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Different studies reveal the behaviour of Ta alloying to decrease deuterium retention in tungsten bulk materials
aiming to be used for nuclear fusion applications. In this work, W and W-5 %Ta coatings were produced via
magnetron sputtering techniques. The elemental composition of the samples and the spread of Ta in the W lattice
was confirmed by GDOES, PIXE and by p-PIXE, respectively. Sets of W and W-Ta coatings were simultaneously
irradiated with a single 21-[2+ or with sequential 4Hc:*/zl—lz+ ion beam implantations using incident energies of 30

keV and ion fluences of 5 x 107 jon/cm?. The irradiated samples were analysed by NRA/RBS and by ToF-ERDA
to quantify the retained deuterium and helium amounts. The results reveal significantly lower contents of both

isotopes in W-Ta.

1. Introduction

Tungsten (W) is foreseen to be the main material for plasma facing
applications in fusion devices due to its low neutron activation, superior
thermal-mechanical properties [1,2] and low hydrogen solubility [2].
Even so, difficulties persist due to the ductile-to-brittle transition tem-
perature (DBTT) of the existing W-based materials [1,2], leading to
reduced ductility at low operation temperatures. Tantalum (Ta) exhibits
higher ductility and radiation resistance than W [1-4] as well as low
neutron activation. In addition, it transmutes to W under neutron irra-
diation and forms complete solid solutions with W [4]. The addition of
low contents of Ta in the W lattice is under investigation as a natural
approach to improve the properties of W bulk materials. Nominal con-
tent of 5 % of Ta, W-5 %Ta, is here used as a standard composition for
the investigations [1,2]. In parallel to bulk materials, W coatings are
produced to cover the first walls of experimental tokamaks [5], which
justifies the development of coating alloys for similar purposes.

The radiation resistance and the retention of deuterium (*H) in the
alloys is being investigated with low energy plasma irradiations (of few
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eV) [2,6]. On the other hand, implantation experiments with incident
ion energies of few MeV are also suggested for the investigations [1].
Besides irradiations within the eV and MeV energy ranges, ion beams of
10-100 keV are widely used, while they are able to impose huge mod-
ifications with moderate ion fluences along the implantation zone near
the superficial layers [7,8]. Even so, previous irradiation experiments
performed with incident 30 keV “He™ beams in polycrystalline tungsten
at elevated temperatures have shown that extreme structural changes
occur when ion fluences exceed the threshold level of 1 x 10'® ions/cm?,
promoting helium (He) release through nano-channels formed by the
coalescence and movement of He bubbles [8]. In order to prevent these
effects and to compare the behaviour of the materials to retain deute-
rium and helium, a simple irradiation campaign was carried out at room
temperature (RT) using energetic 2H2+ (molecular deuterium) and ‘He*
ion beams at significantly lower ion fluences, i.e., 5 x 107 jon/cm?

2. Experiment

W and Ta metallic sources of high purity (99.98 %) were positioned
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Table 1

Quantified “He and ?H contents: along the total integration depth (implantation zone plus diffusion zone) or only in the implantation zone [square brackets].
Coating Irradiation ToF-ERDA NRA

4Het 2Hy “He content 2H content 2H content
(10" at./cmz) 107 at./cmz) (1017 at./cmz)

w - 30 keV 2H; 1.62 [1.11)¢
w 30 keV “He* 30 keV 2Hj 3.64 [3.03]° 2.29 [1.941° 3.27 [2.52]°
W-5%Ta - 30 keV 2Hj 0.92 [0.74]"
W-5%Ta 30 keV “He* 30 keV 2[—[; 2.10 [1.73]¢ 1.24 [1.09]f 1.56 [1.44]8

Integration depths of ~20 x 10'® at./cm? for NRA, and of ~3 x 10'® at./cm? for ToF-ERDA analyses. Ion fluences of 5 x 10'” ion/cm? in all the irradiations, i.e., the
retention rates at the implantation zone are: 0.61%, 0.39%, 0.50°, 0.22¢ in W; 0.35¢, 0.22, 0.298, 0.15" in W-Ta.

