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Abstract 

Tungsten is one of the prime candidates for a first wall material near the divertor area due to its 

high temperature strength, high thermal conductivity, low erosion rate and low tritium retention. 

The erosion resistance of tungsten to the edge plasmas and transitent events are carefully 

investigatied in a simulated fusion environment. Here, we use the dense plasma focus (DPF) device 

operated in a D2 as a source for pulsed fusion plasma. The tungsten (α-W) substrates with a 

preferential growth direction along (110) plane were used. These pristine W samples were 

nanostructurized using a (i) low-temperature continuous nitrogen RF plasma system and (ii) coated 

with 60 nm tungsten film, using high-temperature argon plasma in a Dense Plasma Focus (DPF) 

device. The low temperature plasma treatment created mesh like porous nanostructure on the 

surface of pristine W with change in crystalline orientation to (200) while the DPF based 
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deposition resulted in nanocrystals decorated surface of 30-50 nm with enhanced (200) orientation. 

The crack propagation and bubble formation during DPF D2 plasma exposure was significantly 

controlled by the surface modification of tungsten. The mesh like structure was modified to form 

loosely bound spherical nanoparticles while the nanocrystals remained tightly bound and grew in 

size with D2 plasma exposure. The better adhesion of the nanocrystals and controlled growth along 

the (200) direction resulted in least change in hardness measurements for the nanocrystal decorated 

samples. Thus, nanocrystal decoration of tungsten with a preferential growth direction of (200) 

can help reduce the fusion induced damage in first wall materials. 

Keywords – Plasma Facing Components, Tungsten, Nanostructurization, Plasma Processing, 

Structural defects, Dense Plasma Focus Device. 

1.  Introduction 

Tungsten is the primary candidate for PFM in the thermonuclear fusion reactors, such as 

International Thermonuclear Experimental Reactor (ITER), as it satisfies different criteria relevant 

to withstanding the harsh thermal and radiation loads present in these reactors [1-4]. The harshest 

conditions exist in divertor area where the plasma is in contact with the PFMs. The peak particle 

flux in the reactor can go to ~ 1024 m-2s-1 and a heat flux of ~ 20 MWm-2 under quasistationary 

operating conditions [5]. Tungsten has been chosen over carbon for PFM in future nuclear reactors 

because of their high temperature strength, good thermal conductivity, low erosion, low tritium 

retention and comparatively low activation under neutron irradiation [4].   

Surface damages are expected to occur in tungsten when exposed to the edge plasma in 

future tokomak reactors such as surface erosion through melting and splashing; bubble formation 

under the surface and near grain boundaries due to helium implantation; surface crack formation, 
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development of arborescent nanostructures due to high energy helium ion irradiation; and neutron 

induced damages like activation and crystal defects [2, 4, 6]. Helium ion irradiation leads to fuzz 

and helium bubble formation which increases surface crack and reduces hardness in W-Y2O3 

alloys [7, 8]. The effect of the thermal load found in fusion reactors on the tungsten substrates have 

been extensively studied. The thermal load can cause changes to the surface morphology of the 

tungsten PFMs [9]. The effect is enhanced in transient loads caused by the plasma disruptions 

(PD),  vertical displacement events (VDE), edge localized modes (ELMs) present in the fusion 

reactors which leads to the surface melting, cracking, dust formation, creep of tungsten surface, 

plastic deformations, etc. [4, 9]. These fusion induced  surface phenomena impedes its mechanical 

properties (like thermal conductivity, hardness and high temperature stability) and leads to 

enhanced sputtering and splashing of the surface of the tungsten [10]. This could make the surface 

brittle with lower thermal shock resistance and thus lead to the failure of tungsten for PFM [11, 

12]. The main challenge would be in managing the transient ELMs from causing thermal damage 

to the tungsten substrates as demonstrated in the simulation studies done by Blanchard et al.[13] 

and Singh et al. [14]. Different strategies like nitrogen or helium cooling are explored to reduce 

the thermal load faced by these PFMs [2, 11]. 

Tailoring the surface microstructure and the crystallography of tungsten is extremely 

important to obtain predictable performance from these materials under fusion conditions [15]. 

Even though it might be difficult to completely prevent surface sputtering at the temperatures of 

interest, the recrystallization mechanism needs to be controlled to obtain structures which have 

mechanical properties like the pristine material. Similarly, crack proliferation can be managed by 

controlling the surface microstructure [16]. In-order to engineer tungsten-based PFM, it is 
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necessary to study the evolution of the microstructure, crystal structure and hardness of tungsten 

with exposure to fusion like conditions. 

