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COMPARISON OF BLISTERING OF W BULK AND COATINGS UNDER
H,, D, AND He PLASMA IRRADIATION
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The surface topography of W bulk prepared by powder sintering (20 pm thickness) and W coatings deposited by
cathodic arc evaporation and by argon ion sputtering was studied under the influence of low-energy hydrogen
(deuterium) and helium plasma at room temperature. The surface modifications induced by the plasma irradiation
were studied by scanning electron microscopy. It was observed formation of blisters and sputtering. After helium
and deuterium plasma irradiation, numerous blisters were observed on the surface of W foils samples and coatings
deposited by argon ion sputtering. The surface of W coatings deposited by cathodic arc evaporation was undergone
only sputtering process under the same irradiation conditions.

INTRODUCTION

Tungsten (W) will be used as a plasma-facing
material (PFM) in the divertor region in ITER, and its
use in future fusion devices is also very likely, due to its
favorable  properties including low hydrogen
permeability, low sputtering erosion yield, high thermal
conductivity and no chemical reaction with hydrogen
[1-4]. The major issue associated with the presently
available tungsten grades, in the context of structural
applications, is their brittleness at low temperatures [5]
which is worsened by irradiation [6]. Surface
modifications might be problematic, because they can
lead to degradation of heat conductivity. These
modifications may further enhance erosion, which could
be problematic because tungsten cannot be tolerated in
the core plasma. An obvious way to solve this problem
is to alloy W with other ductile refractory metals which
also present low neutron activation and recently
refractory W composites were pointed as a promising
alternative to pure W [7]. Structural engineering is in
recent years the main method for obtaining coating
materials with unique structural states and functional
properties.

In many cases increasing of various purposes
products functional characteristics is achieved by
coating of their surfaces. One of the most promising
methods of coatings deposition is vacuum arc method
that provides the formation of a wide range of coatings
with high adhesion, anti-corrosion, wear-resistant and
other properties.

In our previous paper [8] the surface topography of
W, Ta, and W-Ta coatings and deuterium retention
under the influence of particles of low-energy deuterium
plasma was studied. The coatings deposited by argon
ion sputtering of W and Ta targets using the gas plasma
source employed in this work are free from oxygen
enrichment. It was observed formation of blisters as
dome and burst or delaminated structures. The W-Ta
coating shows improved characteristics: smaller sizes
and densities of blisters and a significantly lower
thickness of the delaminated layer.

In the actual nuclear fusion devices W will
simultaneously or sequentially be irradiated by various
ions with high flux such as hydrogen isotopes, helium

(He), neutron and other trace impurities [9], which must
lead to diffusion and retention of deuterium (hydrogen
isotopes) and helium in materials and retention-induced
blistering at the surface of PFMs, and result in the
exfoliation and melting of surface of PFMs to degrading
the stability of fusion reactor [10].

Recent studies indicate that the microstructure of
tungsten play a significant role in hydrogen isotope and
He irradiation effect [11].

The goal of this paper is the study of the surface
topography of bulk tungsten and two types of coatings
that are deposited by the vacuum arc method or by the
argon ion sputtering and a comparison of their surface
microstructure changes under the influence of particles
of low-energy hydrogen (deuterium) and helium plasma.

1. EXPERIMENTAL PROCEDURE

In this paper, three types of tungsten samples were
investigated: bulk tungsten foil (BF) with 20 um
thickness prepared by powder sintering, tungsten
coatings deposited by cathodic arc evaporation (CAE)
and tungsten coatings deposited by argon ion sputtering
(AIS).

A set of tungsten coatings was formed using
unfiltered CAE in a “Bulat-6” system equipped with a
W (99.9%) cathode of 60 mm diameter. The substrate-
cathode distance was about 150 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-:10°% Pa. Coatings were
deposited on the substrates (10x20x1.5 mm) of stainless
steel 18Cr10NiTi at a negative bias potential of -50 V
without rotation. The substrate temperature during
deposition did not exceed 500°C. The coating
deposition rate was of ~ 6 um/h.

The conditions for obtaining tungsten coatings on
stainless steel 18Crl1ONiTi by AIS are described in
detail in [12].

Thickness of all investigated coatings was 5...6 pm.

