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Abstract: The results of a tungsten–niobium alloy synthesis by the impact of pulsed compression
plasma flows are presented. Tungsten plates with a 2 µm thin niobium coating were treated with
dense compression plasma flows generated by a quasi-stationary plasma accelerator. The plasma flow
with an absorbed energy density of 35–70 J/cm2 and pulse duration of 100 µs melted the niobium
coating and a part of the tungsten substrate, which caused liquid-phase mixing and WNb alloy
synthesis. Simulation of the temperature distribution in the top layer of the tungsten after the plasma
treatment proved the formation of the melted state. Scanning electron microscopy (SEM) and X-ray
diffraction (XRD) were used to determine the structure and phase composition. The thickness of the
WNb alloy was 10–20 µm and a W(Nb) bcc solid solution was found.

Keywords: tungsten; niobium; WNb alloy; plasma mixing; compression plasma flow; X-ray diffrac-
tion; phase composition; solid solution; structure

1. Introduction

Tungsten heavy alloys (WHAs) with high melting points, thermal conductivity, high
strength and radiation stability are widely considered promising materials for high-temperature
applications. In particular, the field of new fusion reactor construction is interested in the use of
WHAs for plasma-facing component production or as coatings. Having a high displacement
energy under the ion and neutron irradiation, tungsten-based materials have high erosion
resistance that allows them to be used as plasma-facing materials. The strong requirements for
the first-wall materials, including a high melting point, high strength and radiation stability
of the structure, sufficiently limit the number of potential metals and alloys. The operation
of the thermonuclear chamber with a plasma-localized area surrounded by a magnetic field
implies a high heat flux acting on the wall [1–5]. It provides high rates of heating and cooling
of the surface that result in mechanical stress and destruction. The improvement in the thermo-
mechanical properties of tungsten is still a crucial problem. Pure tungsten has a ductile-to-brittle
transition temperature (DBTT) higher than that for steels and other metals. It is widely accepted
that there are two main factors influencing the DBTT: (i) an intrinsic lack of close-packed planes
in the BCC structure and (ii) the poor cohesion of grain boundaries [6,7].

The limitations of pure tungsten application can be overcome by alloying. Traditional
methods of metal alloys’ synthesis based on heating above the melting point and liquid-
phase mixing have a significant limitation for refractory metals since their molten state
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requires molds with even higher melting points. The methods of tungsten-based alloys’
production usually include powder technologies where fine metal particles are compacted
together at high temperatures [8,9], giving a wide range of the final compositions of the alloys.
However, the formed alloys have a rather high porosity and their radiation resistance is
rather poor. The alloys with a uniform structure have a higher range of practical application.
As the thin subsurface layer plays an important role in the erosion processes, radiation
effects, and mechanical and wear resistance, it is suggested to make an alloy just in the
subsurface layer of any other metal. The alloy will have the physical properties of the base
metal but the surface properties will be modified. The synthesis of the metal alloys on the
surfaces was implemented by means of high-energy pulsed plasma exposure [10,11]. The
plasma streams generated by quasi-stationary plasma accelerators were used to melt the
“substrate/coating” samples. This surface treatment gave a combination of the high energy
density required to melt the metals and the long pulse duration that ensured efficient mixing
of the two molten layers. Compression plasma flows have demonstrated their effectiveness
for the synthesis of Ti-, Zr-, Al- and Fe-based alloys. The modification of tungsten’s surface as
well as WTi alloy formation by means of compression plasma flows was demonstrated [12].

As an alloying element for tungsten, niobium has a high melting point, high corrosion
resistance and low thermal neutron absorption cross-section [13,14]. Alloying of tungsten
with niobium shows good potential since it forms an isomorphous system with tungsten
and does not form any eutectic or brittle intermetallic compounds. Moreover, in the case
of oxidation, niobium oxides are more stable than tungsten oxides [15], thus providing
protection of tungsten’s surface by preferentially forming niobium oxides. The present
work used the pulsed action of compressive plasma flows on the tungsten with preliminary
deposited niobium coating to form a tungsten–niobium (WNb) alloy. This work studied
the structure and phases of the WNb alloy with different Nb concentrations formed by the
impact of compression plasma flows.