Different devices have been used to study the interaction of PFM with fusion relevant 

plasma using different devices like inertial electrostatic confinement [17], linear plasma devices 

(MAGNUM- PSI) [18], cyclotron resonance (ECR) devices [19], plasma guns [20] and high-

power lasers [21]. These devices have shown to effectively simulate some of the attributes of the 

hot edge plasma expected in ITER with ion flux in the range of 1019 -1025 m-3 with fluence up to 

1026 m-2 on the target PFM material with surface temperatures of about 2000 K and power flux of 

10- 30 MW/m2 at pulse durations of up to a few seconds [18]. The DPF device is also capable of 

producing such high ion fluences and neutron loads if operated in its optimal conditions in D2 

environment. The instability accelerated high energy plasma streams created during the pinch 

phenomena, with plasma temperatures of > 1 keV . The ion flux generated by the DPF device is 

1025- 1026 m-3 [22, 23]. The neutron yield of this particular device has been explored in detail in 

an earlier publication and is typically in the range of (1.0 − 1.75) × 108 neutrons/shot [24-26]. 

The ion energy and fluence measurements from this device are reported to be 2.2 −

33 × 106 𝐽𝐽 𝑚𝑚−2  and 2.4 − 7.8 × 1020𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑚𝑚−2 respectively [27] . The DPF device is thus able 

to generate plasma conditions relevant (like the transient events) expected in ITER for testing the 

performance of PFM materials where the flux and fluence can go higher than the normal operation 

albeit for shorter time scales. 

The present work aims to design the microstructure and surface crystallography which 

might be conducive to operation under the extreme conditions. Surface nanostructurization is one 

of the techniques for improving mechanical properties and prevention of crack proliferation [28, 

29]. Since the stability of the surface structure at high temperatures created in hot plasmas is 
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paramount, the synthesis mechanisms were chosen to be plasma based with increasing synthesis 

temperatures, as explained later, by using low-temperature RF plasma and high-temperature DPF 

plasma. The surface modifications were done at different plasma temperatures and the reliability 

of the microstructure and crystal structure was investigated. Two different plasmas – Radio 

Frequency (RF) plasma system and the dense plasma focus (DPF) device were used to study the 

changes in morphology and crystallography of the tungsten. In the case of RF plasma system, the 

surface modification was done using sputtering while for the DPF device, a sub-100 nm tungsten 

thin film was deposited on the surface with the required crystallography and nanostructures on the 

surface of the deposited layer. The effectiveness of these low- and high- temperature plasma 

treated tungsten substrates with superior surface properties in mitigating damages was studied by 

exposing the treated tungsten to fusion relevant conditions present in the DPF device during D2 

operation.  

2. Experimental Techniques and Methodology 

The tungsten substrates used for this study were PLANSEE double forged in two orthogonal 

directions to maintain a dense and uniform grain structure.  All tungsten substrates before any 

surface treatment were polished using a Struers LaboPol grinding/polishing system so that the 

surface roughness was brought to < 1 µm. These samples will henceforth be called as  

pristine-W, as shown in figure 1. The pristine-W samples were processed in two ways – (1) for 

nanostructurization of the surface of the pristine-W using RF nitrogen plasma, hence forth referred 

as n@W samples, and (2) tungsten thin film deposition on pristine-W using the DPF device, hence 

forth referred as W@W samples. The nomenclature used for naming the samples for different 

treatment conditions is given in table 1. The pristine-W, n@W and W@W samples were finally 
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exposed to fusion-relevant conditions in deuterium operated DPF device to investigate their 

performance, as shown in figure 1. 

  

Figure 1. Flow diagram of the experiments performed. 

 

Table 1. Different types of samples used in this study 

No Treatment Conditions Sample Name 
1 Mechanically polished tungsten samples Pristine-W 
2 Mechanically polished tungsten samples + RF Nitrogen Plasma treatment at 1000 

W, 30 min 
n@W 

3 Mechanically polished tungsten sample + tungsten thin film with surface 
nanostructures deposited using 5 shots of DPF in Ar. 

