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Abstract: Tungsten was chosen as the plasma facing material (PFM) of the ITER divertor. However,
graphite and carbon-graphite materials are used as PFM in some research thermonuclear facilities,
including the Kazakhstan materials science tokamak. This circumstance determines the interest in
continuing the study of the formation of mixed layers under plasma irradiation. This article is
devoted to the study of the effect of preliminary recrystallization annealing on the carbidization of
the tungsten surface in a beam-plasma discharge (BPD), which is one of the ways to simulate the
peripheral plasma of a tokamak. Experiments on preliminary isochoric and isothermal annealing of
tungsten samples were carried out in the mode of direct heating of tungsten samples by an electron
beam. The carbidization of tungsten samples after annealing was carried out in a methane
atmosphere in the BPD at a temperature of 1000 °C for a duration of 3600 s. Optical microscopy
(OM) and X-ray diffraction were used to analyze the structure of the tungsten surface. It has been
established that differences in the structure arising during recrystallization annealing affect the
transfer of carbon atoms in the near-surface area of tungsten and the formation of tungsten carbides
(WC or W,C).
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1. Introduction

The main advantage of choosing tungsten as a plasma-facing material is due to its properties
when interacting with plasma, namely, low sputtering ratio and low hydrogen retention. These
properties make tungsten a particularly suitable material for the ITER divertor, where the effect of a
high particle flux with energies below the sputtering energy of tungsten is expected [1,2]. However,
high operating temperatures in the divertor (stationary up to 1200 °C, and during breakdowns or
transients at about 2000 °C [3,4]) can significantly change the microstructure of tungsten due to
abnormal grain growth and affect the strength of tungsten [5,6]. It should also be noted that the use
of an all-tungsten divertor in future fusion reactors will be complicated due to design constraints and
high cost [4,7]. Such tokamaks as WEST [8], EAST [9], and JET [10] have already switched to an
all-tungsten divertor. Nevertheless, to date, most fusion engineering research reactors use either
tungsten coatings deposited on graphite and carbon-graphite materials, or uncoated graphite
materials, including the KTM Kazakhstan materials science tokamak [11]. The presence of various
materials in the chamber will lead to the formation of mixed W-C layers as a result of tungsten
irradiation with eroded carbon atoms, as well as mutual diffusion at high temperatures [12-16].

The research carried out in the works [3-6] shows that during plasma and tungsten surface
interaction, an important role is played by the orientation of surface grains, which can cause serious
changes in the surface morphology (blistering, bubble formation, radiation damage).
Recrystallization annealing is used to improve the mechanical properties and radiation resistance of
pure tungsten, which changes the grain size and can modify their crystallographic orientation
(texture). This allows for the choice of tungsten for fusion reactors with a suitable preferred
orientation to reduce changes in surface morphology during plasma exposure [17-21]. Budayev and
co-authors in the work [17] note that the brittle fracture of the recrystallized layer can lead to the
formation of submicron size dust particles, which will lead to plasma contamination and its cooling.
Changes in the microstructure due to recrystallization annealing should also be expected to affect the
formation of mixed W-C layers.

In this regard, the purpose of this research is to study the effect of preliminary recrystallization
annealing on the tungsten surface carbidization.

2. Materials and methods

The studies of the effect of preliminary recrystallization annealing on the tungsten surface
carbidization were conducted on a plasma-beam installation (PBI). The PBI is a linear simulator with
electron-beam plasma generation, which allows combining plasma exposure with electron-beam with
a high heat flux, and is also oriented on versatility and the ability for quick changeover to solve
various specialized tasks. Depending on the task, it is possible to apply the regime of direct heating
of materials by an electron beam and the regime of plasma irradiation in BPD [22-28]. Carbidization
of the tungsten surface was also carried out in PBI according to the previously developed
method [29-32]. This method makes it possible to study the formation of a mixed W-C layer on the
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tungsten surface under conditions of carbon atoms’ local transfer along plasma-wetted surfaces due
to hydrocarbons.

To study the effect of recrystallization annealing on the formation of a carbidized layer, tungsten
of high purity was chosen in the form of a rod 10 mm, from which samples were cut in the form
of 2.0 =£0.1 mm thick disks. The prepared samples were subjected to mechanical grinding and
polishing to roughness Ra = 0.02 m from the irradiated side.

