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Structure, substructure and stress parameters both on the surface and distributed by depth in the tungsten/steel
coatings exposed to high energy hydrogen plasma fluxes were studied by X-ray diffraction methods. The hydrogen
plasma exposure results in the following recrystallization processes in the thin surface layer of the coating:
appearing the texture axis [100] normal to the surface; increasing the coherence length from 60 nm in the initial state
to 80 nm after the plasma exposure; completely annealed micro-strains; and dislocation density lowered twice in the
exposed surface layer — all these facts confirm the thermal character of the hydrogen plasma influence. No structure
variations were observed already at the depth near 1 um of the coating.
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INTRODUCTION

One of the important issues determining the life-time
of the components and safety of the ITER tokamak-
reactor is the behavior of plasma-facing materials and
components under repetitive plasma loads onto the first
wall and the diverter of the fusion reactor [1].

Tungsten and tungsten alloys are primary Plasma
Facing Materials (PFM) for next-step fusion devices
such as ITER and DEMO due to high thermal
conductivity, high temperature strength and stability,
high recrystallization temperature, and high sputtering
threshold for hydrogen [2-6]. Tungsten coatings on
different substrates might be a less expensive alternative
to the bulk tungsten for armoring the first wall in
DEMO. Therefore, one of the most crucial issues is the
problem of lifetime of the tungsten coatings under
cyclic plasma loads relevant to edge localized modes
and disruption [7-11]. The main goal of the work was
studying the structure, substructure and stress
parameters both on the surface and distributed by depth
in tungsten coatings exposed to high energy hydrogen
plasma fluxes.

1. SAMPLES AND INVESTIGATION
TECHNIQUE

Tungsten (W) coatings (thickness of 0.6 mm) were
deposited with Low Pressure Plasma Spraying
technique on stainless steel plates of 50x50x3 mm.
Initial surface roughness of coating is higher (Rmax =
155 um; R, = 12.1 um; R, = 1.8 um). Features of
structure, substructure and stress state of the deposited
coatings were studied in initial state and after plasma
irradiation.

The coatings have been irradiated by hydrogen
plasma within a quasi-stationary plasma accelerator
QSPA Kh-50. The main parameters of plasma flows are
as following: ion energy up to 400eV, plasma
maximum pressure of 0.32 MPa. The surface plasma
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loads measured with a calorimeter were 0.75 MJ/m?, i.e.
between the tungsten cracking (0.3 MJ/m?) and
evaporation (1.1 MJ/m?) thresholds. The plasma pulse
shape is triangular with pulse duration of 0.25 ms.

X-ray diffraction (XRD) has been used to study
structure, substructure and stress state of the samples.
9...29 scans were performed using a monochromatic
Cu-K,, radiation. For investigation of the depth structure
distribution, additional measurements using grazing
geometry were carried out. Computer processing of the
experimental diffraction patterns was carried out using
the ”New profile 3.5” software package. The analysis of
diffraction peaks intensity, profiles, width (B), angular
positions was applied to evaluate stress state, texture
and coherent lengths. Residual macro-stresses (o) and
the lattice parameter in the unstrained state (ag) were
determined using @ — sin“y-plots. Analysis of the
average coherence length (related with the dislocation
density in the grain boundaries) and the average micro-
strain value (related with density of chaotically
distributed dislocations inside the coherence domain)
has been carried out by the approximation method.

