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This paper presents research results on the structural-phase state of a tungsten surface layer cross-section after
carbidization in a beam-plasma discharge. Tungsten surface carbidization in a beam-plasma discharge was conducted in
a plasma-beam installation (PBI). Research on the cross-section structure of the surface layer of tungsten samples after
carbidization at temperatures of 1000 °C, 1200 °C, and 1400 °C was conducted using transmission and scanning electron
microscopy. Based on the results of SEM studies, a multilayer EMF map and local elemental analysis were obtained,
based on which the depth of penetration of carbon atoms into tungsten was evaluated. It is established that the penetration
depth is ~20 um. The surface layer fine structure was researched using TEM. For TEM analysis of the tungsten sample
cross-section with a carbidized layer, sections were prepared by ion thinning using an lon Slicer EM-09100 IS unit.
According to the research results, it was revealed that after carbidization, tungsten is available in the surface layer mainly
in the composition of carbides WC and W,C. On bright-field TEM images of the cross-section of the surface layer of
tungsten samples after carbidization at a temperature of 1200 °C and 1400 °C, bending extinction contours are revealed,

which indicate the elastically stressed state of the sample surface layer, which leads to bending-torsion of the foil.
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INTRODUCTION

Since 2013, it has been decided to use W and Be as
(PFM) for the International Thermonuclear Experimental
Reactor [1]. However, C impurities are always present in
tokamaks, as observed in the ASDEX-Upgrade W-wall
[2]. At the same time, today there are research thermo-
nuclear reactors where graphite is used as a plasma-
facing material [3]. However, erosion and transport of
sputtered PFM ions will lead to the formation of co-
deposited mixed W-C layers [4-7]. The formation of
mixed W-C layers will affect the processes of plasma
interaction with PFM surfaces.

The papers [8, 9] present the results of studying the
formation of a carbidized layer on the tungsten surface
using a beam-plasma discharge (BPD). Methane was
used as a working gas during the ignition of the PBD. As
a result of interaction with an electron beam, gaseous
methane decomposes into fragments such as H*, H?*, C*,
CH*, CH?%, CH3* and CH*", which makes it possible to
simulate the conditions of local transfer of carbon atoms
along surfaces wetted by plasma due to hydrocarbons.

In order to study the formation of mixed W — C layers
after carbidization in a beam-plasma discharge, as well
as to evaluate the depth of penetration of carbon atoms
into the volume of tungsten, this paper presents the
results of research on the tungsten surface layer
structural-phase states in a cross-section using transmis-
sion electron microscopy (TEM) and scanning electron
microscopy (SEM).

1. METHODS AND MATERIALS

The method of tungsten surface carbidization using a
beam-plasma discharge is described in [8,9] and
implemented on a plasma-beam installation (PBI).
A detailed description of the installation is presented in
[10-12]. In paper [9], the temperature dependence of the
carbidized layer formation on tungsten surface under
plasma irradiation in the temperature range of 700-
1700 °C was studied. The tungsten carbide formation in
the surface layers was confirmed by X-ray analysis and
SEM. To identify the phase composition on the W
samples surface, the Crystallography Open Database and
the PDF-2 ICDD Release 2004 database were used.

In this research, the fine structure of the tungsten
surface layer cross-section after carbidization was
studied using an HRTEM JEM-2100F microscope at an
accelerating voltage of 200 kV (Joel, Japan) with a
Schottky thermal field gun. Thin sections were prepared
for TEM analysis by ion thinning using an lon Slicer EM-
09100 IS (Jeol, Japan). Preliminary sample preparation
for the lon Slicer consisted of fabricating a parallelepiped
with dimensions of 2.8 mm x 0.5 mm x 0.1 mm, which
was closed at a thin wide end with a special protective
tape and thinned with an argon ion beam with an accele-
rating voltage of 6 kV at an angle of 2°. The etching
lasted for 20 hours. This procedure allows studying the
structure of a material at a strictly defined depth from the
surface and to obtain electron diffraction patterns with
precise depth control at a pitch of 25 nm. Thinning is
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controlled by the image received from the CCD camera
and regulated by a personal computer. Microdiffraction
with TEM was used for phase analysis.