in two independent magnetron sputtering setups energized separately in
order to adjust the deposition parameters to obtain the desired nominal
compositions for the coatings, i.e., pure W and W-5 %Ta (95 at.% of W, 5
at.% of Ta), and thicknesses of the deposits close to ~6 pm. W deposition
was carried out via Direct Current Magnetron Sputtering (DCMS) with a
target current of 0.3 A (total power of 135 W). Ta deposition, for its part,
was carried out via High Power Impulse Magnetron Sputtering (HiPIMS)
with a target voltage amplitude of —1 kV, being the average power
discharges tuned for a bias frequency of 4.3 Hz (pulsed regime) [9]. An
Ar atmosphere was used as working gas at a base pressure of 4.1 x 1073
mbar (Ar mass flow rate of 9.0 sccm). The magnetron sputtering cath-
odes and the sampler holder were positioned in a confocal geometry
inside the deposition chamber assuring that uniform W and Ta fluxes
reach the substrates. Molybdenum (Mo) (15 x 12 x 1 mm) and titanium
(Ti) substrates were used simultaneously: Mo samples for the irradiation
experiments and Ti samples as witness coatings to quantify the depos-
ited elemental depth profiles by Glow Discharge Optical Emission
Spectrometer (GDOES). GDOES was done with a Spectruma GDA 750
analyser, enabling a spatial resolution of 0.025 nm in the spectral range
190-800 nm [10]. The particular analysis of W and Ta depth profiles by
GDOES was achieved from the corresponding emission lines at 429.46
nm and at 362.66 nm, respectively. Additional details about the depo-
sition procedure and DCMS, HiPIMS and GDOES setups are presented
elsewhere [9,10].

In order to investigate the elemental composition of the produced
coatings with possible impurity quantification, Proton Induced X-ray
Emission (PIXE) measurements were performed with a broad ion beam
of 1 mm of diameter and with an ion beam microprobe (u-PIXE) assuring
a cross-sectional spot size of ~3 x 4 pmz. PIXE allows quantification of
elemental concentrations for all elements heavier than sodium (Na)
down to the ppm range. Broad beam measurements were performed
with 2300 keV 'H™ ions using a Mylar foil of 50 um in front of a Si(Li)
detector to absorb intensive W and Ta M X-ray lines. W and Ta contents
were quantified by analysing the W-La and Ta-La line yields in the X-ray
spectra (8.40 keV and 8.15 keV, respectively) with the GUPIX code [11].
The homogeneity of the W-Ta films was evaluated by p-PIXE using 2000
keV 'H* ions, a 350 um absorber foil and a Si drift detector. Microbeam
data analysis was done using the OMDAQ software [12]. Aiming to
avoid the superposition of the X-ray peak yields, independent elemental
mapping for W and Ta was performed by selecting the W-La and Ta-Ly;
lines (8.40 keV and 10.90 keV, respectively) collected from scanned
areas ranging from 1320 x 1320 um? down to 106 x 106 pm?2. After-
wards, the role of Ta addition in the retention behaviour of deuterium
and helium was investigated following an ion implantation experiment
carried out with a 210 keV high flux ion implanter by impinging ener-
getic deuterium and helium ion beams at RT with normal incidence to
the target surfaces. A first set composed by a W and a W-Ta coating
deposited on Mo was irradiated with a single ion implantation using a
30 keV 2H§ ion beam (30 keV molecular deuterium ions; 15 keV by
incident *H nuclei) with a fluence of 5 x 107 ion/cm?. A second and
similar set of coatings was irradiated with a sequential ion implantation
in two consecutive steps: the first one using an incident 30 keV “He*
beam with the same fluence of 5 x 10'7 ion/cm?; the second one using
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the previous incident 30 keV H; beam with the ion fluence of 5 x 10'7
ion/cm?. For the ion implantation operation, the ion beam spot with a
transverse cross-section of ~1 cm? was scanned along an area of ~30 x
50 mm?, irradiating homogeneously and simultaneously the entire W
and W-Ta coating’s surfaces. The current densities were maintained at
~10 pA/cm?, leading to ion fluxes and sample temperatures lower than
1.5 x 10'* ion/(cm?s) and 50 °C during irradiation, respectively. The
scheme of the entire ion implantation experiment is shown in Table 1
(see Section 3). The irradiation experiment took into consideration the
in-depth ranges achieved by both ion species along the depth of a pure W
layer as calculated by the SRIM code [7]. Corresponding irradiation
damages induced by single 15 keV 2H* or 30 keV *He* implantation in
pure W was also evaluated by SRIM using the “quick Kinchin-Pease”
calculation option, a displacement energy of 90 eV and a lattice binding
energy of 0 eV for vacancy formation in bulk W [13], and an atomic
density of 6.34 x 10%2 at./cm? for W [7]. Both secondary atomic W
recoils and direct W displacements imposed by ion knock-ons were
considered to calculate the damage dose [13]. SRIM results achieved for
pure W were used to evaluate irradiation effects in both W and W-Ta
coatings, while the addition of 5 at.% of Ta in the W lattice leads to
negligible changes in the final material density and in the energy losses
imposed to incident ions.

