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Low-pressure plasma-sprayed (LPPS) tungsten coatings of 300 μm thickness were produced with optimized 
production parameters to demonstrate the feasibility of the process as a repair technique for eroded or damaged 
plasma-facing components. The samples were, in two separate experiments, exposed to Neon (Ne) and Deuterium 
(D) plasma to investigate the sputtering resistance and the deuterium retention, and compare the performance to 
similarly exposed reference bulk tungsten samples. After applying a total fluence of 2⋅1024 ions/m2s Ne ions with 
an ion impact energy of 100 eV at a sample temperature of 60 °C, the LPPS coatings showed a 0% to 20% higher 
sputtering yield than the similarly exposed reference bulk tungsten, indicating a slightly decreased performance. 
The deuterium plasma was characterized by 73 eV ions, and the exposure was run at a sample temperature of 
250 °C, until the plasma fluence was 3⋅1025 ions/m2s. The deuterium retention, which was evaluated using nuclear 
reaction analysis as well as thermal desorption spectroscopy, demonstrated an enhanced performance of the LPPS 
coatings, indicated by a lower total D inventory potentially by outgassing. In addition, the spectra indicated a D 
desorption at lower temperatures than that for pure bulk tungsten for the LPPS coatings and a significant impact 
of the LPPS process parameters on the grain structure and, therefore, the retention performance.

1. Introduction

Tungsten (W) as the main plasma-facing material (PFM) candidate 
in future fusion devices such as DEMO, exhibits advantageous thermal 
properties, a relatively short decay time when activated, a low sputter
ing yield by plasma, high creep resistance, and low hydrogen retention 
and permeation. Despite all these positive characteristics, tungsten is not 
immune to defects, including crack formation, melt damage or erosion 
accompanied by re-deposition due to impurities. Erosion of the first wall 
material will lead to decreased surface thickness of the armor layer, re
sulting in a reduced lifetime of the device. Defects or changes in material 
properties caused by hydrogen retention or neutron-induced activation 
can even lead to maintenance periods and must therefore be understood 
well and kept at a low rate.

The light fuel elements deuterium (D) and tritium (T) interact with 
the PFM and can be trapped in vacancies and voids of the material, 
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causing property changes such as embrittlement [1] and in addition, at 
high damage rate impacts the tritium cycle process. [2].

Low-pressure plasma spraying (LPPS) is a method of addressing and 
repairing potential damages and erosion by depositing dense layers of 
pure tungsten on the underlying materials. This process can rapidly and 
efficiently restore the thickness of the wall to the necessary level. LPPS 
is characterized by its capacity to produce high-quality coatings of mate
rials with high melting points. The process parameters can be modified 
in order to achieve high densities and deposition efficiency, which is ac
companied by low oxidation rates due to the protective Ar atmosphere.

In the present work, the samples were exposed to (Ne) plasma to 
evaluate the sputtering resistance of the LPPS produced coatings. In a 
second experiment, a deuterium (D) plasma was applied to examine pos
sible deuterium retention and accumulation in the coatings. A variety 
of analysis techniques were utilized to investigate the distinct impact 
of the plasma on different characteristics prior to and after the plasma 
exposure.
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2. Experimental setup and analysis methods

2.1. Sample preparation

In plasma exposure experiments described in this paper utilized sam
ples produced by LPPS on two substrate materials: tungsten (W) and 
Eurofer97 steel (referred to as Eurofer in the subsequent text), a ferritic 
martensitic steel with low activation, developed especially for fusion ap
plications (hereafter in sample names and plots referred to as E) [3--5]. 
The tungsten substrate material is a pure tungsten manufactured by 
Plansee Holding AG and will be further referred to as W in plots and 
graphs. Tungsten represents the main candidate for PFM and armor of 
the underlying materials [6,7] while Eurofer is a promising candidate 
as structural material in future fusion devices such as DEMO [8].

