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(57) ABSTRACT 

Plasma devices are provided, which in embodiments, com­
prise a surface and a cold-sprayed tantalum coating adhered 
to the surface, the coating configured to absorb a hydrogen 
species from an atmosphere comprising a plasma generated 
in the plasma device. Methods of making the coatings and 
using the plasma devices are also provided. 
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COLD-SPRAYED TANTALUM COATINGS 
AND RELATED METHODS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority to U.S. 
provisional patent application No. 63/353,923 that was filed 
Jun. 21, 2022, the entire contents of which are incorporated 
herein by reference. 

REFERENCE TO GOVERNMENT RIGHTS 

[0002] This invention was made with govermnent support 
under DE-AR0001258 awarded by the DOE/ARPA-E. The 
govermnent has certain rights in the invention. 

BACKGROUND 

[0003] Absorption of hydrogen species atoms and mol­
ecules is of general importance in a variety of applications, 
including in vacuum as well as atmospheric and high­
pressure systems. There are various approaches to achieving 
such absorption, including those that rely on evaporation of 
titanium or lithium onto steel vessels, which results in the 
deposition of these metals onto the steel vessels in a volatile, 
i.e., loosely bound form. In other approaches, refractory 
metals have been used in their bulk form as solid structures 
placed into, or incorporated as components of, devices such 
as vacuum pumps. 

SUMMARY 

[0004] The present disclosure provides cold-sprayed tan­
talum (Ta) coatings configured to absorb a hydrogen species 
from an atmosphere, e.g., a gaseous region surrounding a 
plasma. Devices comprising the coatings are also provided. 
The present disclosure also encompasses methods of form­
ing and using the coatings. 
[0005] In one aspect, plasma devices are provided. In an 
embodiment, a plasma device comprises a surface and a 
cold-sprayed tantalum coating adhered to the surface, the 
coating configured to absorb a hydrogen species from an 
atmosphere comprising a plasma generated in the plasma 
device. 
[0006] Other principal features and advantages of the 
disclosure will become apparent to those skilled in the art 
upon review of the following drawings, the detailed descrip­
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] Illustrative embodiments of the disclosure will 
hereafter be described with reference to the accompanying 
drawings. 
[0008] FIGS. lA-lE show scanning electron microscope 
(SEM) images of cross-sections of cold-sprayed tantalum 
(Ta) coatings on a stainless-steel substrate obtained under 
five different spray conditions. The average thickness values 
shown in these figures were obtained using a caliper. 
[0009] FIGS. 2A and 2B show SEM images of a cross­
section of a cold-sprayed Ta coating on a stainless-steel 
substrate. Thickness values were measured as described in 
the Example, below. FIG. 2A includes the thickness values 
as measured using LEO software while FIG. 2B includes the 
thickness values as measured using the IMAGEJ/MATLAB 
software program. 
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[0010] FIGS. 3A-3E show SEM images of surfaces of the 
cold-sprayed Ta coatings of FIGS. lA-lE obtained under 
five different spray conditions. 
[0011] FIG. 4 shows a high-resolution/magnification 
cross-sectional SEM image of a cold-sprayed Ta coating 
obtained using spray condition #4 (see FIG. lD). Micro­
voids formed in the coating are indicated with white circles; 
two are labeled as void A and void B. 
[0012] FIG. 5 shows an SEM image of a surface of a 
cold-sprayed Ta coating after high temperature (1000 K) 
deuterium plasma exposure. 
[0013] FIG. 6 shows X-ray photoelectron spectroscopy 
(XPS) spectra of a cold-sprayed Ta coating before, after 
deuterium plasma exposure at 523 K and after etching the 
plasma exposed coating by 2 keV Art. 
[0014] FIG. 7 shows XPS spectra of a cold-sprayed Ta 
coating before deuterium plasma exposure and after plasma 
exposure at different temperatures (the coatings were not 
etched by an ion beam as in FIG. 6). 
[0015] FIG. SA shows X-ray diffraction (XRD) spectra of 
a cold-sprayed Ta coating before and after deuterium plasma 
exposure at different temperatures (the coatings were not 
etched by an ion beam as in FIG. 6). 
[0016] FIG. SB shows XRD spectra of the samples at 
atomic plane (310). 
[0017] FIG. 9 depicts a schematic of an apparatus that may 
be used to form the present cold-sprayed Ta coatings. 
[0018] FIG. 10 depicts a schematic of a plasma device, 
specifically, a fusion device comprising a surface coated 
with a cold-sprayed Ta coating according to an illustrative 
embodiment. 
[0019] FIG. 11 shows perspective views of a container of 
an illustrative plasma device and an insert configured to fit 
inside the container, the surfaces of which have been coated 
with a cold-sprayed Ta coating according to an illustrative 
embodiment. 