W@W 

 

2.1. RF plasma system for surface nanostructurization 

Figure 2a shows a schematic diagram for the RF plasma system used for 

nanostructurization, to obtain n@W samples. The pristine-W substrates to be treated were placed 

on a ceramic boat inside a quartz tube reactor of diameter 50 mm. The reactor was evacuated to 

obtain the base pressure of 3.2 × 10-2 mbar. The working gas, N2 was introduced into the chamber 

through a mass flow controller and the flow rate was adjusted to get the required operating pressure 

of 0.7 mbar within the reactor chamber. The RF plasma was created by using two parallel copper 

ring electrodes, kept at a distance of 15 cm apart, mounted on the outer surface of the reaction 

chamber, as shown in figure 2. The RF power (CESAR RF Generator- Model Number 1320) with 

operating frequency of 13.56 MHz was used to create the RF plasma. An auto-matching network 
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was utilized to match the source impedance to the plasma impedance. The samples were exposed 

to different plasma conditions to optimize for the best surface morphology on n@W samples. The 

operating RF power was varied from 600 W to 1200 W with different exposure time (from 15 min 

to 45 min) for nanostructurization. The optical spectra of the plasma was captured using an Ocean 

Optics make USB 4000 series spectrometer for studying the different species present in the 

nitrogen plasma while an Impedans Ltd make spatial Langmuir probe was used for estimation of 

the plasma parameters. Thereafter, the plasma treated tungsten (n@W) samples were subjected to 

surface morphology studies using SEM. 

 

 

Figure 2. (a) Schematic of the RF plasma reactor used for the tungsten surface 
nanostructurization, i.e. n@W samples, (b) plasma temperatures measured using a 
Langmuir probe, and (c) emission spectra of the nitrogen plasma at 1000 W.  
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The plasma temperature were measured using the Langmuir probe for different operating 

powers and flow rates given in figure 2b. The plasma temperature varied with both operating 

pressure and RF power. At lower RF powers, the plasma temperatures were highest at low 

operating pressures and for a given operating pressure, there seems to be a highest temperature 

that can be achieved at a particular RF power. Thus, for any given operational pressure, there 

seems to be an optimal operating RF power. Since the RF plasma is to be used for nanostructurising 

the tungsten substrates (i.e. n@W samples), to establish a good sputtering/etching rate, a high 

plasma density is required along with a relatively high temperature. Thus, for the 

nanostructurization experiments, the operating pressure of the nitrogen environment was fixed at 

0.7 mbar. To understand the ionization states and species existing within the plasma, the optical 

emission spectra (OES) was captured [30]. The near IR-OES spectra of the nitrogen plasma at an 

RF power of 1000 W and 0.7 mbar operating pressure is shown in figure 2c. The spectra shown is 

the molecular spectra of the N2 plasma with mainly the first positive system are seen in the 500 

nm to 700 nm range which includes the transition like those between the electronic states B 3Π̠g 

and A3Σu
+ [31-33] while the peaks 700nm to 900 nm corresponds to the atomic species of N2. The 

triplet peaks at 742.3, 744.2 and 746.8 nm correspond to the 3s4P – 3p4S0 transitions of atomic 

nitrogen. The 3s4P to 3p4P0 transitions which were expected to be in the 818 to 825 nm were not 

prominent while the 3s4P-3p4D0 transition with signatures in the 868 to 872 nm range was 

prominently found in the OES spectra [34]. From the OES spectra it can be ascertained that the 

transitions found within the RF plasma used for nanostructurization contained majorly molecular 

spectra with some amount of atomic spectral lines observed in the 868- 872 nm range. 
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2.2.Dense Plasma Device based surface modification 

The DPF device was used for two different purposes – (i)  depositing a thin film of tungsten 

on the surface of the tungsten substrates (for the W@W samples), and (ii) for creating the fusion 

relevant conditions for studying the performance of the treated (n@W and W@W) and pristine-W 

substrates [11, 35]. For each of these two experiments, the operating conditions present within the 

DPF device were different – for depositing W@W we used argon operated DPF whereas for 

exposure to fusion relevant conditions the deuterium operated DPF was used. A short description 

of the DPF and its effects on similar tungsten substrates were published in previous reports [36, 

37]. The DPF device is unique for material synthesis since the plasma conditions are much 

different from other conventional plasma sources with the plasma energy and temperature being 

much higher than those available in those devices [38-40]. A Lee Code based estimation of the 

DPF pinch plasma parameters and Faraday cup based measurements of ion-energy spectrum in 

DPF device is included in Supplementary information S.1 and S.2. 