The microstructure of the carbidized layer on the
cross-section of the samples, as well as the assessment of
penetration depth of carbon atoms into tungsten, were
studied using the SEM JSM-7500FA (Joel, Japan) (Sci-
entific and Educational Innovation Center “Nanomate-
rials and Nanotechnologies” TPU (Tomsk, Russia)) and
the Tescan SEM Vega 3 with X-Act energy-dispersive
spectral analysis attachment [13, 14] (Tescan, Czech)
(Institute of Atomic Energy Branch RSE NNC RK).

2. RESULTS AND DISCUSSION

Earlier in our research [9], based on the results of
microstructural analysis, it was established that on the
surface of samples irradiated at a temperature of 700-
1200 °C, the presence of a carbon coating in the form of
a continuous film was observed. The presence of a carbon
film on the surface of tungsten samples was confirmed
by elemental analysis data [9]. It is known that in fusion
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reactors using carbon and tungsten as plasma-facing
materials, during the reprecipitation between C impuri-
ties, mixed layers are formed with clear boundaries
between W, the W—C mixed layer, and C deposits in the
form of a coating [15, 16]. At the same time, the previous
results of [9] indicate a strong dependence of the
deposited layers (both carbon and mixed layers) on the
surface temperature of tungsten samples.

The research results of the microstructure and ele-
mental composition of the sample surface layer cross-
sections obtained using SEM, are shown in Figure 1.

On the multilayer EDS map (Figure 1c) in the near-
surface region, a mixed distribution profile of tungsten
and carbon is observed with a pronounced boundary
between the mixed layer W — C and the substrate material
W. It can be seen from the data that the thickness of the
mixed region is ~20 pm.

Figures 2—4 show SEM images and results of local
elemental analysis of the sample cross-section irradiated
at 1000 °C, 1200 °C, and 1400 °C.

100 pm

Performance in nanospace

Figure 1. SEM image of a sample cross-section irradiated at a temperature of 1000 °C, with a ruler scale of 100 um (a)
and 25 um (b) and a multilayer EDS map with separately selected W and C distribution maps (c)

90



RESEARCH OF THE STRUCTURAL-PHASE STATE OF TUNGSTEN SURFACE LAYER CROSS-SECTION
AFTER CARBIDIZATION IN A BEAM-PLASMA DISCHARGE USAGE ELECTRON MICROSCOPY METHODS

[ 1C (at%)
B WV, (at %)
— 2 - 100 -

Atomic fraction, %

1200 137

MAG: 30,0kx HV: 15kV WD: 8,0 mm

a) b)

Figure 2. SEM image of a sample cross section irradiated at a temperature of 1000 °C and local elemental analysis
corresponding to points 1-6
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Figure 3. SEM image of a sample cross section irradiated at a temperature of 1200 °C and local elemental analysis
corresponding to points 1-3

[ IC, (at%)
4 -] B W, (at.%)
2 100
X
<
A 3
» ol
% 50
’ €
S
<
E e o
0+
.
MAG: 10000x HV: 154V WD: 8,0 mm k { Points
a) b)

Figure 4. SEM image of a sample cross section irradiated at a temperature of 1400 °C and local elemental analysis
corresponding to points 1-4
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According to the elemental analysis results, the
carbon mass fraction in the near-surface layer of the
sample irradiated at a temperature of 1000 °C (corres-
ponding points 1-3 in Figure 2) is maximum, which also
confirms the presence of a thin carbon film [9]. However,
according to the values at points 4-6 (Figure 2b), the
carbon content decreases from the surface to the depth of
the sample. As Figures 3 and 4 show, after irradiation of
the sample surface at a temperature of 1200 °C and
1400 °C, there is a sharp change in the ratios of atomic
fractions between tungsten and carbon. In [9], it was
found that at high temperatures, the thermally unstable
carbon film is destroyed and carbon is already present in
a chemically bound form, forming phases of tungsten
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carbides, as evidenced by the XRD results (Figure 1 in
[9]). The obtained data of the elemental analysis of the
transverse section confirms the judgment about the high
thermal dependence of the carbon film.