DETAILED DESCRIPTION 

[0020] The present disclosure provides cold-sprayed tan­
talum (Ta) coatings configured to absorb a hydrogen species 
from a gaseous atmosphere in contact with the coating. This 
atmosphere may comprise a plasma (i.e., an ionized gas) and 
a gas region surrounding the plasma. The coating may be in 
contact (i.e., direct contact) with the gaseous region of the 
atmosphere, the plasma of the atmosphere, or both. The 
atmosphere has a pressure that is less than atmospheric 
pressure, and generally, significantly less than atmospheric 
pressure. In embodiments, the pressure of the atmosphere is 
less than 10-1 mbar, less than 10-2 mbar, less than 10-3 mbar, 
less than 10-4 mbar, less than 10-5 mbar or in a range of from 
10-6 mbar to 10-1 mbar or from 10-5 mbar to 10-2 mbar. The 
hydrogen species in the atmosphere that is absorbed by the 
coating may be hydrogen (H), an isotope of hydrogen 
(deuterium (D), tritium (T)), or a combination thereof. The 
hydrogen species may be an atom, a molecule ( e.g., H2), or 
both may be present in the atmosphere and absorbed by the 
coating. Due to its very nature, the plasma of the atmosphere 
contains ions (e.g., hydrogen ions and/or hydrogen isotope 
ions) and at least some of these ions may generate the neutral 
hydrogen species that are ultimately absorbed by the coat­
ing. 
[0021] The plasma of the atmosphere may be character­
ized by its properties ( or conditions used to generate the 
plasma) such as pressure, temperature, ion flux, and ion 
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energy. Illustrative pressures include those described above. 
Illustrative temperatures are significantly higher than room 
temperature and include at least 500 K, at least 1000 K, at 
least 1500 K, at least 2000 K, at least 2500 K, at least 3000 
K, or in a range of from 500 to 3000 K. Illustrative ion fluxes 
include at least 1015 D/m2 s, at least 1018 D/m2 s, at least 1020 

D/m2 s, or in a range of from 1015 D/m2 s to 1022 D/m2 s. 
Illustrative ion energies include at least 1 eV, at least 50 eV, 
at least 10° eV, and from 1 eV to 1000 eV, from 10 eV to 200 
eV, and from 50 eV to 1500 eV. Another relevant property 
is incident fluence, the total amount of ions bombarding 
surfaces (e.g., the cold-sprayed Ta coatings) in contact with 
the atmosphere. In embodiments, the incident fluence is at 
least 1020 D/m2

, at least 1022 D/m2
, at least 1025 D/m2

, or at 
least 1026 D/m2

. 

[0022] The present disclosure is based, at least in part, on 
the unexpected discovery that cold-sprayed Ta coatings are 
able to absorb significant quantities of hydrogen species 
from an atmosphere comprising a plasma (specifically, from 
the low pressure, gaseous region surrounding the plasma) 
without being destroyed under the extreme conditions asso­
ciated with the plasma, e.g., the high temperatures, high ion 
fluxes, high ion energies, and high incident fluences noted 
above. Moreover, and as further described below, it has been 
found that the coatings may be regenerated by desorbing 
hydrogen species therefrom to restore the ability of the 
coatings to absorb additional hydrogen species. 
[0023] The present cold-sprayed Ta coatings are adhered 
to an underlying surface. As described in the Example 
below, the cold-spray process involves propelling particles 
towards a surface at supersonic velocities, resulting in 
plastic deformation of the particles and accompanying adia­
batic shear. This results in the coatings being adhered to the 
underlying surface through strong mechanical and metallur­
gical bonding. The cross-sectional scanning electron micro­
scope (SEM) images of illustrative coatings such as those 
shown in FIGS. lA-lE are consistent with mechanical and 
metallurgical bonding between the coatings and the under­
lying surfaces (e.g., wavy coating/substrate interface). This 
type of bonding is by contrast to coating techniques such as 
evaporation, other vapor deposition techniques, and powder 
sintering which do not result in mechanical/metallurgical 
bonding. 
[0024] The surfaces to which the present cold-sprayed Ta 
coatings are adhered include any type of surface in a device 
configured to contain the atmosphere, e.g., the plasma 
surrounded by the low pressure, gaseous region. Devices 
configured to generate and contain such an atmosphere may 
be referred to herein as "plasma devices." Thus, the surface 
to which the coatings are adhered may be composed of a 
variety of materials, depending upon the plasma device 
comprising the surface. In embodiments, the surface is a 
metal surface, e.g., a stainless-steel surface. Similarly, a 
variety of plasma devices may be used, e.g., a fusion device 
configured to operate with hydrogen fuel under conditions 
such that high-energy hydrogen ions and neutrals from the 
generated plasma impact the interior surfaces of the device. 
The present coatings may be adhered to these interior 
surfaces and used to absorb hydrogen species derived from 
the plasma. 
[0025] An illustrative fusion device is shown in FIG. 10. 
The fusion device comprises a container configured to 
generate and contain a plasma surrounded by a low pressure, 
gaseous region. A plurality of panels is positioned along the 
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inner surfaces of the walls of the container. These panels 
may be composed of stainless steel having a surface on 
which any of the present cold-sprayed Ta coatings is 
adhered. In this embodiment, the plurality of panels is not in 
direct contact with the plasma, but may still be impacted by 
the high flux of high energy ions therein. However, the 
container also comprises a panel ( also stainless steel having 
a surface on which any of the present cold-sprayed Ta 
coatings is adhered) that is in direct contact with the plasma 
as well as the low pressure, gaseous region. These coatings 
on the panels absorb hydrogen species from the low pres­
sure, gaseous region, including those derived from hydrogen 
ions generated in the plasma. FIG. 11 shows an illustrative 
container of an illustrative fusion device. An illustrative 
stainless steel insert is also shown which may be inserted 
into the container. Surfaces of the stainless steel insert may 
have adhered thereto any of the disclosed cold-sprayed Ta 
coatings. 

