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A B S T R A C T

The present study investigated the effect of D2-N2 (7%) plasma exposure in Magnum-PSI on the D retention and 
chemical and mechanical properties of a porous W-O (p-W-O) coating. The variation of the chemical composi
tion, crystalline phase and mechanical properties along the sample surface were determined by Nuclear Reaction 
Analysis (NRA), Rutherford Backscattering Spectroscopy (RBS), nanoindentation and Raman spectroscopy. These 
changes were compared to the Laser-Induced Breakdown Spectroscopy (LIBS) measurements. LIBS depth profiles 
of W and Mo were consistent with the profiles determined by NRA and RBS, showing a W-O layer, a thin W 
adhesion layer and a Mo substrate. Typically, the high D intensity was determined only during the first LIBS laser 
shot on a measurement spot, while the spatial distribution of D intensity determined by LIBS along the coating 
surface followed the D concentration determined by NRA. According to the Raman spectra, the investigated p-W- 
O coating corresponded to nanograins of W-O and the phase composition was relatively uniform along the 
coating surface. The elastic modulus of p-W-O coating was considerably lower than the modulus of Mo coating or 
bulk W coating and corresponded to the values found in other studies carried out with W-O mixtures. The elastic 
modulus of p-W-O coating decreased towards the edge of the coating. The study revealed that the modulus and 
the background intensity of the LIBS spectra had a negative correlation, suggesting that LIBS may be a suitable 
method for the estimation of the stiffness of tungsten co-deposits as a similar correlation is shown for other types 
of W coatings.

1. Introduction

Harnessing energy through the controlled fusion of light elements, 
such as hydrogen isotopes deuterium (D) and tritium (T) is a way to
wards sustainable and stable energy production. The most mature fusion 
technology based on tokamak reactors has seen tremendous progress in 
previous decades, but numerous technological issues still need to be 
addressed [1,2]. One such issue is the retention of radioactive T in the 
plasma-facing components (PFC) of the reactor’s first wall and divertor 
[3–5]. In addition to finding methods for the reduction of the retention, 
it is necessary to quantify the amount of retained T in the reactor walls.

Laser-Induced Breakdown Spectroscopy (LIBS) is a method currently 
being studied for in-situ detection of hydrogen isotopes retention in the 
PFC [6,7]. The method uses short but powerful laser pulses to ablate and 
excite a small amount of material and the optical emission of the formed 
plasma plume is recorded by a spectrometer. The emission lines in the 
recorded spectrum correspond to the elements of the investigated ma
terial. In principle, LIBS can also determine the elemental depth profiles 
in the PFC by applying a number of laser shots into the same spot [5,7]. 
However, the quantitative determination of hydrogen isotope retention 
is not straightforward by LIBS due to uncertainties in the relationship 
between elemental concentration and emission line intensity as well as 
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often unknown laser ablation rates of different materials.
The intensities of LIBS emission lines and the ablation rates depend 

on the chemical and mechanical properties of the investigated material, 
known as matrix effects [8]. As a consequence, for quantified retention 
measurements, it is necessary to obtain LIBS results for different coatings 
that simulate the surface of PFCs. Some of these coatings resemble 
porous, nanocrystalline or compact W-O deposits, which will form in 
certain divertor regions from eroded W and O impurities inevitably 
present in plasma [9–11]. A predetermined amount of D can be added to 
these coatings during the deposition of the coating [5,12–18] or intro
duced by exposing the produced coatings to D2 plasma, for example, 
using the linear plasma devices such as Magnum-PSI [19]. The content 
of the retained D is measured by an alternative method, such as Nuclear 
Reaction Analysis (NRA) [20]. LIBS applicability for the D retention 
measurement in different tungsten and tungsten-oxide coatings after D2 
plasma exposure by Magnum-PSI has been investigated in several pre
vious studies [21–23]. The LIBS D line intensities were lower by an order 
of magnitude in the porous W-O coating than in the compact W coating 
which had comparable D concentration according to NRA measure
ments [22]. The laser ablation rates of these coatings also differed 
considerably [21–23].

The chemical composition, phase content, and mechanical properties 
of the already different as-deposited W-O coatings are further modified 
by the exposure to Magnum-PSI plasma [21,24]. The effect of plasma is 
non-uniform along the surface [21–23] and, therefore, the investigation 
of the composition and mechanical properties along the surface requires 
methods that allow good depth resolution (< 1 μm) and lateral resolu
tion (< 1 mm). Chemical composition variation along the plasma- 
exposed surface can be measured using both the LIBS and NRA 
methods, which have sufficiently good resolution. One method that can 
be used to determine the variation in hardness and elastic modulus along 
the sample surface with good resolution is nanoindentation [25,26]. The 
hardness of the material influences the LIBS ablation rate and plasma 
plume properties, which in turn affect the elemental line intensities 
[27,28]. The high-resolution crystalline composition measurements can 
be made using micro-Raman spectroscopy. Recently, it has been 
demonstrated that Raman spectroscopy allows distinguishing between 
compact and porous W-O and W-N coatings, which are often used in 
hydrogen isotope retention studies [29].

