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Abstract: The paper presents the results of the study of tungsten surface structure modification under helium
plasma irradiation. It is revealed that during irradiation of samples, surface modification in the form of relief
development as a result of irradiation is observed. X-ray phase analysis showed that no new phases of the W
system were found after irradiation, only an increase in the intensity of diffraction lines was observed. There
are significant differences in the microstructure of tungsten depending on the temperature of helium plasma
irradiation in the above range. It is assumed that the cause of defects is the extremely low solubility of helium
in tungsten. Metallographic analysis has shown that at irradiation of tungsten samples in regime 5 and 6 the
degree of relief development is not high in comparison with the tungsten sample irradiated in regime 4. The
greatest increase in roughness of the sample irradiated in regime 5 was determined, which is associated with
the formation of small cracks, blisters and pores in the surface layer. At the same time, in the samples irradiated
in regime 6, the surface of which is characterized by chaotically located protrusions and depressions of various
shapes, the roughness parameter Ra was 0.0603 um. It was found that at temperature regimes T = 1200 °C and
T =1500 °C the microhardness of tungsten increases by 11% and 10% respectively.
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1. Introduction

Tungsten stands out as the primary material choice for plasma-exposed surfaces in future
nuclear fusion power devices because it offers a unique blend of characteristics, including a low
sputtering rate, minimal activation during transmutation, and excellent thermal conductivity [1].
When employed in a plasma-facing role, it will endure some of the most extreme conditions
encountered by engineering materials, including surface temperatures exceeding 1000°C, damage
levels reaching up to 50 dpa/yr from 14.1 MeV neutrons, compositional changes of up to 5 at. % due
to transmutation over the operational lifespan, and the direct implantation of helium from the plasma
[2]. Deterioration of tungsten under these circumstances will constrain the component's longevity
and negatively impact the efficiency of the fusion plasma, as sputtered tungsten atoms and dust
ingress. The combined effects of damage caused by neutrons and helium, originating from both
transmutation and plasma injection, will induce substantial alterations in tungsten's mechanical
properties [3,4]. A crucial aspect is comprehending the underlying mechanisms governing these
effects, as it is essential for modeling the failure mechanisms of plasma-facing tungsten. Previous
studies have predominantly focused on elucidating the mechanisms leading to the creation of
bubbles, voids, and "nano-fuzz" in tungsten due to helium exposure [5].

Chen et al. [6] conducted a study in which they subjected PM2000 ODS steel to simultaneous
and sequential implantations of Fe+ ions and He+ ions. These implantations were carried out on the
as-received material and on material cold-rolled to 30% and 70% reduction in thickness, resulting in
damage levels of 31 dpa and 18 appm/dpa of helium. They observed an increase in hardness,
measuring 1.15 GPa for the as-received material, 0.23 GPa for the 30% rolled material, and 0.2 GPa
for the 70% rolled material. In the case of the two rolled materials, the hardness increases fell within
one standard deviation of the unirradiated hardness. This implies that the rolling process generates
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defects that act as traps for helium and displacement damage, thereby diminishing their hardening
impact.

Kogler et al. [7] also conducted Fe/He implantations on PM2000, both in its as-received state and
after heat treatment. They performed both sequential and simultaneous implantations, resulting in
damage levels of 52 dpa and 20.7 appm He/dpa. In the as-received materials, simultaneous
implantation led to a substantially higher hardening effect (1 GPa) compared to sequential
implantation, while in the heat-treated case, the material implanted simultaneously with Fe and He
exhibited only a 0.3 GPa increase in hardness compared to the sequentially implanted material.

Hunn et al. [8] carried out helium implantation on 316LN stainless steel, using 360 keV helium
ions to reach a level of 332 appm. This resulted in significant hardness increases, up to 2 GPa, in the
area with the highest damage, associated with the formation of helium bubbles. In contrast, Fe+ ion
implantation at similar damage levels produced hardness increases that were 50% lower.