2. RESULTS AND DISCUSSION

The X-ray diffraction patterns are shown for the
coatings in the initial state (below) and after plasma
exposure (up) in Fig. 1. Texture was not observed in the
coatings in the initial state. Non-uniform distributions of
residual stresses and the lattice parameter aq in the sub-
surface layer were also determined (Figs. 2, 3). The
maximum level of residual stress of 1.6 GPa was
registered in the layer of 0.07 um, whereas 65 MPa was
observed at the depth of 1 um. The maximum lattice
parameter of a,=0.31646 nm was determined at the
depth of near 1 um where the stresses were minimum. It
should be noted, that the obtained lattice parameter
corresponds to the reference value (0.3165 nm). Closer
to the surface, the a, parameter decreased to
0.31525 nm, the fact can be explained by excess point
defects (vacancies) in the tungsten lattice.
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Additionally, we observed the texture with axis
[100] normal to the surface after plasma irradiation. The
texture occurring indicates the recrystallization process
in the surface layer of the affected material. It should be
noted, that the diffraction maxima from the substrate
material are absent in the diffraction pattern (see Fig. 1).
This indicates that the thickness of the tungsten coating
is still not less than 5 um.
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Fig. 1. X-ray diffraction patterns of a tungsten coating
on steel in the initial state (below) and after plasma
exposure (up)
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Fig. 2. Stress distribution over the depth of the W
coating before and after hydrogen plasma exposure
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Fig. 3. Distribution of the lattice parameter over the
depth of the W coating in the initial state and after
hydrogen plasma exposure
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Corrugated structure of hills, cracks and re-solidified
large particles appears on the exposed surface and inside
the craters (Fig. 4). Such structure contributes to the
growth of surface roughness (Rmsx = 51.3um; R, =
452 um; R, = 10.2 um). Plasma impacts cause the
melting/dust particles splashing from the exposed
surface (Fig.5). Their maximum velocity is below
15 m/s. The particles weakly connected with the surface
are able to be melted and ejected from surface under
heat loads even below the melting threshold.

Fig. 5. High speed images of the tungsten coatings
exposed to plasma of 0.75 MJ/m?, as taken for
t=1.2 ms and 10.8 ms after the beginning of plasma-
surface interaction; the exposition time zqame= 1.2 ms

After the hydrogen plasma loading, the surface
stresses are annealed while being unchanged at the
depth of the coating (see Fig. 2). The lattice parameter
increases a little up to 0.3160 nm in the surface layer of
0.2 um (see Fig. 3). None of stress or lattice parameter
variations were found at the depth of 1 um. However,
closer to the surface, the lattice parameter increased due
to vacancy annealing in the near surface layer.

Since the tensile stresses have occurred only within
a thin surface layer, the compressive stresses might be
developed at the depth of more than 1 um (Fig. 6). We
suppose that these stresses are the result of twins’
formation.

The plasma irradiation promoted increasing the
coherence length from 60 to 80 nm. The average micro-
strains being initially about 1.7x10° have been

ISSN 1562-6016. BAHT. 2017. Ne1(107)



completely annealed as well as the initial dislocation  stress variations were observed already at the depth near
density (9.2x10 cm™) has lowered twice in the exposed 1um of the coating.

surface layer. These facts indicate the hydrogen plasma This work has been performed in part within the
irradiation main influence as the thermal loading on the  Targeted Program of NAS of Ukraine on Plasma
surface of the coating. Physics project I1-5/24-2016.
REFERENCES
W ] .
o- +HM 1. F.Le. Guern et al. // Fusion Eng. Des. 2011, v. 86,
---------------- p. 2753-2757.
2. L.E. Garkusha et al. // Journal of Nuclear Materials.
2009, v. 386-388, p. 127-131.
3. L.LE. Garkusha et al. // Phys. Scr. 2009, v.T138,
Steel p. 14054.
4. Th. Loewenhoff et al. // Phys. Scr. 2011, v. T145,
p. 014057.
T — 5

. S. Pestchanyi et al. // Fusion Eng. and Design. 2010,
Fig. 6. A scheme of stress distribution over the coating V. 85, p. 1697-1701.

tungsten depth 6. L.E. Garkusha et al. // Journ. Nucl. Mater. 2011,
v. 415, p. 65-69.
7. V.A Makhlaj et al. // Physica scripta. 2009, v. T138,
CONCLUSIONS p. 014060.

o ] ] 8. I.E. Garkusha et al. // Nukleonika. 2012, v. 57, p. 167-
As result of plasma irradiation, the texture with axis 170 (in Russian).

[100] normal to the surface appeared due to g |E. Garkusha et al. // Technical Physics. 2014, v. 59,
recrystallization of the affected material. Hydrogen  no 11, p. 1620-1625.

plasma influence results also in decreasing the macro- 10. I.S. Landman et al. // Physica Scripta. 2004
stresses in the surface layer, increasing the coherence | Tlll 0. 206 ' ' '