The LPPS process is a widely known thermal spray process applied 
for high-melting metals and ceramics, using a plasma jet and fine spray 
powders. In the context of this work, the process was characterized by 
a 60 mbar surrounding vacuum/light argon (Ar) atmosphere, which 
acts as a suppressant for unwanted interactions. The process was distin
guished by a relatively low powder feed rate, which facilitated enhanced 
energy transfer from the plasma flume to the particles. Furthermore, a 
high plasma enthalpy is facilitated through a high hydrogen (H) con
tent in the plasma gas mixture [9]. The spray gun was mounted on 
a computerized numerical control (CNC)-system and moved over the 
substrates mounted in the sample holder. The Y-directional meander 
distance between the single passes in X-direction was 4 mm. Due to the 
austenitization temperature during the production of Eurofer steel, it 
was necessary to pause the coating process after each pass over for one 
minute, while on tungsten substrates a continuous coating process was 
applied [4,3]. In addition, the velocity of the nozzle passing over the Eu
rofer substrate was doubled to 440 mm/s, to minimize the heat impact 
of the substrate, resulting in a corresponding doubling of the number of 
pass overs to achieve a comparable coating thickness. The applied spray 
process parameters have been optimized in previous studies and can be 
found in [10].

All coatings were produced at the Jülich Thermal Spray Center (JTC) 
[11] using a F4-VB spray gun by Oerlikon. The objective was to create 
coatings of high density with a thickness of approx. 500 μm in order 
to conduct the plasma exposure experiments on a realistic thickness for 
future fusion applications.

The surface of all coatings was polished with a final alkaline oxide 
polishing suspension (SiO2) with a particle size of 0.05 μm resulting in 
a surface roughness R𝑎 of approx. 0.1 μm. Prior to the exposure experi
ments, the samples were cleaned by ultrasonic bath and outgassed in a 
vacuum furnace at 550 °C for 3 hours. In consequence and for a better 
comparability, all samples were prepared similar. Additional informa
tion on the sample preparation can be found in [10].

2.2. Analysis methods

Various methods were employed to evaluate the samples pre- and 
post-plasma exposure. Scanning electron microscope (SEM) images were 
taken using DSM 982 manufactured by Zeiss. Additional SEM images 
were taken using a dual-beam scanning electron microscope with ion 
beam (SEM/FIB - Zeiss Crossbeam 540) manufactured by Zeiss. To eval
uate the local erosion, craters with orthogonal cuts were created using 
the focused-ion-beam (FIB) technique prior to the exposure, as com
monly applied for erosion measurements [12,13]. Furthermore, the sur
face recession allows to calculate a mass loss taking into account the 
density of the coating. The total weight loss due to erosion is deter
mined by means of weighing the samples before and after exposure 
experiments with a Sartorius MSA225P microbalance with a readability 
of d= 0.01mg.

In order to measure and to compare the surface roughness of the 
samples before and after plasma exposure, the CyberScan CT350T confo
cal white light sensor system produced by cyberTECHNOLOGIES GmbH 

Fig. 1. Schematic setup of the linear plasma device PSI-2 along with plasma, 
sample holder, linear manipulator, plasma.

with a resolution of 0.035 μm was employed. The value R𝑎 represents 
the mean value of absolute surface height values of seven linear mea
surement lines in x- and y-direction, each containing 50 measurement 
points. The area considered corresponded to the entire sample, exclud
ing one millimetre from the edges on all sides.

Nuclear Reaction Analysis (NRA), using a 2950 ± 20 keV 3He ion 
beam, was applied to investigate the D-retention in a single 1 x 1 mm2

spot analysis. The amount of D is quantified using the D(3He,p)4He re
action [14], the end-station, described in [15], and simNRA 7.03 [16]. 
The interaction of 3He with the D in the samples results in the emis
sion of a proton, which is measured by an applied Si-detector. This 
non-destructive method allows to evaluate the trapped D in the sam
ple up to a depth of approx. 4 μm. Furthermore, NRA allows to detect 
other elements such as carbon using 12C(3He,𝑝)14Ne [17,18], nitrogen 
14N(3He,1+2)16O [19] and oxygen 16O(3He,𝑝)18F [20]

All measurement spots were located in the very center of the sample 
and resulted in a depth profile from the surface to 4 μm depth. In addi
tion, the carbon (C), oxygen (O), and, for the surface layer, the nitrogen 
(N) content of the samples can be displayed.

