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Processes of sputtering, surface modification and deuterium retention of tungsten coatings were studied under
the influence of low-energy (500 eV) deuterium plasma with fluence (2-10** D*/m?) at room temperature. The
method of cathodic arc evaporation was used to deposit W and WN-coatings on stainless steel. Results of erosion
studies indicated that the sputtering yields for coatings WN and W are 3.1-10° and 4.8-107 at./ion, respectively, and
at least two times larger compared to bulk W but almost an order of magnitude smaller compared to ferritic
martensitic steels. The total D retentions of W coatings were on the order of 5-10'° D/m? and around one orders of

magnitude lower than that of WN.
PACS: 52.40Hf, 28.52Fa, 68.49Sf, 79.20Rf

INTRODUCTION

Tungsten (W) is a promising plasma-facing material
(PFMs) for ITER and future fusion reactors due to its
favorable thermo-mechanical properties, low hydrogen
permeability, low sputtering erosion yield, high thermal
conductivity and no chemical reaction with hydrogen
[1]. However, it is currently believed that the
manufacture of the first wall of a fusion reactor entirely
from tungsten is not economically viable because of
high cost implications to the project, difficulties in
machining due to its hardness and brittleness of W and
bulkiness resulting in large structural weight. Tungsten
coatings on a stainless-steel substrate can be considered
as a good solution in terms of economic and the
protection of structural material from interaction with
the plasma [2].

To assess the possibility to use the W coatings as
PFMs, there is a need to examine a behavior of these
materials under plasma exposure. Sputtering of PFMs
due to interaction with energetic ions (particularly
hydrogen isotopes) is an essential issue in magnetically
confined fusion devices because it is directly related to
impurity generation as well as to the lifetime of plasma-
facing components [3].

For divertor radiative cooling by impurity seeding,
different noble gases like Ne and Ar have been tested,
but the best results so far have been obtained with N,
seeding [4, 5]. An overall improvement of the plasma
confinement was detected thanks to a strongly reduced
power load to divertor surfaces and the total suppression
of W influx into the plasma [6]. One of the reasons of
these effects has been development of tungsten nitrides
films at the surface of the W tiles reducing the W
sputtering. This decrease is related to the accumulation
of nitrogen at the tungsten surface, thus reducing the
possibility of a tungsten atom being sputtered out,
combined with the similar, large bonding energy of
W-W and W-N (~8.6eV). However, before using
tungsten nitride coatings in tokamaks, it must be studied
how the processes of hydrogen isotopes retention and
the formation of blisters proceed in them, due to the
possible long-term trapping of tritium, which could lead
to an important safety issue; finding out if the tungsten
nitrides will survive the divertor tokamak conditions
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(temperature and particle loads). In addition, it is need
to determine the sputtering at particle loads similar to
the expected in ITER.

The goal of this work is to experimentally determine
the sputtering yields, surface morphology changes and
deuterium retention of W and WN coatings that are
deposited by the cathodic arc evaporation and exposed to
low-energy deuterium plasma.

1. MATERIAL AND METHODS

A set of tungsten coatings was formed using
unfiltered cathodic arc evaporation in a “Bulat-6”
system equipped with a W (99.9%) cathode of 60 mm
diameter [7]. The substrate-cathode distance was about
250 mm. A vacuum-arc plasma source with magnetic
stabilization of a cathode spot was used. The arc current
was 140 A. The chamber was evacuated to a pressure of
2:107 Pa. Coatings were deposited on the substrates
(10x20%1.5 mm) of stainless steel 18Cr10ONiTi at a
negative bias potential of —50 V without rotation. The
W coatings were deposited in vacuum ~ (3...4)-10~ Pa
and WN coatings under nitrogen pressure ~ 2 Pa. The
substrate temperature during deposition did not exceed
500 °C. The coating deposition rate was ~ 6 pm/h.

The W and WN coatings have been irradiated with
deuterium ions using glow gas-discharge plasma at
1000 V. The design and principle of operation of the
gaseous plasma source used for irradiation of the samples
is described in detail in [8]. The specimen temperature
was measured by the thermocouple and was (30+2.5) °C
during irradiation. The maximum irradiation fluence was
4.10** m. The experimental ion flux and fluence were
calculated from the measured ion currents and beam
spot areas.