Irradiated coatings were simultaneously analysed by Nuclear Reac-
tion Analysis (NRA) to quantify retained deuterium contents down to a
deep depth by following the po emission yields of the 2H(3He,po)*He
reaction and by Rutherford Backscattering (RBS) to normalize the ’H
(3He,p0)4He yields in the NRA spectra, using incident 2300 keV and
1250 3He™ ion beams, a passivated implanted planar silicon detector
placed at an angle of 140° to the incident *He' beam direction for the
NRA analysis and a second particle detector for the RBS analysis placed
at a scattering angle of 165°. Channel-to-energy calibration of the NRA
spectra as well as the check of the detection geometry was performed
with the analysis of a pure thick Be sample at the same experimental
conditions, taking advantage of the collected 9Be(3He,pi)11B reaction
yields [14]. For this purpose, a 75 pm thick Mylar foil was positioned in
front of the NRA detector to absorb energetic o particles emitted from
Be. RBS and NRA spectra were analysed with the NDF code [15].
Additionally, Time-of-Flight Elastic Recoil Detection (ToF-ERDA) using
a 23 MeV 271" jon beam impinging on the targets at a glancing angle of
20° and a gas ionisation detector positioned at an angle of 37.5° toward
the beam direction [16] was performed. The analysis enables to quantify
simultaneously the retained amounts of both implanted isotopes,
deuterium and helium, and also the presence of light contaminants as
hydrogen (1H), carbon (*C) or oxygen (*°0). Spectra analysis was
carried out with the POTKU software [17], checking possible modifi-
cation effects imposed by 2’1" ion bombardment to light element
composition. Eventual morphological modifications induced by irradi-
ation at the samples surface were evaluated by Scanning Electron Mi-
croscopy (SEM). As in the case of PIXE, NRA, RBS and ToF-ERDA
measurements, SEM analysis was performed nearby the central zone of
the coatings.
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3. Results and discussion