In the final investigation step of the analysis, the samples were mea
sured using thermal desorption spectroscopy (TDS). The exposed sam
ples were heated in an oven with a heating ramp of 10 K per minute 
and degassed. The thermally desorbed gas species were measured us
ing two quadrupole mass spectrometers (QMS). The desorbing D and 
HD molecules allow an evaluation of the fuel retention of the exposed 
samples in dependence on the temperature. A ramp-and-hold degassing 
ramp with a heating ramp up to 600 °C, a 60 minutes holding time was 
applied for the coatings on Eurofer substrate, whereas the coatings on 
tungsten substrate were exposed to a second heating ramp until 1000 °C 
accompanied by a second 60 minuts holding time.

In all cases, a reference sample has been measured alongside the 
main sample. The quantitative analysis of the reference sample facil
itates a comparison between the performance of the LPPS-produced 
coatings and that of the bulk tungsten.

2.3. Plasma exposure experiments

2.3.1. General arrangement

Plasma exposure experiments were carried out in the linear plasma 
device PSI-2 [21] using two different plasmas, neon (Ne) plasma and 
deuterium (D) plasma. A schematic of PSI-2 can be found in Fig. 1, de
scribed with anode, cathode and most relevant setups. More details and 
information on the PSI-2 can be found in the literature [21,22].

Each exposure was carried out for four samples, accompanied by one 
reference sample from forged bulk tungsten. A list of all exposed sam
ples can be found in Table 1 including plasma species and production 
process. The samples were mounted in a hollow profile (compare Fig. 2
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Table 1
Samples with exposure species 
carried out in the experiments. 
E and W represent the sub
strate materials tungsten and 
Eurofer, PSI the experiment, 
H is one of two low-pressure 
plasma spraying production 
parameter (more details in 
[10]).

Sample Plasma species 
E_PSI_H_1 Ne 
E_PSI_H_2 Ne 
W_PSI_H_1 Ne 
W_PSI_H_2 Ne 
Ref_W_1 Ne 
E_PSI_H_3 D 
E_PSI_H_4 D 
W_PSI_H_5 D 
W_PSI_H_6 D 
Ref_W_2 D 

Fig. 2. Setup of the Ne plasma exposure experiments with a) sample holder with 
four mounted samples, one reference sample Ref_W_1 and three placeholder. 
Image b) displays the Ne-plasma exposure of W-coatings in the PSI-2.

Table 2
Experimental Ne plasma parameters for the linear plasma de
vice PSI-2.

Plasma Ion energy Ion flux Ion fluence T𝑠𝑎𝑚𝑝𝑙𝑒

(eV) (ions/m2s) (ions/m2) (°C) 
Neon (Ne) 100 5.2⋅1020 2.0⋅1024 65 

a) in a mask of molybdenum. No cooling was applied to the mask or the 
samples. The sample temperature was measured using infrared thermog
raphy and compared to the data obtained from thermocouples attached 
to the backside of the sample holder.

2.3.2. Sputtering resistance

To investigate the sputtering resistance of the coatings, the first PSI-2 
campaign was carried out using singly ionized Ne plasma with energies 
of approx. 100 eV controlled by the target biasing of approx. -120 V. The 
experimental plasma details such as ion energy and sample temperature 
are listed in Table 2, the sample setup inside the mask can be found in 
the Fig. 2 a, an image of the exposure with plasma is shown in image 
2 b. 

2.3.3. Deuterium retention

The investigation of the retention and accumulation of the hydro
gen isotopes in the plasma-sprayed tungsten coatings involved a second 
set of four samples and one additional reference sample. These samples 
were exposed to D plasma. The experimental conditions, such as sam
ple distribution and preparation, were kept similar to those of the Ne 
exposure (compare section 2.3.2) with the exception of the plasma pa
rameters and exposure time, listed in Table 3. The temperature of the 

Table 3
Experimental D plasma parameters for the linear plasma device PSI
2.

Plasma Ion energy Ion flux Ion fluence T𝑠𝑎𝑚𝑝𝑙𝑒

(eV) (ions/m2s) (ions/m2) (°C) 
Deuterium (D) 73 3.8 ⋅ 1021 3⋅1025 250 

Fig. 3. Sample roughness R𝑎 taken from the surface using the CyberScan. In the 
interest of optimizing the available space, the term ``PSI'' has been omitted in 
the description of all LPPS samples illustrated in the figure.

samples was monitored using thermal couples attached to the backside 
of the sample holder.