These studies have highlighted that helium implantation can lead to a more pronounced
hardening effect than self-ion implantation, and there are variations in hardness between sequential
and simultaneous implantations in ferritic alloys. However, while there have been numerous
investigations into the mechanical properties of both neutron- and self-ion-implanted tungsten
alloys, with substantial hardness increases of up to 3 GPa observed, there has been no prior research
on the influence of helium implantation on tungsten's mechanical properties [9-11].

In this work, we investigate the effect of He-plasma exposure on W samples. In this regard, a
new laboratory linear plasma unit, KAZ-PSI, was designed and built to test candidate divertor
materials and to perform plasma-surface interaction studies.

The purpose of this work is to investigate the effect of helium plasma irradiation on the
structural-phase state and mechanical properties of tungsten.

2. Materials and Methods

2.1. Parameters of Plasma Unit

The KAZ-PSI plasma facility [12], built at PlasmaScience LLP in 2019, Fig.1., is designed for
plasma testing of refractory metals and materials created by electron beam irradiation. The setup is a
linear system with a magnetic plasma confinement scheme.

Parameters of the plasma unit:

—  longitudinal magnetic field on the axis —up to 0.3 T;

—  internal diameter of the discharge chamber — 0,15 m;

—  length of the discharge chamber - 1 m; the chamber is equipped with a water-cooling circuit,
which provides a stationary discharge mode;

—  plasma discharge current —up to 1 A;

-~  plasma density — 1018 cm-3;

—  electron temperature — up to 20 eV;

— negative displacement at the cathode relative to the grounded anode — 0-2 kV

—  injected electron beam power — up to 10 kW
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Figure 1. General view of the linear plasma unit KAZ-PSL.

The main components of the small-sized linear stimulator are - 1) electron gun, 2) vacuum
sensor, 3) system of electromagnetic coils, 4) interaction chamber, 5) cooling target, 6) Langmuir
probe, 7) negative potential, 8) residual gas analyzer, 9) turbomolecular pump, 10) forevacuum
pump, 11) personal computer to control the KAZ-PSI unit. The general principle of operation of the
KAZ-PSI unit consists of the following principles: the electron gun forms an electron beam of axially
symmetrical character, the gun cathode is heated by electron bombardment from the heater filament,
which contributes to the adjustment of the gun power. The vacuum drop between the gun and the
discharge chamber is realized by autonomous pumping of the gun. The plasma cord is formed in the
discharge chamber by the interaction of the electron beam with the working gas - helium. In the
discharge chamber with the help of coil systems, which creates a longitudinal magnetic field, the
focusing of electron and plasma beams is realized. By changing the value of electric current flowing
through electromagnetic coils, it is possible to manipulate the value of magnetic field strength in the
plasma-beam discharge chamber, thereby controlling the beam diameter. The plasma discharge hits
a sample of the material to be tested, which is placed on a target device in the interaction chamber.

This facility is planned to test materials under the complex high-energy effects of a stationary
hot plasma. Such studies will advance the understanding of the physics of interaction of hot plasma
with materials such as tungsten, molybdenum, steel, ITER wall and diverter materials, and others.
The relevance of research work on this facility is related to the observation of increased erosion of
tungsten in co-modern fusion facilities, which needs to be investigated in full-scale experiments to
establish the physical mechanisms of erosion. Therefore, the problem of improving the performance
characteristics of materials remains one of the important tasks of materials science and in the field of
thermonuclear fusion.

