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Abstract
Removal of neutral hydrogen atoms in the plasma edge reduces the number of charge exchange events
and thus, the net energy losses in the plasma, significantly improving performance of fusion devices.
Effective control of the residual pressure of hydrogen isotopes (HIs) in the plasma edgemay be
achieved by utilizing a hydrogen absorbing first wall interface capable of withstanding the harsh fusion
environment. In this study, we have investigated tantalum (Ta) coating deposited by cold spray
technology on 316L stainless steel substrate as a potential plasma-facingmaterial surface. High fluence
low energy deuteriumplasma irradiation experiments and subsequent thermal annealing cycles
associatedwith thermal desorption spectrometry (TDS) demonstrated superior structural stability of
the Ta coating. TDS experiments revealed the outgassing of deuterium (asmeasure of its retention) for
cold spray Ta coatings to be three times higher than bulk Ta and two orders ofmagnitude greater than
bulk polycrystallineW.X-ray photoelectron spectroscopy revealed evolution of oxidation states upon
deuterium irradiation and a partial recovery of themetallic signature of Ta after the thermal treatment
at 1100 K.

1. Introduction

The need for high vacuum iswidespread in scientific and industrial applications (e.g. electronmicroscopes,
particle accelerators, gravitational wave detectors, facilities simulating interstellar space aswell as processing of
advanced semiconductor devices, nuclear industry,metallurgy, food industry, etc). Reduction of the hydrogen
isotopes (HIs) outgassing rate is amost challenging problem for achieving a pressure below the ultrahigh
vacuum (<10−6 Pa) in the devices utilizingmetallic walls [1]. Overcoming this challenge also helps in reduction
of residual water in vacuum systems operating at a higher pressure [2].

High vacuumand control of residual hydrogen pressure is of particular importance for laboratory fusion
devices inwhich the vacuumvesselfirst wall is subjected to significantfluxes of high-energy hydrogen ions and
neutrals, as well as to large heat loads. For example, the successful performance of theWisconsinHigh-
temperature-superconducting AxisymmetricMirror experiment (WHAM) [3], a newmagneticmirror device
currently under constructionwhich is intended to operate withweakly collisionalMHD stable fusion plasma,
depends strongly on the effective suppression of energy losses associatedwith the charge-exchange events (CX).
InWHAM, fast sloshing ions Hf

+ generated in plasma by neutral beam injection and radio-frequency heating

may exchange electronswith low-energyHneutrals arriving at the plasma edge from the first wall, thus, creating
energetic neutrals which escape themagnetic confinement region:
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The pressure of neutrals in the plasma edge can be limited by deposition of an engineered coating on the
surface ofWHAMʼs vacuumenvelope (first-wall). The coating should be capable of withstanding the harsh
environment associatedwith plasma irradiation and high heat loads.Moreover, functionality of the first-wall
should also allow for temperature-controlled desorption of hydrogen isotopes (HIs) thereby increasing the
density of neutrals in the plasma edge and ensuring the ability of the Ta coating to free up the trapping sites for
hydrogen. If themechanical integrity and physical properties of the coating are not affected, then this approach
would allow for possibility of regeneration of the coating for continued use (wall regeneration). The functional
first-wall interfacemay also benefit the proposed upgrade of theHelically Symmetric eXperiment (HSX)
stellarator for testing the non-resonant divertor concept in detached conditions [4].

The cold spray (CS) technology has been used for deposition of high-density coatings ofmetallicmaterials
for awide range of applications [5]. In this process, feedstock powder particles of the coatingmaterial are
propelled at supersonic velocities on to a substrate surface by a preheated gas jet passing through a converging-
diverging nozzle. This high velocity impact of the particles on the substrate results in severe high strain rate
plastic deformation that facilitates particle-substrate adhesion and inter-particle cohesion by an associated
adiabatic shear process. The cold spray deposition process has a number of attributes. The process is carried out
at ambient temperatures and pressures and the deposition rates are high. The particle temperature is low and the
deposition occurs in solid state and therefore the coatings are devoid ofmicrostructures associatedwith
solidification such as segregation and oxidation, as well as the detrimental effects associatedwith thermal
expansionmismatches between the coating and substrate [5].Moreover, due to the high impact, the thin native
oxide layer on the particles or the substrates is jetted out promoting goodmetallurgical bonding [6].