3. Results and discussion

3.1. Surface modifications by D and Ne plasma

The scanning electron microscope images taken from the sample sur
face pre- and post-exposure exhibit unusual melting-like formations on 
an area of approx. 1.5 mm x 1.5 mm of sample E_PSI_H_3 after D plasma 
exposure, resulting in a noticeable large error. EDX mappings and cross
section images using FIB-cuts of the area did not reveal the presence of 
impurities or other oxide contamination, nor did they reveal any un
usual grain structure changes.

The surface roughness R𝑎 taken pre- and post-exposure is shown in 
Fig. 3. The samples exposed to Ne plasma exhibit an increased surface 
roughness after exposure. The LPPS coatings exhibit a larger increase in 
roughness than the reference sample, for which, in addition, the error 
bars are overlapping, indicating a non-significant discrepancy.

Varying results in the surface roughness R𝑎 were found for the D
exposed samples. Some samples indicate a smoothing effect, whereas 
sample E_PSI_H_4 has a non-significant increased surface roughness af
ter exposure. While W_PSI_H_5 pre-exposure can be seen as an outlier, 
which may result from an irregularity during the polishing prepara
tion or production procedure, the reference sample Ref_W_2 exhibits a 
decrease in surface roughness after D exposure. The results do not indi
cate a trend, whether the D exposure increases or decreases the surface 
roughness.

The melting-like structure on sample E_PSI_H_3 was not evident for 
other samples in this campaign and can therefore only be explained by 
defects or impurities implemented inside or on the surface of the sample 
during the production process or sample preparation. An interaction of 
the impurities such as oxides, which were not evident after the exposure 
experiments, can not be excluded. Other surface changes, such as the in
creased surface roughness R𝑎 after Ne exposure, can be attributable to 
the distinct sputtering processes which can be enhanced by initial poros
ity and grain orientation. The influence of the porosity on the physical 
sputtering yield and its increased surface roughness due to preferential 
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Table 4
Measured surface recession of the samples after Ne plasma exposure experiment, including calcu
lated mass loss assuming 99.7% density of the LPPS samples within the recession area. Furthermore, 
measured mass loss of the samples after Ne plasma exposure experiment. Measured using a Sarto
rius MSA225P microbalance with a readability of d = 0.01 mg with no repetition.

Sample Ref_W_1 E_H_1 E_H_2 W_H_1 W_H_2 
Surface recession (μm) 1.95 ± 0.03 2.21 ± 0.01 2.21 ± 0.12 2.2 ± 0.04 1.95 ± 0.001 
Mass loss calc. (mg) 3.73 ± 0.06 4.23 ± 0.02 4.23 ± 0.23 4.2 ± 0.08 3.73 ± 0.002 
Mass loss meas. (mg) 3.29 4.00 3.78 4.12 4.03 

Fig. 4. FIB crater and marker of sample E_PSI_H_2 before and after Ne plasma exposure in PSI-2 device. 

sputtering and grain orientation is generally known as well as described 
and simulated [23--25]. Given the low magnetic field of PSI-2 (0.1 T), 
rising roughness resulting from re-deposition can be neglected here.

The varying R𝑎 results for D exposure are rarely induced by the sput
tering of the hydrogen species. The ion energy of 73 eV is clearly below 
the sputtering threshold energy of the target tungsten. However, smaller 
initial displacements induced by the bombardment of D ions or of im
purities such as a small 0.1% fraction of oxygen [26,27] in the plasma 
may have occurred. This effect can smoothen the surface of some sam
ples and roughen it for others, resulting from the initial roughness or 
grain structure.