The aim of the present study was to investigate the changes in the 
LIBS spectral features and depth profiles along the porous W-O surface 
exposed to Magnum-PSI plasma and connect these changes with the D 
concentration and other surface characteristics determined by nano
indentation and Raman spectroscopy.

2. Experiment

The porous W-O coating (p-W-O) was prepared using the pulsed laser 
deposition (PLD) method described in earlier studies [24]. The laser 
pulses were focused on a W target (purity 99.9%) and the ablated species 
expanded in a high-vacuum chamber (base pressure of 10-3 Pa), where 
an Ar gas with a pressure of 50 Pa was present [30]. The expanding 
species were collected on a grounded circular Mo substrate (diam. 30 
mm) designed for the exposure to Magnum-PSI plasma. The substrate 
was 70 mm away from the target and at room temperature. The first 
layer consisted of 150 nm of dense nanocrystalline W that acted as an 
adhesion layer [21,22]. The adhesion layer was deposited in the same 
run as soon as the base pressure was reached. Then the Ar was intro
duced in the chamber and porous W was deposited [30,31]. According 
to Ion Beam Analysis (IBA) data, the thickness of p-W-O coating 
deposited on the adhesion layer was 0.93 ± 0.02 μm and it contained 50 
at. % oxygen, due to subsequent oxidation in the open air, which is 
facilitated by the pores.

The p-W-O coating was exposed to Magnum-PSI D2-7% N2 plasma for 
2400 s. During the plasma exposure, the magnetic field was kept at 0.8 T 
and the voltage of the target holder was − 40 V. According to Thomson 

scattering measurements, the electron temperature varied between 1.05 
and 1.3 eV and the electron density between 3 × 1019 and 4 × 1019 

cm− 3. The ion flux was approximately 1.4 × 1023 D/m2 and the corre
sponding fluence was 3.5 × 1026 D/m2. The plasma beam had approx
imately a Gaussian shape with a Full Width at Half Maximum (FWHM) 
value of 19–22 mm. The surface temperature was kept at 380◦C.

After the plasma exposure, the sample was moved to the Target 
Exchange and Analysis Chamber (TEAC) without breaking the vacuum. 
The LIBS measurements were carried out at a pressure of 1 mbar Ar 
within 1 to 1.5 h after the plasma exposure. A pulsed Nd:YAG laser 
(1064 nm, 8 ns) was used to produce the laser plasma plume. The flu
ence of the laser beam was 20 J/cm2. The emission of the plasma plume 
was collected by a Czerny-Turner type spectrometer coupled with an 
iCCD camera. The delay time between the laser pulse and the collection 
of spectra was 1300 ns, and the gate width of the iCCD camera was 2000 
ns. The spectral window was used around the 656 nm Hα line from 651 
nm to 661 nm.

NRA and Rutherford Backscattering spectroscopy (RBS) measure
ments were carried out in the ion beam analysis station about 1 week 
after the plasma exposure. All samples were measured at 2000 keV using 
3He ion beam, which was perpendicular to the sample surface. The size 
of the beam was 1 mm × 1 mm and it was positioned approximately 2 
mm away from a corresponding LIBS crater. The spectra were collected 
by the RBS (θ = 170◦, Ω = 0.874 msr) and NRA (θ = 170◦, Ω = 9.423 
msr, 17 × 104 thin film units Kapton foil) detectors positioned at Cornell 
geometry. The collected charge is taken by fitting the RBS spectrum from 
pure tungsten and the NRA spectrum from the 275 nm a-C:D layer. The 
depth resolution, which determines the layer thickness, was calculated 
using RESOLNRA [32]. The depth profiles are calculated in thin film 
units (TFU), where 1 TFU = 1015 at/cm2. The conversion from TFU to 
nm is made assuming pure dense tungsten. Therefore, the actual layer 
thickness in nm for oxidized, porous tungsten deviates from the calcu
lated thickness. Independent of the type of substrate and oxide thick
ness, a maximum of 16,500 TFUs (= 2610 nm in pure W) was simulated 
in NRA spectra and a maximum of 8250 TFUs in RBS spectra. All spectra 
were simulated with SIMNRA [33].

