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Features of surface modification of tungsten coatings after repetitive irradiation with QSPA Kh-50 plasma pulses
are presented. Cracking, development of tungsten surface morphology and emission of droplets are studied. Targets
were made from samples of steel covered by tungsten coatings of different thickness (4, 12, 40 um). Pre-coated
targets were irradiated with powerful plasma streams of heat fluxes relevant to ELMs in ITER. Mechanisms of
modification and damaging of tungsten coatings under irradiation with powerful plasma streams are discussed.
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MOTIVATION

Durability of plasma facing materials (PFM) and
components under steady-state and transient energy and
particle loads is the key issue determining overall
performance of fusion reactor ITER [1]. Transient heat
loads (in the course of disruptions, Vertical
Displacement Event (VDE), Edge Localized Modes
(ELMs)) cause severe erosion and damages of plasma-
facing materials (crack formation, melting, melt motion,
droplet injection, etc.). The prospective PFMs for fusion
reactors are tungsten and tungsten coatings. Therefore,
particular attention should be paid to elaboration of
damage features of tungsten coating as possible
candidate material for divertor surfaces and first wall of
fusion reactor on the base of magnetic confinement, as
well as for the chamber in inertial fusion reactor.

Powerful plasma accelerators are used at present for
experimental study of plasma-target interaction under
transient high heat loads [2, 3]. Such devices also
applied for validation of numerical models developed
for ITER and DEMO [4-6]. Quasi-stationary plasma
accelerators (QSPA) are characterized by duration of
plasma stream, which is compared with the expected
duration of ITER ELM. Therefore QSPAs became
especially attractive facilities for investigations of
macroscopic erosion of divertor armor materials under
the plasma loads typical for ITER off-normal events.

Database accumulation and comparison of different
material types (coatings, alloys and etc.) might be an
appropriate basis for choosing the promising plasma
facing material for fusion reactor. The main objective
of this work is analysis of the specific features of
macroscopic erosion of tungsten coatings of different
thickness under irradiation with powerful plasma heat
fluxes relevant to ELMs in ITER.

1. EXPERIMENTAL DEVICE AND
DIAGNOSTICS

The experimental simulations of ITER ELMs at
relevant surface heat-load parameters (i.e. the energy
density and the pulse duration as well as the particle
loads) were performed with the QSPA Kh-50 quasi-
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stationary plasma accelerator [7-9]. QSPA Kh-50
generates hydrogen plasma streams of duration of
0.25ms and the heat loads in the range of
0.2...2.5 MJ/m% The plasma stream diameter is 18 cm,
ion energies of (0.4...0.6) keV and maximum plasma
pressure up to 0.32 MPa. The surface energy loads
which were precisely measured with calorimetry,
amounted to 0.45 MJ/m? (i.e. being below the melting
threshold) or 0.75 MJ/m? (i.e. in between melting and
evaporation thresholds).

The investigated targets (diameter of 30 mm and
height of 3 mm) were made from steel and covered by
tungsten coatings of different thickness (4, 12 and
40 um). W coatings were deposited to the samples
surfaces by PVD method in “Bulat" installation [10].

In order to determine the main plasma parameters
(electron density and temperature) and to investigate the
impurity behavior during the discharge, optical methods
and piezodetectors, electric and magnetic probes
were applied.

Observations of plasma interactions with exposed
surfaces, the dust particle dynamics and the droplets
monitoring were performed with a high-speed 10 bit
CMOS pco.1200 s digital camera PCO AG (exposure
time from 1 us to 1 ms, spectral range from 290 to
1100 nm). Information from several camera frames of
different duration (0.5...1.6 ms) with traces of particles
flying from the tungsten surface after plasma shot allow
calculation of the particles velocity and the time
moment when it started from the target surface.

Surface diagnostics included optical and scanning

electron  microscopy, profilometry as well as
microhardness,  roughness and  weight  loss
measurements.

2. EXPERIMENTAL RESULTS

2.1. SURFACE MODIFICATION OF TUNGSTEN
COATINGS

Images of target surface before and after the plasma
treatment are presented in Fig. 1. Tungsten coating was
partially destroyed after exposure to plasma streams.
Exfoliation of surface coating layer on the separate parts
of exposed surface is observed after relatively small
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number of plasma pulses (up 10) (for coating thickness
— 12 and 40 um). Adhesion problems under high
temperature gradients (~ 10°...10° K/cm) introduced by
plasma impacts cause such phenomenon. Also, particles
erosion is observed from the crack edges during and
after plasma impacts.