Changes in the surface morphology can be induced by D retention, 
such as blisters, which were found on all D-exposed samples. Further
more, accumulations of D in the deeper, underlying regions, as found for 
higher fluence in [28] lead to increased surface roughness while other 
work found a nearly constant surface roughness or only small increases 
after D-exposure [29] or argon (Ar) seeded D plasma [30]. While the 
blister formation has been visible for all samples and therefore could 
have locally increased the surface roughness, any impact of impurities 
in the plasma on the smoothing of the surface can not be concluded here. 
In total the presented results do not confirm any impact of the blistering 
on the surface roughness 𝑅𝑎

From the data presented in this work, it is not possible to deduce 
whether there is a clear increase or decrease in roughness for the samples 
exposed to D at low fluence in this experiment. This finding supports 
the hypothesis that due to the low ion energy, only a minor impact on 

the roughness is induced by D ions, and that this impact is almost not 
significant.

3.2. Sputtering resistance

The sputtering resistance of the samples was evaluated using the 
mass loss induced by the Ne plasma, listed in Table 4. The results were 
compared to the surface recession taken from the FIB markers in the 
center of the samples (example shown in image 4). The recession allows 
the mass loss to be calculated taking density and material properties into 
account, as shown in Table 4. The mass loss calculated from the surface 
recession is largely consistent with the measured mass loss.

The measured mass loss of the LPPS coatings exceeds the reference 
sample by 14% to 25% while the surface recession is 0% to 13% larger 
than that of the reference sample. In no case did the LPPS coatings ex
hibit a sputtering yield below that of the reference sample.

The theoretically calculated mass loss by Eckstein [31] on a flat 
surface for 100 eV Ne ions, assuming a normal incidence for all 
impacting particles, results in a sputtering yield of approximately 
3.15⋅10−2 atoms/ion. This results in a total mass loss of 2.5 mg for 
the applied ion fluence, assuming 10% Ne2+. These values deviate more 
significantly from the measured values.

The impact of grinding the edges of the samples to fit them into the 
mask on the mass loss can be effectively excluded, as the measured mass 
loss and recession mass loss are in similar ranges. The results obtained 
are thus found to be accurate.
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Fig. 5. Desorption spectra of the molecular D2, HD and H2 as ion current in ampere (A) and temperature (°C) of the sample a) reference sample Ref_W_2 and b) 
W_PSI_H_5 against the time.

Binary Collision Approximation (BCA) calculations which can base 
on Eckstein values [31] do not take include re-deposition of sputtered 
tungsten. Consequently, the bare calculated yield according BCA and 
perfectly polishes surfaces generally falls below the measured values, 
which is not evident in this study. Additional ERO simulations [32] are 
needed to validate the findings.

In addition, a negative impact of increasing porosity on the sput
tering yield was found by Mao et al. for different porosity in W𝑓W 
tungsten fiber-reinforced tungsten matrix materials [33]. Despite the 
slightly higher porosity of LPPS coatings compared to the reference sam
ple, this effect is not visible in this work. Instead, the LPPS coatings 
exhibit a higher sputtering yield compared to the reference bulk tung
sten.

Other impurities in the Ne plasma may have contributed to the 
erosion, as also to be seen in other experiments [33,34]. The surface 
roughness (R𝑎) resulting from porosity and varying grain structure in 
the coatings has been shown to generally decrease the sputtering yield 
[35]. However, in certain specific cases, depending on the incident angle 
of the ion onto the substrate target, an increase in yield may be ob
served [36]. Induced by a more complex relationship between material, 
ion energy, and incident angle, Cupak et al. suggest that in some cases, 
the surface roughness or, more specific here, the porosity resulting from 
a specific incident angle of the projectile ion onto the target substrate 
can induce a higher sputtering yield [36]. The roughness of the LPPS 
coatings is primarily attributed to the comparatively deep pores with ex
tensive smooth areas between them. This non-homogeneous distributed 
surface roughness due to 0.3% of partly deep pores in the LPPS coatings 
may have exerted a substantial influence on the sputtering yield.

The substantial disparity in grain size or grain orientation [37,13], 
between the LPPS coatings with small grains and the reference tungsten 
sample with large grains can also impact the sputtering yield. While the 
influence of grain structure on sputtering yield is well known, grain size 
correlations known from sputtering targets [38] do not appear to have 
any or only a small influence here [39].

Overall, the sputtering yield of the LPPS coatings remains in an ac
ceptable range compared to the bulk tungsten. The increased sputtering 
results from the finer grain structure containing unmolten particles, ac
companied by pores or voids. The discrepancy to the theoretical value 
could be linked to the 100 eV ions energy, which, according to the Eck
stein values, is located on an edge of the sputtering yield for Ne projectile 
on W target [31].