A schematic of the DPF device is given in figure 3a. The electrical probe signals for DPF 

used for the W@W deposition is given in figure 3b and DPF used for high-temperature plasma 

damage studies of tungsten samples using D2 plasma is given in figure 3c. For the W@W 

depositions, a copper anode with a tungsten tip was used (shown in inset of figure 3a). The high 

temperature plasma and instability accelerated electron beam generated in the DPF device [32] 

were used to ablate the tungsten at the anode top. The ablated material was then deposited on a 

pristine-W substrate placed at a distance of 23 cm from the anode tip. A comparatively larger 

distance of deposition was chosen so as to eliminate the damage to the exposed pristine-W by the 

instability accelerated forward moving highly energetic ions and hot dense plasma streams 

generated in DPF device [41, 42]. The operating gas used for W@W depositions was Argon and 
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with an operating pressure of 2 mbar. The deposition was done using 5 DPF shots. The pinch 

occurs at the zero crossing of the voltage signal and thus is not at the peak of the current. The 

transient processing of material in this device much more intense because of the extreme plasma 

conditions. Thus, the tungsten layer deposited and processed from the accelerated ions moving 

towards the substrate surface, in multiple DPF shots experiments, is expected to have a crystal 

structure which are stable at higher temperature found in fusion like conditions but without the 

effects caused by helium ions like bubble formation. 
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Figure 3. (a) Schematic of the DPF device used for the tungsten thin film (W@W) deposition 
and for exposure of different sample to the fusion-relevant conditions. Electrical probe signals 
of DPF operated for (b) W@W depositions and (c) fusion-relevant exposure experiment.  
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The second use of DPF device was the exposure of the treated (n@W or W@W) and 

pristine-W samples to the fusion-relevant conditions. For this purpose, the device was filled with 

deuterium gas to a pressure of 4 mbar and a hollow anode was used to minimize the anode ablation 

and deposition of copper and plasma impurities from the anode. The pinch plasma duration is 

expected to last for < 10 ns but the sample is expected to be exposed to the high energy density 

pulsed plasma upto 50 μs since multiple pinches are expected to occur during a single operation 

[43].  

The operating gas pressure was chosen so that optimal pinch can be obtained for 

maximizing the neutron yield. Samples were placed at a distance of 4 cm from the anode and 

exposed to 2 and 4 shots and analyzed for changes in surface morphology, crystallographic and 

chemical structures and surface hardness. The surface temperature of the samples exposed to DPF 

D2 plasma is expected to rise to ~ 2700 K while the bulk temperature is expected not to vary more 

more than 2 - 3°C [44] (See supplementary information section S.3). The values are comparable 

to the simulations done by Pan Zhenying et al for other gases [45] on FePt substrate (on the top 

surface).  

The plasma parameters of the RF and DPF Ar plasma processing and DPF D2 plasma 

exposure are summarzied in table 2.  

Table 2. Parameters of different plasmas used in this study 

 Plasma Temperature (eV) Plasma Density (m-3) 
RF plasma (Langmuir Probe 
measurement) 

2.7 1.8 × 1017 

DPF – Ar plasma (Lee Code simulation 
results in S.1) 

1.57×103 1.4 × 1023 

DPF – D2 plasma (Lee Code simulation 
results in S.1) 

0.50×103 8 × 1023 
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The surface morphology of the tungsten samples before and after the plasma treatments 

was studied using JEOL JSM – 6700F field emission scanning electron microscope (FESEM). The 

thickness of the tungsten thin film on W@W samples were measured using Asylum Research 

Cypher ES atomic force microscopy. The changes in crystallographic and chemical structure due 

to the plasma treatment were studied using Shimadzu XRD-6000 x-ray diffractometer (XRD) and 

a Kratos Axis Supra x-ray photoelectron spectrometer (XPS), respectively. The surface hardness 

of the treated and pristine-W substrates was studied using an Agilent G200 nanoindenter. 

3. Results and Discussion 

3.1. Surface Morphology studies  

The pristine-W samples were exposed to different RF plasma conditions (power and duration) to 

ascertain the best operating conditions needed for n@W sample preparation with best possible 

nanostructured surface. The RF power was increased from 600 W to 1200W and the exposure time 

was varied between 15 minutes to 45 minutes. Figure 4 shows the surface of the pristine-W and 

n@W samples. Nanostructures were visible on the surface of the n@W samples even at the RF 

power of 600 W with an exposure time of 30 minutes, refer figure 4d. However, the 

nanostructuring on the surface of the plasma treated n@W sample was sparse with a few patches 

found at scattered locations on the surface. A good distribution of nanostructures was found on the 

surface of the n@W samples processed at RF power greater than 1000 W with an exposure time 

of 30 minutes or more (figure 4c and 4f). The best exposure condition, based on SEM results, was 