The microstructure of the materials was evaluated by optical microscopy (OM). To observe the
samples microstructure by the OM method, chemical etching with a mixed solution of hydrofluoric
acid and nitric acid in a volume ratio of 1:1 was carried out [33]. Figure 1 shows images of a
tungsten sample microstructure in the initial state and after etching. Presented in Figure 1d is an
image of the sample surface obtained on a scanning electron microscope, according to which it can
be said that tungsten has a fine-grained structure [34].

(a)

(b)

Figure 1. Optical micrographs of a tungsten sample: (a) before etching, (b) after etching
for 5's, (c) after etching for 20 s, (d) SEM image after etching.

For preliminary recrystallization annealing, the mode of direct heating of tungsten samples by
an electron beam was used. Isochoric annealing [33] of samples was carried out at three temperatures
(1200 °C, 1300 °C, 1400 °C) for 3600 s. Isothermal annealing [33] was also conducted at a
temperature of 1400 °C with a duration of 1800 s and 3600 s. The choice of these modes is
determined by the expected operating conditions in ITER and reference data [35,36].

The pressure in the interaction chamber during annealing was (1.60 +0.03) x 102 Pa. After the
recrystallization annealing, the Vickers microhardness was measured using a Q60M+ hardness tester
(Qness) with an indenter load of 0.2 kgf and a holding time of 10 s. The grain sizes analysis after
annealing was carried out using special Axalit software in accordance with ASTM E112-13 [34].

Tungsten surface carbidization after annealing was performed at a temperature of 1000 °C with
irradiation duration of 3600 s. Two factors were taken into account when selecting the conditions for
carbidization experiments. First, in order to reduce the effect of further heat exposure on the
microstructure, the temperature of the tungsten surface during carbidization should be lower than the
annealing temperature. Second, it was determined in the works [29-32] that the interaction between
W and C begins at 1000 °C and leads to the formation of tungsten carbides. The pressure of the
working gas (CH4) was (1.01 +0.04) 10! Pa. The ion energy was set by a negative potential on the
target node and amounted to 0.5 keV. In this case, the ion current on the target node was 21-23 mA.
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Table 1. Sample marking and conditions for conducting experiments on recrystallization
annealing and carbidization.

Sample  Recrystallization Annealing  Surface temperature Irradiation duration in
annealing temperature, °C  time, S during carbidization, <C  methane environment, s

DC-1 - - 1000 £10 3600

DC-2 1200 +10 3600

DC-3 1300 +10 3600

DC-4 1400 +10 3600

DC-5 1400 +10 1800

Registration and control of temperature on the front and back sides of the sample’s surface was
carried out by using pyrometers of the METIS M318 and IMPAC ISR 6 Advanced brands and the
VR-5/20 tungsten-rhenium thermocouple, respectively.

The X-ray diffraction patterns of the samples after carbidization for the phase composition
determination of the surface were recorded on a diffractometer in Cu-Ka radiation with a PIXcel1D
scanning linear detector. The surface phase composition of tungsten samples was identified using the
Crystallography Open Database and the PDF-2 ICDD Release 2004 database [37,38]. Diffractometric
data cards W,C No. 03-065-3896, No. 03-065-8829, No. 01-089-2371, WC No. 00-051-0939 as well
as card of a metal W No. 00-004-0806 were applied. Quantitative content estimation of phases is
determined by the semi-quantitative method of intensity ratio (RIR).