[0026] The present cold-spray Ta coatings comprise tan­
talum, but other elements may be present. In embodiments, 
the cold-spray coatings consist of tantalum. The phrase 
"consisting of' does not preclude the presence of small 
impurities and trace elements normally present in the coat­
ing due to the inherent nature of the cold-spray process. It 
also does not preclude the presence of an amount of 
absorbed hydrogen species in the coating. 

[0027] The present cold-sprayed Ta coatings are charac­
terized by a thickness. The thickness refers to the dimension 
of the coating as measured from an uppermost surface of the 
coating to the interface formed with the underlying surface, 
along an axis normal to the uppermost surface. The thick­
ness may be measured from cross-sectional SEM images 
such as those shown in FIGS. lA-lE and as described in the 
Example, below. For reference, FIG. lD labels an uppermost 
surface 102 of the cold-sprayed Ta coating 106 and an 
interface 104 formed between the coating 106 and the 
underlying surface of a substrate 108. The thickness may be 
an average value measured from number of locations across 
the uppermost surface as described in the Example below. 
The average thickness is generally at least 150 µm and may 
be up to several millimeters. However, in embodiments, the 
average thickness is in a range of from 150 µm to 1 mm, 
from 150 µm to 700 µm, from 150 µm to 450 µm, from 150 
µm to 375 µm, from 300 µm to 700 µm, and from 200 µm 
to 300 µm. These thicknesses are by contrast to coating 
techniques such as evaporation, other vapor deposition 
techniques, and powder sintering, which are limited to 
forming significantly relatively thinner layers of material. 
The other dimensions of the present coatings, i.e., lateral 
dimensions measured parallel to the coating and the under­
lying surface are not particularly limited. These generally 
depend upon the area of the underlying surface to be coated. 
However, these other dimensions may be significantly 
greater than the average thickness of the coating. 

[0028] As noted above, the present cold-sprayed Ta coat­
ings may be characterized by a hardness. Hardness may be 
measured using a standard microhardness tester with a 
diamond indenter tip set to 50 gf as described in the 
Example, below. The hardness of the coating may be at least 
150 HV 0_050, at least 200 HV 0_050 , at least 250 HV 0_ 050, at 
least 300 HV 0_050, or in a range of from 150 HV 0_050 to 400 
HV 0_050 . These hardness values are by contrast to coating 
techniques such as evaporation, other vapor deposition 
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techniques, and powder sintering which result in relatively 
soft, mechanically weak layers of material. 
[0029] The present cold-spray Ta coatings may be char­
acterized by their morphology. The solid matrix of the 
coating is formed by deformed Ta particles which become 
adhered to one another during the cold-spray process. How­
ever, inter-particle voids are distributed throughout this solid 
matrix, i.e., empty spaces defined by surfaces of neighboring 
particles. For example, FIG. 4 shows a cross-sectional SEM 
image of an illustrative coating in which several of micro­
voids are marked with circles. These micro-voids are atypi­
cal for a cold-spray coating since, as further described in the 
Example below, cold-spray is a process intended to form 
dense, non-porous coatings. In the present coatings, these 
micro-voids contribute to an overall porosity value for the 
coating. 
[0030] Inter-particle voids may assume various shapes and 
dimensions. For example, as shown in FIG. 4, some voids 
(see void A) are spherical in shape. Other voids (see void B) 
are irregularly shaped. A void may be characterized by a 
largest dimension as measured across opposing surfaces of 
the void from cross-sectional SEM images such as that of 
FIG. 4 (see the double-sided arrow in void B). Transmission 
electron microscopy (TEM) may also be used to measured 
void dimensions, particularly those of relatively small sized 
voids. The coatings may include voids having their largest 
dimension on the order of nanometers, e.g., 10 nm, 100 nm, 
250 nm, 500 nm, or in a range of from 10 nm to 500 nm. 
These voids may be referred to as nano-voids. The coating 
may include voids having their largest dimension on the 
order of microns, e.g., 1 µm, 3 µm, 5 µm, or in a range of 
from 1 µm to 5 µm. These voids may be referred to as 
micro-voids. Both types of voids may be present. In embodi­
ments, the coating may be characterized as having a plurality 
of voids, the voids having a largest dimension of at least 500 
nm, at least 750 nm, at least 1 µm, or at least 3 µm. 
[0031] Also contributing to the overall porosity of the 
present cold-sprayed Ta coatings are grain boundaries which 
define even smaller empty spaces within the solid matrix of 
the coating. These spaces also allow for the ingress/egress of 
hydrogen species, contributing to the ability of the coatings 
to absorb significant quantities of hydrogen species. 
[0032] As noted above, the present cold-sprayed Ta coat­
ings may be characterized by an overall porosity. The 
porosity may be measured by using image analysis of an 
electron beam-based micrograph of a cross-section of a 
cold-sprayed Ta coating. In embodiments, the porosity is in 
a range of from 0.08% to 2%, from 0.1 % to 2%, from 0.2% 
to 1.5%, or from 0.5% to 2%. 
[0033] The present cold-sprayed Ta coatings may be char­
acterized by their hydrogen species absorption capacity. This 
may be measured by using thermo-desorption to quantify 
hydrogen species absorption capacity for the coating under 
certain conditions, e.g., plasma conditions, as described in 
the Example below. Gas charging experiments and thermo­
desorption may also be used to measure hydrogen species 
absorption capacity as described in the Example, below. The 
hydrogen species absorption capacity may refer to all hydro­
gen species being absorbed or a particular hydrogen species, 
e.g., deuterium. The hydrogen species absorption capacity 
may be at least 1019 (hydrogen species)/cm3