The erosion yield was primarily evaluated by a
weight-loss technique. Before and after plasma exposure,
the weight of each target was measured by a
microbalance system, and the erosion rate was then
calculated from the weight loss and the total deuterium
fluence.

The implanted deuterium depth distribution was
measured by means of the D (*He, p)*He nuclear reaction
(NRA). The measurements were performed at room
temperature using back scattering geometry. Deuterium



depth profiles were extracted from the obtained data
using “Helen” software [9].

XRD analysis was performed by DRON-4-07
diffractometer using Cu-Ka filtered radiation. Residual
macrostress analysis of the samples was carried out by
the sin2y-method. Lattice parameters in the unstrained
state a, were calculated from sin®y-plots.

Investigations of surface microstructure before and
after irradiation were performed using scanning electron
microscope JEOL JSM-7001F. Chemical composition
of the coatings was determined by energy dispersive
X-ray spectroscopy — EDS.

2. RESULTS AND DISCUSSION

Fig. 1 shows a view of cross-section of the W and
WN coatings deposited by CAE. The surface and
interface between the coating and substrate are indicated
by the white horizontal line. The coating thickness is
about 5 pm. Within the coating we can see the grains
with dimensions in the pm range and the absence of a
pronounced columnar structure.

Fig. 1. Cross-section SEM images of W (a)
and WN (b) coatings

The structure of W and WN-coating is dense and
without pores (see Fig. 1). The absence of columnar
structure into those coatings may be explained by
sufficiently high energy of deposited tungsten ions and
by the high degree of plasma ionization relatively to the
flow of evaporated material which is characteristic of
cathodic arc evaporation method [10]. WN-coating has
a less refined microstructure with columnar structure
elements (see Fig.1,b) and near stoichiomertic
concentration of N ~ 50 at.% according to EDS analysis.

X-ray diffraction patterns of the W and WN coatings
are shown in Fig. 2. Diffraction pattern of W

corresponds to the single-phase o-modification of
tungsten (see Fig.2,a) with lattice parameter
a=(3.1730+3)-10* A. Lattice parameter in unstrained
state ao = (3.1668+3)-10™ A is large than literature data
(a=3.1648 A) due to presence of impurities and/or
interstitial atoms. Only one phase was revealed in the
WN coating — hexagonal tungsten nitridle WN-§
(hexagonal system, space group No. 187, structural type
WC) (see Fig. 2,b).

The sharp peaks indicate a high crystallinity of the
W and WN coatings. Compared with the standard card,
the coatings have obvious preferred orientation (110)
shown in Fig. 2. In addition, an analysis of the
substructural characteristics (the crystallite size and the
level of microstrains €) was carried out according to the
integral width of the diffraction lines (Williamson-Hall
method). The parameters determined by diffractometric
studies of samples from W and WN, namely, the lattice
period, macrostresses, crystallite size and microstrains
are given in Table 1.
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Fig. 2. X-ray diffraction patterns of W (a)
and WN (b) coatings
Table 1

Structural and substructural parameters of W and WN

Lattice Macro- | Crystallite | Micro-
Sample | period, |stressesc, | Size, strains
A GPa nm g, x 107
w a=23.1730 -1.63 46.9 2.55
a=2922
- 29.8 7.81
WN | ¢ =2.964

The macrostress analysis of the samples were carried
out by the sinzw-method (tilt angles v = -45; -30; 0; 30;



45°, as well as ¢ =-60; 0, and +60°). The lattice
parameters of both types of coatings are much larger
than the literature values, which is most likely due to the
presence of compressive stress in the coating.

Fig. 3 shows an SEM image the surface
microstructure of the W and WN coatings in the initial
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state and after exposed to plasma. As can be seen from
Fig. 3 irradiation of tungsten coatings did not lead to the
formation of blisters. Only the process of sputtering is
observed.
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Fig. 3. SEM images of morphology of W (a, ¢, €) and WN (b, d, f) coatings in initial state (a, b) and after irradiation
at 300 K with 1 keV D," 70 1:10* D,"Im? (¢, d) and to 2-10**ion/m? (e, f)

Initial W coatings exhibit surfaces of densely packed
“nanoridges” or overlapping tiles (see Fig. 3,a).
Previously reported in [11] that these “nanoridges” were
observed on the o-W phase film surfaces irrespective
of the film thickness. It is shown that many individual
grains contain two types of “nanoridge” domains
oriented with each other with an angle ranging between
109 and 124°. Each domain has ridges with an average
height and period of (1.5+0.5) and (7.5+1.0) nm,
respectively [12].