The disk-shaped specimens (BF, CAE, and AIS)
have been irradiated with hydrogen, deuterium, and
helium ions using a glow gas-discharge plasma at
1000 V, producing an ion flux of 10" D*(H*)/(m%s).
The design and principle of operation of the gaseous
plasma source used for irradiation of the samples is
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described in detail in [13]. The specimen temperature
was measured by the thermocouple and was
(300+2.5) K during irradiation. The central portion of
the specimen was irradiated through an aperture,
providing an easily-observed boundary between
irradiated and unirradiated regions.

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

2. RESULTS AND DISCUSSION

Fig. 1 shows an SEM image of plasma-induced
surface changes in tungsten foil (20 pm thickness)
bombarded at 300 K with 0.5 keV/H", 1 keV He" and
simultaneously H,"+He* with a dose for each type of
particles equal to 1-10* ion/m?,

Fig. 1. SEM image of the tungsten foil bombarded with
H,"(a), He™ (b) and simultaneously H,"+He™ (c) at
300 K. In the insets the structure of individual blisters

Hydrogen exposure leads to development the blisters.
The comparison of the shape of blisters shows that
blisters at tungsten foil are domes. Blisters size and
number in this case are 2um and 9-10°m?
respectively. The blisters are located mainly along the
rolling direction.

Irradiation with helium leads to development the
blisters that in average larger and higher than those at
H, exposure. Blisters have a contrast that characteristic
for blisters developing in thin films and the bottom of
cracked blister has a porous structure (see Fig.1,b,
inset). Blisters of large irregular shapes are also formed.
Likely they are grown due to the coalescence of several
dome shaped blisters.

After helium + hydrogen exposure blisters are
domes and elongated along the rolling direction (see
Fig. 1, c). The density and size of the blisters are in the
middle between those for irradiation only by hydrogen
or helium plasma. A feature of joint irradiation is the
formation of ridges along the rolling direction. In the
valleys of these ridges blisters have a contrast which is
characteristic for helium blisters. Most of these blisters
are ruptured.

In our previous paper we reported about plasma-
induced surface changes in W coatings deposited by
argon ion sputtering [8]. W coatings (AIS) have a
columnar structure (Fig. 2) with a strong axial texture
(110) and grain size of 29 nm [12].

Fig. 2. SEM image of cross-section of W coating
deposited by sputtering (AIS)

Fig. 3 shows a SEM image of surface of W coating
(AIS) with a columnar structure bombarded at 300 K
with 1 keV D," (0.5 keV/D) to 1-10** D,"/m®.

Fig. 3. SEM image of the tungsten coating (AIS)
bombarded with 1 keV D," to 1-10°* D,*/m* at 300 K.
Ruptured blister (inset)



The mean size of the blisters ~3 um and scattered
from 0.5 to 10 pm. The blister number is 1.8-10° m?
Almost all blisters at the coating are asymmetric in
shape. The average size of blisters is comparable for the
tungsten foil and coating, but in the coating the density
of blisters is more than four times less.

In addition, the ruptured blisters were found on the
surfaces of the W films as seen in Fig. 3 (inset), which
implies that during deuterium ions irradiation some big
blisters could burst or exfoliate when the internal
pressure exceeded a critical limit. On account of some
caps of blisters removing after its bursting or exfoliating,
the sub-surfaces under the ruptured blisters are clearly
visible as shown in Fig. 3 (inset). The surface of the
blister caps and the morphology of the sub-surface are
characterized by the columnar structure, which retains
the morphology of the films before deuterium ions
irradiation.

Fig. 4 shows SEM images of surface morphology of
initial W coatings deposited by CAE and EDS X-ray
spectrums of surface.
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Fig. 4. SEM image of initial surface of W coatings
(CAE) with droplets (a) and EDS X-ray spectrums
of part of surface (b) and droplets (c)

On the tungsten coatings surface macroparticles and
craters form (Fig. 4,a). Their presence on the surface is
due to the generation of droplets of cathode material in
the process of cathodic arc evaporation. The amount of
macroparticles on the coating surface is small, which is
probably due to a sufficiently low arc discharge current
~ 140 A and a high melting point of tungsten.

The EDS X-ray analysis showed that the coating and
droplets consist almost 100% of tungsten. The
concentration of oxygen and carbon contaminations in
coating is below the detection limit of the EDS method.

