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In this work, cracking of the surface of a tungsten plate was studied using a PW-7 pulsed plasma accelerator. The
surface of the tungsten plate was exposed at an energy density and plasma flux duration of 1.1 MJ/m? and 200
ps, respectively. Before each shot, the base of the tungsten plate was heated to a temperature of 823 K. Heating of
the base of the tungsten plate above the ductile-brittle transition temperature made it possible to control the
temperature gradient on its surface under pulsed plasma exposure. In other words, the temperature gradient of
the tungsten plate before and after exposure to the plasma flux decreased. Compared to the data at room tem-
perature, the results of heating of the tungsten plate to the tungsten ductile-brittle transition temperature of 823
K showed a reduction in crack width to several hundred nanometers under the influence of plasma. It should be
noted that heating of the plate did not completely eliminate cracking of the surface of the tungsten plate.
However, this significantly minimizes the emission of dust from the surface of the tungsten plate under the
influence of the plasma flux (barely no dust was observed).

1. Introduction

A detailed understanding of the interaction of the plasma edge region
with the first wall in current magnetic plasma confinement facilities is
extremely important for improving the overall efficiency of fusion de-
vices. The materials of the first wall can be significantly damaged by
highly concentrated energy fluxes escaping from the edge region of the
plasma [1-3]. This can be caused by plasma disruptions and edge
localized modes (ELM of the order of ~1 MJ/m? for ~0.5 ms with a
frequency above 1 Hz) [4-5]. For instance, arcing on the surface of ITER-
grade tungsten can be detected during tests in the T-10 tokamak [6], and
it is mainly observed over the rough surface. Surface roughness is usu-
ally caused by the following erosion processes: cracking and melting of
the surface layer, movement of the molten layer, and consequent re-
crystallization [7-9]. When the temperature of unirradiated tungsten
exceeds the ductile-brittle transition temperature, it can undergo sig-
nificant plastic deformation [10]. In this case, the surface of the material
risks cracking when cooling. Therefore, a high thermal load and heat
flux from the plasma onto the cooled tungsten can lead to its brittle
damage. Tungsten tends to exhibit brittle behavior below the ductile-to-
brittle transition temperature. It is confirmed by computer simulation,
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that this transition is the predominant reason for tungsten cracking
[11-13]. The temperature limit of the base surface was calculated by
numerical analysis under a short-term thermal load of 0.2 GW/m? for
0.5 ms in [14] to avoid plastic deformation of tungsten. This tempera-
ture limit is in the range of 673-1053 K. Electron and laser beam ex-
periments showed that cracks formed on the surface of the tungsten
plate at the cooling stage were caused by plastic deformation in the
brittle temperature range between RT and DBTT (~ 673 K) [15-16].
Studies of the characteristics and behavior of tungsten after plasma
exposure are attracting increasing attention as they are extremely
important for providing safe and highly efficient operation of the
reactor. Previous studies on the formation of dust particles in the vicinity
of the test tungsten substrate after pulsed plasma exposure showed that
the main source of the dust particles is elongated microcracks [17,18].
Results on the tensile strength of a tungsten plate with two different
microstructural states heated to a temperature of 573-873 K in an oven
are presented in [19]. It is shown, that tungsten plates are susceptible to
brittle damage at temperatures below 673 K. The recrystallized micro-
structure demonstrates more ductile properties at higher temperatures
(>673 K) compared to the initial state. Consequently, controlling the
temperature of the first wall could minimize surface cracking caused by
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thermal stress. Therefore, irrespective of the type of experiments, the
results of these works show that the initial temperature of tungsten
plates under deforming stresses is the major factor affecting their sub-
sequent condition.

This work aims to study cracking of a heated tungsten plate after
plastic deformation caused by the impact of a pulsed plasma flux.