It was suggested that an anisotropic surface diffusion
mechanism on crystalline W film is responsible for the
formation of such nanostructures. Every atom on the
surface lattice structures of the a-W(1 1 0) plane in the
topmost layer has four nearest-neighbors and two next-
nearest-neighbors located at the distances of V3a/2 and a
in the topmost layer, respectively, where a is the lattice
constant of bcc a-W(1 1 0) structure. The anisotropy in
diffusion barriers along different directions is large and
therefore W adatom motion on the W (1 1 0) plane



should differ in different directions. In [13] a detailed
study of the self-diffusion of W on W lattice by using
field ion microscopy have done. It was shown that the
surface diffusion not only depends on the plane index
but also on the crystallographic directions on a
particular plane and can be anisotropic. So, the
formation of “nanoridges” oriented in the high mobility
(111) directions are a result of the anisotropic surface
diffusion of W particles over the a-W (1 1 0) surface.

The 8-WN is not an amorphous phase but perhaps,
there is no preferred direction for diffusion of the
impinging W adatoms on the 8-WN coating surface.
Thus, no ridge patterns were visible on the &-WN
coating surface (see Fig. 3,b). Instead, the surface
topography shows the smooth and fine cellular
structure.

The evolution of the surface of W coating due to the
sputtering process after exposure to a deuterium plasma
is shown in Fig. 3,c,e. The “nanoridges” preferentially
sputtered at a dose 1-10%* D,"/m* (see Fig. 3,c) and
completely sputtered at a dose 2:10** D,"/m? (see
Fig. 3,e). As can be seen on the SEM picture in Fig. 3,e
areas towering above surface of microparticles were
sputtered also.

The evolution of the surface of 3-WN coating due to
exposure to a deuterium plasma as shown in Fig. 3,d,f
caused by the sputtering process of cellular structure at
an intermediate dose of irradiation up to obtaining
needle like morphology at a dose 2-10* D,"/m?.

Table 2 shows the results for the sputtering yields
(Y) of W and WN coatings in comparison with
published data of sputtering yields of bulk tungsten [14]
and reduced-activation ferritic martensitic (RAFM)
steels as promising candidates for PFMs in future fusion
power plants [15]. The sputtering yield was determined
from the weight loss and the total deuterium fluence for
accordingly 500 eV/D as dominant impinging energy.
Data for comparison were taken at the same energy of
deuterium ions.

Table 2
Sputtering yields of coatings and RAFM steels
for deuterium (500 eV)

Material W
Y, at./ion | 4.8.10°

WN
3.1.10°

Wouk [14]|F-M SS [15]
2.2:10° 3102

As seen in Table 2, values of the experimentally
measured sputtering yield of the tungsten coatings
exposed to the D plasma are two times larger compared
to bulk W but almost an order of magnitude smaller
compared to ferritic martensitic (RAFM) steels. It
should be noted that the WN coatings have the
sputtering coefficient which is almost one and a half
times smaller in comparison with W coatings. In Ref.
[16] it has been detected that W,N films presents a
nitrogen preferential sputtering by deuterium, probably
enhanced by chemical reactions towards ammonia
production.

As an important issue for ITER and DEMO, fuel
retention and diffusion in first-wall materials presents a
safety (tritium amount in ITER <700 g [17]) and cost
concern. In general, hydrogen retention in W is low

[18,19] but diffusion at
(> 400 K) is relatively fast [18].