3. Results and discussion

Micrographs presented in Figure 2 shows micrographs were obtained by the OM method of the
central region of tungsten samples before and after annealing under different conditions. The
microphotographs show the evolution of the tungsten microstructure upon annealing. After reaching
the annealing temperature of 1200 °C, as can be seen from Figure 2b, weakly pronounced low-angle
grain boundaries (with the misorientation angle not exceeding 209 and new high-angle grain
boundaries (the misorientation angle >20< are observed on the surface, which are characterized by
presenting inhomogeneous distribution [39]. Nevertheless, it can be seen that recrystallization nuclei
appearance can be noticed mainly along the grain boundaries. According to [40], the size of
recrystallized grains is an important characteristic of the annealed material, which can be used to
judge the stage of recrystallization: primary, collective, and secondary. The surface microstructure of
the DC-3 sample after annealing at 1300 °C, represented in Figure 2c, corresponds to the grain
structure of the primary recrystallization completion stage according to [40]. However, there are
recrystallized grains of different sizes, some of them have an approximately equiaxed isometric
shape. With an increase in the annealing temperature, microstructures with characteristics of the
processes of the collecting and secondary stages of recrystallization are observed (Figure 2d,e). On
the surface of the DC-4 and DC-5 samples (Figure 2d,e), which were annealed at a temperature
of 1400 °C, grains of considerable size were found, which was also established by the results of the
grain size analysis (see below), and only a small amount of the deformed structure remained. As a
result of the rapid migration of high-angle boundaries, recrystallized grains intensively consumed the
deformed matrix [39,41].
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Figure 2. Microstructures of the surface of tungsten samples before and after annealing
(central region): a—DC-1, b—DC-2, c—DC-3, d—DC-4, e—DC-5, blue arrows indicate
low-angle grain boundaries, green arrows indicate high-angle ones, and red circles
indicate areas of the deformed structure.

Edge microstructures of tungsten samples after isochoric annealing are shown in Figure 3. In
Figure 3a, obtained from the edge region of DC-4 sample, a migration of high-angle grain
boundaries over the entire surface is shown. In the case of the DC-5 sample, which was annealed for
1800 s, high-angle grain boundaries are observed only in the central region of the sample (Figure 2e),

while the edge region of the sample retains a fine-grained structure (Figure 3b), which may also
indicate different stages of recrystallization.
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Figure 3. Microstructures of the tungsten samples surface after annealing (edges):

a—DC-4, b—DC-5, green arrows indicate high-angle, red circles indicate areas of the
deformed structure.
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The results of the grain sizes analysis after annealing conducted using the Axalit software, are
presented in the form of histograms of the conditional grain sizes distribution in points and their
number in Figure 4. According to ASTM E112-13 [34], a smaller value of the grain number
corresponds to a larger grain size, and a greater value to a smaller grain size (Table 2).
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Figure 4. Histograms of grain size distribution after annealing.
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Table 2. Grain size relationships computed for uniform, randomly oriented, equiaxed grains [34].

Grain size No. Average diameter
0 359.2
4.5 75.5
5.0 63.5
55 53.4
6.0 44.9
6.5 37.8
7.0 318
7.5 26.7
8.0 225
8.5 18.9
9.0 15.9
9.5 13.3
10.0 11.2
10.5 9.4
11.0 7.9
115 6.7
12.0 5.6
125 4.7
13.0 4.0
135 3.3
14.0 2.8

As seen in Figure 4, the grain size distribution tends to shift to the left with rise of annealing
temperature, which indicates an increase in grain size. The minimum grain size, according to the
Axalit software report, after annealing at a temperature of 1200 °C comprises 0.29 pm (Figure 4a).
The share of these grains is 19.71% of the total number of grains. The proportion of average grain
sizes corresponding to 11-13.5 points with an average grain size of ~5.31 pm reaches 63.29%.
Primary recrystallization is assumed to happen at this temperature, which is characterized by
irregular shape and different grain sizes. The results of the grain sizes analysis confirm that the
completion of the stages of primary and the beginning of collective recrystallization occurs with an
increase in the annealing temperature to 1300 °C. Since there is a homogeneous grain growth, as
evidenced by the rise in the average grain size to ~6.53 um, the share of which is equal to 67.02%
(Figure 4b). Collective recrystallization is also characterized by the growth of some recrystallized
grains by means of neighboring recrystallized grains due to migration of high-angle
boundaries [39,40]. A further increase in the annealing temperature to 1400 °C results in a uniform
increase in the size of recrystallized grains (Figure 4c), which may also indicate collective
recrystallization. The proportion of average size grains of ~19.18 um, corresponding to 8—12.5 points,
amounts to 57.5%, while the proportion of large grains was 33.75%. From the histogram in Figure 4d,
it can be seen that after annealing for 1800 s, the structure consists of many small grains, the share of
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which is 44.02% of the total number of grains, and a small number of very large grains. Such a
structure, according to [39,40], resulting from uneven grain growth, is called secondary
recrystallization.

