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Abstract

For future fusion reactors, materials able to withstand harsh environments are needed. In particular, this
concerns the plasma-facing components which are foreseen to consist of tungsten-based plasma-facing armor
and structural and cooling part made of steel. Currently, joining of these materials presents a significant
challenge. The stress concentration at their interface, which arises due to thermal exposure and the difference
in thermal and mechanical properties, can be reduced by composite/graded interlayers. Plasma spraying is
among the prospective technologies for their preparation. In this work, tungsten-steel and tungsten-chromium
composites were prepared by radio-frequency inductively coupled plasma (RF-ICP) spraying. Initial
optimization of the spraying process for pure materials as well as their mixtures was carried out. Basic
characterization of the layers for their structure, porosity and composition is presented.

Keywords: Fusion materials, plasma-facing components, tungsten-steel composites, tungsten-chromium
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1. INTRODUCTION

Plasma-facing components for future fusion reactors will have to withstand extreme conditions that include
high heat fluxes (both steady-state and thermal shocks) and bombardment of plasma species (ions, electrons,
neutral atoms and high-energy neutrons) [1]. Tungsten is considered the prime candidate material for these
components, particularly for its high melting point, high strength at elevated temperatures, resistance to
sputtering, good thermal conductivity, etc. [2,3]. However, joining of tungsten as the plasma facing armor to
the steel-based or copper-based structural or cooling system presents a significant challenge — in particular,
the large difference in thermal expansion coefficients and moduli of elasticity leads to high stresses at the
interface upon thermal loading [4]. Possible joining technologies include direct bonding, solid-state bonding or
brazing with discrete interlayers or the use of graded interlayers consisting of only tungsten and steel or copper
[4]. The use of additional materials is constrained by several factors, such as the requirement for low activation,
temperature limitations, requirements for thermodynamic stability, high yield strength, etc. [4]. On the other
hand, the graded interlayers replace the sharp interface with a smooth transition, thus reducing the stress
concentration. An overview of several prospective fabrication technologies, such as plasma spraying, laser
cladding, hot pressing and spark plasma sintering is given in [5]. The advantages of plasma spraying lie in its
ability to cover large area, in a single-step technology (possibly eliminating the need for further bonding), as
well as easy control of the compositional gradients [6]. Plasma sprayed tungsten-steel composites and graded
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layers were investigated e.g. in [7,8,9], plasma sprayed tungsten-copper in [10]. Most recently, first results on
tungsten-chromium composites prepared by RF-ICP spraying [11] and cold spraying [12] were presented.

This work presents tungsten-steel and tungsten-chromium composites prepared by RF-ICP spraying.
Compared to conventional direct current arc plasma spray systems, the distinct features of this technology
include axial feeding of the powder, large volume and low velocity and energy density of the plasma, relatively
long particle dwell time and controlled atmosphere chamber [13]. Examples of initial optimization are shown
together with characteristic features of these coatings.

2. EXPERIMENTAL

2.1. Sample preparation

The coatings were sprayed using radio-frequency inductively coupled plasma system Tekna 15 (Tekna,
Sherbrooke, Canada) in a controlled atmosphere chamber. The torch was operated at 15 kW power. Argon
and hydrogen were used as the plasma forming gases, argon as a sheath and carrier gas. The chamber
pressure was kept at 103.4 kPa. Spray distance of 70 mm was used. Other parameters that were varied for
individual runs will be mentioned together with the results, where relevant. Two types of substrates were used:
graphite discs of 60 mm diameter and 10 mm height, rotating around axis parallel with the plasma jet, and AISI
304 stainless steel of 60.6 x 20 x 3 mm dimensions, either rotating around axis perpendicular to the plasma
jet or translating along this axis without rotation. The latter was placed in an in-house developed actively cooled
substrate holder.