2. Materials and Methods

Tungsten samples as plates with dimensions of 10 mm× 10 mm and thickness of 2 mm
were used. The plates were made as bulk tungsten alloy of high purity (W concentration
99.6 at.%, Al, Ti and Fe—0.4 at.%). After surface cleaning, the Nb coating was formed by
arc vacuum deposition in an inert Ar atmosphere. The thickness of the Nb coating was
2 µm. The Nb/W “coating/substrate” system was subjected to the compression plasma
flows (CPF) generated in a magnetoplasma compressor of compact geometry. The plasma
stream was formed in a “residual gas” mode in which a pre-evacuated vacuum chamber
was filled with nitrogen up to the pressure of 3 Torr. The time of stable compression flow of
100 µs was considered as the pulse duration, after which the plasma stream was unstable
and started to dissipate. The samples were placed inside the chamber in a vertical position
10–6 cm from the plasma source. The plasma stream was produced during the gas discharge
between electrodes with the voltage of 4.0 kV. The structure and phase composition of the
materials modified by the plasma flows mainly depend on the heat energy transferred to
the surface layer, and the parameters used provided the absorbed energy density from 35
to 70 J/cm2 [12]. The CPF influence on the Nb/W samples was by three and five pulses
20–30 s apart. The detailed description of the CPF device operation is given elsewhere [16].

The varied absorbed energy density of the plasma impact facilitated forming the WNb
alloys with different Nb concentrations and the composition of the alloys was studied by
energy-dispersion X-ray microanalysis (EDX) on an Oxford MaxN analyser with an accelerat-
ing voltage of 20 kV on a LEO 1455 VP scanning electron microscope (SEM). Both secondary
electrons mode (SE) and back-scattered electrons mode (BSE) were used. This method was
used for both surface and cross-section studies. The error of the tungsten and niobium
contents was not more than 0.5%. The line-scan approach was used to obtain Nb concentra-
tion profile in a depth of the samples The phases of the modified layers in the WNb alloys
were determined by X-ray diffraction (XRD) using an Ultima IV RIGAKU diffractometer
with Bragg–Brentano geometry and Cu Kα radiation (wavelength 0.154178 nm). The lattice
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parameters of the phases were calculated with the diffraction peaks at the highest Bragg’s
angle, so the error in the lattice parameters’ determination was 0.05%.

3. Results
3.1. Temperature Transfer Analysis

Phase transformations in the top layer of the W/Nb system depended on its tempera-
ture and heating/cooling time.

The classical equation of heat transfer with the heat energy flux through the surface of
the sample was used:

∂T/∂t =
(

κ/ce f f ρ
)
∇ · (∇T), (1)

where κ is the thermal conductivity (160 W/m·K for W, 55 W/m·K for Nb), c is the
heat capacity (140 J/kg·K for W, 280 J/kg·K for Nb) and ρ is the density of the target
(19,350 kg/m3 for W, 8570 kg/m3 for Nb). The effective value of the heat capacity ceff
was used instead of c. This transformation of the heat capacity allowed the heat energy
absorption during the phase change to be taken into account [17–19]. The equation implies
continuous increasing of the temperature for temperatures far from the melting point. In
this regard, the heat capacity value is changed as

ce f f = c + λδ(T − Tm), (2)

where c is the real heat capacity of the material, λ is the latent heat energy for phase trans-
formation and δ is the delta function. The delta function δ is expressed as a Gauss function:

δ(T − Tm) =
(

1/∆
√

2π
)

exp

[
− (T − Tm)

2

2∆2

]
, (3)

where ∆ is the temperature range 4K showing the width of the curve.
The energy from the plasma flow was absorbed by the thin layer of the target due to

heat conductivity from the plasma state and the solid target. This was taken into account
by boundary conditions.