found to be 1000 W RF plasma power with a 30-minute exposure time, refer figure 4e, with 

nanostructures distributed uniformly over of the entire sample surface. The average size of the 

mesh-type porous nanostructures for this sample was found to be 35.13 nm ± 14.77 nm. For RF 

plasma power greater than 1000 W, the elongated nanostructures seemed to be formed on the n@W 
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sample surface along with localized larger damage to the surface. Longer exposure times lead to 

the etching and the removal of the nanostructures from the surface and was thus not selected. The 

n@W sample processed with RF plasma of 1000 W power for 30-minute exposure time, the one 

selected for rest of the studies, is here onwards referred as n@W-1000.   

 

Figure 4. SEM images of n@W tungsten substrates after different exposures to Nitrogen RF 
Plasma for optimizing the operating conditions to obtain the required surface modifications. 

Next, the W@W samples were prepared using tungsten fitted anode in DPF device, as 

explained in experimental section. The typical atomic force microscopy (AFM) image and the 

associated thickness measured is shown in figure 5a and 5b. The thickness of the tungsten thin 

film was 60.8 ± 9.6 nm while the roughness was ~ 20 nm. The surface morphology of the W@W 

sample is shown in figure 5c. The surface is relatively rough and covered with nanocrystals with 

size varying between 30 – 50 nm. In addition, several bigger sized, ~ 80-100 nm, nanoparticle 

agglomerates can also be seen on the surface. The use of multiple (5) focus shots for deposition 

led to the formation of larger sized (80- 100 nm) agglomerates due to increased energy fluence of 
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DPF plasma even though the deposition was carried at significantly larger distance of 23 cm from 

the anode top. 

  

(a) (b) 

  
(c) 

Figure 5. (a) 3D color map of the sample surface and (b) thickness of the tungsten layer deposited 
and (c) surface morphology for the W@W samples.  

The pristine-W, n@W-1000 and W@W samples were then exposed to fusion-relevant 

conditions in DPF device, as shown in flow chart in figure 1, under operation conditions discussed 

in later part of section 2.2.  The SEM images of D2 plasma exposed samples, in figure 6, show that 
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the response of pristine-W, n@W-1000 and W@W samples is different. Initiation of damage in 

pristine-W samples were observed due to exposure to plasma relevant conditions just after 2 shots 

of D2 plasma, similar to those found in literature [10, 46]. The high thermal load from the pulsed 

plasma was effective in sputtering the surface of the pristine tungsten. The surface was covered 

with a thin bound layer of nanoparticles. The initiation of the surface nanostructure formation is 

seen after 2 shots, refer figure 6a(ii), which are clearly distinguishable after 4 shots as seen in 

figure 6a(iii). The modification of nanoporous mesh like structure of the n@W-1000 samples after 

exposure to 2 shots of  D2 plasma is seen in 6b(ii) and b(iii). The number of bubbles observed on 

the surface was lesser compared to the pristine samples. The thin layer of nanostructures was easily 

identifiable even for the 2 shot exposed n@W-1000 samples. After 4 shots of D2 plasma, the 

surface of n@W-1000 was completely covered with spherical nanoparticles of 68.6 ± 6 nm size 

(as opposed to nanostructures in pristine samples). These nanoparticles seem to be loosely bound 

to the surface possibly due to the porousness of the n@W-1000 before exposure.  

The surface morphology of the unexposed W@W samples showed that the surface of the 

sample was rough with nanoparticles of ~ 30-50 nm along with larger agglomerates of ~100 nm, 

as seen in figure 6c(i). After exposure to 2 and 4 shots of D2 plasma, refer figure 6c(ii & iii), it was 

seen that the tungsten thin films still survived. Similar to the exposures of n@W-1000, very few 

cracks and bubbles were seen after D2 plasma exposure. The feature size of the nanostructures on 

the surface seems to be growing with increasing number of DPF shots, with the average particle 

size growing from 39.4 nm ± 8.4 nm for unexposed W@W (figure 6c(i)), to 45.3 nm ± 12 nm after 

2 shots (figure 6c(ii)) and to 64 nm ± 14 nm after 4 shots (figure 6c(iii)). It may be noted that D2 

plasma exposure was done at very close distance of 4 cm from the anode top which would result 

in much larger energy deposition on the W@W sample. This would lead to surface melting and 
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resolidification of the W@W surface with nanoparticle formation and the nanoparticle size will 

increase with increasing number of shots, as observed. Thus, instead of a loosely bound 

nanostructures on the surface like in the case pristine-W and n@W-1000 samples, the W@W 

supported the resolidification of the nanostructures and their subsequent growth with number of 

shots. SEM images of the cross section of the pristine-W, n@W-1000 and W@W samples along 

with the associated Energy Dispersive X-ray (EDX) analysis is given in section S.4 of the 

Supplementary information. 