Hardness and elastic modulus measurements were carried out using 
a Bruker Hysitron TI980 triboindenter. The measurements were made at 
5 different locations along the coating surface, starting from the center 
of the sample and extending to the edge of the sample corresponding to 
the unexposed p-W-O coating. The locations are near the black dots as 
depicted in the rightmost picture in Fig. 1, and up to 30 measurements 
were made at each location (Fig. S1). In some cases, the number of 
measurements was smaller due to the technical setup of the indentation 
system. One reason being the creep in piezo-electric elements used for 
the positioning and, occasionally, thermal drift. This mostly influences 
first few measurements of a set and such measurements were omitted 
from the set. These influences can cause the measurement results to 
deviate 20% or even more compared to average results. The second 
reason was that some results were considerable outliers when compared 
to average results (Fig. S2, topmost result). The spacing between single 
measurements was 10 µm to avoid influence between the separate in
dents. Additional measurements were made from the backside of the 
sample to determine the hardness and elastic modulus of the Mo sub
strate. The hardness and elastic modulus were determined from the 
load–displacement curve of a nanoindentation test.[25] The hardness of 
the material is equal to the mean contact pressure, defined as the 
maximum force at the depth divided by the projected contact area at this 
depth. The elastic (Young’s) modulus is calculated from the stiffness of 
the contact, determined from the derivative of the load and displace
ment of the unloading part of the curve [34]. The measurements were 
performed in continuous stiffness measurement mode, giving 60 sepa
rate data points at different depths in each measurement. The tip 
displacement started at 50–70 nm and ended at 600–750 nm. The 
starting and ending depths for a set are shown on Fig. S2. The calibration 
check after the initial calibration of the cube corner diamond tip is 
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shown in Fig. S3. Most measured points were within 70 ± 5 GPa in the 
displacement range of approximately 40 – 450 nm and the results should 
be mainly considered at that range. The fused quartz calibration sample 
has a defined reduced Young’s modulus of 69.6 GPa, where the reduced 
modulus means that the calculations also considered the deformation of 
the tip [34]. Fig. S3 includes data from 8 different measurements.

Raman scattering measurements were carried out with a Renishaw 
inVia Raman micro-Raman setup using a solid-state laser working at 
514 nm as the excitation source. The total laser power at our disposal 
was ≈10 mW. The power was attenuated 20x so that the estimated laser 
power at the sample was approximately 0.5 mW. The setup was equip
ped with an optical microscope and the objectives of the microscope 
were set at a 5x or 50x magnification. The latter allowed the lateral 
resolution of ~ 1 μm.

3. Results and Discussion

Fig. 1 (left) shows the image of the sample immediately after expo
sure to D2-N2 (7%) plasma and craters formed after the LIBS measure
ments. The photo in the middle of Fig. 1 was taken in the TEAC and 
shows the regions of NRA measurements in relation to LIBS craters. The 
Raman spectra were collected at similar positions at a distance of 
approximately 2 mm from the LIBS craters. The photo on the right of 
Fig. 1 shows the positions of nanoindenter measurements. In the last 
image of the sample, the central region of the plasma-exposed surface 
appeared lighter when compared to the outer regions. The appearance of 

darker or lighter areas has also been observed in several earlier studies 
[21,22]. It is a visual optical effect that characterizes the reflection 
properties of the surface and could be due to the changes in surface 
morphology. Changes in color could also be attributed to the changes in 
chemical composition or recrystallization.

3.1. LIBS measurements

Fig. 2 shows the spectra obtained from the crater at the lateral po
sition of 0 mm (3rd spot from left in Fig. 1) for the first three laser shots 
and for the 12th laser shot. Dα and Hα line intensities at 656.1 and 
656.28 nm, respectively, were weak and had signal to noise ratio in the 
range of 5 to 10. This is consistent with the earlier LIBS measurement 
results with a similar p-W-O coating [22]. The Dα line is clearly 
detectable during the first pulse, decreases abruptly during subsequent 
pulses and reaches the noise level after three pulses. In general, the Dα 
line was clearly missing during the 4th and 5th shots. The investigated 
spectral region featured W I lines at 653.23 and 657.39 nm and Mo I line 
at 651.97 nm [35]. W peaks were detectable in the recorded spectra 
during the first 5 laser shots and they were strongest during the 4th and 
5th shots. Mo line started to appear from the 3rd shot and reached nearly 
constant value at 10–12 shots. Together with Mo I line, there appeared 
strong lines at 653.82, 654.46, 655.34, 655.62 and 655.86 nm which are 
missing from the databases [35,36]. We attribute these lines to Mo II. 
The background intensity of the spectrum was characteristically high 
during the first two to three laser shots, which ablated the porous 

Fig. 1. The visual appearance of the coating after LIBS measurements and identification of the position of LIBS, NRA and black spots mark the positions next to the 
nanoindenter measurements.

Fig. 2. LIBS spectra obtained from the LIBS crater at the lateral position of − 6 mm for the first three laser shots and for the 12th laser shot.