Vickers hardness changes during isochoric annealing for 3600 s and isothermal annealing
at 1400 °C are presented in Figures 5a,b, respectively. As can be seen from Figure 5a, the hardness
decreases with the growth of annealing temperature from 486 HVO0.2 in the initial state to 389 HV0.2
after annealing at 1400 °C. Figure 5b shows that the hardness was decreasing with the increase in
annealing time. During the annealing process, grain growth occurs due to continuous static
recrystallization, which leads to a decrease in hardness according to [42,43].
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Figure 5. Change in Vickers hardness during isochoric annealing (a) and isothermal annealing (b).

In the process of analyzing the phase composition of the samples surface, when diffractometric
data corresponding to the tungsten phase are superimposed on the diffraction pattern of the cards, the
experimental peak intensities were noticed to completely coincide with the bar diagram of the used
card, despite the complete correspondence of the angular positions. In this regard, to identify the
phase composition, diffraction data cards for metallic tungsten No. 00-004-0806, W,C No.
03-065-3896 and WC No. 00-051-0939 with the most suitable angular positions and having the
highest conformity score were applied. The overlay of diffraction patterns before and after the
annealing of the tungsten sample is shown in Figure 6.

The state of the crystal structure of tungsten in the initial state is characterized by low intensity
and a significant width of the peaks, indicating the distortion of the crystal lattice. Recrystallization
annealing leads to an increase in the intensity of the peaks with a shift towards smaller angles and a
decrease in their half-width, which points to the formation of a more perfect and homogeneous
structure and the decrease in the interplanar spacing [43]. The results of the half-width (FWHM)
analysis of the tungsten diffraction line are shown in a diagram in Figure 7.
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Figure 6. Overlay of X-ray diffraction patterns
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0,6

0,1

—&— Before annealing

—#— DC-1
—k— DC-2
—w— DC-3
DCA4
DC-5

of a tungsten sample before and after

T
110

T
200 211

T T
220 310

Miller Indices

Figure 7. Change of half-width (FWHM) of W lines.

150

After annealing under different conditions, a noticeable decrease in the half-width of the
tungsten diffraction line is observed. However, the half-width of the line corresponding to the
tungsten peak with Miller indices (211) after annealing at temperatures of 1200 °C and 1400 °C
remains on par with the initial value, which indicates possible microstresses. As the annealing
temperature increases, the microstresses disappear and the lowering of half-width takes place.

The overlay of diffraction patterns from the samples after carbidization is presenred in Figure 8.
On the obtained diffractograms of the samples, diffraction peaks of WC and W,C are observed.
Taking into account the similarity of the conditions of the diffraction experiment, the visual

distinictions in the diffraction patterns indicate differences in the phase composition and structure.
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Figure 8. X-ray diffractograms of the samples, Cu (K,; ) radiation.

In the phase composition of the DC-1 sample, the basis of the phase composition is the
crystalline tungsten phase. The second phase in terms of intensity is the WC phase of the hexagonal
syngony. The peaks of this phase are characterized by a redistribution of intensities: in accordance
with the diffraction data card, the maximum peak of this phase should be dislocated in the region of
angles of 35.6°20 (Miller indices (100)). On the diffraction pattern, the maximum intensity of this
phase belongs to the peak at 48.3°20 (Miller indices (101)). Peaks of low intensity are identified as
peaks belonging to the W,C phase of the hexagonal syngony. In the phase composition of DC-2
sample, the content of the carbide phase and the tungsten phase is almost the same. Peaks of low
intensity are also identified as peaks belonging to the W,C phase of the hexagonal syngony. In the
phase composition of DC-3-DC-5 samples, the basis of the phase composition is the phase of
crystalline tungsten. The second phase in terms of intensity is the WC phase of the hexagonal
syngony. Peaks of low intensity are identified as belonging to the W,C phase of the hexagonal
syngony.