In the present work the retention and depth
distribution of D in coatings after plasma exposure were
measured by NRA method. Fig. 4 presents the depth
distribution profile of deuterium implanted to a dose of
1-10** D,"/m? at Tyom in W coating, and its evolution
during aging at T,om for 30 days.
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Fig. 4. Depth profiles of D in W coatings with a
thickness of 5 um on the steel substrate measured after
the D plasma exposure (1) and after 30 days (2)

The calculated normal-incident range of 0.5 keV D*
in tungsten is about 7 nm. Immediately after exposure
the deuterium depth profile localized at about 0.1 um,
which is determined by the resolution of the NRA
method in the backscattering geometry and a large
gradient of deuterium concentration. After exposure at
Troom for 30 days deuterium was penetrated into a depth
up to 1.6 pm. A small amount of deuterium is captured
at 0.6...0.8 um on defects created by an analyzing beam
of He? ions.

NRA depth profiling of D-implanted WN films has
indicated that D is retained only in a thin surface layer
(< 0.2 um) and even after exposure at T,ym for 30 days
its depth distribution remains virtually unchanged
(Fig. 5). However, its amount is decreased almost 1.5
times, probably due to desorption from the sample [20].
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Fig. 5. Depth profiles of D in WN coatings with a
thickness of 5 um on the steel substrate measured after

the D plasma exposure (1) and after 30 days (2)
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In Ref. [21] it was proposed that hydrogen trapping
first occurs predominantly within the implantation zone
at impurities, dislocations, vacancies, grain boundaries
and other crystal defects. If all the traps in the implanted
zone become filled, and the flux of hydrogen is larger

than the rate of hydrogen diffusion out of the
implantation  zone, there will exist a local
supersaturation of mobile hydrogen. Additional

hydrogen introduced by prolonged irradiation will then
diffuse deeper into the sample, filling traps beyond the
ion range, expanding the distribution of deuterium.

The first analysis presented by many groups in the
PFMC 2013 conference [4] points to an increased D
retention at the surface due to a lower D, recombination
rate and/or tungsten nitrides acting as a diffusion barrier
for deuterium. The first possibility will cause a larger D
retention in the crystalline defects in bulk tungsten, but
the second one would greatly decrease that retention if
the nitrogen layer is below the ion implantation range.

A set of bulk W samples was implanted with D up to
a fluence of 1-10** D-m? with or without N pre-
implantation at 300 and 500 K. The surface
modification by blistering as well as the D depth
distribution measured by NRA show that N pre-
implantation plays a very different role for D retention
in the following D plasma exposure at the different
applied temperatures: At 500 K, the W—N layer strongly
enhances D retention; while at 300 K it has no obvious
effect [22].

Recent experiments [23] have indicated that a thin
N-containing layer present during plasma loading at
500 K could reduce the loss of D through the surface
thus increasing D retention. Furthermore, NRA depth
profiling of D-implanted WNXx films has indicated that
D is retained only in a thin surface layer. It was
hypothesized that D is retained only in the ion
penetration range of the impinging D ions and does not,
as in bulk W, diffuse to greater depth.

D retention in WNx layers deposited on bulk W was
studied as a model system for some aspects of plasma-
surface interaction in N-seeded discharges in fusion
devices with a W first wall. Results show that D is
retained in the topmost surface only and does not
diffuse into deeper layers of the WNx film at the
temperature of 300 K. This is in contrast to the behavior
of pure W films and bulk W samples which clearly
show diffusion to larger depth at this temperature [18].

The presented literature data and experimental
results obtained in this work indicate that WNx films
might be applicable as D diffusion barriers in future
fusion applications.

CONCLUSIONS

Processes of sputtering, surface modification and
deuterium retention of W and WN coatings deposited on
stainless steel by cathodic arc evaporation were studied
under the influence of low-energy (500 eV) deuterium
plasma with fluence (4-10**D*/m?® at room
temperature.

Coatings deposited in vacuum have a single
crystalline o-W phase with crystallite size ~46.9 nm
and microstrain ~ 2.55-10"%. Deposition under a nitrogen
pressure of 2 Pa leads to the formation of 3-WN nitride

coatings with crystallite size ~ 29.8 nm and microstrain
~7.81-10%  All deposited coatings having dense
microstructure without pores.

Values of the experimentally measured sputtering
yield of the tungsten coatings exposed to the D plasma
are two times higher compared to bulk W but almost an
order of magnitude smaller compared to PFM — ferritic
martensitic steels. The WN coatings have the sputtering
coefficient which is almost one and a half times smaller
in comparison with W coatings.