, at least 1020 

(hydrogen species)/cm3
, at least 1021 (hydrogen species)/ 

cm3
, at least 1022 (hydrogen species)/cm3

, or in a range of 
from 1019 (hydrogen species)/cm3 to 1023 (hydrogen spe-
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cies)/cm3
. The hydrogen species absorption capacity may 

refer to a particular set of plasma conditions, e.g., pressure, 
temperature, ion flux, ion energy, incident fluence, as well as 
exposure time. Illustrative values of pressure, temperature, 
ion flux, and ion energy include any of those described 
herein. Illustrative exposure times include from seconds to 
a few hours ( e.g., two to three) to several hours. The 
hydrogen species absorption capacity may refer to an initial 
value for the coating obtained after an initial exposure to the 
plasma and before any desorption of hydrogen species and 
subsequent re-exposure to the plasma. 
[0034] As noted above, it has been found that the present 
cold-sprayed Ta coatings may be regenerated, including 
after plasma exposure, by desorbing the hydrogen species 
therefrom. This may be accomplished by heating the coating 
to a temperature for a period of time. The temperature and 
time are selected to drive off the hydrogen species, including 
to maximize desorption. Illustrative temperatures include 
those from 523 K to 1000 K. Illustrative times include those 
from 10 minutes to couple of hours. The desorption process 
is generally carried out under low pressures, including any 
of the pressures described above. 
[0035] The coatings may be characterized by a recycling 
coefficient defined and measured as described in the 
Example below. The recycling coefficient may be no more 
than 1 or in a range of from O to 1. The recycling coefficient 
may refer to a value for the coating obtained after a certain 
number of cycles of plasma exposure followed by desorp­
tion, e.g., 1, 5, 10, 50, 100, etc. The recycling coefficient may 
refer to particular set of plasma conditions as well as a 
particular set of desorption conditions, both of which may 
include any of those described herein. 
[0036] As noted above, it is unexpected that the present 
cold-sprayed Ta coatings are able to exhibit high hydrogen 
species absorption capacities without being damaged or 
destroyed under the extreme conditions associated with 
plasmas, particularly in view of their porous nature and the 
voids distributed throughout. The ability of the coatings to 
withstand plasma conditions is demonstrated by the coatings 
exhibiting no change in their structure and properties after 
exposure to the plasma. For example, the coatings may be 
characterized by one or more of the following: having an 
average thickness after plasma exposure that is within ± 10% 
of the average thickness as measured prior to any plasma 
exposure; having a hardness after plasma exposure that is 
within ±10% of the hardness as measured prior to any 
plasma exposure; having voids, each void characterized by 
a largest dimension after plasma exposure that is within 
±10% of the largest dimension as measured prior to any 
plasma exposure; having a porosity after plasma exposure 
that is within ±10% of the porosity as measured prior to any 
plasma exposure. In each of these cases, the phrase "after 
plasma exposure" may refer to a particular set of plasma 
conditions ( of which any of those disclosed herein may be 
used) and a single plasma exposure or a particular number 
of cycles of plasma exposure followed by desorption ( of 
which any of those disclosed herein may be used). 
[0037] Similarly, the present cold-sprayed Ta coatings 
may be characterized by a hydrogen species absorption 
capacity as measured after one or more cycles ( e.g., 1, 5, 10, 
50, 100, etc.) of plasma exposure followed by desorption 
that is within ±10% of the initial value of hydrogen species 
absorption capacity. The recycling coefficient values mea­
sured after one or more cycles of plasma exposure followed 
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by desorption as set forth above also reflect the robustness 
of the coatings to the extreme conditions associated with 
plasmas. 
[0038] Methods of forming the present cold-sprayed Ta 
coatings are also encompassed. Such methods comprise 
exposing any of the surfaces disclosed herein to a source of 
Ta particles from a cold-spray system under conditions to 
form any of the cold-sprayed Ta coatings described herein 
adhered to the surface. The source of Ta particles in the 
cold-spray system is a gas jet comprising a gas ( or a mixture 
of gases) and the Ta particles. An illustrative cold-spray 
system which may be used in shown in FIG. 9. The 
conditions under which the surface is exposed to the gas jet 
conditions refer to parameters such as gas composition, 
physical characteristics of the Ta particles, gas preheat 
temperature, gas pressure, and translation speed of the gas 
jet across the surface to be coated. Values of these param­
eters may be adjusted in order to achieve any of the coatings 
disclosed herein. As noted above and further described in the 
Example, below, at least some parameters used to achieve 
the present coatings are contrary to those used in existing 
cold-spray processes which are intended to form dense, 
non-porous coatings. Illustrative values of parameters used 
to achieve the present coatings are provided in the Example, 
below. However, in embodiments, the gas comprises N2 and 
the Ta particles and is free of He. In embodiments, the gas 
consists ofN2 and the Ta particles. In embodiments, the gas 
pressure is less than 40 bar, less than 38 bar, less than 35 bar, 
or in a range of from 10 bar to 40 bar. In embodiments, the 
gas preheat temperature is less than 600° C., less than 550° 
C., less than 500° C. or in a range of from 100° C. to 7 50° 
C. 
[0039] Methods of using the present cold-sprayed Ta coat­
ings are also encompassed. Such methods comprise expos­
ing any of the disclosed coatings to any of the disclosed 
atmospheres, e.g., a plasma, comprising the hydrogen spe­
cies. The exposure may be carried out by operating a plasma 
device to generate the plasma, the plasma device comprising 
the coatings adhered to surfaces of the plasma device. 