The following powders were used:

W: <63 um (Osram, Towanda, USA); ~10-20 um (Global Tungsten and Powders, Bruntal, Czechia)

steel: AISI 410, 53-90 um (Flame Spray Technologies, Duiven, Netherlands)

Cr: ~30 um (US Research Nanomaterials, Houston, USA)

For the tungsten-steel composites, the W and steel powders were mixed with 50:50 volume ratio. For the
tungsten-chromium composites, W and Cr powders were mixed with 75:25 weight ratio.

To check the thermal stability, a representative W-Cr composite coating was annealed in vacuum at 1000 °C
for 10 h. Elemental analysis was then performed at the same location to detect possible changes.

2.2. Coating characterization

The structure of the coatings was observed using scanning electron microscopy (SEM; EVO MA 15, Carl Zeiss
SMT, Oberkochen, Germany) on polished cross sections. Local elemental composition was determined using
energy-dispersive spectrometry (EDS; XFlash 5010, Bruker, Karlsruhe, Germany) in the SEM. Porosity and
percentage of the individual phases was determined by image analysis using ImageJ software (National
Institute of Health, USA) on the SEM images. Phase identification was performed with the help of x-ray
diffraction (XRD) using D8 Discover diffractometer (Bruker, Karlsruhe, Germany).

3. RESULTS

3.1. Puretungsten

Figure 1 shows the cross section of a pure W coating (from the <63 um powder) on a graphite substrate,
resulting from the initial optimization [14]. This features high density, typical splat structure and columnar
crystal grains having grown across several splat layer, indicating very good intersplat contact. Only some splat
boundaries are visible.
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Figure 2 Cross sections of pure tungsten coating on a steel substrate; a) overview, b) detail.

Figure 2 shows the cross section of a pure W coating (from the 10-20 um powder) on a rotating steel substrate.
Although still relatively dense, it has some regions with higher porosity (e.g. on the left of Figure 2a). As seen
in Figure 2b), the splat boundaries are generally more distinct than in the previous case.

3.2. Pure steel

A representative cross section of pure steel coating on a graphite substrate is shown in Figure 3a). Very dense
structure is observed, with occasional small pores; no splats/lamellae, typical for plasma sprayed coatings,
can be discerned. Apparently, due to the high heat input from the torch, a melt layer was formed in which all
deposited particles fused together. The surface roughness is likely a result of temporary arc attachment,
causing localized surface erosion. This phenomenon was occasionally observed, however, no remedy against
it was found so far. The detail in Figure 3b) shows an internal structure, which was infrequently observed,
possibly a result of slow solidification. This was revealed due to metallographic preparation, and was not
accompanied with any compositional inhomogeneity.

3.3. Tungsten-steel composites

Figure 4a) shows the cross section of the first W-steel composite prepared on a steel substrate. Tungsten
particles exhibit typical splat structure with visible splat-splat interfaces, while the steel phase appears
completely fused without any splat structure. The coating has overall porosity about 4%, but both the pores
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and the phases are rather inhomogeneously distributed. Besides very dense regions, there are regions with
rather large pores spanning several splat layers (Figure 4b). Concerning the mixing of tungsten and steel,
there are W-rich regions alternating with well mixed ones. Overall, the steel content was reduced compared to
the feedstock, to about 30 volume % in the coating. Partial evaporation of the steel particles may have been
responsible for this. In the structure, no significant amount of intermetallics was observed. Only in some
regions, a stronger local interdiffusion was observed, resulting in steel enrichment by tungsten (Figure 5a).
Figure 5b) shows a surface of the same coating, revealing the large difference in splat size between steel and
tungsten. This may be among the factors responsible for the inhomogeneity, but was necessitated by the large
difference in melting points (~3370-3422 °C for tungsten [15,16], 1480-1530 °C for 410 steel [15]).

Cpe -
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Figure 4 Cross sections of a tungsten-steel coating sprayed on a rotating cooled holder; a) overview, b)
detail of region with large pores.