For the simulation of the impact of the Nb/W system heated by the plasma stream
with the heat energy of 35–70 J/cm2, the temperature on the surface was highest at the end
of the plasma pulse, i.e., after 100 µs of the pulse beginning (Figure 1b). The temperature
profiles over the depth in the Nb/W system after the CPF impact at the absorbed energy
density of 35–70 J/cm2 are presented in Figure 1a.

Melting of the niobium coating started from the surface at 2740 K and propagated
inside the coating. The absorbed energy density of about 35 J/cm2 was not enough
to melt the niobium coating. Melting of the tungsten substrate should start from the
tungsten melting point, 3690 K. However, the interface between the tungsten substrate
and the niobium coating can be considered as a thin layer with equiatomic concentration
of both elements. The increase in the absorbed energy density up to 55 J/cm2 resulted
in the niobium coating melting without tungsten. The absorbed energy density close
to 70 J/cm2 melted both the niobium and tungsten together. The results were obtained
without assuming a chemical interaction between the tungsten and niobium. According
to the binary phase diagram for tungsten–niobium (Figure 2) [20], the WNb alloy with
equiatomic composition melts in the range from 2600 to 2800 K.

Melting of the substrate can be achieved at the absorbed energy lower than that
obtained by the simulation. The results obtained show that any metal in the top layer with
a lower melting point than the substrate decreased the critical energy required for melting.
The melted layer in the interface allowed niobium atoms to diffuse into the solid tungsten
phase and decrease its melting point.
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Another feature of the pulsed plasma impacts is the high values of the dynamical
thermal parameters in the melted state such as the temperature gradient and cooling rate
(Table 1), which were determined from the temperature profiles.

Table 1. Dynamical thermal parameters of the WNb melt after one pulse of the compression plasma
flow.

Q, J/cm2 Temperature Gradient Near
the Surface (dT/dx), 107 K/m

Cooling Rate Near the
SURFACE (dT/dt), 108 K/s

35 2.1 1.2
55 3.2 2.0
70 4.2 2.3

A high temperature gradient at the beginning of the crystallization process causes
internal mechanical stress in the solid phase. After dissipation of the plasma stream, the
heat energy stops transferring to the metal and the molten metal cools rapidly. The cooling
rate reached the highest value 2.3 × 108 K/s at the absorbed energy density of 70 J/cm2.
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3.2. Structure and Phase Composition

The WNb sample surface after the CPF exposure with the absorbed energy density of
70 J/cm2 is presented in Figure 3 showing that melting and solidification had occurred.

Materials 2023, 16, x FOR PEER REVIEW 5 of 13 
 

 

The melted layer in the interface allowed niobium atoms to diffuse into the solid tungsten 
phase and decrease its melting point. 

Another feature of the pulsed plasma impacts is the high values of the dynamical 
thermal parameters in the melted state such as the temperature gradient and cooling rate 
(Table 1), which were determined from the temperature profiles. 

Table 1. Dynamical thermal parameters of the WNb melt after one pulse of the compression plasma 
flow. 

Q, J/cm2 
Temperature Gradient Near 
the Surface (dT/dx), 107 K/m 

Cooling Rate Near the 
SURFACE (dT/dt), 108 K/s 

35 2.1 1.2 
55 3.2 2.0 
70 4.2 2.3 

A high temperature gradient at the beginning of the crystallization process causes 
internal mechanical stress in the solid phase. After dissipation of the plasma stream, the 
heat energy stops transferring to the metal and the molten metal cools rapidly. The 
cooling rate reached the highest value 2.3 × 108 K/s at the absorbed energy density of 70 
J/cm2. 

3.2. Structure and Phase Composition 
The WNb sample surface after the CPF exposure with the absorbed energy density 

of 70 J/cm2 is presented in Figure 3 showing that melting and solidification had occurred. 

 
Figure 3. SEM-SE-image of the WNb sample surface after the CPF impact with the absorbed energy 
density of 70 J/cm2. 