The cold spray process was shown to be an effective tool formanufacturing of functional gradientmaterials
for fusion applications [7]. For example, the recent work byNeu et al [8] reported the successful deposition of
thickmixed tungsten/tantalum coatings capable of withstanding fusion-relevant heat transients (up to
4MWm−2), suggesting cold spray to be a promising technology for fusion applications. Tantalum (Ta) is a
widely usedmaterial in chemistry,medical applications, electronics, aerospace and nuclear industry [9] because
of its highmelting temperature, excellent room-temperature ductility [10] and outstanding corrosion resistance
[5, 11]. Ta, similar to titanium (Ti), exhibits exothermic hydrogen absorptionwhich results in amuch higher
hydrogen isotopes (HIs) inventory compared to other refractorymetals such as tungsten (W) andmolybdenum
(Mo) [12–14]. In addition, the low sputtering rate of Ta byHIs (see figure 1), as well as the high radiation damage
resistance of Ta to neutrons and gamma radiation [15], makes it a promising candidatematerial for theHIs
retaining first-wall interface of laboratory fusion devices such asWHAM. Stainless steel (SS) is a reasonable
choice for the substrate given its commonuse in high vacuumdevices.

There have been a number of studies on characterization of physical andmechanical properties as well as
morphology of cold sprayedTa coatings [5, 10, 11, 17–19]. In particular, experimental work byKoivuluoto et al
[17] revealed strong interparticle bonding between Ta particles. Bailly et al [19] showed that cold sprayedTa has
a uniformhardness and compressive residual stress across the thickness of the coating at 353K. Kumar et al [5]
demonstrated disappearance of inter-particle boundaries and pores in cold sprayedTa coatings after heat
treatment at 1773 Kdue to diffusion effects,making the coating properties comparable to those of bulk Ta.
However, it has been shown that Ta subjected to a high dose ofHIs and subsequent thermal cyclingmay result in
structuralmodifications due to a possible formation of various hydride states of Ta [20–22].Moreover,

Figure 1. SDTrimSP [16] calculations of sputtering yield as a function of kinetic energy of incident deuterium (D) ions for Ti,Mo, Ta
andW targetmaterials under normal incidence.
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oxidation of Ta surfacemay reduceHIs absorption [13, 23] affecting the desired functionality of the coatings as
the retaining first-wallmaterial of Plasma-Facing Components (PFCs). Thus, it is important to systematically
investigate the evolution of surface and bulkmorphology, chemical composition,mechanical properties and
retentionmechanisms in the cold spray coatings subjected to high hydrogen fluxes and thermal cycling at
elevated temperaturesmatching the expectations for PFCs in fusion devices.

The kinetic energy of CXneutrals in fusion devices can be on the order of several keVwhich can potentially
result in a significant damage and degradation of thefirst-wallmaterial [24]. In the present study, we have
irradiated cold spray Ta coatings with deuterium (D) ionswith the kinetic energy below the sputtering threshold
(250eV infigure 1) to eliminate creation of the irradiation-induced defects due to the ion impact. Exposure to
the high deuteriumdose of 3× 1025D/m2 at low temperature of 535 Kwas performed to achieve saturation of
the subsurface Ta layer withD atoms and to evaluate possible surface degradation and blister formation in the
coating [14]. Thermal annealing cycles were performed up to 1100 K, close to themaximum recommended
operational temperature limit for SS 316L substrate [25] to evaluate the physical and adhesion properties of the
coatings associatedwith outgassing of the retainedD fromTa [14]. The chosen irradiation and thermal
annealing conditions are also relevant to the divertor region of a tokamak [26], since several studies [12, 14, 27]
have suggested that Ta has a potential to serve as the divertormaterial for ITER if an operational scenario for this
plasma-facingmaterial allows formaintaining tritium inventory within tolerable limits.