I. Jõgi et al.                                                                                                                                                                                                                                      Nuclear Materials and Energy 46 (2026) 102065 

3 



coating. This observation is further discussed in relation to figure 5.
The intensities of W, Mo, D and H lines, which were used for the 

construction of elemental depth profiles, were obtained by fitting the 
peaks corresponding to metals with Gaussian line profile and lines of Dα 
and Hα with a Voigt profile (Fig. 3). The Voigt profile is a convolution of 
a Gaussian profile and a Lorentzian profile. The FWHM value of the 
Gaussian line profile used for fitting the metallic lines was 0.05 nm and it 
corresponded to the apparatus function of the spectrometer. The FWHM 
value of the Gaussian part of the Voigt profile, which was used in the 
fitting of Dα and Hα lines, considered both apparatus function and 
Doppler broadening. The FWHM value caused by Doppler broadening 
depends on the temperature of the plasma plume, which could not be 
determined in the present study due to the lack of suitable W lines. The 
FWHM value due to Doppler broadening, which varies from 0.036 to 
0.05 nm for Hα and 0.025 nm to 0.036 for Dα when assuming electron 
temperature in the range of 0.5 to 1 eV. This temperature range is ex
pected due to the relatively long delay time and low gas pressure used 
[37,38]. The FWHM value of Gaussian profile which also considered the 
apparatus function remained within 15% in the used temperature range. 
The FWHM value of a Lorentzian profile was used as a fitting parameter 
to obtain the best coincidence between the experimental and Voigt 
profiles. The FWHM value of the Lorentzian profile was 0.11 ± 0.03 nm 
for the first 3 laser shots and it decreased to 0.065 ± 0.005 nm for 
subsequent laser shots. In here, the uncertainty was mainly influenced 
by the fitting accuracy which was estimated by varying the FWHM value 
manually and estimating the upper and lower values which resulted in a 
reasonably good visual fit of the Dα and Hα peaks. The variability of 
FWHM values determined by using automatic fitting algorithm at 
different spots was approximately 20%. The Lorentzian line shape is the 
result of the Stark effect and the FWHM value of the line can be used to 
determine the electron density [39]. The FWHM values of 0.1 nm and 
0.07 nm corresponded to the electron densities of approximately 9 ×
1015 cm− 3 and 4 × 1015 cm− 3, respectively.

LIBS depth profiles averaged over all six measurement spots on the 
sample surface (Fig. 4) show that Mo line originating from the substrate 
appeared after 3 shots and increased to a stable value after 10 shots. The 
number of laser shots required to reach half of this stable value was 6–7 
and this value was used as the number of laser shots required to reach 
the Mo substrate. This method is used because the ablation in the center 
of the LIBS laser beam is larger than at the sides of the beam and 
therefore the number of laser shots required to reach the Mo substrate 
varies along the crater [40]. The W intensity was approximately two 
times higher at 4–5 laser shots when compared to the first three laser 
shots, and this depth is attributable to the 150 nm W interlayer as 

described in earlier studies [21,22]. The Dα line intensity was highest 
during the first laser shot and then decreased to the detection limit in the 
W interlayer. At higher laser shot numbers, a weak line at the position of 
the Dα line at 656.1 nm appeared again. This line may also correspond to 
other elements, such as a weak Mo line not listed in databases because it 
correlates with the Mo line intensity. Note that the O intensity is not 
shown in the depth profile because of the limited spectral range of the 
spectrometer.

The background intensity level in the wavelength region between 
655.9 and 657.5 nm, below the Dα and Hα lines (shown in Fig. 3 by a 
black line) is shown as a function of the laser shot number in Fig. 5a. The 
background intensity was higher during the first three laser shots and 
then decreased to a low level when the dense W interlayer was reached. 
Such behavior of background intensity was also observed in earlier 
studies with p-W-O, c-W-O and c-W coatings [21,22] but was not pre
viously reported. The average background intensity during the first 
three laser shots is shown in Fig. 5b as a function of position along the 
sample. The average intensity is somewhat lower in the central region of 
the sample, which appeared lighter in the photos. Increased background 
intensity can be the result of higher radiative recombination [41]. An 
alternative explanation could be the blackbody emission of droplets 
formed due to the ablation of nonevaporated porous material. In either 
case, the increased background emission intensity can be attributed to 
the porous W-O material with its higher ablation rate. It has been pre
viously demonstrated that plasma exposure changes the crystal size, 
strain and hardness of tungsten, which has an impact on LIBS plasma 
plume properties and line intensities [27,28].

