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BLISTERING OF W, Ta AND W-Ta COATINGS UNDER THE
INFLUENCE OF PARTICLES OF LOW-ENERGY HYDROGEN PLASMA

G.D. Tolstolutskaya, A.S. Kuprin, V.N. Voyevodin, A.V. Nikitin, V.D. Ovcharenko,
V.A. Belous, R.L. Vasilenko, I.E. Kopanets
National Science Center “Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

The surface topography and deuterium retention in W, Ta and W-Ta coatings under the influence of low-energy
deuterium plasma was studied. It was observed formation of blisters as dome and burst or delaminated structures.
The W-Ta coatings showed improved characteristics: smaller sizes and density of blisters and a significantly lower

thickness of the delaminated layer.

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. The use
of W as a PFM s attractive due to its excellent
properties as high melting point, sputtering threshold or
low tritium retention [1]. Tungsten shows also adequate
corrosion resistance and the highest tensile strength of
all metals at elevated temperatures [2]. The major issue
associated with the presently available tungsten grades,
in the context of structural applications, is their
brittleness at low temperatures [3] which is worsened by
irradiation [4]. 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 [5] and recently refractory W
composites were pointed as a promising alternative to
pure W [6].

Alloying with Re, Mo or Ta can be used to modify
the mechanical behavior of tungsten but limited
property variation and precipitation of brittle secondary
phases restrict this approach. Reinforcement of tungsten
matrices with tungsten fibers has also been investigated
[7] and the behavior of these composite systems seems,
to a large extent, determined by the properties of the
drawn tungsten fibers. For instance, potassium doped
tungsten fibers enhance the strength and ductility of the
material up to 2200 K [8]. However, the fabrication
process by layer deposition of the tungsten matrices
with tungsten fibers revealed weak bonding between the
layers which leads to a composite cracking [7]. An
alternative strategy to increase the toughness of
W-based materials lies in dispersing ductile Ta particles
or fibers in a W matrix [9-12].

Pure tantalum shows high toughness, low activation
and high radiation resistance and, moreover, transmutes
to W under high energy neutron irradiation. However,
Ta is a scarce commodity and its extensive use as
plasma facing material cannot be envisaged for large
devices. A strategy to increase the fracture toughness of
W-based materials for nuclear fusion applications lies
on the development of W-Ta composites.

W-Ta alloys possess a higher corrosion resistance
and better mechanical properties as compared to the

pure tantalum. However, the obtaining of these alloys is
complicated because of their high melting temperature
[13]. It has been shown that nanostructure coatings from
refractory metal may be obtained with the ion-plasma
deposition methods [14]. Nanostructured metallic
coatings, unlike the microcrystalline analogs, can have a
higher hardness, strength and wear resistance. For
example, magnetron nanocrystalline tantalum coatings
have the hardness of ~11.6 GPa, and nanocrystalline
and amorphous W-Ta coatings with tungsten
concentration of 7.9...9.2 at.% have the hardness of
14.9 and 17.11 GPa, respectively [15].

The main changes in W-Ta composites under
energetic ion bombardment could be followed by
observing the induced effects in pure W and Ta plates
irradiated at the same experimental conditions. The
lower stiffness of Ta relatively to W results in the
increase of the blistering mechanism in the Ta phase
and this behavior could become magnified in the Ta
component of composites due to water vapor production
under D" bombardment. Hence, the enrichment of
oxygen should be avoided during the alloying of the
components. Blistering events and D retention highly
decrease at lower incident energies and after D plasma
bombardment the presence of a Ta component did not
increase the fuel retention in the composite, which is
promising for structural applications.

Lunyov, Kuprin et al. reported that W, Ta and W-Ta
coatings deposited by argon ion sputtering of targets
made from appropriate metals using the gas plasma
source have higher mechanical properties as compared
to the singlecomponent coatings [16].

The goal of this paper is the study of the surface
topography of these W-Ta coatings and deuterium
retention under the influence of particles of low-energy
deuterium plasma and to compare with pure W and Ta
plates exposed under the same irradiation conditions.