2. Materials and methods

Experiments to test a tungsten plate were carried out on a PW-7
pulsed plasma installation [20,21] at a certain number of pulses (13,
26, and 39). Pulsed plasma installations provide plasma pulses with a
duration of several hundred microseconds, which corresponds to the
duration of repetitive ELMs. In addition, they provide not only energy,
but also shock loads. In pulsed plasma installations, only the surface
layer of the material is heated, so it is possible to study such surface
processes as the movement and splashing of molten layers of material,
the formation of vapor clouds of the material, etc. The choice of pulse
series 13, 26, 39 is justified by comparing this work with the previous
work [17]. In this work, the tungsten plate was not only exposed to the
plasma flux, but also heated at the same time. The goal of the work was
to analyze the state of the surface of the tungsten plate at a given initial
temperature. Therefore, to compare the results, the number and cycle of
pulses were chosen to be as identical as possible. Moreover, the choice of
an odd number of plasma pulses in both works did not depend on the
specific experimental conditions.

Before each shot, the tungsten plate is heated to a temperature 823
+ 5 % K above the ductile-brittle transition temperature of tungsten.
The temperature of the plate was measured with a Type K thermocouple
(chromel-alumel). Before experiments, the residual air is pumped out of
the vacuum chamber to a pressure of 1073 Torr. Then the chamber is
filled with a plasma-forming gas - hydrogen. The following parameters
were maintained for all series of experiments (unless otherwise noted):
the capacitor voltage of 4 kV, the gas pressure in the vacuum chamber of
30 mTorr. The main plasma flux parameters are: the diameter ~ 4 cm,
the velocity around 27 km/s, the maximum energy density ~ 1.1 MJ/
m?, and the pulse duration about 200 ps. A schematic illustration of the
experiment is shown in Fig. 1.

The surface morphology was analyzed using scanning electron mi-
croscopy (SEM). The impact of plastic deformation on the crystalline
structure of the near-surface layer of the tungsten plate was estimated by
X-ray diffraction (XRD) and was carried out on a Rigaku MiniFlex 600
spectrometer. X-ray diffraction of the Ka line of a copper anode was used
(accelerating voltage — 40 kV, current — 15 mA). The measuring ranges
and steps are 30°-140° and 0.02°, respectively. The composition of the
tungsten plate was determined using EDS analysis. The rise in temper-
ature of the tungsten plate surface immediately after exposure to the
plasma beam was measured with a conducting thermistor (bolometer)
[22]. The bolometer was placed in the same position as the tungsten
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Fig. 1. Schematic illustration of the experiment.
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plate. The main component of the bolometer is a tantalum plate of 40 ym
thickness. The active surface area and the initial resistance of the
tantalum plate are 2.4-10~7 m? and 0.6 Ohm, respectively. A resistor
(116.4 Ohm) and a voltage source (6.13 V) were connected in series to
the bolometer. At the ends of the resistor, the voltage drop is measured
with an oscilloscope. The bolometer heats after the impact of the plasma
flux. As a result, the bolometer resistance increases. Consequently, the
voltage drop at the ends of the resistor also increases. Since the resistor
and the bolometer are connected in series, the voltage drop across the
resistor increases in the same way as the voltage drop across the
bolometer plate. The use of standard formulas and calculations allows us
to evaluate the resistance changes of the bolometer. The temperature of
the tantalum plate is calculated using the formula (1). The temperature
distribution plot is shown in Fig. 2.
R, — R

AT=T,—-T = —F— 1
T @

where Ty, Ry, and Ty, Ry are the temperature and resistance of the
bolometer before and during exposure to the plasma flux, a =
0,0031K ! is the tantalum temperature coefficient. The temperature of
the bolometer plate at the initial moment of time (<60 ps) could not be
measured, as shown in Fig. 2a, since the flux of energetic plasma created
strong electrical noise caused by a direct contact of the tantalum plate
with the plasma flux. As mentioned above, the tantalum plate is quite
thin. Therefore, it instantly heats up under the influence of the plasma
flux, and also cools down quickly, since it is installed on massive con-
ductors. Thus, we estimate that the surface of the tungsten plate is also
strongly heated to a temperature of 4500 K under the influence of the
plasma flux.