2.2. Experimental procedure

In this work, the interaction of helium plasma with tungsten was studied using the developed
KAZ-PSI unit. Tungsten samples of 99.95% purity in the form of a cylinder with a diameter of 10 mm
and a height of 5 mm were ground and polished. The samples were irradiated with a plasma beam
in helium medium. The parameters of the experiments are shown in Table 1.
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Table 1. Parameters of tungsten irradiation with helium plasma.
L. Helium Power of the Negative Target
Irradiation . . Ion
No. ] pressure, electronic potential on the temperature,
time, h fluence, m?2
x10- Torr gun, kW target, V °C
1 0.5 0.42 90010 2.4 x10%
2 0.5 0.57 120010 2.4 x10%
3 0.5 0.71 1500£10 2.4 x10%
1.2+0.05 1500
4 0.5 0.71 1000£10 2.4 x10%
5 1.0 0.71 1000£10 4.8 x10%
6 1.5 0.71 1000£10 7.2 x10%

Scanning electron microscope (SEM) JSM-6390LV (Jeol, Japan) was used for microstructure
characterization. X-ray diffractometer X'PertPRO with Cu Ka radiation was used for X-ray phase
analysis. Measurement of the surface profile roughness by Ra parameter was carried out using a
profilometer "Proton" model 130 according to GOST 2789-73 at the base length of 0.8 mm.

Hardness determination was carried out using the measuring system FISCHERSCOPE HM2000
S in accordance with the requirements of DIN EN ISO 14577-1. According to the device passport, the
hardness measurement range is 0.001-120000 N/mm2, the load setting accuracy is 4 myg,
displacements are measured with an accuracy of 0.1 nm. The error of microhardness determination
is 2% of the measured value. The indenter feed rate is 2 pm/s. The range of test loads is 0.1-500 mN.
A tetrahedral diamond Vickers pyramid with a flat angle of 136° was used as an indenter. The slides
for the studies were made according to the standard technique, including mechanical grinding and
polishing. Chemical etching in a solution containing 50% hydrofluoric acid and 50% nitric acid was
used to reveal the micro-structure of tungsten [13].

3. Results and Discussion

The regimes of irradiation of tungsten with helium ions in the plasma of high-frequency
induction discharge leading to the formation of relief structure on the surface of tungsten have been
experimentally obtained. The surfaces of the obtained samples were studied on a scanning electron
microscope JSM-6390LV. Figure 2 shows the SEM-image of the surface of tungsten samples.

According to the results of microstructural studies of tungsten samples, surface erosion in the
form of etched grains and micropores was detected (Figure 2). It was found that in the studied
samples microstructure of grains has a different character of changes and has a connection with their
crystallographic orientation. While in some grains significant erosion is observed, in other grains the
formation of micropores with uneven distribution, which are traces of blister formation, was found.
The relief formed consists of chaotically located protrusions and depressions of various shapes. The
analysis of experimental results showed that the degree of change in the relief and structure of the
surface layer of irradiated samples depends on the type of material and irradiation parameters.
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Figure 2. SEM images of the surface of tungsten samples.

The results of the samples on the profilometer are shown in Figure 3. It was determined that
after irradiation of tungsten with helium plasma the surface roughness changes depending on the
irradiation temperature. The greatest increase in roughness Ra = 0.1406 um is observed in samples
irradiated in regime 5, which is associated with the formation of small protrusions and depressions
on the surface layer. At the same time, in the samples irradiated in regime 6, the surface of which is
characterized by chaotically located protrusions and depressions of various shapes, the roughness
parameter Ra was 0.0603 pm. The smallest change of roughness Ra = 0.0299 um is observed in the
samples irradiated in regime 4. The results obtained are in good agreement with the metallographic
analysis. Woller et al. [14] observed that at temperatures lower than that required for fluff formation
(from 870 to 1220 K), bundles of nanoenhancers can form on the surface, and this depends on the
average ion energy and ion flux density. Therefore, this surface patterning requires further
investigation. Thus, it can be stated that during irradiation of tungsten with helium plasma, the main
relief forming mechanism is surface sputtering characterized by thermal etching of the surface.
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Figure 3. Results of profilometer tests.
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The results of diffractograms obtained under different regimes of irradiation of tungsten with
helium plasma are shown in Figure 4. When comparing in turn the diffractograms of these samples
with each other, an increase in the intensity of peaks is observed.