3.2. Comparison of LIBS and NRA measurements

The examples of LIBS depth profiles obtained at specific measure
ment spots are compared with the NRA/RBS depth profiles obtained at 
adjacent spots on the sample surface (Fig. 6). RBS depth profiles show 
approximately 950 nm thick W-O layer on a well-distinguished pure 
150 nm thick W interlayer. The RBS measurements showed that the 
concentrations of O and W were approximately 50 at. % in the porous W- 
O layer. According to the NRA results, deuterium was mostly found in 
the 200–300 nm thick surface layer of W-O and the concentration of D 
varied between 0.8–3 at. % depending on the position along the sample 
surface. Somewhat lower D concentration, between 0.1–0.3 at. %, was 
detectable deeper in the p-W-O coating up to the W interlayer. NRA 
measurements did not detect D in the Mo substrate, which supports the 
assignment of the line at 656.1 nm observed at shot numbers above 10 to 
an unknown Mo line. The surface W-O layer with the highest D con
centration contained slightly more W and less O with the difference of 
7–9 at. % (Fig. 6d-f). One possible explanation for the lower O content at 

Fig. 3. Determination of Dα and Hα line intensities and background intensity by 
fitting the spectrum with Voigt profiles. The spectrum corresponds to the first 
laser shot at position − 6 mm. Black circles show the experimental results, black 
line the background intensity, blue lines the theoretical Dα and Hα line in
tensities and red line the sum of the calculated line intensities. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 4. LIBS depth profiles of p-W-O coating and 150 nm W interlayer on Mo 
substrate averaged over six measurement spots along the sample surface. LIBS 
depth profiles show the intensity as a function of laser shot number. The error 
bars show the standard deviation over the six measurement spots.
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the coating surface is the reduction of O during the exposure to D plasma 
[42].

In general, LIBS depth profiles corresponded reasonably well to the 
NRA/RBS depth profiles but were less accurate. Unlike previous LIBS 
studies, which investigated similar plasma-exposed coatings [21,22], 
the W lines were relatively strong allowing for a clear distinction be
tween the p-W-O layer and the W interlayer. The average laser ablation 
rate of the p-W-O layer was estimated by dividing the coating thickness 
determined by RBS by the number of laser shots required to reach the W 
interlayer. This number was between 3 and 4. The corresponding abla
tion rate was 220 to 310 nm/shot for p-W-O. The number of laser shots 
required to ablate the dense W interlayer was between 1 and 2 and the 
corresponding ablation rate was 70 to 150 nm/shot. These values are 
consistent with the ablation rates of similar coatings determined in 
previous studies [21,22].

The observed highest Dα line intensity value during the first laser 
shot is consistent with the highest D concentrations in the 200–300 nm 
surface layer according to NRA, assuming an ablation rate of 200–250 
nm per shot. The peak value of Dα line was approximately 5–10 times 
larger than the standard deviation of the background noise at wave
length range 652.07 to 652.30 nm where lines were missing. The D 
concentration at the surface varied from 0.8 to 3.0 at. %. The resulting 
LOD value was approximately 0.5 at. % for the used LIBS parameters.

The D concentration in the topmost p-W-O layer with a higher D 
percentage determined by NRA is shown in Fig. 7 as a function of po
sition along the sample surface together with the D/W line ratio deter
mined by LIBS. The line ratio was calculated with the D intensity of the 
first laser shot and the W intensities averaged over the first 5 shots. This 
approach was chosen because the W line intensities during the first laser 
shot were not sufficiently strong to be used for normalization. The W 
intensity value over 5 shots is a measure of total W in the layers and the 
averaging over 5 shots allows to improve the signal-to-noise ratio. The 
NRA and LIBS results are generally consistent along the sample surface 
and show an increase in D concentration from one side to the other. This 
could be the result of asymmetric cooling of the sample due to the 
asymmetric clamping on the sample holder. There was no clear corre
lation with the visual appearance of the sample surface. It must be noted 
that at single position (6 mm), LIBS results deviated from the trend. 
However, considerable variation in D intensities has also been observed 
in our previous study [23]. It may be related to the uneven distribution 
of D on the surface, as also observed in a study by PIXE [43]. The con
centrations determined by NRA (0.8–2.5 at. %) were of the same order of 
magnitude but somewhat larger than in our previous study (0.2–1.5 at. 
%), where p-W-O coating was exposed to D2 plasma at similar conditions 
(plasma parameters, fluence and surface temperature) [22]. According 
to previous studies [44], the D retention is expected to increase when the 
tungsten coatings are exposed to nitrogen-containing plasma. However, 
previous studies were conducted with metallic tungsten and thorough 

studies with p-W-O coatings are still lacking.