The time dependence of the energy density of the plasma flux was
measured. For this purpose, a cone-shaped calorimeter was made of 200
um thin titanium foil. The surface area of the calorimeter onto which the
plasma flux falls is 16.8 cm?. K-type thermocouples were attached to the
outer wall of the calorimeter (on the back side of the plasma flux). The
enhanced thermo electromotive force (EMF) at the ends of the ther-
mocouple was recorded by a storage oscilloscope through a low-pass
filter. Thus, the energy density of the plasma flux at the peak
approached 1.1 MJ/m? (Fig. 2b), which corresponds to the thermal
loads in the edge localized mode (ELM) of ITER. The plasma flux velocity
can be estimated from Fig. 2b. The plasma flux reached the calorimeter
within a time of 8 s from the point where the interelectrode plasma
jumper appeared (corresponds to the noise in Fig. 2b). The distance is
24 cm. In this case, the plasma flux velocity is at least 30 km/s.

3. Preparation of samples

For all experiments, commercially available rolled polycrystalline
tungsten (99.96 %) was used (Fig. 3). Tungsten plate size: thickness is 2
mm, width and height are 15 mm. The surface was subjected to uniform
plasma exposure, since the dimensions of the tungsten plate are signif-
icantly smaller than the diameter of the plasma flux and it was located in
the central part of the beam. The substrates were first subjected to
sequential wet grinding with 800 to 2500 grit abrasive paper (5 min per
sample on each abrasive paper), and then the plate was electrochemi-
cally polished in a weak solvent (KOH). After this, the plates were
washed in alcohol and deionized water to remove all possible residual
impurities and contaminants.

4. Results and discussion

After continuous exposure to 13 plasma pulses, SEM analysis of the
sample revealed the presence of spots of different sizes on the surface of
the tungsten plate (Fig. 4a). After EDS analysis (Fig. 5¢), it was shown
that these spots contain nickel impurities. Note that the initial surface
composition of the tungsten plate consisted exclusively of tungsten



M.K. Dosbolayey et al.

Sk T T T T 100.0k
i ; — target temperature 800k
Bl B } - - discharge current | 60.0k
[ |
' ' | I 40.0k
3k : I\ ‘g'i
— ! v Bl RN L 20.0k
x ' \ ! hS <
— Ee \ I ’ “ee e 00 —
2] Vo K -
1 ’ I-20.0k
[ ’
1k N | -40.0k
Ny
N I-60.0k
i U=4kV; p=30 mtor
0 — T ; - -80.0k
00 5004 10004 15004 2000y 25004

t[s]

a) Temperature evolution of a bolometer under

the influence of a plasma flux. The oscillogram

of the discharge current is highlighted with a
dashed line

Nuclear Materials and Energy 37 (2023) 101540

[0}
noise

—Ug=4kV; p=30 mtor

N
S
[=}
=
i
-

8us

-200.0k

10004 15004 200.0u

t[s]

00 50,04

b) Time dependence of the energy density of

plasma flux

Fig. 2. Main parameters of the PW-7 pulsed plasma accelerator.
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Fig. 3. a) Smooth surface of a tungsten plate after electromechanical polishing, b) elemental composition of a tungsten plate according to EDS analysis.

(Fig. 3b). However, the presence of nickel impurities led to a change in
the surface morphology (Fig. 4a-4d). These impurities, likely caused by
the mounting screws used to secure the housing heating elements,
formed thin films on the surface of the tungsten plate. The intense
sputtering of these screws occurred due to overheating caused by the
plasma flux.

Changes in spots on the surface were observed after a certain number
of pulses. SEM analysis of spots after 13, 26, and 39 pulses is shown in
Fig. 4c, 5a, and 5b, respectively. In these spots, cracks were found that
were wider than the other observed cracks (Fig. 4d). In addition, blisters
were found in places where nickel impurities accumulated, as shown by
the white arrows in Fig. 5a.