The results of TEM studies confirm the presence of
carbide phases WC and W-C in the tungsten surface
layer. On the diffraction pattern, the peak of the W,C
phase had a low intensity, which indicated its low content
[9]. Figure 5a shows a bright-field TEM image of a
thinned near-surface region in the cross-section of a sam-
ple irradiated at a temperature of 1000 °C, selected for
microdiffraction. The electron diffraction patterns obtai-
ned from the areas marked on 5a by circles 1, 2, 3, and 4
are shown in Figures 5b, 5¢, 5d, and 5e, respectively.
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Figure 5. TEM image of the structure of a sample irradiated at a temperature of 1000 °C:
a — bright field; b — e micro electron diffraction patterns obtained from the areas
highlighted in (a) by circles: 1 —5b, 2 —5¢, 3 -5d, 4 — 5e
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The electron diffraction pattern in area 1 corresponds
to reflections of the WC (101) phase. Microdiffraction in
area 2 (Figure 2c¢) shows the presence of reflections of
two phases of W carbide (WC (101) and WC (100)). In
area 3, a reflection of the W,C phase (101) was also
revealed. The electron diffraction pattern in area 4 corres-
ponds to the phase of metallic tungsten. The results obtai-
ned allow concluding that the surface layer is a mixture
of three phases: tungsten carbides of the composition WC
and W2C, and W. In this case, areas with a high content
of tungsten are detected in the sample volume. The index-
ing was conducted within the WC (P-6m2) and W2C (P-
31m) hexagonal structures. At the same time, the presen-
ce of an orthorhombic W,C structure cannot be excluded.

When obtaining tungsten carbides by sintering [17],
WC grains are characterized by regular shapes in the
form of a triangular prism and plates. However, in this
research, more blurred boundaries of the newly formed
phases are observed in the samples irradiated at 1000 °C;
this may be because carbide formation has resulted from
the diffusion of carbon ions into the volume of tungsten.

Figure 6 shows a TEM image of a sample cross-
section irradiated at 1200 °C.

In the bright-field image (Figure 6a), the arrows indi-
cate the WC interlayer along the grain boundary, and

(a)

WC interlayer W:C grain

bending extinction contours are observed. The presence
of a large number of bending extinction contours indica-
tes the elastically stressed state of the sample surface lay-
er, which leads to bending-torsion of the foil. Additional
internal stresses may be created due to the generation of
dislocations and the development of a dislocation structu-
re. Based on the accumulation of dislocations of the same
sign, the formation, and growth of new carbide particles
at the grain boundaries and slip bands inside the crystal.

The electron diffraction pattern obtained from section
(a) in Figure 6a corresponds to the WC and W-,C phases.
Figures 6¢ and 6d show dark-field images in the (100)
WC and (101) W.C reflections, respectively.

Figure 7 shows a TEM image of a sample cross-
section irradiated at 1400 °C. On bright-field images, a
small number of bending contours of extinction is also
observed.

The microelectronic diffraction patterns in areas 1
and 4 (Figures 6¢, 6f) contain reflections (101) W-C
phases. Microdiffraction in areas 2 and 3 (Figures 6d, 6e)
shows the presence of the WC (101) phase. However, in
area 3 on the micro electron diffraction pattern, reflecti-
ons of carbon with an hcp lattice are observed. Therefore,
the surface layer contains carbon and tungsten carbides
of composition WC and W-C.

101 W>C

Figure 6. TEM image of the structure of a sample irradiated at a temperature of 1200 °C: a — bright field; b — micro electron
diffraction pattern obtained from the area (a); (c, d) dark fields obtained in the [100] WC (c) and [101] W2C (d) reflections.
Arrows in (b) indicate reflections in which dark fields were obtained.
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Figure 7. TEM image of a sample structure irradiated at a temperature of 1400 °C; a, b — bright field; ¢ — f micro electron
diffraction patterns obtained from the areas highlighted in (a) and (b) by circles: 1 —6¢, 2 — 6d, 3 — 6¢, 4 — 6f

Performing microdiffraction on the samples showed
that the results are comparable with elemental analysis
and XRD measurements given in [9].

CONCLUSION

Previously, the temperature dependence of the carbi-
dized layer formation on the tungsten surface was studied
by the beam-plasma discharge method in the temperature
range of 700-1700 °C. In this research, electron micro-
scopy (SEM, TEM) is used to analyze the structural-
phase state of the tungsten surface layer in the cross-
section after carbidization at temperatures of 1000 °C,
1200 °C, and 1400 °C. Based on the results of SEM stu-

dies, a multilayer EDS map and local elemental analysis
were obtained, based on which the depth of penetration
of carbon atoms into tungsten was evaluated. It is esta-
blished that the penetration depth is ~20 um. The depth
distribution of elements in the near-surface layer of the
sample irradiated at a temperature of 1000 °C confirms
the presence of a thin carbon film. However, the carbon
content decreases from the surface to the depth of the
sample, which indicates the presence of carbon in a
chemically bound form. Samples irradiated at temperatu-
res of 1200 °C and 1400 °C show a sharp change in the
ratios of atomic fractions between tungsten and carbon.
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The atomic ratio of tungsten to carbon is closer to 2:1,
which indicates the formation of the W»C phase.