 

 
 
Figure 6. Surface morphology studied using SEM of (a) pristine-W, (b) n@W-1000 and (c) 
W@W. SEM images with (i) are the samples before exposure to deuterium plasma, (ii) after 
two shots of D2 plasma and (iii) after 4 shots of D2 plasma in the DPF device. 
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3.2. XPS Characterization 

The characterization of the pristine-W, n@W-1000, and W@W samples before D2 DPF 

plasma exposure was done using the X-ray Photoelectron spectroscopy (XPS) and are shown in 

figure 7. Since nitrogen plasma was used for the RF plasma treatment in n@W-1000 samples, the 

XPS spectra corresponding to nitrogen are given as figure 7b. Moreover, due to the presence of 

residual gaseous impurities in DPF and RF plasma device as only rotary vane pump was used to 

create vacuum and also due to the exposure of the samples to atmospheric condition, the oxidation 

of the samples is expected. The spectra were corrected using the carbon binding energy peak, of 

the adventitious carbon, at 284.9 eV [47]. 

For the pristine-W samples, 4 different peaks were observed in the XPS spectra 

corresponding to tungsten as shown in figure 7a. The 4f7/2 and 4f5/2 peaks at 31.5 eV and 33.0 eV 

respectively correspond to metallic tungsten, and are similar to those found in literature [48, 49]. 

The binding energy peaks at 35.5 eV and 37.5 eV correspond to oxide phase of tungsten, WO3, 

indicating the surface oxidation of the tungsten due to the exposure to atmospheric conditions 

which also matched with literature [50]. Similar set of tungsten binding energy peaks are also 

  
(a) (b) 

Figure 7. XPS spectra corresponding to (a) tungsten and (b) nitrogen peaks for pristine-W, 
n@W-1000 and W@W. 
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observed for the n@W-1000 samples, indicating chemical states in this sample like that of pristine-

W sample. The nitrogen spectra of the pristine-W and W@W, in figure 7b, show a broad and 

relatively weak peak around 400 eV which corresponds to the atmospheric nitrogen adsorbed to 

the surface while the n@W-1000 shows a clear and relatively strong peak at 396.3 eV which 

corresponds to W2N phase indicating the formation of tungsten nitride on the surface due to the 

nitrogen RF plasma processing of this sample, which also matches with literature [51]. The W2N 

phase formation is also confirmed using the XRD scan in detector mode, which is included in the 

Supplementary Information  S.5. The presence of W2N phase supports the increased hardness of 

the n@W-1000 samples compared to other two samples.  

3.3.Crystallographic studies 

The XRD patterns of the pristine-W, the n@W-1000 and the W@W samples were studied 

to understand the changes to the tungsten crystal structure before and after exposure to four D2 

DPF shots. The measurements were done using a locked coupled scan. The diffraction patterns 

were recorded for 2θ values from 35° to 75° for all the sample types and are shown in figure 8. 

The pristine-W substrates show a body centered cubic structure (α-W) with peaks corresponding 

to (110), (200) and (211) diffraction planes with 𝑙𝑙𝑚𝑚3𝑚𝑚 space group and the unit cell dimensions 

of a = 3.16 Å (which matches with International Crystallographic Scientific Data id - 43421). The 

pristine-W sample shows preferential growth along (110) plane, as seen in figure 8a(i). The peaks 

at 44.24° and 64.38°, marked by *, are attributed to the sample holder [52]. More information 

regarding this can be found in Supplimentary information section S.6. The n@W-1000 shows 

growth along different planes with larger peaks for the (200) and (211) planes (marked in figure 

8a(ii)). The prominent (110) peak for the pristine-W samples shows a lower relative intensity in 

the n@W-1000 samples. The W@W shows a continuing trend from the n@W-1000 samples as 
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shown in figure 8a(iii). The peaks corresponding to the (200) and (211) planes have higher 

intensities, with (110) becoming the preferred orientation. This can be related to the treatment 

conditions since the W@W samples were produced using higher plasma temperature (1-2 keV 

during the pinch phase, [22]) compared to the 5-6 eV (as seen in figure 2b) available in the RF 

plasma system. No additional peaks were observed in the nW-1000 or W@W samples 

corresponding to nitride or oxide as seen in XPS. Thus, the nitride peak is expected to be confined 

to the top few layers of the nW-1000 or W@W respectively.  