The total D retentions of W coatings were on the
order of 5.10°D/m? and around one orders of
magnitude lower than that of WN, which can be
attributed to fast deuterium diffusion in the W coating
within the depth of 1.6 um.
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3AXBAT I!‘EﬁTEPHH N PACHBIIEHUE BOJIb®@PAMOBbBIX HOISPI)ITPIFI
IIPHU BO3JAEUCTBUN HU3KOOHEPTETHYECKOU JEUTEPUEBOMU IVIA3MbI

L' JI. Toncmonyuykasn, A.C. Kynpun, A.B. Hukumun, H.E. Konauney, B.H. Boesooun, U.B. Konoouii,
P.JI. Bacuneunxo, A.B. Hnvuenko

W3ydensl npouecchl pacnbuUieHds, MOIU(HKAlMKM TOBEPXHOCTH W 3axBara JeiTepuss B BOJILGPAMOBBIX
TMOKPBITHSAX T0J] BO3AEHCTBHEM HU3KOdHepreTiaeckoii (500 5B) neiireprenoii miasmsl ¢ pmoercom (4-10%* D*/m?).
MeTo/1 KaTOHO-yTOBOTO UCIIAPEHHsI UCTIOb30BaH uist ocaxaeHust W- 1 WN-IIOKpBITHI Ha HEPIKaBEIOLIYIO CTallb.
PesynbraThl 3pO3MOHHBIX HCCIEJOBAaHUIM IOKa3ajdM, 4YTO KOX(QQHUIMEHTH pachbuieHus NOKpeiTHdE WN um W
cocrapmsior 3,1-10° u 4,8-10° ar./uoH COOTBETCTBEHHO H, KAK MHHHMYM, B JBa Pa3a GONbIIE 10 CPABHEHHIO C
MaccHBHBIM W, HO TIOUTH Ha MOPSJOK BEIMYUHBI MEHBIIE MO CPABHEHUIO C (PEPPUTHO-MAPTECHCUTHBIMH CTAIIMU.
OO61iee KOJIMYECTBO ACUTEPHs, yIEPKUBAEMOTO B W -TIOKPBITUH, COCTABIISLIIO OKOJIO 5-10" D/M?, uto MIPUMEPHO Ha
OJTMH TOPSIOK HIDKE, yeM y WN.

3AXOILVIEHHA {IEI?‘ITEPIIO I PO3IIUAJIEHHS BOJIb®PAMOBUX IOKPUTTIB
IIPHU A1 HU3BKOEHEPI'ETUYHOI JEUTEPIEBOI IIJTAZMUA

I' /1. Toncmonyywvka, O.C. Kynpin, A.B. Hikimin, I.€. Konaneys, B.M. Bocgodin, 1.B. Konodiii,
P.JI. Bacunenxo, O.B. Invuenxo

Busueno npomnecu po3nuieHHs, MoaudiKallii TOBEpXHi 1 3aXOIUIEHHS IeHTepito B BOIb(PpaMOBUX MOKPHUTTIX i
BIIMBOM HH3bKOeHepreTHanoi (500 eB) neiitepiesoi mmasmu 3 ¢umoencom (4-10* D'/m?). Merox KatomaHo-
JIyTOBOTO BHIIApOBYBaHHS BHKOpUCTAHO aist ocapkeHHs W- 1 WN-TIOKpUTTIiB Ha HepxkaBilody cranb. PesynbraTti
epO3iifHIX JOCHIUKeHb MOKa3amy, mo KoedimienTn posmunenns nokpurtie WN i W ckmagaors 3,1-10° i
4,8-10° ar./ion BiAmOBINHO i, sIK MiHIMyM, B 1Ba pa3u Giiblie B MOpiBHSHHI 3 MacuBEEM W, aje Maiike Ha MOPSIOK
BEeIMYMHA MEHIIE B TIOPIBHAHHI 3 (PEepUTHO-MapTEHCUTHUMH CTalsIMH. 3arajbHa KiNbKICTh JeiTepiro,

. 1 2 .
yrpumyBaHoro B W-moKputTi, craHoBuia 6mu3bko 5-10'° D/’ mo npuGmmsHO HA OMH MOPSAOK HEKYE, HiK y
WN.