To reveal the internal structure of the surface layer of
the samples, TEM images were obtained from their
cross-sections. For TEM analysis of the tungsten sample
cross-section with a carbidized layer, sections were
prepared by ion thinning using an lon Slicer EM-
09100 IS unit. According to the research results, it was
revealed that after carbidization, tungsten is present in the
surface layer mainly in the composition of carbides WC,
and W,C. On bright-field TEM images of the surface
layer cross-section of tungsten samples after carbidiza-
tion at a temperature of 1200 °C, and 1400 °C, bending
extinction contours are revealed, which indicate the
elastically stressed state of the sample surface layer.

The work was carried out at the National Nuclear
Center of the Republic of Kazakhstan within the frame-
work of a scientific and technical program
# BR09158585 on the topic “Investigation of the inter-
action of plasma with a carbidized tungsten surface”.
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BETTIK KABATBIHBIH KOJJAEHEH KUMACBIHBIH KYPBLIBIM/BIK-®A3AJIBIK
KYMIH SJIEKTPOHIBIK MUKPOCKOIUSIMEH 3EPTTEY
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By xkymbIcTa coynenik-mia3ManblK pa3psara KapOuau3anusiad KeWiHri BoJb(paMHBIH OeTKi KaOaThIHBIH KeJJeHEH
KMMAacCBhIHBIH KYPBUIBIMABIK-(ha3aJiblK KYHiH 3epTTey HoTHxkeiaepi OepinreH. Bombppam OeriH coymnenik-Tuia3mMaibIK
paspsiaTa KapOuau3anusuay Ia3MaibIK-cayJesiK KOHABIpFbIaa xKyprizinai. 1000 °C, 1200 °C, 1400 °C remmneparypana
KapOuam3anusiaan KeiiH Bob(hpaM yiriepiniy 6eTki KaOaThIHBIH KOIICHEH KUMACHIHBIH KYPBUIBIMBIH 3€pPTTEY TPAHC-
MUCCHSUIBIK JKOHE CKaHEpIIEYIIi JIEKTPOHAB MUKPOCKOII apKbUIbI XKYprizinai. CKaHepieymi 3JIeKTPOHABI MUKPOCKOTI-
TaFbl 3ePTTEYJIePIiH HOTIKeIepi OOMBIHINA SHEPTUA- AUCTIEPCISUIBIK CIIEKTPOMETPIiH KOTIKA0ATTHI KapTachl )KOHE KepTi-
JIKTI DJIEMEHTTIK Tallfiay aJIbIHABI, OHBIH HETi3iH/e BOIb(GpaMaarsl KOMIpTEri aTOMIaphIHbIH €Hy TEPEHIITiHIH Oarachl
xacannael. Exrizy tepenairi ~20 MKM ekeHi aHBIKTaJIIbl. beTki KabaTThIH jKyKa KYPBUIBIMBIH 3€pTTEY TPAHCMHCCHSIIBIK
AJIEKTPOH/IbI MUKPOCKOIITHIH KOMETIMEH JKY3ere achbIpbUI/ibl. TpaHCMHUCCHUSUIBIK AJIEKTPOH bl MUKPOCKOIITA KapOHITEIreH
Kabatbl 6ap BOJb(paM YIrIEepiHiH KeJJIeHeH KuMachiH Tangay yurin kumanap lon Slicer EM-09100 IS KoHABIPFBICH
apKbUIBI MOH/IBI JKYKaPTy apKbUIBI TAHBIHAAIIBL. 3epTTey HOTIKenepi OoMbIHIIa KapOuu3anusial Keifin 0eTki Kkadbat-
Tarsl Bodbdpam Herizinen WC, W2C kapounrepiniy kypambiaaa 6oxatsiael ansikranasl. 1200 °C, 1400 °C temnepary-
pana kapOuIu3aIusIaH KeiiH BOIb(PpaM YIrUIepiHiH OeTKi KaOAThIHBIH KOJJICHSH KUMACHIHBIH KapPKBIH OPICTEri CypeT-
TepiHAe YITiHIH OeTKi KaOaTHIHBIH CepIiMIl KYHiH KOPCETETIH Uiy COHY KOHTYpIaphl aHBIKTANAABI, 0¥ (oTbraHbH
niny-OypairysiHa oKemeIi.