In this workwe report on the development, effects of deuteriumplasma irradiation and annealing tests of
tantalum coatings deposited using the cold spray technology on SS 316L substrate using awell-defined high-
purity Ta powder feedstock.We aim to provide a better understanding of impact-induced cold spray fabrication
process for high-Zmaterials and to expand our knowledge on the behavior of the cold sprayed Ta under high
fluenceD irradiation and thermal treatment conditions relevant to fusion. For studying practical feasibility of
this approach, we also aim to provide the scheme of characterizing the as-deposited cold spray coatings with
varying the temperature and speed of the feed-stock powder at the nozzle outlet. The follow-up characterization
of the surface and bulkmorphology at themicroscale, structural and sub-surface chemical composition of the
coating after high-temperature annealing, particularly in comparisonwith bulk Ta coatings, provides the basis
for future evaluation ofD retentionmechanisms in the Ta cold spray coating as a potential hydrogen retaining
first-wall interface ofWHAMand other fusion devices.

2. Experimental procedures

2.1. Cold spray deposition of tantalum
Commercially available spherical tantalumpowder (StanfordAdvancedMaterials Inc.)with an average particle
size of 8 μmwas used as feedstock (figure 2). Figure 3(a) shows a schematic illustration of the cold spray system at
theUniversity ofWisconsin-Madison [5] that was used for deposition of tantalum coating in this study. The Ta
powderwas sprayed on SS316L substrate coupon (figure 3(b)whichwasmechanically polished using 600-grit
silicon carbide paper to remove any surface oxide contamination and then ultrasonically cleaned in ethanol bath
prior to coating deposition. For spraying, nitrogen gas (N2)was preheated to 1023 K and the gas pressure was
maintained at 3.9± 0.1 MPa. The translation speed of the robotic spray gun equippedwith the de Laval nozzle
was 400 mm/s. The selection of the deposition parameters was based on previous work on optimization of Ta
cold spray coatings [5]. Figure 3(c) shows the surface of the as-deposited coatings on the 316L stainless steel
substrate.

Figure 2. SEM image of tantalumpowder and the size distribution of the powder particles used for cold spray.

3

Phys. Scr. 98 (2023) 115611 M Ialovega et al



2.2. Plasma irradiation experiments and annealing tests
After deposition, a sample with a square shape of 10× 10mm2was sectioned from the Ta-coated SS 316L plate
using thewire EDMmethod. This sample is henceforth referred to as Ta(CS). The samplewasmechanically
polished tomirror-like surface finish (roughness<0.5 μm) to remove roughness effects inherent to the cold
spray process and obtain the uniform surface condition across the sample in order to reduce uncertainties
related to roughness effects. A bulk vacuum-arc cast (not cold sprayed)Ta sample (Eagle Alloys Corp., 99.96%
purity, annealed at 1370 K) identified as Ta(B) and a bulk polycrystalline tungsten sample (ALMTcorp., 99.95%
purity, annealed at 2073 K) identified asW(B)were also prepared in the samemanner and served as base-line
reference. The three sampleswere simultaneously irradiated in a deuteriumplasma in the linear plasma device
PSI–2 (Jülich, Germany) [28]. The typical incidentD kinetic energy was 95eV, which is, below the threshold
energy for sputtering of Ta byD (seefigure 1 and [29]). Prior toD irradiation, the samples were outgassed at
800K for 10 minutes by a resistive heater installed on the sample stage under the samples and then cooled down
to 530 K by a combination of heater control andwater cooling capabilities of the sample stage. During the
∼143 minutes plasma exposure in the PSI-2, the heater was turned off as the samples were heated by the plasma
itself. A thermographicmeasurement system in PSI–2 showed nearly constant temperature of∼530 Kof the
samples during the exposure. The incidentDfluxmeasured by the reciprocating Langmuir double probewas
3.5× 1021Dm−2 s−1 and the total incident fluencewas 3× 1025Dm−2. Just after irradiation, the samples were
cooled down to room temperature (RT)within a fewminutes. Oxygen is themain impurity in PSI–2 plasma and
is on the order of 0.1% [30] leading to a negligible sputtering contribution from the plasma background.
Detailed information about the layout of the PSI–2 device, its parameters and operational conditions can be
found in [28].