Fig. 1. General views of tungsten coating: before
irradiation (a); after plasma ipacts with heat load of
0.75 MJ/m? (b)

Fig. 2. Different areas of tungsten coating (thickness of
40 um): cracking (a) and surface melting (b) after
plasma exposures of 0.75 MJ/m?

Macro-cracks are observed primary in thick coatings
(Fig. 2,a). Smoothing of crack edges attributed to
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melting and following re-solidification of material.
Typical mesh size of the major cracks network in
central area of the exposed surface was 0.6...1.5 mm.

The molten layer is formed in the central regions of
the target (Fig. 2,b). Cracks, which became filled by the
melted material are also observed. Destroy of coating
occurs already under the first plasma pulses.

Microscopy observations well correlate with surface
profile measurements. Corresponding changes in the
profile of the surface after plasma exposure are
presented in Fig. 3. Formation of cracks and melted
layer cause observed changes of surface profiles.
Specific surface relief is developed due to appearance of
the crack meshes on the surface. Corrugated structure of
hills and cracks appear after initial plasma pulses with
heat load above the melting. These morphology changes
are caused by surface tension effects. As result of
plasma irradiation roughness of the exposed surface
increased due to destroying of coating and melting of
the surface. The crack width achieved 120 um
(Fig. 3,d).
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Fig. 3. Surface profiles of tungsten coating: initial (a)
and after plasma heat load of 0.75 MJ/m?for coatings of
different thickness (h): h =4 um (b);

h=12 um (c); h= 40 um (d)

2.2. DUST/DROPLET FORMATION

Plasma impacts with loads above the melting
threshold cause the droplet/dust particles ejection from
the surface of tungsten coating (Fig. 4). The most
intense emission of the droplets is observed from
coatings of 40 um in thickness.

Tungsten cracking leads to separation of material
pieces from the surface. Depending of the heat load
value the eroded material could be in the form of solid
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dust or liquid droplets. Formation of dust particles in the
course of cracking and development of sharp edges of
the cracks are further accompanied by their melting
under the plasma pulse because of decreased heat
transfer to the bulk. Being initially solid, the separated
dust particles are subjected to melting during the later
stage of plasma pulse. Other surface remains non-
melted in result of plasma impact.

For perpendicular plasma impact to the surface,
droplets are ejected primarily with relatively small
angles to the normal. Nevertheless rather large angles
up to 80° are measured also. Analysis of droplet shows
the influence of gravitational force for droplets with
higher mass and smaller velocities. Due to the
gravitation the resulting angular distribution of the
droplets became non-symmetric [8, 12].

Fig. 4. Frames of the digital camera with the traces of
erosion products (exposure time 1.2 ms). The camera’s
view is parallel to the target surface:
a—24ms;b-48ms;c—8.4ms;d-15.6 ms after the
start of plasma-surface interaction

The large number of ejected particles flies away the
target surface after 0.2 ms after beginning of plasma
surface interaction (Fig. 5). Therefore, large number of
ejected particles is solid [11]. They may break off from
the crack edges during the plasma impact. Some
particles continue to be ejected from the surface during
more than 3 ms after plasma impact. Particles velocities
achieved several tens of m/s.

Fast droplets are generated at earlier time moments.
Smaller velocities are observed for late stage of
observation. During intermediate stage both groups of
droplets with fast and lower velocities are observed. The
total amount of injected droplets depends on the
thickness of the coating. Number of droplets ejected
from the target with coatings thickness of 40 pm is
larger up to 2 times, than for the coating of 4 um. This
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is due to morphological features of the target surface for
thick coatings (pronounced cracking, exfoliation, etc.).
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Fig. 5. Velocity distribution of ejected particles vs. their
start time from the surface: a —tungsten coating 4 um,
b — 12 um; ¢ — 40 um. Zero corresponds to the
beginning of plasma-surface interaction

CONCLUSIONS

The recent experiments of simulations of ITER ELMs
have been carried out within quasi-stationary plasma
accelerator QSPA Kh-50. Targets with tungsten coating
of different thickness (4, 12, 40 um) were examined
with powerful plasma impacts at heat fluxes relevant to
the ELMs expected in ITER. Particular attention was
paid to elaboration of damage of tungsten coating as a
possible candidate material for divertor and first wall in
magnetic fusion reactors and chamber materials for
inertial fusion.

Destruction of the tungsten coating is studied under
the influence of QSPA plasma heat loads. Major crack
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meshes were identified after exposures of the
investigated samples. It was shown that formation the
major cracks depends strongly on thickness of
tungsten coatings. It is shown that tungsten coating
damage during the transient events is dominated by
influence of macroscopic erosion mechanisms related to
the cracking development and surface melting effects.
Erosion products in the form of solid dust and splashed
droplets are analyzed. Performed studies demonstrate
that main sources of droplets originated from crack
development, resolidification process and material
surface modification in the course of repetitive pulses.