Example 

Introduction 

[0040] This Example demonstrates a new type of a tanta­
lum (Ta) functional wall interface formed by cold-spraying 
Ta onto a substrate surface. Suitable substrate surfaces 
include those found in vacuum devices requiring a low 
residual pressure of hydrogen species ( e.g., hydrogen and its 
isotopes, in atomic or molecular form). The interface is 
capable of retaining significant amounts of the hydrogen 
species and can be regenerated in situ by outgassing at 
certain temperature and pressure ranges for long-term con­
tinued use. At the same time, the interface is unexpectedly 
resistant to high temperatures, thermal shock from high heat 
flux, and energetic particle bombardment. Thus, the inter­
faces may be used in a variety of plasma devices. 

Materials and Methods 

[0041] A cold-spray process was used to deposit tantalum 
coatings using commercially procured Ta powders as pre­
cursor. A schematic of the apparatus used to carry out the 
cold-spray process is shown in FIG. 9. In the cold-spray 
process, the feedstock powder material is propelled at super-
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sonic velocities onto the surface of a substrate, which upon 
impact forms a well adhered coating due to plastic defor­
mation of the particles. As shown in FIG. 9, propulsion of 
the powder particles is attained by feeding them through a 
preheated, pressurized gas (N 2 , He, or a mixture), where the 
particles are accelerated through a specially engineered 
converging-diverging de Laval nozzle. The temperature of 
the particles remains low, and particle deposition occurs in 
solid state which prevents phase transformations, oxidation, 
and microstructural changes of the feedstock powder during 
deposition. Coating formation (both coating-substrate adhe­
sion and inter-particle bonding) occurs by plastic deforma­
tion and an associated adiabatic shear process. The cold 
spray process is conducted at room temperature and atmo­
spheric pressure, and high particle velocities coupled with a 
ductile feedstock material result in significantly higher depo­
sition rates, allowing relatively thick coatings to be 
achieved. 

[0042] In this Example, spherical, pure Ta powder (par­
ticles having an average diameter of less than 10 µm) was 
used. Before spraying, stainless steel SS316 substrates were 
lightly ground with 320 grit SiC abrasive paper and cleaned 
with ethanol to remove any native oxide from the surface 
and to slightly roughen the surface to improve adhesion. The 
substrates' thickness was measured with a caliper before and 
after deposition to get an estimate of the coating thickness. 
Five spray runs were performed, with parameters shown in 
Table 1, below. Each spray run lasted a total duration of only 
one minute or less. Thus, the present methods can quickly 
and efficiently achieve cold-spray Ta coatings, even over 
relatively large areas. 

TABLE 1 

Cold-spray deposition conditions. 

Gas Gas Gun 
Spray Gas Temperature Pressure Translation 

Condition Composition (" C.) (bar) Speed (mm/s) 

100%N2 750 40 200 
2 100%N2 750 40 400 

95% He/5% N2 500 38 400 
4 100%N2 550 40 400 

75% He/25% N2 550 38 400 

[0043] Properties of the resultant Ta coatings reflect a 
complex relationship between the feedstock powder (par­
ticle characteristics), the underlying substrate, and the cold 
spray parameters. Generally, the gas temperature, pressure, 
and powder particle size dictate the particle velocity. 
Increasing the velocity by increasing the gas temperature 
and pressure, or by increasing the amount of He in the gas 
mixture, typically results in more severe plastic deformation 
of the powder particles upon impact leading to hard, dense, 
nonporous coatings. In fact, existing cold-spray processes 
are usually carried out with an intended purpose of maxi­
mizing density and minimizing porosity of the resulting 
coating. By contrast to this accepted approach, in this 
Example, parameters are used to achieve less dense, more 
porous coatings. This may be accomplished by using lower 
gas temperatures and pressures and forgoing He in the gas 
mixture. Calculated particle velocities are as follows: about 
650 mis (pure N2 ), about 900 m/s (75% He/25% N2), and 
about 1150 mis (95% He/5% N2 ). The gun translation speed 