After theDplasma irradiation, theW(B), Ta(B) andTa(CS) samples were introduced into the ultra-high
vacuumCAMITER system (base pressure<2.3× 10−7 Pa) capable of performing high-sensitivity thermal
desorption spectrometry (TDS)measurements at the PIIM laboratory of Aix-Marseille University (Marseille,
France). In this experiment, the samples were heated at a rate of 0.5 K s−1 up to 1100 K, held for 15 minutes at
this temperature and then allowed to cool down to room temperature. During this annealing, amultiplexed
QuadrupoleMass Spectrometer (QMS)was used to record simultaneously the outgassing ofHIsmolecules, i.e.
ofHD andD2. Time integration of the recordedQMS spectra allowed to evaluate the deuteriumdesorption
from the three samples.

2.3. Characterization of samples
Surface roughness evaluationwas performed on the three samples using a S neox laser confocalmicroscope
fromSENSOFAR located at the PIIM laboratory.

Further characterization of the Ta coating andTa bulk samples was performed at theWisconsinCenters for
Nanoscale Technology. Surface and cross-sectional scanning electronmicroscopy (SEM) analysis was
performed onTa(CS) after each of the following steps: (i)Ta cold spray deposition andmechanical polishing, (ii)
D irradiation, and (iii) after annealing. This approach allowed to evaluate themorphological changes in the cold

Figure 3. (a) Schematic illustration of the cold spray system, photograph of 316L stainless-steel substrate plate (b) before and (c) after
deposition of tantalum. (d) SEM images and roughness of the surface of as-sprayed Ta coatings for different particle impact velocities
Vp.
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spray coating related to the effects ofD irradiation and thermal treatment at the elevated temperature. SEMwas
performed in a Zeiss/Gemini 450microscope coupledwith a ThermoNoran x-ray electron dispersive
spectroscopy (EDS) for elemental identification.

High-resolution compositional analysis of the surface and subsurface regionswas conducted on the samples
after each experimental step using ThermoK alpha x-ray photoelectron spectrometer (XPS). TheXPS system is
equippedwithmonochromatic Al k-alpha x-ray source for high resolutionXPS analysis on a spot size of
400 μm.The base pressure during XPS analysis was∼3× 10−5 Pa. Additionally, depth profiling studywas
performed on theD-irradiated samples utilizing 2 keV argon (Ar) ion beam sputtering systemof theXPS
apparatus. The x-ray sourcewas operated at 12 kV and 3.25 mA. The spectra were collectedwith an analyzer pass
energy of 50 eV and step size of 0.025 eV. Shirley background subtraction and peak fittingwithGaussian-
Lorentzian-shaped profiles was performed using Thermo ScientificTMAvantage software. O1s andC1s peaks
signals were also collected and used as the reference binding energies.

The phases in the samples were verifiedwith x-ray diffraction (XRD)using a BrukerD8Discovery x-ray
diffractometer equippedwithCu-Kαmicro x-ray source (λ= 0.1542 nm).

3. Results and discussion

3.1. Powder particle impact in the cold spray
In cold spray process, the velocity of the impacting powder particles has themost dominant effect of the coating
structure and properties [31]. The particle velocity in turn depends on factors such as propellent gasmixture
composition, gas preheat temperature, and particle size and density. In our study, ANSYS Fluent software was
used to simulate supersonic gasflow through the converging-diverging nozzle. Theflowof the carrier gas
through the nozzle wasmodeled as a 2D, isentropic, single-phaseflow.A species transportmodel with
volumetric reaction and eddy dissipationwas applied for the gasmixtures used in this study. A single tantalum
particle was introduced into the gas stream to predict its velocityVp and temperatureTp as itflows through the
nozzle. Computationalfluid dynamics was used to simulate the flowbehavior of the gasmixture and particle
through the nozzle by considering parameters such as themass, density, and cross-sectional area of the particle
and the drag coefficient for a sphere. The convective heat transfer between the carrier gas and the particle was
also considered [32]. The parameters used for cold spraying the sample for this study and the resulting values of
the velocityVp and temperatureTp of the tantalumparticles at the outlet of the nozzle are reported infigure 3 (c).
Figure 3 (d) shows that the surfacemorphology of coatings is strongly dependent on the powder particle velocity:
Ta particles experiencemore plastic deformationwith an increase inVpwhich results in a denser deposition and
reduced surface roughness. Since themaximum temperature of the particles at the nozzle outlet is about 590 K,
no significant change inmechanical properties of powder particles is expected [33].