Ielngth fr_om d‘ﬁ_otf‘m inTtrr:e i_ni_tti_all state to 80 nm aftir t_he 11. S.V. Bazdyreva et al. // Problems of Atomic Science
plasma Irra .'? 1on. € Iniial average micro-strains Technology. Series "Plasma Physics”. 2014,
about 1.7x10™ were completely annealed, and the initial No 6 (94), p. 48-51

dislocation density (9.2x10 cm™®) has been lowered
twice in the exposed surface layer. No structure and Article received 19.01.2016

IBOJIIOIUA CTPYKTYPHI BOJIb®PAMOBBIX NOKPBITHI, OBJTYYEHHBIX IOTOKAMHA
IJIA3MBI, UMUTHUPYIOLIIUMU YCJIOBUSI ELM B UTOP

C.B. Manwvixun, C.B. Cyposuuxuii, B.A. Maxnaii, H H. Axcénos, O.B. Buipka, C.C. Bopucosa,
C.C. I'epawenko, B.B. Pewiemnsak

MeroJaMi pEHTI€HOBCKOW AM(PPaKIUH H3Yy4eHO H3MEHEHHE IapaMeTPOB CTPYKTYpbI, CYOCTPYKTYpHI H
HarnpsHKEHHOTO COCTOSHMSL Ha TMOBEPXHOCTH U IO TIyOWHE MOKPBITHIT BOJIb(pam/cTalib mocie o0IyueH s TOTOKOM
BOJOpONHON Twia3Mbl. OOnydeHHe TIa3MOW MPHUBOAWT K PEKPUCTAJUIM3ALMOHHBIM IIpoIecCaM B TOHKOM
MIOBEPXHOCTHOM CJIO€ TIOKPBITHS: HOSBIEHHIO TeKCTypH! [100] Mo HopMasi K HOBEPXHOCTH, YBETHMUCHHUIO obmacTeit
KOTEpEHTHOT0 paccessHus oT 60 HM B HCXOJHOM cOCTOSHHMM 10 80 HM Tocie OOJMydeHHs, IMOJHOMY OTXHTY
MUKpPOHAMNPSDKEHUH, a TakKe YMEHBIICHUIO B JIBA pa3a MNIOTHOCTU JUCIOKALMN. DTO MOATBEPKAAET TEPMUUECKUI
XapakTep BO3JCHCTBHUS BOJOPOAHON IUIa3Mbl. Yike Ha TITyOHMHE OKOJIO | MKM B MOKPBITMH HUKAKHUX CTPYKTYPHBIX
U3MEHEHUH HE BBISBIICHO.

EBOJIIOIIA CTPYKTYPU BOJIb®PAMOBHUX NTOKPUTTIB, OITPOMIHEHUX [TIOTOKAMUA
IIVIA3MM, IO IMITYIOTh YMOBH ELM B ITEP

C.B. Manuxin, C.B. Cyposuuskuii, B.O. Maxnait, M.M. Axcvoros, O.B. Bupka, C.C. Bopucosa,
C.C. I'epawenko, B.B. Pewemusx

MertonamMn  peHTreHiBcbKOl Iudpakuii BUBUCHO 3MIHEHHS IapaMeTpiB CTPYKTYpPH, CYOCTPYKTYpH Ta
HaNpy>X€HOT0 CTaHy Ha IOBEPXHI Ta 1O IMIMOMHI TOKPUTTIB BOJb(ppam/cTanb TicCis OINPOMIHEHHS ITOTOKOM
BOoAHEBOI Iu1a3Mu. ONpPOMIHEHHS IUIa3MOI0 TPU3BOJUTH /IO PEKPUCTAN3ALIfHUX TPOLECIB y TOHKOMY
NOBEPXHEBOMY MLIapi MOKPHUTTS: BHHUKHEHHIO TekcTypu [100] mo Hopmaimi mo moBepxHi, 30iIbIICHHIO 0OiacTeit
KOTEpEHTHOI0 po3citoBaHHs Bix 60 HM y mouaTkoBoMy cTaHi g0 80 HM Iicis ONPOMiHEHHS, IOBHOMY Bimaiy
MIKpOHANpy>KeHb, a TaKO)X 3MEHIICHHIO y IBiUi T'YCTHHH nauciokarii. Lle minTBepmkye TepMmiduHHil Xapakrtep
BIUTMBY BOAHEBOI m1a3mMu. Bike Ha riaubuHi 61 | MKM y TOKPUTTI HiSIKUX CTPYKTYPHHX 3MiH HE BHSBIICHO.
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