3.3. Deuterium retention

Fig. 5 illustrates selected plots of the measured TDS analysis as ion 
current against time for the species D2, HD and H2. The bulk tungsten 
reference sample Ref_W_2 in Fig. 5 a shows a significantly higher D2
peak compared to the plasma-sprayed sample in Fig. 5 b. However, the 
hydrogen peak (H2), as illustrated in Fig. 5 b, exhibits a substantially 

Fig. 6. Desorption spectra of D2 desorption in mol/s for all D-plasma exposed 
samples against the desorption temperature.

higher value in comparison to the reference sample. For both cases, the 
primary D2 peak is located within the first temperature ramp of the ex
periment, starting at approx. 200 °C to 250 °C and is decreasing again 
before the ramp reaches T = 600 °C. An additional minor D2 peak is 
located at 600 s or approx. 700 °C. Peaks of the HD signal are always 
linked to peaks of the H2 signal. As a result of the low degassing tem
perature of 550 °C, desorption peaks beyond a temperature of 600 °C can 
not clearly be dedicated to the loading by the PSI-2 plasma. Taking this, 
the rather small D2 peak beyond 600 °C shown in Fig. 5 and the consis
tent correlation between the H2 peaks and the HD peaks, which could 
indicate falsely measured HD signal, into account, the main focus will 
be set on a final desorption temperature of T=600 °C.

Therefore, Fig. 6 illustrates the desorption of D2 for all samples as 
a function of the temperature up to 600 °C. The curve for the reference 
sample rises from approx. 200 °C, whereas the D2 desorption of the LPPS 
samples begins at lower temperatures of approx. 150 °C. The desorption 
temperature of 200 °C exhibited by the reference sample Ref_W_2 is al
most consistent with the exposure temperature, a phenomenon that is 
systematically observed for bulk tungsten.

The temperature at which the Eurofer substrate samples exhibit the 
D peak is approximately 240 °C, while that of the tungsten samples is 
approximately 280 °C. The peak of the reference sample is at 420 °C and 
is significantly higher. Besides the main desorption peak, a small shoul
der at slightly higher temperatures can be detected for several samples. 
The reference sample exhibits the shoulder peak at approx. 480 °C.

The spectra of reference sample Ref_W_2 shown in Fig. 6 show a 
standard spectrum for the desorption of D2 from dense tungsten. The 
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Fig. 7. The total D inventory of all samples measured by NRA with depth profile 
and TDS for two desorption temperatures. The TDS inventory <600 °C includes 
all desorbed values until the TDS temperature reached 600 °C while the inven
tory 1000 °C takes all desorbed values into account.

second peak, shouldering at approximately 480 °C, which can also be 
seen in some of the LPPS coatings, is known from the literature [40,41].

The D diffusion and trapping is typically associated with the density 
of traps, which are characterized by defects in the lattice, grain bound
aries, and voids within the sample. In the context of plasma-sprayed 
coatings, the desorption of D at lower temperatures has been previously 
detected by Golubeva et al. [42]. However, the dominant factor was 
identified as the enhanced porosity of the coatings in comparison to 
the reference tungsten, which can be neglected as a factor in this work. 
Plasma-sprayed W coatings with no open porosity have been found to 
exhibit an increased hydrogen retention [43,44] compared to bulk tung
sten, more dense and homogeneous tungsten materials. In contrast to the 
results obtained previously, the results presented in this work indicate a 
lower D retention and therefore an increased performance with respect 
to the D retention, and permit alternative interpretations. In contrast to 
the NRA results, which show only minor differences between the ref
erence sample and the plasma-sprayed samples, the TDS measurements 
clearly indicate a superior performance of the plasma-sprayed coatings 
compared to the reference sample.