1. EXPERIMENTAL PROCEDURE

The design and principle of operation of the gas-
plasma source (GPS) wused for production of
multicomponent coatings is described in detail in [16].
In the present paper a vacuum chamber comprises a
GPS in the form of a tubular anode of 200 mm in
diameter and 380 mm long with a tungsten hot cathode.
Outside the anode there is a focusing coil, which
generates a magnetic field of about 50 Oe. Experiments
were carried using a filament current of a tungsten spiral
of 100 A at a positive anode potential in the range of
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+40...+50 V and argon pressure of ~ 0.5...0.8 Pa. The
discharge current was 30...50 A. Sputtering targets
were polycrystalline W and Ta plates onto which a
negative potential of -500 V has been applied. The
concentration of elements in the coatings was given by
the ratio between the areas of tungsten and tantalum
targets. The discharge-generated plasma was directed
onto the target of the plasma-optical system. The anode-
target distance was 50 mm. The ion-current density on
the sputtering target was 10...20 mA/cm® Coatings
were deposited on the substrates (10x20x1.5 mm) of
stainless steel 18Cr10NiTi at a negative bias potential of
-50 V. The substrate temperature during deposition did
not exceed 500 °C. The coating deposition rate was of
~6 um/h. The thickness of the coatings has been
measured by the “shallow knifes” method using the
microinterferometer Mil-4.

Structure and properties of W, Ta and W-Ta
coatings deposited by argon ion sputtering of targets
were studied in [16]. It has been shown that W, Ta and
W-Ta coating with tantalum content from 5 to 38% had
a bec structure. Introduction of the second component in
the coating composition leads to the formation of a
substitutional solid solution, in which the lattice
parameter increases linearly with tantalum content
increasing. Singlecomponent W and Ta coatings have a
columnar structure with a strong axial structure and
grain size of 29 and 25 nm, respectively.

The disk-shaped specimens have been irradiated at
various temperatures with deuterium ions using a glow
gas-discharge plasma electrodes at 1000 V, producing
an ion flux of 10*° D*/(m?s). In this study we chose to
use D in order to easily measure the depth dependence
of the implanted and diffused hydrogen. While it is
known that the mass difference of deuterium and
protium isotopes of hydrogen can influence somewhat
the thermodynamic and diffusional parameters
somewhat via the well-known isotope effect. No
significant differences in the development of the surface
structure were previously observed between resulting
from use of either deuterium or protium [17, 18].

The central portion of the specimen was irradiated
through an aperture, providing an easily-observed
boundary between irradiated and unirradiated regions.
The maximum irradiation fluence was 2-10% D,"/m?.
The disk specimen was placed in a resistively-heated
holder. The specimen temperature was continuously
monitored using a thermocouple in the base of the
specimen holder and was attached to the backside of
specimen. The targets were exposed to high-flux
deuterium plasmas at 300 K. The temperature was
maintained to within £2.5 K.

The Kkinetics of blister growth was monitored
continuously during the irradiation using a video
recorder. Investigations of surface microstructure were
performed using a MMO-1600-AT metallographic
microscope.

The implanted deuterium depth distribution was
measured by means of the D(*He, p)*He nuclear
reaction using the accelerator-measuring system ESU-2
[19]. The measurements were performed at room
temperature using back scattering geometry. An
analyzing beam of 300...1400 keV *He ions was used to

examine the near-surface region of the specimen. The
energy spectra of protons emitted by the nuclear
reaction at different depths occurs at a rate proportional
to the local deuterium concentration. Deuterium depth
profiles were extracted from the obtained data using a
software designated as Helen [20]. The depth resolution
was determined to be ~200 nm and D depth profiles
were determined up to a depth of 1.6 um.

2. RESULTS AND DISCUSSION

Fig. 1 shows a SEM image of plasma-induced
surface changes in a W coating bombarded at 300 K
with 1 keV D," (0.5 keV/D) to 1-10%* D,"/m?. Blisters
that formed on the plasma-exposed surface are clearly
seen.
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Fig. 1. SEM image of the tungsten coating bombarded
with 1 keV D," to 1-10% D,*/m? at 300 K.
Cracked blister (insert)

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 and mostly cracked (see Fig. 1, insert).

Fig. 2 shows an SEM image of plasma-induced
surface changes in tungsten foil (20 pum thickness)
bombarded with 0.5 keV/D* to 1-10°* D,"/m? at 300 K.
The comparison of the shape of blisters shows that
blisters at tungsten foil are domes. Blisters size and
number in this case are 2 um and 9-10°m?
respectively.
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Fig. 2. SEM image of the tungsten foil bombarded
with 1 keV D," to 1-10%* D,"/m? at 300 K

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.