Fig. 5 shows a view of fracture of the tungsten
coating deposited by CAE. The interface between the
coating and substrate is indicated by the dashed
horizontal line. The coating thickness is about 5 um.
Within the W coating we can see the grains with
dimensions in the um range and the absence of a
pronounced columnar structure.
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Fig. 5. Cross-section images of W film (CAE) deposited
on the substrates of stainless steel 18Cr10NiTi

Fig. 6 shows SEM images of morphology of W
coating (CAE) before irradiation. As seen in Fig. 6, the
morphology of the W coating shows a similar “nano-
ridge” structure, which is the typical morphology of
refractory metal films deposited at the relatively low
temperatures [14].

Fig. 6. SEM images of morphology of W coating (CAE)
before irradiation



Fig. 7 shows morphology of W coating (CAE) after
irradiation at 300 K with 1 keV H," to 1-10%* H,"/m? and
with simultaneously D*+He* to 1-10** ion/m?.

Fig. 7. SEM images of morphology of W coating (CAE)
after irradiation at 300 K with 1 keV H,"
to 1-10*H,"Im? (a) and with simultaneously
D*+He" t0 1-10* ion/m? (b)

As can be seen from Fig. 7 irradiation of tungsten
coatings (CAE) did not lead to the formation of blisters.
Only the process of physical sputtering is observed.
Sputtering coefficients are 1.14-10 at./ion for hydrogen
irradiation. Obtained sputtering coefficients for tungsten
coatings (CAE) are lower than for the W coatings (AIS)
obtained in the previous work ~ 3.8-107 [15].

In ref. [16] it is noted that there are several reasons
to investigate H retention in W films. Firstly, up to now,
tungsten coatings were used as the first-wall material in
ASDEX Upgrade and JET. Secondly, in future fusion
devices W will inevitably be sputtered and re-deposited
on nearby surfaces and we can assume that the structure
of re-deposited W layers in fusion devices is similar to
W films produced by magnetron sputtering. And finally,
W films allow the investigation of thin W layers which
are thinner than layers that can be produced from bulk
material.

Fig. 8 shows a SEM image the structure of re-
deposited W layers on W coating which was irradiated
at 300 K simultaneously D*+He".

As suggested in [17] and shown in present paper the
formation of a re-deposited W layers leads to increased
erosion of the surface area of the coating, the formation
of the strongly ruptured layers.
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Fig. 8. SEM images of W coating bombarded with
simultaneously 1 keV H*+He* 70 1-10* D,"Im? at 300 K

In ref. [14], the W films with the thickness of 10 um
and grain size below 100 nm by magnetron sputtering
and W bulk prepared by powder sintering and warm
rolling were exposed to He® ions with the energy of
60 keV to fluence of 1.0-10% m™2 at room temperature.
After irradiation, the blisters were observed on both
samples, some of which burst in various degrees. The
different behavior of blistering on both samples shows
clearly by SEM. For instance, the density and the
average size of the blisters on the W bulk are larger than
on the W film. In addition, the difference in
morphologies of sub-surface under ruptured blisters
implies that the different behavior of blistering on both
samples. It is speculated that GBs in nanostructured
material play a dominant role in the blistering after He
irradiation.

The reasons for which no blistering is observed in
the W coatings deposited by cathodic arc evaporation in
the investigated range of doses and at an irradiation
temperature of 300 K can be several. Firstly, this is a
clear difference in the structure of coatings obtained by
CAE and AIS, for CAE coatings columnar structure is
absent. Secondly, these coatings can differ greatly in the
level of internal stresses, which can also influence on
the formation of blisters.

Thus, further investigation is needed to understand
the mechanism of suppressing the formation of blisters
in tungsten coatings (CAE).

CONCLUSIONS

The surface topography of W bulk foil and W
coatings that are deposited by the cathodic arc
evaporation and the argon ion sputtering and a
comparison of changes of the surface microstructure
under the influence of particles of low-energy hydrogen
(deuterium) and helium plasma were studied.

It is established formation of blisters on the surface
of tungsten foil (20 um thickness) bombarded at 300 K
with 0.5 keV/H" or 1keV He" and simultaneously



H,"+He" with a dose for each type of particles equal to
1-10**ion/m?.