As reported in [23-25], the deposition of films on the surface
significantly enhances the blistering process. Hydrogen can diffuse be-
tween the thin film and the surface of the material due to thermal stress.
During this process, hydrogen gas molecules accumulate, which subse-
quently leads to the formation of blisters (Fig. 5a, shown by white

arrows). Nickel is not used as a tokamak material. However, the results
of these studies show that the integration of foreign element impurities
on the surface of the tungsten plate can cause an increased likelihood of
defects such as blisters. We suppose that the presence of foreign material
on the tungsten surface does not adhere properly, making it more sus-
ceptible to peeling. On the other hand, nickel (~28 eV) has a lower
threshold bias energy than tungsten (90 eV) [26].This increases the
probability of hydrogen implantation and the formation of an internal
hydrogen molecular cavity. Thus, with repeated exposure to the plasma
flux, the temperature (pressure) of the gas between the layers increases,
which leads to the formation of bubbles.

After 26 pulses, the blister caps open and peel off. This is due to an
increase in the temperature of local surface areas, especially areas with
cracks. The appearance of cracks deteriorates the properties of the
tungsten plate and, perhaps, reduces its thermal conductivity. In this
case, most of the absorbed energy of the plasma flux is used to heat the
edges of the cracks, and not propagate into depth (Fig. 5a, indicated by
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Fig. 5. The surface of a tungsten plate after exposure to 26 (a) and 39 (b) pulses. Elemental composition of the plate with spots obtained by the EDS method (c).

black arrows).

Traces of craters were observed in the vicinity of the crack (Fig. 5b,
marked with black arrows). The craters appeared as a result of the action
of a unipolar arc on the sharp edges of cracks. Numerous studies have
been conducted to study the effect of plasma thermal shock on the
microstructure of tungsten [27,28], and they showed that structural
damage (the occurrence of mechanical stress) is the main cause of

cracking. This poses a serious problem for such projects as ITER and
DEMO. Previous studies [29,30] have shown that tungsten plates
experience thermal expansion in the plasma load region. However, the
cold and unloaded area of the plate resists such expansion. Conse-
quently, compressive plastic deformation occurs in the material.
Compressive stresses significantly decrease during the periods of cooling
of the tungsten plate. In this case, tensile plastic deformations occur
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(ductile-brittle transition). Tensile plastic deformations cannot
completely compensate for compressive plastic deformations. As the
authors report [14-16], during thermo plasma exposure, the behavior of
tungsten strongly depends on its temperature. In particular, this work
focuses on the influence of base temperature on crack behavior. A pos-
itive effect was found: as follows from the results, when the plate is
heated to a temperature above the tungsten ductile-brittle transition
temperature (>673 K), cracking of the plate is practically not expected.

In tungsten samples without preheating, cracks with a size of about
7-10 pm were observed, which were reported in [17]. In the current
experiments, the tungsten plate was preheated before being exposed to
the plasma pulse. The crack width was reduced to several hundred
nanometers by heating the plate to a temperature of 823 K (Fig. 6a-6b),
and the maximum observed crack width was 315 nm.

The development of cracks on the surface of the plate was studied by
the number of applied pulses. After increasing the number of pulses from
13 to 26 and 39, respectively, the development of cracks and expansions
was negligible. The cracks changed orientation during the expansion
and modification process (Fig. 6¢ and 6d, Fig. 6e and 6f), compared to
the previous work [17]. This may be due to the redistribution of thermal
stresses in the material after a series of plasma impacts.

The area occupied by micro cracks was determined using the ImageJ
program. For this purpose, SEM images of the tungsten plate obtained
after three plasma exposures were used. Although the statistics is small,
relatively accurate results were obtained. The area of cracks on a unit
surface of a tungsten plate after exposure to 13 plasma pulses was 7.4
pm?. This corresponds to approximately 1 % of the total surface area of
the plate. The crack area after 26 pulses was 12 pm? (1.6 %) and after 39
pulses 11.65 um? (1.56 %), respectively.

SEM images of the cross section of the tungsten plate obtained after
39 pulses are shown in Fig. 7.