Fig. 3 shows an SEM image of plasma-induced
surface changes in tantalum coating bombarded with
0.5 keV/D* to 1-10%* D,"/m?.
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Fig. 3. SEM images of tantalum coating bombarded
with 1 keV D, to 1-10** D,"/m? at 300 K: an overall
image (a); morphology of delaminated blister (b);
structure of the bursted layers (c); rupture surface(d)

Some large blisters are shown in Fig. 3,a. The
blisters were burst and delaminated, meaning that they
lost their caps (see Fig. 3,b). The critical size of the

delaminated blisters is ~ 100 um. The thickness of the
bursted layers, having a columnar fiber structure, varies
from 0.1 to 5 pm at radiation doses 1-10% D,"/m? (see
Fig. 3,c). SEM image rupture surface is presented (see
Fig. 3,d). As can be seen, the rupture occurs over the
columnar grains.

When the dose was increased threefold, the
destruction effect became stronger, up to the complete
destruction of the coating in some places (Fig. 4,a). In
the spectrum obtained by means of energy-dispersive
X-ray spectroscopy the elements of the substrate —
stainless steel 18Cr10NiTi were reliably fixed. Fig. 4,b
shows an element of brittle rupture of a tantalum
coating. As hydrogen accumulates, the blister cracks,
and its lid breaks up into small pieces that are deposited
on the surface of the sample.
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Fig. 4. SEM images of tantalum coating bombarded
with 1 keV D,* to 3-70** D,*/m 2 at 300 K. Destruction
and composition of the substrate (a); element of brittle

rupture (b); general view of the fracture surface (c)

The coating is damaged locally. Most of the volume
of the coating retains its columnar structure up to doses
3-10%D,"/m (see Fig. 4,c).



Fig. 5 shows an SEM image of plasma-induced
surface changes in W-Ta coating (tantalum
concentration 16 at.%) bombarded with 1 keV/D," to
1:10% D,"/m? at 300 K.
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Fig. 5. SEM images of W-Ta coating bombarded at
300 K with 1 keV D," 70 1:10* D,"Im? (a), different
parts of the surface at different magnifications (b, c, d)

It can be seen that under the influence of particle
fluxes from the low-energy hydrogen plasma the
structures characteristic for the singlecomponent
tungsten and tantalum coatings develop on the surface
of sample (see Fig. 5,a). However, there are differences.
“Classical” blisters size and number are ~ 3.5 um and
6-10° m?, respectively. Many of them are destroyed
more strongly (see Fig. 5,b,d). The bursted blisters have
the critical size ~50 um. The thickness of the bursted
layers, having a columnar fiber structure, is less than
one micron at radiation doses 1-10* D,"/m? (see Fig.
5,c,d). Small pieces of lids are deposited on the surface
(see Fig. 5,b).

Thus, the W-Ta coating shows improved
characteristics with respect to particle fluxes from the
low-energy hydrogen plasma: smaller sizes and
densities of blisters and a significantly lowered
thickness of the delaminated layer.

In [21] was shown that oxygen remains in solid
solution with Ta, leading to water vapour formation
(D,0) nearby the implanted depth of the Ta component
under D irradiation, which results in additional gas
pressure inside the blisters and in the magnification of
the blistering mechanism. Mateus et al. shown that the
slight oxidation during the milling of the metallic
composites and the higher affinity of Ta to oxygen-than
of W leads to incorporation of oxygen in the Ta rich
phase [21]. This oxygen contamination is probably not
enough to form the oxide phase (Ta,0s), but a thin layer
of this oxide could be formed during the preparation of
metallographic samples. The enrichment of oxygen in
Ta is responsible by the magnification of the blistering
mechanism in the Ta phase in composites relatively to
pure Ta samples.

The coatings deposited by ion sputtering of targets
made from appropriate metals using the gas plasma
source employed in this work are free from these oxide
phases.

In addition to the degradation of the surface
structure under the particle fluxes of deuterium plasma,
an important task is to study the retention of hydrogen
isotopes in the material of the first wall and the divertor
of a thermonuclear reactor. Fig. 6 shows the depth
profiles of deuterium retained in W coating exposed
with 1 keV D," to 1-10?* D,"/m? at 300 K.

3.0
254 N

2.0 \

0.5 "uy

D concentration, at.%
v

0.0 T T T T T T T
00 02 04 06 08 10 12 14 16

Depth, um

Fig. 6. Depth profiles of deuterium retained in W
coating exposed with 1 keV D," to 1-10** D,"/m?
at 300 K



In the W coating exposed to the D plasma, the
deuterium depth profile is characterized by a near-
surface concentration maximum of 3 at.% and, at depths
above 0.4 um, by a concentration of about 0.7 at.%
slowly decreasing into the bulk (see Fig. 6).

