) BSE micrograph of a W coating (sample 16) prepared by the

APS process with the shroud gas
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Fig. 5 Oxygen contents of the W coatings prepared by the APS process with or without the

shroud gas
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Fig. 6 XRD patterns of the W coatings prepared by the APS process with or without the shroud

gas

21



101

Fig. 7 BSE and IPF images of the microstructure the damaged area on the W plate after applying

laser radiation

315X

. 50 um -

Fig. 8 BSE micrographs, inverse pole figures (IPF), and kernel average misorientations (KAM)

of the cross-sectional W overlays before (a) and after (b) the FSP process

22



800

1 a) 613 (b)
700 ( e
<
_ ] =
S0 =%
S 600
S =
E:’ 500 APS-W 1
@ | 446 \l, - -W overlay
] 409 ]
= 400 I 8
-] =]
_g 1 =
g, 300 by
g 200 - bl :
Z | \l, W overlay after FSP
100 g finer grains /
4 =
=
0 T T Q-
W plate Damaged area on W overlay W overlay W overlay ?n"
(ITER grade) W plate by APS  after FSP (upper) after FSP (lower) =

Fig. 9 (a) comparation of average hardness in the W overlays before and after the FSP process

and (b) schematic diagram of hardness measurement positions on the specimen
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