This work has been performed in part within the
STCU-NASU project #6183, the Targeted Program of
NAS of Ukraine on Plasma Physics, project I1-5/24-
2016, and IAEA CRP F1.30.13.
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MHNOBEPXHOCTHBIE UBMEHEHUA U ®OPMUPOBAHMUE KAIIEJIb TP OBJIYYEHUH
BOJIb®PAMOBBIX NOKPHITUI B YCJIOBUAX ELM-IIOJOBHbIX IEPEXO/HbIX HATPY30K

O.B. Buipka, H.H. Axcénos, C.C. I'epawenko, B.A. Maxnaii, B.C. Tapan, A.H. Tumouwienxo

[peacraBneHbl 0COOEHHOCTH MOAMGMUKALINY TTOBEPXHOCTH BOJIL(PAMOBBIX MOKPBITHI OCIE MOBTOPSIIOLIMXCS
IUTa3MeHHBIX TerioBeIx Harpy3ok KCIIY X-50. MccienoBaHo pa3BUTHE TPENIUMH, M3MEHEHHS B MOpPGOIOrHu
TIOBEPXHOCTH BOJIL()PAMOBBIX IOKPBHITHA ¥ HWHXKEKIMA Kaneidb. MuIIeHH ObUIM cheslaHbl W3 00pasIoB CTald C
HaHECEHHBIMHU BOJb()PAMOBBIMU TOKPHITHAMU pa3indHON TommuHE (4, 12, 40 MxM). [ToATOTOBICHHBIE MUIICHH
o0JTy4yanich MOIIHBIMH TEIUIOBBIMH HOTOKaMM IUTasMbl, coorBeTcTBytommmu ELM B MTOP. Ocoboe BHHMaHME
YZIEJIEHO HCCIIeIOBAaHMAM ITOBPEKACHUH BOJIb()PAMOBOrO TMOKPHITHS B KadecTBE MaTepHasa Julsl ITOBEPXHOCTEH
JIMBEPTOpA U TIEPBOIl CTEHKN KaMephl peakTopa TepMosiiepHoro cuHTe3a. O0CYyKIaroTCsl MeXaHM3Mbl Mo (rKan
U TTOBPEKACHHS BOJIb()PaMOBBIX MMOKPHITHH IIPH 00IyYEHNH MOIITHBIMHU ITOTOKAMH ILIA3MBI.

ITOBEPXHEBI 3MIHU 1 ®OPMYBAHHS KPAIIEJIb ITPU OITPOMIHEHHI BOJIb®PAMOBHUX
IHHOKPUTTIB B YMOBAX ELM-ITIOJAIBHUX MEPEXI/THUX HABAHTAKEHb

O.B. bupka, M.M. Axcvonos, C.C. I'epauienxo, B.O. Maxnait, B.C. Tapan, O.1. Tumowenko

[IpencraBneni ocoGnmBocTi MoanGiKallii MOBepXHi BONb(OPAMOBUX MMOKPHUTTIB MICIIS MOBTOPIOBAHUX TUIA3MOBHX
terutoBux HaBaHTakeHb KCIIIT X-50. [locmimkeHO pPO3BHTOK TpimIuH, 3MiHH B MOpdoiorii HoBepxHi
BOJb(PAMOBHX MOKPHUTTIB 1 IHXKEKLis Kpamenb. MimeHi Oynu 3poOsieHi i3 3paskiB cTayi, Ha SKy HaHECEHi
BOJIL()paMOBI MOKPUTTS pi3HOI TOBIMHHU (4, 12, 40 Mxm). [liaroToBieHi MilIeHi ONPOMIHIOBAIUCS TOTYXHUMH
TEIUIOBUMM MOTOKaMH IUI1a3MH, BinmoBigHuMHU 1o ELMam B ITEP. OcoGuuBy yBary NmpHIiICHO IOCHIKECHHIM
MIOIIKO/KEHb BOJIL()PAMOBOTO ITOKPHUTTS B SIKOCTI OCHOBHOTO Martepiany JJisi MOBEPXOHb AMBEPTOpa 1 mepoi
CTIHKM KaMepH pPeakTopa TepMOsJIepHOTO cuHTe3y. OOroBOPIOIOTHCS MeXaHi3MH MoanQikamii Ta MONIKOIKEHHS
BOJIL()PAMOBHX ITOKPHUTTIB ITPU ONPOMIHEHHI IMOTY>KHUMH ITOTOKAMH TLIa3MH.
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