The integrated D2 desorption up to 600 °C and 1000 °C shown in 
Fig. 7 indicates slightly lower desorption until 600 °C than the total des
orption to 1000 °C. Solely for sample W_PSI_H_6 a significant difference 
can be observed. The NRA results reveal higher D in surface near re
gions compared to the deeper region. The NRA values are found to be 
largely in good agreement, while for the reference sample Ref_W_2 be
ing significantly lower than the measured TDS values. This frequently 
documented phenomenon may be linked to a deeper diffusion of the D 
into the reference tungsten, beyond the depth resolution limitations of 
the NRA measurements but can not be validated here [45--49]. How
ever, the reference sample exhibits the expected TDS and NRA values 
given the level of deuterium exposure [50].

A pathway formation to the surface of the samples initiated by an in
creased porosity value supports a fast D release and suppresses further 
diffusion and accumulation into the bulk [51,52] and consequently, el
evated D retention values were observed in the reference sample with 
minimal porosity in the literature [53,43]. Nevertheless, an enhanced 
surface near porosity of the LPPS coatings, resulting in an early release 
of D can be neglected as the coatings exhibit a porosity of approx. 0.3%.

A more likely explanation for the superior performance of the LPPS 
coatings with 0.3% porosity compared to the qualitatively dense bulk 
tungsten is the corresponding grain structure, which can be described as 
columnar and is shown in a previous publication in more detail [10]. As 
described earlier, the majority of deuterium retention takes place at the 
grain defects and boundaries in tungsten samples [54--56]. Grain bound

aries can not only act as deuterium traps but also as deuterium channels 
towards the surface [57,58]. In most cases, the grain structure of LPPS 
produced samples can be described as a columnar grain structure in the 
direction of the surface of the sample which therefore can enhance the 
escaping channels for trapped hydrogen species. This can also explain 
the earlier described desorption of D at lower temperatures which was 
determined for the LPPS coatings. Accumulation of hydrogen weakens 
the bonding between the grains and can initiate cracks along those [58]. 
Larger amounts of hydrogen can be trapped at those areas but also be 
released more easily.

The elevated nozzle speed over the substrate during the production 
of the coatings using LPPS resulted in a generally smaller grain size and 
therefore can result in an earlier trapping and release of D [42,59,9]. The 
influence of a higher porosity leading to a lower desorption temperature 
is well known and described in [52] but can be seen as negligible here 
due to almost similar porosity of reference and LPPS samples.

Among the LPPS coatings and different substrate materials, no dif
ferences in porosity can be determined. Rather, the coatings are charac
terized by different grain size. The coatings produced on the W substrate 
demonstrate a maximal feret diameter of 2.5 ± 1.8 μm while those on the 
Eurofer substrate only exhibit 1.8 ± 1.0 μm. A smaller grain size and, 
as a consequence, an increased number of grain boundaries can pre
cipitate desorption at lower temperatures. Since the reference sample 
contains solely large grains compared to the LPPS coatings with rather 
small grains, earlier desorption of the species can occur for the LPPS 
coatings. [59]

4. Conclusion

Low-pressure plasma-sprayed tungsten coatings on tungsten and Eu
rofer substrates were exposed to Ne and D plasma in two individual 
experiments in the linear plasma device PSI-2 to investigate their plasma 
performance with respect to sputtering resistance and D retention. Re
sults from mass loss and surface recession demonstrate an increased 
sputtering yield for the LPPS coatings compared to the bulk tungsten 
reference sample and theoretical values. This increase can be attributed 
to the smaller grain size of the LPPS coatings as well as the roughness 
of the surface. This not only illustrates the major impact of the grain 
size on the D retention but also highlights the impact of the produc
tion factors, such as the raster speed and substrate temperature, on the 
performance.

The TDS retention results contrast sharply with previous findings 
published in the literature, which showed that the plasma-sprayed coat
ings retained more deuterium than bulk tungsten. These publications ex
plain the higher retention by the increased porosity of the coatings and 
the accumulation of hydrogen in these defects [42,60,44], but also by 
the microstructure of the LPPS coatings [59,44]. Since the coatings pre
sented in this work do not exhibit increased porosity, the lower retention 
must be explained solely by the columnar grain structure, whereby the 
grain boundaries function as desorption channels. This paper demon
strates that LPPS facilitates the deposition of dense tungsten coatings 
with reduced D retention. Consequently, its performance is comparable 
to that of bulk tungsten, and it can be considered a viable repair method 
for eroded PFCs.
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