Fig. 7 shows the depth profiles of deuterium retained
in W-Ta coating exposed with 1keV D," to
1:10* D,"/m? at 300 K.
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Fig. 7. Depth profiles of deuterium retained in W-Ta
coating exposed to 1-10% D,"Im* at 300 K

In the W-Ta coating exposed under the same
conditions, the deuterium depth profile is characterized
by a concentration of about 1 at.% no decrease into the
bulk up to a depth of 1.6 um (see Fig. 7).

For W and W-Ta coatings exposed to the D plasma
at dose 1-10%* D,"/m? the deuterium retention in the
0...1.6 um layer is the same and equals 1-10% m?,

For comparison, Fig. 8 shows the data for a massive
foil of tantalum (90 pm thickness) rolled on stainless
steel. The foil bombarded with 1 keV D," (0.5 keV/D)
to dose 4-10°* D,"/m? at 300 K.
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Fig. 8. SEM image of tantalum foil rolled on steel

No blister formation has been observed in Ta foil
exposed at 300 K with 1 keV D," to 4-10%* D,"/m? (see
Fig. 8). In this case, the surface is subjected only to the
sputtering process, which leads to the appearance of
sufficiently large precipitates on the surface, weakly
sputtered.

There are several conditions where blistering on W
can be avoided. There is no blister formation at target
temperatures of W >600°C and after dual-energy
irradiation. Also, on unpolished technical surfaces
blisters do not form. We can suppose that in our case it
is more likely the influence of unpolished surfaces.

The deuterium depth profile is characterized by a
concentration of about 4 at.% weakly decrease into the
bulk up to a depth of 1.6 um (Fig. 9).
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Fig. 9. Depth profiles of deuterium retained in Ta foil
exposed with 1 keV D," 70 4:10* D,"/m? at 300 K

Analysis of the literature showed the various
discrepancies among works. In [22] an experimental
study has been presented in which the properties of
nanostructured tungsten films, deposited by PLD, are
analyzed after high-flux deuterium plasma exposure
(Tmax =520 K). An overview of the structure of the
layers, blister and nanostructure formation, and
deuterium retention is done. The pulsed laser deposition
(PLD) layers withstand the plasma interaction
maintaining their overall integrity. Nevertheless,
abundant blister formation was observed on the PLD
layers. The amount, distribution and shape depend on
the W structure and layer thickness. For the high-
density films, the growth seems to have preserved the
grain structure as indicated by the observation of areas
with clearly distinct nanostructures. The interfaces
between these areas become fainter with decreasing film
crystallinity and are completely gone for the
amorphous-like films [22].

The deuterium retention has strongly increased for
the PLD layers with respect to polycrystalline tungsten.
Decrease of the layer density and crystalline order
results in an increase in deuterium retention. The
volumetric deuterium retention in columnar tungsten
was found to be 7.4-10% m® which corresponds to
1.25 at.%. This is comparable to saturated values of
deuterium retention in predamaged polycrystalline
tungsten (at 0.45 dpa; 1.4 at.% ~ 8.8-10% m™ [23]). The
total retention in the pre-damaged sample was found to
be 5.4-10° m?, the deuterium penetrated only 0.6 um
into the material. Thus, the penetration of deuterium
into columnar tungsten is significantly quicker than
penetration into pre-damaged tungsten. This makes
sense since the crystallite size is typically ~2 nm and



the amorphous-like sample therefore contains many
grain boundaries that presumably trap deuterium. In
comparison, the volumetric retention of the amorphous-
like layer with its density (only 60% of polycrystalline
tungsten) amounts to 5.4 at.%.

Furthermore, the hydrogen retention in W-Ta
composites is preferentially associated to the W
component and composite production process.

The interaction of tokamak plasma with several
materials considered for the plasma facing components
of future fusion devices was studied in [24]. The
samples were exposed to the edge plasma of the
COMPASS tokamak which is a small-size device of the
ITER-like diverted plasma shape with clear ohmic as
well as NBI-assisted H-modes. These samples included
mainly tungsten as the prime candidate and chromium
steel as an alternative which suitability was to be
assessed. For the experiments, thin coatings of tungsten,
P92 steel and nickel on graphite substrates were
prepared by arc discharge sputtering. The samples were
exposed to hydrogen and deuterium plasma discharges
in two modes: a) short exposure (several discharges) on
a manipulator in the proximity of the separatrix, close to
the central column, and b) long exposure (several
months) at the central column, aligned with the other
graphite tiles.