The temperature of the substrates and coatings was maintained at
~200 °C, as result of the heating effect generated by plasma radiation,
by keeping the same plasma parameters during the sputter deposition.
The microstructure of the coatings depends of the sample’s temperature.
The experience evidence that columnar grows are induced for deposi-
tion temperatures in the range 150-400 °C. Therefore, and as a conse-
quence of the heating procedure, both W and W-Ta coatings exhibit a
typical columnar microstructure, as observed by SEM inspection [5].
The maintenance of the optimized plasma parameters also assures the
desired stoichiometry of the W-Ta samples, i.e., W-5 %Ta. Fig. 1 presents
the elemental depth profiles of a control W-Ta witness coating deposited
on Ti achieved by GDOES. A slight carbon (C) contamination is present
at the surface and at the interface layer with the Ti substrate. C
contamination is due to the exposure in air in the period elapsed from
deposition till the GDOES measurement, which, in turn is tuned to evi-
dence the gathering of C with high sensitivity. Therefore, the GDOES
yield for C is overrated. A tailored Ta composition of ~5 at.% was
quantified along the depth of the coating, with a thickness close to ~6.5
pm. The error for the Ta quantification by GDOES was ~12 %. Apart the
absence of Ta, W coatings exhibit similar depth profiles. W and Ta co-
deposition in the Mo substrates and the spread of Ta in the W lattice is
also confirmed with the W and Ta elemental maps obtained by p-PIXE.
From the analysis of the 530 x 530 um? W and Ta maps shown in Fig. 2
(a) and (b), respectively, it can be concluded that the composition of the
W-Ta layer is homogeneous down to a beam lateral resolution of ~3x4
pm? (the cross-section spot size). The same homogeneous behaviour is
achieved from the analysis of all the scanned areas. Ta contents of 6.1 at.
% were always quantified by p-PIXE. Aiming at a broad elemental
analysis of the central zone of the coatings surface, broad beam PIXE
spectra were also collected from the W and W-Ta samples. Fig. 2(c)
presents one of the W-Ta spectra and the most intense X-ray lines arising
from W-L and Ta-L emissions. Apart W and Ta, only the Mo-K lines
achieved from the Mo substrate are visible. Impurities heavier than Na
are inexistent or at the level of few ppm. As in the case of p-PIXE, Ta
concentrations of 6.1 at.% were always quantified by PIXE in the W-Ta
films with the same error quantification of ~0.5 at.%. X-ray analysis is
more sensitive at the superficial layers. Also, a slight superficial peak is
observed for the Ta content in the GDOES depth profile. Therefore, we
may affirm that PIXE and GDOES quantifications for the Ta amounts are
compatible (6.1 & 0.5 at.% and 5.0 + 0.6 at.%, respectively). Apart from
the absence of Ta, similar results were obtained from the analysis of W
samples by PIXE.

SRIM simulations show superposition of both *He* and ZHI ion

—~ 10
e

<100+ o
Ch g
w it
cC 804 i“,
S =
© 6 .9
E 60' (E
(1)] 4
3] L4 &
5 40- Qo
Q =
i= 3
= 20] P2
o ' —
2 0 : : A . Lo

0 -, 4 6 8 10 12
Depth (um)

Fig. 1. Elemental depth profiles of W-Ta coatings achieved by GDOES [10].
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depth ranges along the implantation zone in a W layer: depth ranges
(Rp) of 78 and 88 nm, with straggling ranges (ARp) of 38 and 44 nm, for
the normal incidence of 30 keV “He' and 15 keV 2H' in pure W,
respectively [7]. Ion range depth profiles are presented in Fig. 3. Almost
all incident ions become retained within a 150-200 nm implantation
depth. High atomic fractions are achieved for both retained isotopes
after irradiation with operated fluences of 5 x 107 ion/cm? showing
that irradiation campaigns with energetic ions may impose extreme
irradiation effects to the materials with moderated fluences. Obviously,
part of the implanted ions will not be held in the bulk lattice but in grain
boundaries (GBs), leading to high mobility [18]. Fig. 3 also present the
simulated irradiation damage imposed by “He* and by 2H* exposure at
the same fluences, showing that induced defects are spread shallower
comparing to ion depth ranges where most of incident ion energy is
transmitted to the W lattice (maximum irradiation damage induced by
“He and *H ions lies at a depth of ~45 nm). As predicted [3,4,7], induced
irradiation effects are widely enhanced after helium implantation and
remain quite negligible when deuterium exposure occurs. Retention
tends to occur in lattice defects [18]. From the simulated ion depth range
and damage profiles we may expect an enhanced helium and deuterium
retention behaviour along the first 150-200 nm for both W and W-Ta
materials (down to a depth of ~1250 x 10'° at./cm? in pure W), while
atomic diffusion towards the bulk material is hampered by superficial
damage [18].