The wavy relief prevailing on the surface of the treated samples formed when mol-
ten and indicates hydrodynamic flows along the surface. The observed relief confirms the 
temperature on the surface exceeded the melting point of both tungsten and niobium 
after the plasma stream impact, which allowed mixing of the two layers of tungsten and 
niobium. Figure 3 shows a relatively smooth part at the center of the sample, corre-
sponding to the central part of the plasma flow. The wavy relief was more developed on 
the edge of the sample and was associated with the plasma flow spreading along the 
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density of 70 J/cm2.

The wavy relief prevailing on the surface of the treated samples formed when molten
and indicates hydrodynamic flows along the surface. The observed relief confirms the
temperature on the surface exceeded the melting point of both tungsten and niobium after
the plasma stream impact, which allowed mixing of the two layers of tungsten and niobium.
Figure 3 shows a relatively smooth part at the center of the sample, corresponding to the
central part of the plasma flow. The wavy relief was more developed on the edge of the
sample and was associated with the plasma flow spreading along the surface. The high
viscosity of the tungsten melt combined with hydrodynamic motion resulted in mixing of
both the tungsten and niobium melted layers. Such a complex motion of the liquid metals
led to the WNb alloy formation on the top of the sample after the CPF impact.

The tungsten/niobium ratio in the formed WNb alloy was varied by changing the
absorbed energy density of the plasma flow and was analyzed by SEM-BSE (Figure 4).
The CPF impact with the highest absorbed energy density of 70 J/cm2 on the tungsten
with niobium film produced a uniform distribution of both elements in the surface layer
(Figure 4a). The mean niobium concentration in the layer was 4.6 (±0.2) at.%.

At a lower absorbed energy density of 55 J/cm2, niobium distribution on the surface
became less uniform. Figure 4b shows darker and lighter areas with different compositions.
However, the mean niobium concentration on the modified surface was 30 ± 0.3 at.%. For
the absorbed energy density of the plasma flow 35 J/cm2, the difference in contrast in the
SEM image was more obvious (Figure 4c). There were light areas enriched in tungsten with
the 10–15 at.% of niobium concentration. There were elongated darker regions with the
35–40 at.% of niobium concentration. The niobium-enriched areas were directed from the
center of the samples towards the edge that is associated with plasma spreading and liquid
niobium motion.
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There were also cracks after solidification and the cooling solid phase due to the high
temperature gradient and cooling rate. Indeed, according to the heat transfer modeling,
the temperature gradient near the top layer reaches 107 K/m, while the cooling rate is
108 K/s (Table 1).

The depth distributions of niobium depending on the absorbed energy density were
analyzed in cross-sections of the samples using SEM-EDX. The niobium concentration
profiles are presented in Figure 5.
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The results show the depth of the layer with niobium atoms was about 10 µm after
the CPF treatment with the absorbed energy density of 35 J/cm2 (Figure 5a). On the
surface, there was a nonuniform distribution of niobium. The layers with a niobium
concentration of 30 at.% alternated with the layers with 15–20 at.% of the niobium content.
The thickness in such sublayers was 2–3 µm. The appearance of such areas resulted from
insufficient time of the molten state of both the tungsten and niobium metals that made the
mixing ineffective. When the absorbed energy density increased to 70 J/cm2, the niobium
concentration decreased to 4.0 ± 0.2 at.%; however, the depth of the melted and alloyed
layer increased to 20 µm (Figure 5b). Here, a more uniform distribution of niobium over
the depth was observed, where it gradually decreased to 2.0 ± 0.2 at.%. Such a sufficiently
deep melted layer in tungsten was achieved at the high absorbed energy density from the
plasma flow.