US 2026/0015733 Al 

can be used to vary the coating thickness, with slower speeds 
allowing for higher dwell time and hence higher thickness. 
[0044] The following describes the various techniques and 
tests that were carried out to characterize the cold-sprayed 
Ta coatings. 
[0045] For some characterizations, metallographic sample 
preparation for the cold-sprayed Ta coatings, including 
sectioning, mounting, and polishing, was carried out to 
facilitate accurate characterization of the samples. In addi­
tion, surface finishing can be used to decrease the surface 
roughness and to control the coating thickness of the as­
deposited cold-sprayed Ta coatings. 
[0046] Surface morphology was examined at the microm­
eter scale using scanning electron microscopy (SEM). 
Cross-sectional SEM imaging was also used to measure the 
thickness of the coatings. Such thickness measurements 
were performed on as-deposited cold-sprayed Ta coatings 
with no preparation of the coating surface (i.e., no surface 
finishing, no metallographic sample preparation). Coating 
thickness was measured using no less than 4 and no more 
than 7 SEM images of the cross-sectioned coating. Each 
image used for a thickness measurement was acquired at a 
unique location in the coating, with lateral distance of no 
less than 1 mm separating the images. Within each image, 10 
measurements were taken normal to the interface from the 
surface of the coating to the coating/substrate interface. 
Individual measurements were spaced no less than 100 
micrometers apart. All thickness measurements taken within 
one coating were averaged to produce one value for coating 
thickness and a standard deviation. (See FIGS. 2A-2B.) 
[0047] X-ray diffraction (XRD) analysis was used to 
ensure phase identification and phase purity, and for residual 
stress measurements. X-ray photoelectron spectroscopy 
(XPS) was used to identify composition and chemical state 
of elements in the near-surface regions of the samples 
(within several nm below the surface). 
[0048] A microhardness test was performed to examine 
hardness (ability to withstand localized permanent deforma­
tion) of the coatings. 
[0049] Focused ion beam (FIB) and SEM were used to 
create cross-sections of the coatings to examine the micro­
structural morphology of the coatings on a micrometer scale. 
[0050] A low kinetic energy (Ekin max =95 eV) high-fluence 
deuterium ion (D, a hydrogen isotope) implantation experi­
ment was performed in a linear plasma device PSI-2 (Ger­
many) at 3 different substrate temperatures: 523 K, 773 K, 
and 1000 K. Thus, in these experiments, the cold-sprayed Ta 
coatings were subjected to plasma conditions including high 
temperatures and high fluxes of deuterium ions. The deute­
rium ion flux was about 3xl025 D/m2

. The pressure in the 
plasma device was about 10-6 mbar. Post-exposure analysis 
(i.e., after deuterium plasma exposure) included SEM, XRD 
and XPS analysis to evaluate the effects of the plasma 
experiment on surface morphology (SEM), structure (XRD), 
and composition (XRD) of the cold-sprayed Ta coatings at 
different substrate temperatures. 
[0051] Thermo-desorption measurements will be con­
ducted to evaluate the D content in the plasma exposed 
samples (i.e., the cold-sprayed Ta coatings subjected to 
deuterium plasma). This will provide a direct measurement 
of the D incorporated therein. These measurements will be 
carried out as follows: Plasma exposed samples are intro­
duced in ultra-high vacuum device (base pressure 10-9 

mbar) where they are heated with a constant temperature 
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ramp of 1 K/s up to 1300 K. A mass spectrometer is used to 
detect outgassing molecular species containing deuterium, 
including HD, D2 , HDO and D20. The total amount of 
outgassed Dis obtained by integrating the desorption spectra 
and applying appropriate sensitivity coefficients for each of 
the species. 
[0052] Gas charging experiments will be conducted to 
evaluate gas absorption and release from the cold-sprayed Ta 
coatings at different temperature and vacuum conditions. 
These experiments will be carried out as follows: Cold­
sprayed Ta coating samples are introduced in a vacuum 
device (base pressure 10-7 mbar) and outgassed for 2 h at 
773 K. Then, samples are cooled down to room temperature 
(293 K), or 523 K, or 773 K and D gas at a partial pressure 
of 1 o-6 mbar is introduced in the device. The samples are 
kept in D atmosphere at the chosen temperature for 3 h. After 
that, samples are cooled down to RT and a thermo-desorp­
tion measurement is performed as described above. Gas 
charging allows adsorption of molecular D2 by the samples, 
permeation of D into the samples, and population of all traps 
in the material. This combination of gas charging and 
thermo-desorption measurements allows determination of a 
hydrogen species absorption capacity for the coatings. 
[0053] The deuterium plasma experiments described 
above also allow for a well-controlled quantification of the 
incident flux of the deuterium species. Thermo-desorption 
experiments performed on the plasma exposed Ta coatings 
will determine the amount of trapped deuterium as described 
above. The amount of reflected and implanted deuterium can 
be estimated using modeling tools (such as TRIM code). 
Thus, the recycling coefficient Re can be determined: Re= 
((implanted D atoms)-(desorbed D atoms during thermo­
desorption))/(implanted D atoms). This value indicates how 
much of D is retained in the Ta coatings. 

Results 

[0054] FIGS. lA-lE are SEM images of cross-sections of 
cold-sprayed Ta coatings obtained under the five different 
spray conditions described in Table 1 (the spray conditions 
are also shown for each image). In each image, the bottom­
most layer (darker gray) is the stainless-steel substrate and 
the next layer up (lighter gray) is the cold-sprayed Ta 
coating. The SEM images show excellent adhesion to the 
underlying substrate surface without cracking or spallation 
at the Ta coating-stainless-steel interface. 
[0055] As shown in FIGS. lA-lE and FIGS. 2A-2B, the 
average thickness values of the cold-sprayed Ta coatings 
were several hundred microns. This is by contrast to coat­
ings formed using vapor phase evaporation techniques 
which are limited to average thicknesses in a range of from 
about 1 µm to 30 µm. 
[0056] Hardness of the cold-sprayed Ta coatings was 
measured using a standard microhardness tester with a 
diamond indenter tip, set to 50 gf. A minimum of 10 indents 
were taken across the cross-section of the coating with 
sufficient distance maintained from the coating-substrate 
interface and other indents to reduce edge effects and effects 
from neighboring indents. The hardness of the coating 
obtained under spray condition #1 (see Table 1) was 298. 
0+17.2 HV0 _050 . The hardness of the coating obtained under 
spray condition #2 (see Table 1) was 301.1+19.8 HV0 _050 . 