Fig. 4 shows the depth profiles of retained deuterium quantified by
NRA in the W and W-Ta coatings after irradiation. Most of the retained
amounts are spread within the same superficial depth zone, and at
deeper depths lower amounts of deuterium still exist. According to SRIM
simulations, an implantation zone and a diffusion zone is identified.
NRA analysis provides a good sensitivity for deuterium quantification
down to the depth limit range of the technique (~20 x 10'® at./em? in
the present samples, i.e., 3.0-3.5 pm). Nevertheless, the depth sensi-
tivity is also limited by the low energy resolution of NRA (~100 keV in
the present experiment). Therefore, Fig. 4 only presents average con-
tents quantified for deuterium in both implanted and diffusion depth
ranges. Distinct retention behaviours are easily revealed in both mate-
rials. After single 2H* and sequential *He*/?H" irradiation of the W
coating, the quantified deuterium contents are ~2.3 at.% and ~5.4 at.%
at the implantation zone along a depth range down to ~4700 x 10! at./
cm?, and decrease to ~3.5 x 107! at.% and ~0.5 at.% at the diffusion
zone down to the depth limit of the NRA analysis (~20 x 10'8 at./cm?),
respectively. Corresponding deuterium amounts are significantly lower
in the irradiated W-Ta. They are ~1.3 at.% and ~3 at.% inside the
implantation zone under single 2H"* and sequential “He*/?H" irradia-
tion, respectively, and they strongly decrease at deeper depths, ~0.1 at.
%. In all the NRA spectra, the 2H(®He,po)*He yields remain extended
down to the depth limit of the NRA technique, confirming that diffused
deuterium still exists beyond the NRA depth limit range. This behaviour
is known for W materials and agrees with irradiation data previously
reported [19].

Opposite to the limited depth resolution of NRA, ToF-ERDA analysis
is very sensitive to changes in the elemental depth contents along the
superficial layers. W and W-Ta coatings exposed to the sequential
“He*/?H" irradiation were analysed by ToF-ERDA. The quantified depth
profiles for the existing light isotopes in the irradiated W and W-Ta
coatings are presented in Fig. 5(a) and (b), respectively, i.e., hydrogen
lH, ZH, 4He, carbon '°C and oxygen 160, The statistics of the ToF-ERDA
data was limited by a significant noise caused by the analysis of heavy
matrixes and by the time needed to perform the measurements. Even so,
changes in the isotopic yields were not observed with irradiation time,
meaning that elemental loss imposed by '271%* irradiation is not an error
source in the analysis, particularly for helium and hydrogen quantifi-
cation. Apart a thin superficial layer (down to ~250 x 10'° at./cm?),
light impurity contents are lower than 1-2 at.%. A higher O content in
W-Ta superficial layers is justified by the affinity of Ta to react with
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oxygen [3,4], and C is also present, as already observed in the GDOES
elemental depth profile (Fig. 1). However, it does not influence the
global analysis, while helium and deuterium are spread down to the
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Fig. 5. ToF-ERDA depth profiles of light elements [17]: W (a) and W-Ta (b)
coatings implanted by “He* and 2Hj.

coating depth. SRIM simulations point to maximum depth ranges of 200
nm for the implanted “He* and 2H" ions in bulk W, which is equivalent
to a thickness close to 1250 x 10'° at./cm? for W (compare Figs. 3 and
5). ToF-ERDA results exhibit superficial layers widely enriched by “He
and 2H with thicknesses close to 1500 x 10'® at./cm? for both W and W-
Ta samples (Fig. 5). The result agrees with the huge “He and 2H contents
and ion ranges achieved in SRIM simulations (Fig. 3). The effect of
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irradiation damage promoting ion retention near the superficial layers
leads to the huge gathering of helium and deuterium atoms, and to an
increase in the thickness of the implantation zone. Helium and deute-
rium reach the saturation threshold within the implantation zone and
easily diffuse towards the lattice bulk in face of relatively low migration
energies for light helium and deuterium in W, particularly along GBs
[18]. The diffusion effect is observed in the ToF-ERDA profiles at larger
depths beyond 1500 x 10'® at./cm?, where the helium and deuterium
yields strongly decrease. As in the case of the NRA analytical results for
deuterium, also helium and deuterium amounts quantified by ToF-ERDA
are significantly lower in the W-Ta coating in both implantation zone
and diffusion zone.