The SEM images of the cross-sectional structure of the WNb alloys produced by the
CPF impact show fine columnar growth (Figure 6). The darker contrast of the near-surface
layer in the SEM-BSE mode indicated the presence of a lighter atomic number Nb layer
(Figure 6a). The WNb binary phase diagram [20] (Figure 2) shows that niobium lowers the
melting point of the alloy. Therefore, the niobium-enriched melt had a longer existence time,
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with the regions without niobium being solidified first. As the heat conductivity of the solid
phase is higher than that of the liquid phase, the solid phase of tungsten transferred the
heat energy more intensively than the liquid phase and provided directed crystallization.
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The SEM image (Figure 6b) obtained on the boundary between the unmelted tung-
sten and the melt clearly shows the growth of columnar grains or dendritic structures
perpendicular to the interface. The columnar grains grew as a result of the formation of a
cellular structure after directional solidification. The average thickness of the columns was
50–100 nm. The chaotic tungsten enriched areas appear in the melt because of insufficient
mixing. Fine grains were revealed on the surface of the tungsten in the area where niobium
atoms had been detected (Figure 7).
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The mean size of the cells was about 300 ± 50 nm. The appearance of the cells on the
surface as well as thin columns in the cross-section structure resulted from the instability of
the moving crystallization front.

Figure 8 shows the X-ray pattern of the initial state of the sample, which clearly shows a
set of the diffraction peaks of both polycrystalline phases: tungsten (JCPDS no. 00-004-0806)
and niobium (JCPDS no. 00-034-0370). The diffraction peaks of the tungsten were quite
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narrow, which indicated a high degree of crystallinity. At the same time, the diffraction
peaks of the niobium were wider, which was associated with both a high number of defects
during the coating growth by the vacuum arc method and (WNb) solid solution growth.
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The diffraction peaks of the niobium phase disappeared after the plasma treatment (Figure 9).
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Figure 9. XRD patterns of the WNb alloys formed after three pulses of the CPF impact at different
absorbed energy densities.

The niobium as a separate phase disappeared, and EDX showed that it dissolved in
the W crystal lattice and formed a solid solution. The phase composition of the modified
tungsten was controlled by the niobium concentration as well as the absorbed energy den-
sity during the plasma exposure. Thus, at the highest absorbed energy density of 70 J/cm2,
quite narrow diffraction peaks of tungsten were observed. Their angular positions in the
XRD pattern completely correspond to the positions of a pure tungsten. The calculated
lattice parameter of the bcc tungsten lattice was 0.3165 nm, which corresponds to the
standard value 0.3165 nm.

When decreasing the absorbed energy density of the plasma flow to 55 J/cm2, the amount
of evaporated niobium atoms fell too, and the Nb concentration in the modified layer increased
(Figure 9). The position of the diffraction lines shifted towards the smaller angles, indicating
an increased lattice parameter of the crystal lattice. A similar shift was also observed in
the WNb alloy formed by the plasma flow impact with the absorbed energy density of
35 J/cm2. However, in the last case, the diffraction lines broadened. Deconvolution of the
broad diffraction lines as two Gaussians (with Origin 2023 software) allowed the superposition
of two lines corresponding to two different phases to be found (Figure 10).
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Both diffraction patterns show the presence of relatively narrow diffraction peaks
on the right side, which can be associated with the phase of pure tungsten without any
niobium atoms. Indeed, the lattice parameter equaled 0.3175 nm, which is slightly higher
than that of the standard value. The second line on the side of the smaller diffraction angles
is characterized by a large FWHM (full width at half-maximum), and corresponds to the
bcc phase with the lattice parameter of 0.3202 nm. This broadened diffraction line can
be associated with the niobium solid solution phase based on the tungsten lattice W(Nb).
According to the phase diagram, tungsten and niobium can dissolve in each other in the
solid state in unlimited quantities. Since the main alloying mechanism is connected to the
liquid-phase mixing of two liquid metals, the distribution of the niobium atoms over a
depth of the modified layer was not uniform and that was especially pronounced in alloys
treated with the plasma flow at the lower absorbed energy density of 35 J/cm2. Indeed,
the diffraction line of the W(Nb) solid solution in this processing regime is characterized
by a rather large width due to the inhomogeneity of the composition. Since niobium and
tungsten belong to the groups of transition metals with very dense electron shells, the
electronic structure of the outer electron shells is believed to be sufficiently stable during
the solid solution formation and the atomic radii can be used to explain the change in
lattice parameters. When comparing the atomic radii of niobium (145 pm) and tungsten
(141 pm) [21], the lattice parameter of the W(Nb) solid solution increased with niobium
concentration. The lattice parameter of the W(Nb) solid solution formed by the plasma
impact with the absorbed energy density of 35 J/cm2 increased to 0.3222 nm due to the
rising niobium concentration.