Figure 4(a) shows a typical cross-sectional SEM image of the Ta(CS) sample after deposition. The deposited
coating appears uniformly dense and free of anymicro-scale pores through the entire thickness of 302± 41 μm.
The interface between the coating and the substrate does not exhibit any effects of delamination. Figure 5(a)
shows the surface of Ta(CS) sample aftermechanical polishing prior toD irradiation.

3.2. Effects ofD irradiation and annealing tests
3.2.1.Microstructure of the coatings
Figure 4(b) shows that exposure to the highfluence ofD and subsequent thermal annealing at 1100 K for
15 minutes did not induce anymicrostructural changes in the bulk and subsurface regions of the coating. A high
magnification SEM image of the interface between the coating and the substrate presented in figure 4(c)
qualitatively indicates the integrity of the bonding between the tantalum coating and the SS 316L substrate. SEM
observation also reveals the presence of inter-particle boundaries which suggests that porositymay be present in
the coating at smaller (nanometer) length scales. Post-annealing examination suggests that the cold spray Ta
coating produced using the particle velocity ofVp= 673 m/s has a potential towithstand high temperature
cycling.

To evaluate the effects of high-fluenceD irradiation and thermal annealing on theTa(CS) coating surface, we
took advantage of a single stainless steel impurity particle with the size of∼1500 μm2. This particle was likely
introduced as an artifact of sample preparation since only a very few of these particles were observed on the
entire surface area of the sample. This artifact stainless steel particle reference area was investigatedwith SEMat
each step of the experiment. Figure 5 (c) shows a SEM image of the surface of the Ta(CS) sample aftermechanical
polishing to themirror-like surface finish (roughness<0.5 μm) featuring the Ta surface (bright contrast) and a
stainless steel particle surface (dark contrast) embedded in the coating. The small black dots and striations on the
Ta regions highlightedwith the blue line are likelymicropores in the Ta coating and the region encircled in red
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highlights the slightly separated particle-to-particle interface [10]. These defects could have originated in the
coating surface produced during the sample preparation procedures.

Figure 5(d) shows the same area on theTa(CS) sample surface after irradiationwith 95 eVD ions at afluence
of 3× 1025Dm−2 at 535 K.D irradiation did not induce any noticeable changes on the surface of Tawhich is in
agreementwith results reported in literature [14]. Surface and cross-sectional analysis on the coating confirmed
absence of surface blisters (see also the SEMobservations of the large surface areas before and afterD irradiation
infigures 5(a) and (b))which is in contrast to the high-dosage irradiation inWwhere the surface temperature is
below the desorption temperature ofD (∼500 K) and severe damage effects were observed [34]. Our
experiments highlight the excellent resistance of the cold sprayedTa to the high-fluence low-energyD
irradiation similar to the bulk Tamaterial [14].

However, as expected, 95 eVD ion bombardment at 535 K caused significant surface damage to stainless
steel, themain compositional element of which is iron (Fe). Differential sputtering of Fe by the incidentD ions
appears to be the cause of the observedmorphological changes in the stainless steel region since the sputtering
yield for Fe at this energy is 0.0033% [29]. Subsequent annealing of the Ta(CS) sample at 1100 K for 15 minutes
did not change the surfacemorphology of the cold sprayedTa, but some smoothing of the damaged stainless-
steel surfacewas observed as shown infigures 5(e) and (f).

3.2.2. Effects of D implantation and annealing on compositional and structural changes in cold sprayed tantalum
Figure 6(a) shows the total amounts of outgassed deuterium (as ameasure of deuterium retention), for the bulk
W, bulk Ta and cold spray Ta samples during the annealing experiment up to 1100 K: (7.5± 0.1)× 1021D/m−2

fromW(B) sample, (1.0± 0.1)× 1024D/m−2 fromTa(B) sample, (3.1± 0.2)× 1024D/m−2 fromTa(CS)
sample. This corresponds to outgassing of 0.03% (W(B)), 3.4% (Ta(B)) and 10.3% (Ta(CS)) respectively of the
initial deuterium irradiation fluence. The quantity released fromW(B) correlates with the expected deuterium
retention in non-damaged polycrystalline tungsten [35, 36]. The quantity released fromTa(B) is almost 2 orders
ofmagnitude higher than fromW(B)which confirms the expected highD trapping capability of tantalum.
Moreover, the desorption results for the cold spray Ta reveal the enhancedD release from the coatingwhich
constitutes 30%of the SRIMpredicted implantation probability forD in Ta under our irradiation conditions
(the dashed line infigure 6(a)). High retention in tantalum cold spray coating is likely related to the surface and
bulkmicrostructure of Ta(CS)material.