3.3. Surface hardness and elastic modulus measurements

The hardness and elastic modulus as a function of indenter tip 
displacement are shown in Fig. 8 for the p-W-O coating at position 1 and 
for the Mo substrate. There were up to 30 measurements at each location 
(Fig. S1 in the Appendix). The average hardness of bulk Mo was 2.7 GPa, 
which is comparable to the value found in another study [45]. The 
hardness of Mo at depths of 50–100 nm varied considerably, from 5 to 
10 GPa. Similarly, the hardness of the p-W-O at the surface varied from 
10 to 17 GPa, while the value at a depth of 400–500 nm was approxi
mately 7 GPa. The average value of the elastic modulus of Mo was 285 
GPa, close to the value of the expected bulk modulus of 320 GPa [46]. 
The elastic modulus of p-W-O coating varied from 115 to 150 GPa 
depending on the position on the surface and was about two times 
smaller than the modulus of bulk Mo or different W materials used in 
fusion applications [47]. The measured elastic modulus values were 
comparable with the elastic modulus of approximately 150 GPa deter
mined for similar WO coatings by Surface Brillouin Spectroscopy [11]. 
For sputtered W-O compounds, it has been shown that the hardness and 
Young’s modulus depend strongly on the O/W ratio and reduced to 7 
GPa and 150 GPa respectively for WO2 and WO3 [48,49]. Previous 
studies have also shown that higher porosity results in lower hardness 
and modulus [50,51].

The increase in the value of the elastic modulus with increasing tip 
displacement can be related to the material pile-up near the tip during 
the indentation (Fig. S4 in the Appendix). Pile-up increases the contact 
area and volume between the material and the diamond tip, thereby 
increasing the force required for deformation, which in turn results in 
higher moduli values [52,53]. The local features present in the inden
tation area are also important and are a likely reason for the variation of 
hardness and moduli at different positions. The modulus and hardness 
are lower when indenter tip is placed at a higher surface where the 
mechanical contact area is smaller and critical mechanical stress for 
plastic deformation is achieved at lower forces. The reverse situation, 
where the tip is between surface features, results in the measurement of 
higher modulus and hardness [54]. The effect of roughness is especially 
important at low values of indentation displacements. In addition to the 
effect of surface roughness, the non-uniform material structure related 
to the porosity could also influence the results. For instance, if the 
contact area or material density changes, it will lead to a different 
condition regarding the deformation and indentation in general. The 
density change can occur when the pores collapse under applied load, or 
the pore walls are crushed. Due to the effect of the described factors, the 
accurate description of plastic deformation mechanics is very difficult to 
give for the porous samples.

For comparison of the moduli at different distances from the sample 

Fig. 5. Background intensity in the wavelength range of 655.9 to 657.5 nm around Dα and Hα lines in the region of 656 nm (a) as a function of laser shot number for 
the crater at 3 mm and (b) average value over the first three shots as a function of position along the sample surface.
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center, measurements near a specific position were averaged over all 

results and at a comparable tip displacement. Fig. 9a shows the results 
for different locations along the coating surface and the value for the Mo 
substrate. The modulus of the p-W-O coating somewhat increased to
wards the center of the sample. The average hardness at the depth of 
100 nm also increased from 7 to 11 GPa towards the center of the 
sample, but still this effect was within the significant variation of the 
hardness values (Fig. 8a). Deuterium plasma exposure has been shown 
to result in tungsten embrittlement by increasing hardness and reducing 
the elastic modulus [26,55]. The growth of the elastic modulus in the 
central region suggests that the plasma exposure also caused the 
densification of the porous W-O surface. The increased material hard
ness and modulus after ion implantation have also been observed in 
other studies [56,57].

A negative correlation occurred between LIBS background intensity 

Fig. 6. LIBS (a-c) and NRA/RBS (d-f) depth profiles of p-W-O coating and 150 nm W interlayer on Mo substrate determined at three positions along the sample 
surface. LIBS depth profiles show the intensity as a function of laser shot number, while NRA/RBS depth profiles show the atomic concentrations as a function of TFU 
(Thin Film Units with 1015 at/cm2) and depth in nm corresponding to the stoichiometric W-O layer. The red lines show D, blue lines W, grey lines O and yellow lines 
Mo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. LIBS D/W ratio and NRA D in at. % at different positions along the 
sample surface (positions shown in Fig. 1).
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and modulus. The LIBS background intensity was an order of magnitude 
higher in p-W-O when compared to the Mo substrate (Fig. 9b). At the 
same time, the modulus was approximately two times lower in p-W-O. 
The LIBS background intensity of p-W-O coating slightly increased to
wards the edge of the coating, while the modulus was lower. Therefore, 
the LIBS background intensity correlates inversely with the stiffness of 
the material. It is necessary to carry out more systematic studies with 
various types of coatings to assess the importance of this effect and 
determine the causal relationship between the background intensity and 
the mechanical strength of the material. Previous studies have shown 
porous materials have lower hardness and modulus [(43,44)]. Porous 
materials also have higher ablation rates, as is also apparent in the 
present study. This, in turn, may result in higher background intensity.