  
(a) Before D2 exposure (b) After D2 exposure 

Figure 8. XRD spectra of pristine-W, n@W-1000 and W@W (a) before and (b) after exposure 
to D2 plasma. 

 

The XRD patterns of the pristine-W, n@W-1000 and W@W samples after exposure to 4 

shots of D2 plasma using the DPF device are shown in figure 8b.  The exposure to fusion relevant 

35 40 45 50 55 60 65 70 75

(211)(200)

 

 
 Pristine-W

(110)

(i)

(ii)

(iii)

 

 n@W-1000

 

2θ

 W@W

* *

* Substrate holder peaks

35 40 45 50 55 60 65 70 75

(iii)

(ii)

 

 

 Pristine-W(i)

 

 n@W-1000

 

2θ

 W@W

(110) (200) (211)



20 
 

conditions seems to promote preferential surface growth along (200) diffraction plane as all the 

samples showed higher diffraction peak intensities for this orientation. The D2 plasma processed 

pristine-W sample, in figure 8b(i), shows an increase in the intensities for (200) and (211) plane 

and a reduction in the intensity of the (110) plane which was the preferential growth direction 

before exposure. A similar trend is seen for the n@W-1000 sample, wherein the preferential along 

the (200) direction is further consolidated after D2 plasma processing, as shown in figure 8b(ii). 

However, the W@W sample before and after the 4 D2 DPF shots, refer figure 8a(iii) & b(iii), does 

not show any significant change in major diffraction peaks corresponding to (110), (200) and (211) 

planes, while the intensity of (110) planes have reduced. Hence, crystallographically the W@W 

sample seems to be more stable under exposure to D2 plasma. 

3.4.  Surface hardness measurements 

The hardness measurements of the different samples before and after exposure to 4 shots 

of D2 DPF plasma were done using a nanoindentor. The measurements were done at 10 different 

points on the surface of each sample type. The displacement of the indentor was set to 100 ± 20 

nm, as the hardness measurements beyond this depth may converge to those of the pristine-W 

samples. The typical load required for the displacement of the indentor into different depths of the 

different types of unexposed samples can be seen in figure 9a. For the targeted indentor 

displacement of 100 nm, the load required was the lowest for the pristine-W followed by W@W 

and the n@W-1000 samples required the highest load.  The hardness vs displacement of the 

indentor of the pristine-W, n@W-1000 and W@W was also plotted to ensure that the measured 

hardness at 100 nm was not due to spurious surface effects, as shown in figure 9b. The hardness 

of all the samples increased with displacement up to 25 - 50 nm. For the pristine-W samples, the 

hardness values saturated at about 80 nm. The n@W-1000 and W@W samples showed a gradual 
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reduction in their hardness which seem to be approaching the pristine-W hardness value at larger 

displacement. The hardness of the W@W sample converged with the pristine-W sample at ~ 80 

nm displacement and those of n@W-1000 sample seem to converge at a depth of ~ 150 nm (by 

extrapolation).  The convergence of hardness of W@W with pristine-W sample at its saturated 

value at about ~ 80 nm is understandable as the measured thickness of the tungsten film on W@W 

sample (as mentioned in section 3.1) is closer to this value. The extrapolated convergence of 

hardness values for n@W-1000 at about 150 nm indicates that the effect of RF plasma processing 

were to a larger depth. Thus, a representation of the hardness of the material for the n@W-1000 

and the W@W samples are those within the 50-100 nm displacement. The average hardness values 

are calculated in this displacement range and averaged again for the 10 measurement points for 

each of the samples. These average values are tabulated before and after exposure to the D2 DPF 

plasma shots and given in figure 9c. 

 The hardness values of the unexposed W@W and n@W-1000 samples are 16.44 GPa and 

10.93 GPa respectively, as seen in figure 9c. These values are larger than those of the pristine-W 

substrates which has a hardness value of 9.89 GPa. The largest hardness of n@W-1000 could be 

because of the nitride phase formation, as seen and discussed in XPS results later, due to the 

prolonged nitrogen RF plasma treatment. Exposure to the high energy density plasma created by 

the focused D2 shots of the DPF device at a close distance of 4 cm from the anode top has created 

extensive damage to the top layers of all the samples which is indicated by the reduction in the 

hardness values after exposure (green bars in figure 9c). The hardness of the pristine-W and n@W-

1000 samples after 4 D2 plasma shots are statistically similar. The reduction in hardness after 

exposure to the D2 DPF shots was least for the W@W samples and thus, these samples performed 

the best under exposure to fusion-relevant conditions. The hardness measurements correlates well 
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with the stable surface morphology and crystal structure observed for the W@W samples after 

exposure 4 D2 DPF shots.  A summary of all the material properties measured of pristine-W, n@W-

1000 and W@W samples are given in table 3. 