The results of the line widths analysis of tungsten carbides are shown in the form of diagrams in
Figure 9. In Figure 9a an increase in the half-width of the WC lines depending on the conditions of
preliminary recrystallization annealing is illustrated. The most noticeable broadening of the
diffraction lines is noticed for the DC-5 sample annealed at a temperature of 1400 °C for 1800 s
rather than for the unannealed DC-1 sample. An increase in the half-width of the W,C lines is also
observed depending on the conditions of preliminary recrystallization annealing (Figure 9b). This
fact may indicate the distortion of the lattice associated with the processes of structural
rearrangement.
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Figure 9. Change of half-width (FWHM) of lines: a—WC, b—W,C.

The results of the quantitative content assessment are presented in Table 3. Data is given with
an accuracy of 0.1% to record the appearance of peaks when the experiment mode is changed.

Table 3. Results of quantitative phase analysis of samples.

Sample Results of a quantitative assessment of the phases content
W (cub.) WC (hex., P-6m2) W,C (hex., P-31m)
DC-1 61.5 22.4 16.1
DC-2 46.1 47.6 6.4
DC-3 54.9 37.4 7.6
DC-4 65.9 29.3 4.8
DC-5 59.6 33.1 7.3

According to the results of X-ray diffraction analysis, it can be found that, under the same
conditions of tungsten carbidization, the phase composition of the surface has a noticeable difference.
The tungsten phase remains the dominant phase both in the sample irradiated without preliminary
recrystallization annealing (DC-1) and in the samples pre-annealed (DC-2-DC-5). However, the
samples with preliminary recrystallization annealing show a decrease in the tungsten content, with
the exception of the DC-4 sample annealed at a temperature of 1400 °C. All samples present a
noticeable increase in the WC phase and a decrease in the W,C phase relative to the initial tungsten.

4. Conclusions

As part of this research, experiments were conducted to study the effect of recrystallization
annealing on the carbidization of the tungsten surface in BPD. The microstructure analysis of the
surface of tungsten samples showed that recrystallization nuclei appear mainly along the grain

boundaries. With an increase in the annealing temperature to 1400 °C, high-angle grain boundaries
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migrate over the entire surface, which indicates normal grain growth and the transition of the whole
structure to a recrystallized state. According to the results of the grain sizes analysis after annealing,
primary recrystallization is established to take place at a temperature of 1200 °C, which is
characterized by irregular shape and varying sizes of grain. The completion of the stages of primary
and the beginning of collective recrystallization is observed with the annealing temperature rise
to 1300 °C. The uniform growth of grains takes place evidenced by an increase in the average grain
size to ~6.53 um, the share of which reaches 67.02%. A further increase in the annealing temperature
to 1400 °C leads to a homogenous increase in the size of recrystallized grains (Figure 4c), which may
also indicate collective recrystallization. However, after being annealed  for 1800 s, the structure
consists of many small grains, the share of which is 44.02% of the total number of grains, and a
small number of very large grains.

According to the results of the Vickers hardness measuring, the decrease in the tungsten surface
hardness was established with increasing the annealing temperature from a value of 486 HVO0.2 in the
initial state to a value of 389 HVO0.2 at an annealing temperature of 1400 °C. The hardness had
similar decreasing tendency in relation to the growing annealing time. According to literature data, a
drop in hardness is an indicator for the beginning of recrystallization.

The results of the X-ray diffraction phase analysis showed WC and W-C peaks in the diffraction
patterns of samples after carbidization in addition to tungsten peaks. However, after carbidization of
the preliminarily annealed samples, a noticeable increase in the content of the WC phase and a
decrease in the content of the W,C phase relative to the initial tungsten can be seen. A comparative
analysis of the diffraction line widths of tungsten carbides implied that the most noticeable
broadening of the diffraction lines is found in a sample annealed at a temperature of 1400 °C for
1800 s, thus indicating a distortion of the lattice related to the processes of structural rearrangement.

It follows that the differences in the structure arising during recrystallization annealing affect
the transfer of carbon atoms in the near-surface area of tungsten and the formation of one or another
phase of tungsten carbide. However, for a more accurate assessment of the effect of recrystallization
annealing of the tungsten sample surface on carbidization, further development of experimental data
IS necessary.
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