It has been shown that the surface layer enriched
with hydrogen was similar to the unexposed samples.
Deuterium enrichment was found only in the exposed
samples, as a result of intake during deuterium
discharges. The deuterium content was lower than that
of hydrogen. The depth of the enriched layer was about
100 nm. On both pairs of exposed samples of the same
type, i.e. tungsten and steel, the depth profiles of
hydrogen and deuterium are very similar. The integral
deuterium amount was extracted from ERDA depth
profiles, but it should be taken into account that very
low D concentration (less than 0.1 at.%) cannot be
detected due to the ERDA limited accessible penetration
depth and hydrogen signal background in ERDA
spectrum. The deuterium contained in the surface layer
observable by ERDA is comparable for W samples and
estimated deuterium retention is ~ 6-10"° atoms/m?. For
steel the integral amount of D in the observed layer was
4.5-10" atoms/m?.

Deuterium (D) retention in polycrystalline tungsten
(W) with copper (Cu) ion damage concurrently
produced at elevated surface temperature is investigated
[25]. An in situ heated stage held W samples at a
controlled temperature up to 1243 K, which were
subjected to displacement damage produced by
3.4 MeV Cu ions. D retention is subsequently explored
by exposure of the W samples held at 383 K to a D,
plasma ion fluence of 10* D,/m?.

As remarked in Sakurada's paper [26], the various
discrepancies among each work may show the
sensitivity of defect recovery to dpa level. That is, the
rates of vacancy-cluster and cluster-cluster formation
competing with interstitial and free surface annihilation
depend on the available concentration of these defects.
For instance, the saturation of heavy ion induced defects
as dpa approaches 0.3 that has not been observed for
neutron damaged W.

Thus, the main trends in the retention of deuterium
depend on the structure and layer thickness of coatings
and defects produced by irradiation with plasma fluxes.

CONCLUSIONS

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.

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.

It is found, that the deuterium retention is the same
and equals 1-10®m? and the concentration of
deuterium is about 1 at.% for the W and W-Ta coatings
exposed to the D plasma at dose 1-10% D,"/m?*

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.
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BJUCTEPUHI W-, Ta- U W-Ta-TIOKPBITHAM ITPU BO3JIEMCTBUU IIOTOKAMHY YACTHI]
HU3KOSHEPTETUYHOM BOJIOPOJHOM IJIA3ZMBI

I' /1. Torcmonyykasn, A.C. Kynpun, B.H. Boesooun, A.B. Huxumun, B.J]. Osuapenxo, B.A. benoyc,
P.JI. Bacunenxo, U.E. Konaney

W3ydensr m3meHenne Tomorpaduu moBepxHoctH mokpeituit W, Ta m W-Ta u HakomseHne AeHTepus IOA

JICHCTBUEM YaCTHUL] HM3KO3HEPIeTUYECKOM NEeHTEepUEBON ILIa3MBbI.

Habmromanoces ob6pa3oBaHue OIHCTEpOB

KyHosoo0pa3Hoil popmsbl, oTcianBanue U merymenue. [lokpeitis W-Ta moka3anu yirydiieHHbIe XapaKTepPUCTHKH:
MEHBIIINE Pa3Mepbl U INIOTHOCTh OJIMCTEPOB M 3HAYUTEIILHO YMEHBIICHHYIO TOJIIIMHY OTCIIAUBAEMOTO CIIOSL.



BJICTEPIHI" W-, Ta- I W-Ta-IIOKPUTTIB I AI€I0 IOTOKY YACTUHOK
HMU3bKOEHEPI'ETHUYHOI BOOJHEBOI IIVIA3MH

I' J1. Toncmonyuska, A.C. Kynpin, B.M. Boceodin, A.B. Hiximin, B./]. Osuapenko, B.A. binoyc,
P.JI. Bacuneuxo, I.€. Konaneus

Burueno 3MmiHy Tomorpadii moBepxoHs mokputtiB W, Ta i W-Ta i BmicT ageiTepito miJ Mi€l0 YaCTHHOK
HU3BKOEHEPreTH4HOi BOAHEBOI IuasMu. Crocrepirajgocst yTBOpeHHs OxictepiB  KymosonoAiOHoi  (opmy,
BimapyBaHHs Ta JyuieHHs. [lokpurrs W-Ta mokasanu moJinmeHi XapaKTepUCTHKU: MEHII PO3MIpH 1 3HIKEHY
rycTUHY OicTepiB i 3Ha4HO MEHIIY TOBIIMHY BiJIIapPOBAHOTO MIapy.