According to the results of X-ray phase analysis of tungsten samples, we can conclude that the
main phase in the samples is the crystalline phase of tungsten with a cubic lattice, space group Im-
3m (229). At the same time, the diffractogram of sample 1 shows peaks of low intensity of crystalline
phases W as well as a shift of peak (110) towards higher angles, which is caused by the increase of
tensile macro-stresses.

Based on the literature data on the radiation resistance of tungsten, we can assume that
irradiation creates radiation-induced damage in the lattice of tungsten, namely, displacements of
atoms leading to the formation of defects capable of capturing and retaining hydrogen isotopes. Such
defects are vacancies and vacancy clusters, as well as dislocation-type defects [15, 16]. In addition,
irradiation of tungsten with thermonuclear neutrons leads to transmutation effects, i.e., the
appearance of radioactive isotopes of tungsten.
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Figure 4. Diffractograms of tungsten before and after helium plasma irradiation at different regimes.
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Figure 5 shows the elastic modulus and hardness of the materials irradiated with helium plasma
compared to their non-irradiated state, with numerical values given in Table 2. According to Figure
6, the maximum indentation depth is 500 mN. The irradiated sample in regime 1 shows a decrease in
hardness to 3182 N/mm?2, this value is lower by 31 % compared to the original sample. With
increasing target temperature regime of 900°C and 1200°C, the hardness of the samples increases by
5122 N/mm?2 and 5081 N/mm?2, and the elastic modulus by 419 GPa and 489 GPa, respectively.
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Figure 5. Elastic modulus and hardness of materials irradiated with helium plasma.

Fig. 6 and Table 2 also show that after irradiation there is a noticeable increase in the modulus
of elasticity of all samples. As with the increase in hardness, the increase in modulus of elasticity is
slightly higher in the irradiated samples than in the original state. In all cases, the increase is
perceptible and goes beyond the experimental error limits
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Figure 6. Typical load-displacement curves during indentation.
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Table 2. Correlation table of the obtained results.

Sample Coefficient of HV HM [N/mm?2] E H/E
friction [GPa]
Initial 0.744 515 4611 430 10.72326
1 0.648 349 3182 390 8.158974
2 0.683 594 5122 419 12.22434
3 0.616 575 5081 489 10.39059
4 0.654 510 4525 433 10.45035
5 0.648 489 4360 425 10.25882
6 0.101 436 3887 383 10.14883

5. Conclusions

Helium plasma irradiation at different regimes has a strong influence on the structural-phase
state and mechanical properties of tungsten. Thus, the following results were obtained:

Plasma irradiation changes the surface topography of tungsten. It is shown that structural
changes in the near-surface region of tungsten - pores and blisters - are observed as a result of helium
plasma irradiation. X-ray phase analysis showed that no new phases of the W system were found
after irradiation, only an increase in the intensity of diffraction lines was observed. There are
significant differences in the microstructure of tungsten depending on the temperature of helium
plasma irradiation in the above range. It is assumed that the cause of defects is the extremely low
solubility of helium in tungsten. At irradiation by plasma as a result of formation of high
concentration of helium gas high mechanical stresses arise, initiating surface destruction of the
sample and creation of blisters and pores.

It is revealed that after irradiation the surface roughness changes in comparison with the initial
sample and no consistent increase or decrease in values according to the treatment regime is
observed. It is established that at temperature regimes T = 1200 °C and T = 1500 °C the microhardness
of tungsten increases by 11% and 10% respectively.

Prospectivity of application of the simulation stand KAZ-PSI gives the possibility of obtaining
the results of experimental studies in a relative but inexpensive way. The obtained data are in demand
when designing fusion reactor design elements, analyzing their operating life and the influence of
plasma on materials, and predicting the accumulation of isotopes of plasma-forming elements in the
fusion reactor volume.
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