Hardness of the Ta powder increases during deposition due 
to plastic deformation and associated work hardening upon 
particle impact. The cold-sprayed Ta coatings are harder 
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than annealed bulk tantalum ( <100 HV) (See Huang et al., 
IOP Conference Series: Materials Science and Engineering 
63, 2014). The hardness of the cold-sprayed Ta coatings is 
significantly greater than is possible using other coating 
techniques ( e.g., vapor phase evaporation techniques or 
powder sintering). 
[0057] As noted above, SEM was also used to examine the 
surface morphology of the cold-sprayed Ta coatings. FIGS. 
3A-3E show SEM images of surfaces of the cold-sprayed Ta 
coatings obtained under the five different spray conditions 
described in Table 1. 
[0058] The morphology of the interior of the cold-sprayed 
Ta coatings was examined using high-resolution/magnifica­
tion cross-sectional SEM images. FIG. 4 shows such an 
image of the coating formed using spray condition #4. The 
image shows numerous micro-voids (several of which are 
outlined with circles) within the solid matrix of the coating. 
Higher magnification, higher resolution images also reveal 
numerous nano-voids, grain boundaries, and fine grains 
structure which are believed to act as sinks for absorption of 
hydrogen species. Together, the micro-voids, nano-voids, 
and the grain boundaries contribute to the porosity of the 
coating, which promotes diffusion and permeation of hydro­
gen species as well as increases retention of such species in 
the coatings. The most porous coatings are formed using 
spray conditions 1, 2 and 4 (these used N2 only as the 
carrying gas). Virtually no micro-voids were found in the 
coatings formed using spray conditions 3 and 5 (these 
included He in the carrier gas mixture). 
[0059] FIG. 5 is an SEM image of a cold-sprayed Ta 
coating after the deuterium plasma exposure using 95 eV D 
ions at substrate temperature of 1000 K. The image shows 
some nanostructure formation on the surface due to the 
temperature effect, but otherwise no changes in surface 
morphology were observed. Similarly, other cross-sectional 
SEM images revealed no delamination or structural changes 
in any of the cold-sprayed Ta coatings after the plasma 
exposure, even up to 1000 K. It is unexpected that the 
cold-spray Ta coatings were able to sustain the extreme 
conditions of the plasma exposure, i.e., the high tempera­
tures and high flux of energetic particles, without any 
significant changes to its morphology. 
[0060] Two measurements were carried out demonstrating 
D incorporation in the Ta lattice of the cold-sprayed Ta 
coatings during the plasma exposure. The first set of mea­
surements was performed in an XPS apparatus. The samples 
were irradiated with X-rays and the emitted photoelectrons 
were collected. This technique probes the characteristic 
binding energy several nm under the surface of the coating. 
For example, FIG. 6 shows the pristine (non-plasma 
exposed) cold-sprayed Ta coating (spray condition #1) (bot­
tom spectrum). This spectrum shows the presence of metal­
lic tantalum (the doublet peaks structure Ta0 7/2 and Ta0 5/2 
at 21.6 eV and 23.5 eV, respectively) and tantalum oxide 
Ta2O5 (the doublet peaks structure of oxidation states Ta5

+ 

7/2 and Ta5
+ 5/2) in the subsurface layer. The middle 

spectrum shows the cold-sprayed Ta coating after plasma 
exposure at 523 Kand a clear shift of the metallic Ta peaks 
by 1.5 eV. This signifies a change in the electron binding 
energy of Ta due to a change in the surrounding lattice (and 
thus, a change to the chemical state of Ta). This may be due 
to either D incorporation or the presence of additional 
oxidation states. In order to clarify the origin of the peak 
shift, the sample was etched by 2 keV Ar ions to penetrate 
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deeper under the surface so as to remove the oxide contri­
bution from the sample. The corresponding spectrum is the 
top spectrum in FIG. 6. The fact that Ta peak position 
remained shifted even after the oxide contribution is 
removed indicative of deep D incorporation within the Ta 
coating, beyond the thickness of an overlying oxide layer. 
[0061] FIG. 7 shows the XPS spectra of a cold-sprayed Ta 
coating (spray condition #1) after plasma exposure at dif­
ferent temperatures. The bottom spectrum is for the pristine 
(non-plasma exposed) coating. The most significant shift in 
the Ta0 peak occurs at the lowest temperature of 523 K ( shift 
by 1.5 eV) while little shift occurs at the highest temperature 
of 1000 K (shift by 0.2 eV). These results indicate a greater 
incorporation of D atoms into the Ta lattice at lower tem­
perature than at high temperatures. In turn, these results 
mean that the cold-sprayed Ta coatings may be regenerated 
by outgassing incorporated D at higher temperatures. 
[0062] The second set of measurements involved X-ray 
diffraction. Samples were irradiated with X-rays at different 
angles and the intensities of the diffracted beam were 
analyzed. For example, FIG. SA shows the collected X-ray 
signal from a cold-sprayed Ta coating (spray condition #1) 
before (bottom), after plasma exposure at different tempera­
tures. The results show that all Ta coatings remain in ~ 