Another way for niobium concentration to change is the pulse number variation. This
effect was confirmed by the plasma impact with the lower value of the absorbed energy
density of 35 J/cm2. The XRD patterns (Figure 11) show both pure tungsten W underneath
the modified layer and solid solution W(Nb) phase formation.

The increase in the pulse number up to five shots made the pure tungsten diffraction
lines more intensive, indicating the decrease in the volume fraction of the W(Nb) solid
solution. It results from a decrease in the total niobium concentration, as niobium was
removed after each shot due to evaporation and erosion. Since the niobium concentration
decreased after five pulses of plasma stream impacts, the lattice parameter of the W(Nb)
solid solution decreased from 0.3222 to 0.3204 nm.
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4. Discussion

The process of plasma stream interaction with a metal surface determines the change
in the surface morphology of the target. After the discharge in the plasma accelerator, the
stream of plasma moves towards the surface of the tungsten sample. Being lighter particles,
the electrons have a higher velocity compared to the ions and the electron wave reaches
the surface first evaporating the thin surface layer from the niobium coating. After this,
the evaporated products, such as neutral atoms and ions of niobium, are held together
near the surface due to the high pressure of the plasma stream. This compressed gas
state of the evaporated atoms is the shock-compressed layer, which plays the role of a
transition area between the plasma stream and the surface of the treated sample. It is
the shock-compressed layer that conducts the heat energy from the plasma stream to the
metal. In this regard, the main part of the energy of the plasma stream transfers to heating
the surface of the tungsten. Due to heat conductivity in the solid state, the maximum
temperature is achieved on the surface and decreases in the depth. During the total time of
the plasma stream impact of 100 µs, the temperature of the surface grows.

The method of alloys synthesis based on the pulsed high-energy impact such as com-
pression plasma flows [10,11], electron beams [22] and ion beams [23] is widely described
elsewhere. In the Nb/W system, niobium has a lower melting point than tungsten, so
the formation of the liquid phase began in the coating at the absorbed energy density of
55 J/cm2. In the energy range from 55 to 67 J/cm2, only the niobium coating melted without
the tungsten substrate. Therefore, such modes of the pulsed impact are not appropriate
for the WNb alloy synthesis. At the energy of 67 J/cm2, the temperature at the Nb/W
interface reached 3000 K and the tungsten substrate began to melt together with the coating.
If tungsten melting occurs at a temperature of (3690 K), the required energy density should
be equal to 67 J/cm2.

The time of existence of the melt at the absorbed energy density of 55 J/cm2 was very
short, not more than a few microseconds, as the melting point of the niobium coating was
reached at the end of the plasma pulse. When the plasma impact on the Nb/W system
had an energy density of 55 J/cm2, the niobium coating started to melt at the time of about
85 µs. The crystallization of the melted state totally finished at 105 µs, so the total time
of liquid phase existence was about 15–30 µs. This time was estimated as the difference
between the time of the beginning and ending of crystallization. The growth of the energy
up to 70 J/cm2 increased the melting time to 70 µs.