Fig. 6(a) presents a SEM image of the W coating surface after irra-
diation by helium and deuterium ion beams, revealing a rough and
faceted morphology, imposing the broadening of the C depth profile
towards deeper depths, as achieved by ToF-ERDA, due to the grazing
geometry of the ToF-ERDA setup. The same trend is observed from the
'H and O profiles in Fig. 5(a). In opposition, surface roughness is widely
reduced in the W-Ta coating, as revealed by Fig. 6(b). As a consequence,
it is observed a strong superficial peak in the C depth profile in Fig. 5(b),
while C content is reduced at deeper depths. Similar morphologies were
observed from the as-deposited coatings. Together with SEM images,
ToF-ERDA analysis reveals a C contamination restricted to the superfi-
cial layers, with negligible influence in the retained deuterium amounts
along the implantation and diffusion zones.

Helium and deuterium contents retained in the irradiated W and W-

Fig. 6. SEM images (top views) of the W and W-Ta coating surfaces after “He*
and ?H irradiation.
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Ta coatings, as quantified by NRA and by ToF-ERDA, are presented in
Table 1 and fully agree with each other, while the depth range limit of
the individual analyses is distinct and higher for NRA (~20 x 10'® at./
em? vs ~3 x 10! at./cm?, respectively), meaning that NRA retention
values for deuterium will be higher than those of ToF-ERDA. In oppo-
sition, ToF-ERDA enables a high sensitivity for elemental depth profiling
at the superficial layers. The whole analysis reveals that most of
deuterium and helium is retained nearby the superficial layers within
the implantation zone, as predicted by SRIM. For a single 2H* and also
for a sequential “He* /2 H' irradiation, the addition of 5 at.% of Ta in the
W lattice led to the decrease of the retained deuterium and helium
amounts by a factor of ~1.90, as quantified by NRA and by ToF-ERDA.
Similar conclusions arise from the analysis of the retained amounts
within the implantation zone (see the square brackets in Table 1), while
deuterium and helium retention (and the corresponding retention rates,
also presented in the notes of Table 1) decrease by a factor of ~1.70 in
W-Ta relative to W. All the results point to a significant decrease of the
retention behaviour in W-Ta. Errors for the elemental quantifications
presented in Table 1 are of the order of 5 % for the case of NRA data
(statistical errors, mainly) and 6-7 % for the case of ToF-ERDA data
(statistical plus stopping power errors). It is known that Ta addition
enhances solid solution strengthening and radiation resistance, and it
decreases the unit cell parameters of W alloys produced by powder
metallurgy and sintering [1,2], which may justify a better performance
of W-Ta alloys under irradiation. We may speculate that similar features
could be revealed by the present coatings.

The experience in the research team evidence that the irradiation of
bulk W with 30 keV *He" ions at RT with a fluence limited to 5 x 107
ion/cmz, followed by 2H" irradiation at similar RT and fluences, do not
induce the blistering of the surfaces [3,4]. Only a slight swelling of W
along grain boundaries occurs [3,4], which obviously reveals the
beginning of the blistering mechanisms in zones with higher crystalline
defect densities. These morphological modifications are difficult to
observed by SEM in the present work, while the irradiated surfaces
present irregular and faceted morphologies [5], hampering most of the
eventual structural changes imposed by the irradiation campaign [8].
The result also reveals advantages on the use of the operated fluences in
the present work, in order to avoid deuterium and helium release.

4. Summary

W and W-5 %Ta coatings were deposited by DCMS and HiPIMS with
a tuned composition of 5 at.% for Ta, as controlled by GDOES analysis.
The elemental composition of the samples and elemental homogeneity
of the W-Ta coatings were confirmed by PIXE and by p-PIXE, respec-
tively. After implantation with energetic deuterium ions significantly
lower amounts of deuterium became retained in W-Ta relatively to pure
W. Lattice defects are highly enhanced by helium irradiation and
therefore, a pre-irradiation with energetic helium ions, followed by a
second irradiation with deuterium ions was also performed to both W
and W-Ta, revealing significantly lower retained helium and deuterium
amounts in the W-Ta coating. In order to enhance the irradiation effects
and avoid a significant release of retained atoms, all the irradiations
were performed with incident energies of 30 keV and ion fluences of 5 x
10'7 ion/cm?. This work reveals a better performance of W-Ta coatings
relatively to the W ones under irradiation. The behaviour is in line with
previous reports arising from the irradiation of equivalent bulk
materials.
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