3.4. Raman measurements

Raman spectroscopy was used to determine the phase composition of 
the coating and to investigate whether the phase composition of the p- 
W-O coating surface is homogeneous over the entire coating surface or 
influenced by plasma exposure. Fig. 10a shows Raman spectra obtained 
at the outer region of the coating. In these measurements, a magnifi
cation of 5 was used to collect data over a larger area. At the same time, 
the laser intensity was kept low (0.5 mW) to avoid phase changes in the 
W-O coating [29]. Due to the low signal strength, 100 spectra were 
accumulated with the acquisition time of 30 s per spot. Registered 
spectra are similar to the results of other measurements of c-W-O coat
ings prepared by PLD and correspond to amorphous or nanocrystalline 
tungsten oxides [29,58,59]. The spectrum exhibits broad bands at 
200–400 cm− 1, 530 cm− 1, 800 cm− 1 and 930 cm− 1. The most dominant 

Fig. 8. Hardness (a,b) and elastic modulus (c,d) as a function of tip displacement for (a,c) p-W-O coating at position 1 and (b,d) Mo substrate. The graphs show the 
results of 26 (p-W-O) and 29 (Mo) different measurements.

Fig. 9. (a) The average modulus at different positions along the p-W-O surface and on the Mo substrate. The position at 0 mm corresponds to the center of the sample. 
(b) The comparison of the modulus and the LIBS background intensity of p-W-O coating in the center and edge of the sample and Mo.
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feature at 800 cm− 1 is attributable to WO3 nanocrystals and the feature 
at 930 cm− 1 could be attributed to the W=O mode at the grain bound
aries. The higher intensity of this band suggests a larger surface area of 
nanograins [29,58–60]. The nanograin size in similar p-W-O coatings 
has been < 10 nm [30,61]. The broad feature at 530 cm− 1 may be due to 
the formation of WN during the D2-N2 plasma exposure [29]. The 
spectra obtained at the central and edge regions of the sample were 
similar. The intensities of the bands at 300, 800 and 930 cm− 1 were 
divided by the intensity at 1100 cm− 1 to compare the peaks obtained at 
different positions. The ratios are shown in Fig. 9b. The ratio was 
somewhat higher in the center and on one side of the sample, but the 
variation was smaller than that of the D concentration.

Raman measurements may result in recrystallization during the 
measurements when the laser intensity is sufficiently high [29]. At a 
magnification of 50x and high laser intensities (full available power 10 
mW at the time of the experiment), lines corresponding to WO3 crys
tallites (260, 720 and 810 cm− 1) appeared. The sample surface darkened 
in the spot where Raman measurements were made. This ensures that 
the first series of measurements was carried out at sufficiently low in
tensities to prevent considerable recrystallization during the Raman 
measurements.

An additional question was the micro-scale uniformity of the crys
talline composition. Therefore, mapping of a small region of the surface 
was performed at medium laser intensity and magnification of 50x 
(Fig. 11). The size of each measurement spot was 1 µm. There appeared 

to be certain spots where the darkening of the surface occurred. In these 
spots, the Raman spectra contained features corresponding to WO3 
(upper spectrum in Fig. 11). The spectra collected from the rest of the 
investigated area remained almost featureless, corresponding to the 
spectrum of porous W-O. The WO3 formed preferentially in spots that 
were already darker in the microscope image taken before Raman 
measurements (Fig. 11). This suggests that certain regions were already 
crystallized to WO3 or were more prone to recrystallization due to laser 
heating. Such microscopic variation may be related to the variation of D 
retention as observed previously in plasma-exposed tungsten coatings 
by micro-NRA [43].

4. Conclusions

LIBS depth profiles of the investigated p-W-O coating are consistent 
with depth profiles determined by ion beam analysis methods. Notably, 
the LIBS depth profile reveals clearly visible compact W adhesion layer 
between the p-W-O coating and Mo substrate, which is consistent with 
RBS and previous SEM measurements of the coating cross-sections. The 
depth resolution of LIBS measurements remained inferior to that of IBA 
measurements. However, this can be improved by using top-hat laser 
beams and optimizing laser fluence.

The LIBS intensity of D peak remained weak even when D concen
tration exceeded 1 at. % according to NRA measurements with the LOD 
value of approximately 0.5 at. %. Reasonably strong D intensity was 

Fig. 10. (a) Raman spectra registered from the p-W-O coating at 6 mm. (b) The ratio of the intensity of bands at 300, 800 and 930 cm− 1 with the intensity at 1100 
cm− 1 as a function of position.