Tyitin ce30ep: sonvppam, onvhpam kapouoi, NIAZMAHBIY MAMEPUATOAPMEH dIPEKeMMeCyi, CaVaeieH)y.

HCCJIETOBAHUE METOJAMM JIEKTPOHHON MUKPOCKOIUU CTPYKTYPHO-®A30BOI'O
COCTOAAHUA HONEPEYHOI'O CEYEHUA MOBEPXHOCTHOI'O CJ1I0A BOJIb®PAMA
HOCJIE KAPBUJIN3ALIMU B TYYKOBO-IIJIASMEHHOM PA3PAE
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B Hacrosuieii paboTe npeacTaBiIeHbl Pe3yNbTaThl UCCISJOBAHUN CTPYKTYPHO-(a30BOr0 COCTOSHUS MOMEPEYHOro ceye-
HUsSI TOBEPXHOCTHOTO ¢JI0s1 Bosib()pama rocie KapOuu3aluy B yYKOBO-TIa3MEHHOM paspsiae. KapOuanzanus nosepx-
HOCTH BOJIb()pamMa B IyYKOBO-IUIa3MEHHOM paspsizie Oblla OCYIIECTBICHA Ha IUIa3MEHHO-ITyYKOBO# ycTaHoBKke. Mccie-
JIOBAHHS CTPYKTYPHI IIOTIEPEYHOTO CEYEHHsI IOBEPXHOCTHOTO CII0s1 00pa31ioB Bodb(pama rmocie kKapOuan3auu npy TeM-
neparype 1000 °C, 1200 °C, 1400 °C Obuti mpoBeIeHbl METOAAMH NTPOCBEYHMBAIOIICH M CKAaHUPYIOIIEH 3JIEKTPOHHON
mukpockormu. [1o pesynpratam uccienoBanuii Ha COM ObUH TIOTy4eHBI MHOTOCHOMHAs KapTa DJ]C 1 ToKaIbHBIH 3J1e-
MEHTHBIH aHaJIN3, Ha OCHOBE KOTOPBIX C/EJIaHa OIeHKa ITyOMHBI IPOHUKHOBEHHMS aTOMOB yTJIepo/ia B Boib(pam. YcTa-
HOBJIEHO, YTO TIyOMHBI IPOHUKHOBEHHUS cocTaBisieT ~20 um. MccnenoBaHne TOHKON CTPYKTYpPbI TOBEPXHOCTHOTO CIIOS
BBITIONTHSJIOCH TIpH Hcnosib3oBaruu [1OM. [t [I9M-ananu3a monepedHoro ceueHus Boab(hpaMoBBIX 00pa3IioB ¢ KapOu-
JIM3UPOBAHHBIM CJIOEM OBUIM ITOJTOTOBICHBI MUIU(BI METOJJOM HOHHOTO yTOHEeHHUs1 Ha ycTaHoBke lon Slicer EM-09100
IS. To pe3ynbraram HcclieOBaHU BBISBICHO, YTO MOCIE KapOUIu3anuy Boib(paM B HOBEPXHOCTHOM CJIOE MPHCYTCT-
BYET IJIaBHBIM 00pa3oM, B cocraBe kapoumo WC, W>C. Ha ceriononsHbix [19M-u300pakeHHsIX MONEPEYHOro ceye-
HUSI TOBEPXHOCTHOTO CJIosl 00pa3nioB Bosib(pama nocie kapouauzanuu npu temieparype 1200 °C, 1400 °C BbisiBieHBI
M3rHOHBIE KOHTYpPBHI SKCTUHKIIMH, KOTOPBIE CBUAETEILCTBYET 00 YIPYro-HaIpsHKEHHOM COCTOSHHU TTOBEPXHOCTHOTO
ciost 00pasiia, 9TO ¥ NPUBOINT K N3THOY-KpYUECHUIO (DOJIBTH.

Knrueswvie cnosa: sonvpam, kapbuo eonvgpama, 3aumooeticmsue niasmvl ¢ Mamepuaiamu, ooayyeHue.
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