In this case, frequently repeated images of micro cracks were
selected. The cracks grew with slight tortuosity perpendicular to the
surface, without branching. A study of the cross section of the plate
showed some specific features. For example, the crack in Fig. 7a with a
depth of 3.9 pm could have appeared after one of the last plasma pulses.
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This conclusion was based on the fact that the crack was not modified
and had a large width of about 320 nm. Cracks consisting of several deep
channels were also observed (Fig. 7b and 7c). Deep longitudinal chan-
nels that do not extend to the surface of the plate are traces of primary
cracks. Fig. 7d clearly shows how one of these channels closed (the
upper part of the crack to a depth of 2.3 um). According to our consid-
erations, this effect may be caused by subsequent plasma pulses, during
which the surface of the tungsten plate is remelted.

Thermal stresses generated in the tungsten plate are the main cause
of surface cracking and are limited mainly to the near-surface layer of
tungsten (under short-term loading).

The magnitude of thermal stress was estimated using diffraction-
based measurements [31]:

Ad
c=F 7 2)

where E is Young’s modulus, d is the distance between crystallographic
planes without stress, Ad is the difference between the distances be-
tween crystallographic planes with and without stresses. To achieve
accuracy, the diffraction line (321) located in the region of the exact
angle (6 > 600) was used (Fig. 8d). The shift of the diffraction line to-
wards larger angles indicates a decrease in the distance (d) between the
reflecting crystallographic planes. Therefore, it can be concluded that
compressive stress occurs in this case. The calculated d values of un-
stressed and stressed tungsten are 0.08235 and 0.08232 nm. The cor-
responding value of Ad/d is 0.000364. The compressive stress in the
tungsten plate, calculated by formula (2) is equal to 125.6 MPa. The shift
of the diffraction line was determined from the analysis of the graph in
Fig. 8d.

After exposure to the plasma flux, the broadening of the diffraction
lines was observed, which indicates a high dislocation density in the
surface layer of the heated tungsten plate (Fig. 8b-8d). Interestingly,
increasing the number of pulses from 13 to 26 and then to 39 did not
significantly change the thermal stresses. Hence, the results show that
the occurrence of cracks can be effectively controlled by preheating of
the tungsten plate, which can potentially effectively eliminate their

Fig. 6. The surface of a tungsten plate after 13 pulses (a and b), 26 pulses (c and d), and 39 pulses (e and f).
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Fig. 7. Cross section of a tungsten plate after exposure to 39 pulses.

negative effects. Preheating allows us to control the temperature
gradient of the plate surface before and after exposure to a pulsed
plasma flux. As the results of our previous studies show [17], when
exposed to plasma, large cracks maintain their position and only in-
crease due to splitting and melting of sharp edges. Ejected tungsten
particles can also melt even below the melting threshold at low thermal
loads. This may be the main reason for the formation of dust droplets,
Fig. 9a and 9b.

It was found that the effect of plasma flux on preheated tungsten
plates does not lead to the potential formation of dust particles and
droplets (Fig. 9c and 9d). Unlike the previous work where the formation
of tungsten dust was caused by cracks, no significant cracking was
observed in this case. Hence, dust generation was significantly reduced,
providing a favorable result in terms of dust generation. Exposure to the
plasma flux does not lead to potential dust formation in preheated
tungsten plates (Fig. 9¢c and 9d).

The tungsten dust in the previous work was caused by cracks.
However, in this case, no significant cracking was observed. This made it
possible to reduce dust formation significantly. The interaction of the
plasma flux with the material was recorded by a Phantom VEO710S
high-speed camera. The recording speed was 20,000 frames per second.

The micron-sized arc craters, similar to those identified on the T-10
Tokamak [32], were formed (Fig. 10). These craters predominantly arise
from a unipolar arc process occurring between the solid target and the
plasma [33]. As mentioned earlier, a rough surface is one of the main
factors in the occurrence of unipolar arcs. At the same time, surface
defects of the tungsten plate, including cracks, noticeably increase the
surface roughness, thereby increasing the likelihood of arc crater
formation.