The life-time of the melt in the tungsten–niobium system affected the element distribu-
tion on the sample surface. The life-time of the melt produced by the CPF impact with the
absorbed energy density of 70 J/cm2 was 30 µs, whereas it fell to 15 µs with a decreased
absorbed energy density of 55 J/cm2. The latter time was not enough for effective mixing
of tungsten and niobium, so the structure of the solidified layer was similar to a composite.
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The niobium was likely to be collected in separate local jets due to its viscosity and surface
tension. According to the temperature modeling (Table 1), the absorbed energy density
of the plasma flow of 55 J/cm2 with a pulse duration of 100 µs was the boundary value
for niobium melting. However, the experimental results showed the melting process even
at the absorbed energy density of 35 J/cm2. The niobium can significantly decrease the
melting point of tungsten melt.

Since the tungsten has a high brittle–ductile transition temperature (300–400 ◦C), the
surface layer is brittle and destroyed after cooling to the room temperature. It should
be noted that the absorbed energy density influenced the crack density on the surface.
The plasma treatment with 70 J/cm2 provided the highest crack density when the mean
distance between the cracks was about 100 µm. It is the plasma mode that results in the
lowest niobium concentration in the top layer.

The presented SEM images show that cracks originate at a depth and propagate
towards the surface. The shape of the cracks follows the shape of the areas enriched with
tungsten. The crack formation was caused by the presence of nucleation sites at a certain
depth where the crystallization front moves from different sides until the moment of their
collision. However, due to the smaller specific volume of the solid phase compared to the
liquid phase, at the point of collision of the crystallization fronts, there is a lack of a liquid
phase for the continuous growth of the solid phase. Thus, a local decrease in the density
of the solid phase forms cracks. Therefore, it can be assumed that if it were possible to
achieve more uniform mixing of the two components of tungsten and niobium, then this
would lead to the absence of bulk crystallization centers and would form a crystallization
front from the boundary of the unmelted part to the surface, without cracks. Another
reason for the cracks was the difference in Young’s moduli of tungsten (350–400 GPa) and
niobium (90–160 GPa). During cooling of the modified layer, the stresses arising due to
linear expansion in both phases are different.

Since the plasma stream was formed in the nitrogen residual atmosphere, the in-
teraction between the nitrogen atoms resulted in the nitride phases’ growth. The XRD
patterns show the presence of niobium nitride phase δ-NbN with a cubic crystal lattice. Al-
though the formation of tungsten nitride phases was reported [24], it required a sufficiently
long time of nitriding, but no tungsten-based nitride phases were found, and no nitride
phases were found in the sample after the CPF treatment at the absorbed energy density of
70 J/cm2 where the lowest Nb concentration had been found. As the nitrogen saturation
of the surface layer occurs due to a diffusion transport mechanism for a short time after
the plasma pulse, the nitride phase is formed with a low concentration of nitrogen. It is
the main reason for the decrease in the lattice parameter of the δ-NbN phase to 0.4322 nm,
which is lower than that for the standard value (0.4394 nm) (JCPDS no. 01-071-0162).

5. Conclusions

The presented results showed the possibility of WNb alloy synthesis with high-
energy pulsed plasma stream influence on tungsten with 2 µm Nb coating. The main
results are as follows:

1. The plasma treatment melted the niobium coating and a part of the tungsten substrate
that made it possible to mix both liquid layers and produce a WNb alloy.

2. The composition of the alloy was determined by the relation between the thicknesses
of the melted layers and, as a result, by the absorbed energy density. The plasma flow
with the absorbed energy density in the range of 35–55 J/cm2 predominantly melted
the niobium coating and produced the solid solution W(Nb) in the areas in contact
with the tungsten. The lattice parameter of the bcc solid solution W(Nb) depended on
the niobium concentration.

3. The thickness of the WNb alloy layer increased from 10 to 20 µm with the absorbed
energy density rising from 55 to 70 J/cm2. The highest absorbed energy density of
70 J/cm2 provided a uniform niobium distribution in the modified layer with the
niobium concentration of 4 at.%.
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4. The plasma treatment with the absorbed energy density from 55 to 70 J/cm2 can be
effectively used for solid solution W(Nb) production in tungsten. This mode of the
treatment provides melting of the top layer without the intense evaporation of niobium.
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