It was found plasma-induced blistering on surface of
W coatings deposited by argon ion sputtering and
having a columnar structure. The average size of blisters
is comparable for the tungsten foil and coating, but in
the coating the density of blisters is more than four
times less.

Irradiation of tungsten coatings produced by the
CAE did not lead to the formation of blisters. Only the
process of physical sputtering is observed. Sputtering
coefficients are 1.14-1072 at./ion for hydrogen exposure.
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CPABHEHHE BJIMCTEPHUHT A ITIPU OBJTYYEHUN MACCHUBHOI'O BOJIb®PAMA
N W-TIIOKPBITHH H;, D, 1 He-TIJTA3SMOU

A.B. Huxumun, A.C. Kynpun, I./l. Toncmonyukas, P.JI1. Bacunenko, B./l. Osuapenxo, B.H. Boesooun

N3y4yeHsl n3MEHEHHS TONOTpadui MOBEPXHOCTH MAaCCHBHOTO BONb()pamMa, HOIydIEeHHOTO METOZOM MTOPOIIKOBOTO
cnekanust (tommuHOM 20 MkM), m W-TIOKpBITHH OCaXIECHHBIMH BAaKyyMHO-AYTOBBIM METOAOM M HOHHBIM
pacIbUIeHHEM MO BO3JCHCTBHEM HH3KOIHEPIeTUUECKOH BOJOPOIHOM (JeHTepheBOil) W TenueBOd IUIa3Mbl NpPU
KOMHATHOW Temrepatype. IloBepXHOCTHbIE MOIU(HKAIMK, WHIAYIUPOBAHHBIE IUIA3MEHHBIM OOJy4eHHEM,
N3y4aJICh C TIOMOIIBIO CKaHUPYIOUIEH 3JIEKTPOHHOH MUKpockonuu. [locne oOmydyeHus: renueBod U aeiiTepueBoit
TUIa3MOM Ha TOBEPXHOCTH 00pa3uoB ¢oibru W 1 MOKPHITHI, HAHECEHHBIX MOHHBIM PACHbUICHUEM, HaOIOAAINCh
MHOTOuHucieHHble Omuctepsl. IloBepxHocTh W-NIOKPBITHH, OCaXIEGHHBIX BaKyyMHO-IYTOBBIM  CIIOCOOOM,
MoJIBEprajiach TOJILKO PACIBUICHHIO IIPH TEX JKE YCIOBUIX 0OIydeHHUS.

MMOPIBHSHHS BJICTEPIHI'A ITPH OITPOMIHEHHI MACHUBHOI'O BOJIb®PAMY
I W-TIOKPUTTIB H,, D, TA He-IIJIA3MOIO

A.B. Hikimin, O.C. Kynpin, I' /1. Toncmonyuska, P./I. Bacuneunxo, B./l. Osuapenxo, B.M. Bocsodin

BuBueno 3miHy Tomorpadii MOBEpXHI MacHBHOTO BOJb(PpaMy, OTPUMAHOTO METOIOM ITOPOIITKOBOTO CITiKaHHS
(roBuHO0O 20 MKM), i W-TIOKPUTTIB OCa/KEHUMH BaKyyMHO-AYTOBHM METOJOM Ta 1OHHUM PO3IMMJICHHSM IIiJ|
BIUIMBOM HHM3bKOCHEPIeTUYHOI BOJHEBOT (AeiTepieBoi) 1 renieBoi miasmMu npu KiMHaTHIA Temneparypi. [loBepxHesi
Mojudikarii, iHIyKOBaHI IUIA3MOBUM OINPOMIHEHHSIM, BHUBYAIMCS 3a JOINOMOIOI CKaHYBalbHOI EJIeKTPOHHOI
Mikpockomnii. Tlicis onpoMiHEeHHs TenieBOlo 1 ASHTEPieBOIO MJIa3MOI0 Ha MOBepXHi 3pa3kiB (osbru W i HOKpHTTIB,
HAaHECCHUX IOHHHMM pO3NWICHHSM, CHOCTepirajaucs uucieHHi Oumicrepu. [loBepxHs W-HOKPHUTTIB, OCaDKEHHX
BaKyyMHO-IyTOBHM CIIOCOOOM, MiJ1aBajacs TITbKH PO3IOPOLICHHIO IIPU TUX K€ YMOBaX ONPOMiHEHHS.