XRD structural analysis performed on the tantalum samples before plasma exposure experiment revealed
the characteristic scattering peaks of theα-phase of Tawith the lattice parameter of 3.3068Å (see figure 6(b)).
The differences in the relative peak intensities of the pristine Ta(CS) andTa(B) samples originate from the
differences in themanufacturing route used for the preparation of these samples [37]. D irradiation of the cold
sprayed tantalum induced a slight increase in the lattice parameter to 3.3185Å, which is within the uncertainty
of themeasurement, but it could also be indicative ofD embedding in the tantalum lattice.However, we note on
the absence of additional peaks corresponding to the formation of a tantalumhydride phase [20]which is likely
due to their concentration limits being below the detection limits of XRD. Finally, annealing of the sample at

Figure 4.Cross-sectional SEM images of the cold sprayed sample (a) after deposition and (b) after the samplewasmechanically
polished, irradiatedwith 95 eV deuterium ions and annealed at 1100 K for 15 minutes (the inset shows the area close to the surface).
Thicknesses of coating for the two cases is also indicated. (c)A close-up view of the interface between tantalum cold spray and SS 316L
substrate and the EDSmap of the same area after the annealing experiment.
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1100 K led to the recovery (shrinkage) of lattice parameter to the original value after D outgassing confirming the
structural stability of the coatingwhich is not affected by the high temperature exposure.

The black curve infigure 6(c) shows theXPS 4f domain spectrumof themechanically polished Ta(CS) and
Ta(B) samples (thick and thin black curves respectively) prior toDplasma irradiation. The spectra of these
pristine samples feature two pairs (doublets) of peaks: themetallic doublet Ta 7 2

0
( ) at 21.60 eV andTa 5 2

0
( ) at

23.50 eV, and the tantalumpentoxide Ta2O5 doublet Ta 7 2
5+
( ) at 26.79 eV andTa 5 2

5+
( ) at 28.70 eV. Ta2O5 is the

most stable Ta-oxide state [27].
Irradiationwith 95 eVD ions at 535 K resulted in significant evolution in theXPS spectrumhighlighting a

change of the near-surface composition (red curves infigure 6 c)). Firstly, themetallic signature of Ta is
suppressed by the presence of lowoxidation states Ta1+, Ta2+, Ta3+, Ta4+. Ta5+ doublet appears slightly red-
shifted by 0.3 eV in both samples. It is important to note that no oxide growthwas observedwith SEMon the
surface and cross-section of our samples, and additionally, oxidation has not been previously reported afterD
plasma irradiation experiments in the PSI-2 device.

Figure 5. SEM images of the surface of the cold sprayed tantalumTa(CS) samplewith a stainless-steel impurity particle (a) and (b)
before irradiation, (c) and (d) after irradiationwith 95 eV deuterium ions at 535 K. (e) SEM image and (f)EDSmap of the same area
after annealing at 1100 K for 15 minutes.
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In order to investigate the chemical states ofD-implanted tantalum, Ta(CS) andTa(B) samples were sputter
cleaned (etched)using 2 keVAr ions and 11 spectrawere recorded over 50 seconds of the total etching time until
the collectedXPS spectra did not show any further evolution. Each individual spectrumwas fitted considering
metallic and all oxide contributions following the procedure described by Simpson et al [38]. The FWHMof the
peaksfitted to the spectra after sputter cleaningwere allowed to increase to accommodate ion beam induced
broadening.