0 50 100
0

1

2

3

4

5

Lo
ad

 O
n 

Sa
m

pl
e 

(m
N

)

Displacement (nm)

 Pristine-W
 n@W-1000
 W@W

 
0 50 100

0

10

20

H
ar

dn
es

s 
(G

Pa
)

Displacement (nm)

 Pristine-W
 n@W-1000
 W@W

 
(a) (b) 

Pristine-W n@W-1000 W@W
0

5

10

15

20

H
ar

dn
es

s 
(G

Pa
)

 Before exposure
 After 4 shots 

 
(c) 

Figure 9. (a) Load- displacement curve and (b) variation in hardness with depth; for different 
samples before D2 DPF exposure. (c) Surface hardness of pristine-W, n@W-1000 and W@W 
samples before and after exposure to 4 shots of D2 plasma. 

 

Table 3. Properties of the different types of tungsten synthesized. 

No. Sample Property Pristine-W n@W-1000 W@W 
1. Average Surface feature size 

(nm) 
No nanostructures 

observed 
35.1 ± 14.7 72.2 ± 15.2 

2. Hardness (GPa) 9.0 ± 1.3 16.4 ± 1.5 10.9 ± 0.7 
2. Youngs Modulus (GPa) 322.4 569.5 384.8 
3. Approximate Impurity 

Content using EDX (%) 
1.9 1.9 2.6 
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4. Conclusions 

In this paper we have systematically investigated the effect of low- and high- temperature 

plasma pre-processing of tungsten (α-W) substrates, pristine-W, on their response to the exposure 

to fusion-relevant D2 plasma in DPF device. To do this, the pristine-W samples were pre-processed 

(i) using a low-temperature continuous nitrogen RF plasma system at 1000 W for 30 minutes (the 

n@W-1000 samples), and (ii) using high-temperature transient argon plasma together with 

tungsten coating in Dense Plasma Focus (DPF) device (the W@W samples). The pristine-W, 

n@W-1000 and W@W samples were then exposed to multiple fusion-relevant D2 plasma in DPF 

device at closed distance 4 cm from the anode top. The changes in morphology, crystalline and 

chemical structure, and surface hardness of the pristine-W, n@W-1000 and W@W samples were 

studied before and after exposure to fusion-relevant conditions. Pristine-W samples demonstrated 

surface cracks, bubble formation and nanotendril formation upon exposure to D2 DPF shots. The 

surface nanostructurization of n@W-1000 and nanoparticle decoration of W@W samples was 

found to be an effective way to reduce crack formation and bubble formation. The n@W-1000 

samples seem to have reduced fuzz while the W@W did not show any fuzz formation after 4 shots 

of D2 DPF plasma. The W@W samples showed the least changes in its crystal structure after 

exposure to D2 DPF plasma. This might be because the deposition of the tungsten thin film in the 

case of W@W was done using high-temperature (~1-2 keV during the pinch phase) plasma 

produced in DPF compared to 5-6 eV plasma of RF system used for the n@W-1000 samples.  

The hardness measurements of different samples showed the RF plasma treatments 

affected about the top 150 nm for the n@W-1000 samples. The W@W samples synthesized using 

the DPF plasma showed increased hardness up to 80 nm depth before converging to pristine-W 

hardness values, which correlates well with the thickness of the tungsten film deposited on W@W. 
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The average hardness of the n@W-1000 samples was much higher than the pristine tungsten 

samples which could be because of the WN2 phase formation during the nitrogen RF plasma 

treatment. All the samples showed a reduction in hardness after exposure to D2 DPF plasma shots. 

The exposure to focused DPF shots of D2 plasma at a close distance seems to have affected the 

surface substantially. The minimum change in average hardness value was found to be for the 

W@W samples which had similar crystal structure before and after the exposure to 4 D2 DPF 

plasma shots. Hence, we conclude the high-temperature transient plasma processing together 

tungsten nanoparticle decoration using DPF device provides a better tungsten substrate as first wall 

material for fusion reactor.  
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