As reported in [34], unipolar arcs on surfaces are one of the domi-
nant mechanisms of plasma erosion of the metal surface. They lead to
the following effects: overheating of the surface, local melting, and

increased emission of electrons into the plasma from the surface. Un-
fortunately, there is currently no suitable diagnostic equipment to study
the speed and other important characteristics of the arc. As reported in
[35], the main factor influencing the formation of micro craters by
unipolar arcs is explosive electron emission. As shown in Fig. 10a-10f,
such craters have an approximately hemispherical shape.

5. Conclusion

The behavior of a preheated tungsten plate after exposure to a
plasma flux was investigated at the PW-7 pulsed plasma accelerator.
Preheating of the tungsten plate resulted in a significant reduction in
thermal stress values compared to the previous experiments in which no
preheating was used. This suggests that preheating plays a crucial role in
reducing thermal stress and its harmful effects on the tungsten plate. It
has been noted, that the thermal stress does not change significantly and
practically relaxes with an increase in the number of pulses from 13 to
26 and to 39. After exposure to the plasma flux, defects such as cracks
and arc craters were detected, which indicates macroscopic erosion.
Reducing the temperature gradient of the surface of the tungsten plate
(candidate material) before and after plasma exposure by 823 K allowed
us to avoid the appearance of cracks with a width of more than 1 pm,
which is in good agreement with the results of the other authors
[13-16]. Moreover, in this case, dust formation under the influence of a
plasma flux is significantly reduced. In addition to cracks, arc craters,
and blisters were found on the surface of the tungsten plate. Such surface
defects are apparently caused by the process of arc formation on a rough
surface.

However, degradation of the surface of the tungsten plate under the
action of cyclic plasma pulses remains a topic for further investigation. It
is important to note that while preheating can reduce surface cracking, it
cannot eliminate it. Therefore, comprehensive investigation focusing on



M.K. Dosbolayey et al.

100.0k 5

— before

after 13 pulse a )
— after 26 pulse

after 39 pulse

(110)W

80,0k <

60,0k o

40,0k <

Intensity [r.v.]

20,0k

L— 21w
— (2200w
b— (321)W

0,0 +—stql-
40

o (2000w

2+ Gl1Ow

1
120 140

(=}
®
=
—

20 [degree]

9k =

before

after 13 pulse
after 26 pulse
— after 39 pulse

8k

R |
87.099

#

[
~
1
(2200W

¢)

s

Intensity [r.v.]

@
=~
1

0 +F———— T
86.4 86.6 86,8 87.0

\‘ T T T T
' 872 87.4 87.6 87.8 88.0
20 [degree]

Nuclear Materials and Energy 37 (2023) 101540

100.0k
— before
— after 13 pulse
80,0k 4 — after 26 pulse
— after 39 pulse
= 60,0k
iR
=
a
5 40,0k
K=
20,0k
0.0 - —
39,5 40,0
20 [degree]
8.0k =
o v N
S before
== after 13 pulse
6,0k - AT — after 26 pulse
I\‘ ‘\' . after 39 pulse
= g || d)
= a
24,0k - R
Z |
= I
2
2.0k 4
0.0 F——— — :
130.5 131,0 © 1315 1320

26 [degree]

Fig. 8. Results of X-ray diffraction analysis: a) general spectra, b) angle 40.274, c) angle 87.053, d) angle 131.208.

Fig. 9. Photographs of erosion of the surface of a tungsten plate: during (a [11]
and c) and after (b [11] and d) exposure to a plasma flux. The plasma beam is
directed from right to left perpendicular to the surface of the tungsten plate
(15x15 mm).

various aspects such as surface roughness, crack width, crack depth, and
crack spacing is still needed to gain a deeper understanding of surface
degradation and its characteristics under these conditions. This
comprehensive study will provide valuable information that will enable
scientists to improve the durability and performance of tungsten plates
in similar plasma environments of modern fusion devices such as ITER
and DEMO.
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Fig. 10. Arc craters on the surface of a tungsten plate after: 13 pulses (a and b), 26 pulses (c and d), and 39 pulses (e and f).
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