Figure 6(d)presents the results of the depth profiling spectra deconvolution for the Ta(CS) sample featuring
a gradual increase ofmetallic Ta contribution and a decrease of the oxide state contributions with the 50seconds
of sputtering time. Etching for longer times did not completely remove the oxide layer from the surface owing to
the lesser passivation characteristics of Ta. Interestingly, Ta0 doublet of the coating appears blue-shifted by
0.5 eVwhile themetallic doublet of the bulk sample is restored to its reference position at 21.60 eV and 23.50 eV
after sputter cleaning.While the observed broadening of the spectrum can be attributed to the ion beam induced
change in surface roughness and defect creation [38], the reasons for the shift of the electron binding energy of
themetal doublet of the coating can not be fully interpreted in the present study.We speculate that this
observationmay be associatedwith the presence of deuterium inTa and is indicative of the formation of Ta-D
bonds (tantalumdeuteride), similar to the phenomena observed in titaniumhydrides [39]. This hypothesis also
explains the observed shift of the Ta5+ doublet after plasma irradiation since saturation of the surface oxidewith
D should reveal a chemical shift in the XPS spectrum. Saturation of the tantalum samples withD to a high atomic
ratiomay help to validate this hypothesis.

XPS analysis of the surface of the samples after annealing at 1100 K for 15 minutes (green curves in
figure 6 (d)) revealed a recovery of themetallic Ta andTa2O5 peaks and an appearance of the additional doublet
at 22.76 eV and 24.67 eV. The newdoublet is stable after air exposure and an additional annealing cycle up to
1100 K and is attributed to either a lower oxidation state or due to deuteride presence in Ta.

Figure 6. (a)Thermo-Desorption Spectrometry results for the bulk tungstenW(B), the bulk tantalumTa(B) and cold sprayed
tantalumTa(CS) samples. (b) x-ray diffraction (XRD) patterns of the Ta(CS) sample at each stage of the experiments. Thin curve
shows theXRD spectrumof the Ta(B) prior toD implantation. (c)XPS spectra of the Ta(B) (thin curves) andTa(CS) (thick curves)
samples and (d) results of depth profiling study using 2 keV argon ions onTa(CS) implantedwith deuterium.
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It is worth noting that although theTa powder particles feature some surface oxidation (see figure 2), our
XPS study revealed a very similar composition and its evolution after each experimental step between the cold
sprayed and bulk Ta samples. This suggests that the native oxide layer on the particles’ surfaces was jetted out by
the high energy impact during the cold spray depositionwhichminimizes oxide presence on the surface and in
the inter-particle boundaries of the coating.

4. Conclusions and outlook

Thiswork reports the results of an initial study on development of cold spray coated tantalumfirst-wall interface
for fusion applications for trapping hydrogen isotopes andwith capabilities of withstanding low-energy high-
fluence deuterium irradiation and temperatures up to 1100 K.

Cold spray deposition technologywas used to deposit thick tantalum coating on 316L stainless-steel
substrate. Based onmodeling for the set of cold spray parameters used in this study, the velocity of the impacting
powder particles was determined to be about 673 m/s. Scanning electronmicroscopy cross-sectional
examination revealed the coating to be dense butwith a fine-scale porosity, and a good adhesion to the substrate.

Irradiation of the coatings with 95 eV deuterium ions at 535 K at the dose of 3× 1025Dm−2 did not affect
the surface or bulkmicrostructure of the coating at themicroscale. Thermal desorption analysis revealed a
3 times higher deuterium release from the cold sprayed Ta coatings compared to the bulk tantalum, and
2 orders ofmagnitude higher deuterium retention compared to the polycrystalline tungsten.

Compositional and structural analysis linkedwith deuterium retention analysis performed after plasma
irradiation and subsequent annealing at 1100 K for 15 min indicated embedding of deuterium in the tantalum
lattice and subsequent release of deuterium after annealing. In general, the behavior of cold sprayed tantalum is
similar to bulk Ta in regards to structural and compositional evolution uponD irradiation and exposures up to
1100K. These characteristics demonstrate the suitability of the cold spray tantalum coatings for deuterium
trapping and regeneration for the applications in small-scale fusion devices. It is expected that the nanoscale
porosity in the cold spray coating provides an additionalmechanism for enhanced trapping of deuterium. The
porosity level in tantalum coatings can be controlled quite readily by changing the cold spray parameters. The
effect of themicrostructure and the role offine-scale defects on deuterium retention in the cold spray is the
subject of the next phase of our study.
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