phase. FIG. 8B shows XRD spectra of the coatings at atomic 
plane (310). The results show a peak shift by 0.38 deg 
towards lower angles in the case of the plasma exposed 
coating at the lowest temperature of 523 K as compared to 
the pristine (non-plasma exposed) sample. This shift indi­
cates a change in the atomic plane distances which is 
attributed to the D incorporation in the lattice. Almost no 
shift is observed for coatings exposed to the plasma at higher 
temperatures, suggesting less D incorporation at these 
higher temperatures. 
[0063] Although the XPS and XRD techniques do not 
identify and quantify D directly, the results provide a clear 
indication of D incorporation in the Ta lattice, and thus, the 
ability of the cold-sprayed Ta coatings to absorb hydrogen 
species even under plasma conditions. D incorporation is 
greatest at 523 Kand decreases at 1000 K. 
[0064] The word "illustrative" is used herein to mean 
serving as an example, instance, or illustration. Any aspect 
or design described herein as "illustrative" is not necessarily 
to be construed as preferred or advantageous over other 
aspects or designs. Further, for the purposes of this disclo­
sure and unless otherwise specified, "a" or "an" means "one 
or more." 
[0065] If not already included, all numeric values of 
parameters in the present disclosure are proceeded by the 
term "about" which means approximately. This encom­
passes those variations inherent to the measurement of the 
relevant parameter as understood by those of ordinary skill 
in the art. This also encompasses the exact value of the 
disclosed numeric value and values that round to the dis­
closed numeric value. 
[0066] The foregoing description of illustrative embodi­
ments of the disclosure has been presented for purposes of 
illustration and of description. It is not intended to be 
exhaustive or to limit the disclosure to the precise form 
disclosed, and modifications and variations are possible in 
light of the above teachings or may be acquired from 
practice of the disclosure. The embodiments were chosen 
and described in order to explain the principles of the 
disclosure and as practical applications of the disclosure to 
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enable one skilled in the art to utilize the disclosure in 
various embodiments and with various modifications as 
suited to the particular use contemplated. It is intended that 
the scope of the disclosure be defined by the claims 
appended hereto and their equivalents. 

What is claimed is: 
1. A plasma device comprising a surface and a cold­

sprayed tantalum coating adhered to the surface, the coating 
configured to absorb a hydrogen species from an atmosphere 
comprising a plasma generated in the plasma device. 

2. The plasma device of claim 1, wherein the atmosphere 
has a pressure of 10-1 mbar or less. 

3. The plasma device of claim 1, wherein the hydrogen 
species comprises hydrogen in its atomic form, hydrogen in 
its molecular form, an isotope of hydrogen in its atomic 
form, an isotope of hydrogen in its molecular form, or 
combinations thereof. 

4. The plasma device of claim 1, wherein the cold-sprayed 
tantalum coating is in direct contact with the plasma. 

5. The plasma device of claim 1, wherein the plasma 
device comprises the atmosphere and the plasma. 

6. The plasma device of claim 1, wherein the plasma is 
characterized by a temperature of at least 500 K, a pressure 
of 10-1 mbar or less, an ion flux of at least 1015 D/m2 s, an 
ion energy of at least 1 eV, and an incident fluence of at least 
1020 D/m2

. 

7. The plasma device of claim 1, wherein the plasma 
device is a fusion device. 

8. The plasma device of claim 1, wherein the surface is 
stainless steel. 

9. The plasma device of claim 8, wherein the surface is 
one of a stainless steel panel or a plurality of stainless steel 
panels mounted within a container of the plasma device. 

10. The plasma device of claim 9, comprising the plurality 
of stainless steel panels, wherein some stainless steel panels 
of the plurality are mounted in direct contact with a gas 
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region surrounding the plasma, but not in direct contact with 
the plasma, and at least one stainless steel panel of the 
plurality is mounted in direct contact with the plasma. 

11. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating consists of tantalum. 

12. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating is mechanically and metallurgi­
cally bound to the surface. 

13. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating has an average thickness of at least 
150 µm. 

14. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating has a hardness of at least 150 
HVo_oso· 

15. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating defines a plurality of micro-voids 
distributed throughout the coating. 

16. The plasma device of claim 15, wherein the plurality 
of micro-voids comprises micro-voids having a largest 
dimension of at least 3 µm. 

17. The plasma device of claim 15, wherein the cold­
sprayed tantalum coating has a porosity of less than 2%. 

18. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating defines a fine grain structure with 
a large area of grain boundaries and other micro-voids. 

19. The plasma device of claim 1, wherein the cold­
sprayed tantalum coating exhibits a hydrogen species 
absorption capacity of at least 1019 (hydrogen species )/cm3

. 

20. A method of using the plasma device of claim 1, the 
method comprising exposing the cold-sprayed tantalum 
coating to the plasma by operating the plasma device to 
generate the plasma. 

21. The method of claim 20, further comprising regener­
ating the coating by desorbing absorbed hydrogen species 
therefrom. 

* * * * * 