Fig. 11. Raman spectra registered at different regions of the map correspond either to WO3 (red line) or porous W-O (blue line). Lighter rectangles on the map 
correspond to the spots where Raman spectra had a higher intensity of the WO3 band at 810 cm− 1. The map showing the intensity of the WO3 peak is superimposed 
on the photo of the investigated region with the common scalebar. For easier comparison, the map is somewhat smaller than the photo and is generally darker. 
Lighter squared spots correspond to the higher WO3 band in the Raman spectrum. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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determined only during the first laser shot of a measurement spot. The 
result is consistent with earlier studies, which have demonstrated that 
for dense W and columnar W-O coatings with similar D concentration, 
the LIBS D intensity is an order of magnitude higher. The lateral dis
tribution of LIBS D intensity in the coating followed the D percentage 
determined by NRA. The D intensity varied approximately 2 times in 
different regions of the coating, as determined by both NRA and LIBS. 
There was no clear correlation with the visual appearance of the sample 
surface, but the variation of D concentration along the surface could be 
due to the asymmetric temperature profile along the sample.

The elastic modulus of p-W-O coating was approximately two times 
lower than that of Mo coating. In addition, the modulus and hardness 
decreased towards the edge of the sample. This suggests that the plasma 
exposure densifies the surface of the coating. The modulus had a nega
tive correlation with the LIBS background intensity, which suggests that 
the latter could be used to estimate the elastic modulus and stiffness of 
the coating. More comprehensive studies with various types of tungsten 
coatings are required to clarify this result. Additionally, the fundamental 
causes of the increased background intensity need to be analyzed. Since 
the ablation is also influenced by the hardness of the material, the results 
can lead to a method for the determination of the ablation rate from LIBS 
spectra.

Raman spectra confirmed the presence of porous W-O, which was 
consistent with the expected properties of the investigated coating. The 
Raman spectra obtained along the coating surface with smaller magni
fication were generally similar along the sample surface, suggesting the 
phase composition of the p-W-O coating surface is not strongly affected 
by the spatial variation of the plasma beam. The microscopic differences 
on the surface were revealed when larger magnification and higher in
tensity were used. Most of the surface had spectra corresponding to very 
defective W-O nanocrystals, while certain spots could have some WO3 
crystallites.
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S. Möller, M. Rasinski, M. Reinhart, A. Terra, Y. Torikai, B. Unterberg, Influence of 
plasma impurities on the fuel retention in tungsten, Nucl. Fusion 59 (2019), 
https://doi.org/10.1088/1741-4326/ab235d.

[45] L. Zhang, X. Zhang, N. Li, P. Zhang, X. Mei, Y. Wang, V.V. Uglov, Experimental and 
simulation studies on damage mechanisms of tungsten and molybdenum under 
compressed plasma flow irradiation, Nucl. Fusion 63 (2023) 076010, https://doi. 
org/10.1088/1741-4326/acd016.

[46] K.H. Matucha, R.W. Cahn, P. Haasen, E.J. Kramer, Materials Science and 
Technology: A comprehensive Treatment, Vol. 8, Structure and Properties of 
Nonferrous Alloys, 1996.

[47] S. Krimpalis, K. Mergia, S. Messoloras, A. Dubinko, D. Terentyev, K. Triantou, 
J. Reiser, G. Pintsuk, Comparative study of the mechanical properties of different 
tungsten materials for fusion applications, Phys. Scr. 2017 (2017), https://doi.org/ 
10.1088/1402-4896/aa9292.

[48] N.M.G. Parreira, N.J.M. Carvalho, A. Cavaleiro, Synthesis, structural and 
mechanical characterization of sputtered tungsten oxide coatings, Thin Solid Films 
510 (2006) 191–196, https://doi.org/10.1016/j.tsf.2005.12.299.

[49] I. Moirangthem, S.H. Chen, B.S. Lou, J.W. Lee, Microstructural, mechanical and 
optical properties of tungsten oxide coatings fabricated using superimposed 
HiPIMS-MF systems, Surf. Coat. Technol. 436 (2022), https://doi.org/10.1016/j. 
surfcoat.2022.128314.

[50] X. Chen, Y. Xiang, J.J. Vlassak, Novel technique for measuring the mechanical 
properties of porous materials by nanoindentation, J. Mater. Res. 21 (2006) 
715–724, https://doi.org/10.1557/jmr.2006.0088.

[51] Z. Chen, X. Wang, V. Bhakhri, F. Giuliani, A. Atkinson, Nanoindentation of porous 
bulk and thin films of La0.6Sr 0.4Co0.2Fe0.8O3-δ, Acta Mater. 61 (2013) 
5720–5734, https://doi.org/10.1016/j.actamat.2013.06.016.
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