Figure 6 shows the cross section of another W-steel composite coating, sprayed on a steel substrate without
rotation. This was done in an attempt to reduce the porosity by increasing the deposition temperature. In the
near-substrate region, dense coating was formed (Figure 6a). At the tungsten-steel splat interfaces,
intermetallic formation is observed, as a result of elevated temperature. This was identified by XRD as Fe7Ws.
Farther away from the substrate, however, the porosity significantly increased (Figure 6b), possibly due to
overheating and evaporation of the steel phase. The intermetallic layers were observed in this region as well.
Several more coatings were prepared from the same powder mixture, using different combinations of cooled
holder rotation and translation. All of them, however, featured the same issues as the two examples shown
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above, i.e. significant inhomogeneity in terms of porosity and phase distribution. This indicated the need for
tighter control of the deposition temperature, which is the subject of ongoing activity.

Figure 5 a) cross section of a tungsten-steel coating sprayed on a rotating cooled holder, showing a region
of strong interdiffusion (center, near the interface with substrate); steel enrichment by tungsten is indicated
by a brighter shade; b) surface of the same coating.

Figure 6 Cross section of a tungsten-steel coating sprayed on a cooled holder without rotation; a) dense
region near the substrate, b) porous region farther away from the substrate.

3.4. Tungsten-chromium composites

The tungsten-steel composites might encounter the issue of intermetallic formation upon thermal exposure.
These are generally undesirable, as they are brittle and reduce the thermal conductivity [17]. Even when not
formed during production, such as in plasma sprayed coatings [7,9], they may form when applied in a fusion
reactor at elevated temperature. In spark plasma sintered composites, they formed at temperatures around
1100 °C [18]. They were also present in composites prepared by ultrafast sintering and have grown already at
300 °C annealing temperature [19]. Therefore, tungsten-chromium may be considered as an alternative, as
chromium properties are rather similar to stainless steel (Table 1). The slightly higher melting point and thermal
conductivity of chromium and lower coefficient of thermal expansion are even more favorable for the
application in plasma facing components.

Representative cross sections of W-Cr composites are shown in Figure 7. Figure 7a) shows one of the earlier
coatings, sprayed from a 25% Cr mixture on a graphite substrate. Figure 7b) shows an optimized thicker
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coating sprayed with an additional heating by the plasma torch between the individual deposition passes, to
enhance the interparticle bonding. In both cases, relatively dense coatings were formed (porosity = 4 and 2%,
respectively) with even mixing of the tungsten and chromium particles. Mutual interdiffusion was observed —
according to local EDS, Cr content was around 3-4% in the W-rich particles and around 60-90% in Cr-rich
ones. In both coatings, the Cr content was about the same as in the feedstock.

Table 1 Comparison of steel, chromium and tungsten properties (near room temperature) [15].

Property AISI 410 steel Chromium Tungsten
Melting temperature (°C) ~1500 1860 ~3400
Density (g/cm?) 7.80 7.19 19.3
Young’s modulus (GPa) 200 248 400
Thermal eﬁﬁgrzjl%r; coefficient 9.9 6.2 44
Thermal conductivity (W/m.K) 25 69 163

Figure 7 Cross sections of tungsten-chromium coatings; a) mixture with 25% Cr on a graphite substrate, b)
mixture with 25% Cr on a graphite substrate, sprayed with additional torch heating.
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Figure 8 Cross sections of tungsten-chromium coatings before (a) and after (b) annealing at 1000 °C; c¢)
relative concentration profiles of W and Cr across the lines shown in a) and b).
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Thermal stability of the W-Cr coating from Figure 7a) was investigated by EDS line analysis at the same
location before and after annealing. Figure 8a) and b) shows the region of interest; Figure 8c) shows the
relative concentration profiles of W and Cr. From these, one can see that interdiffusion takes place only very
locally, in a region smaller than a splat thickness. By comparing Figures 8a) and b), one can see that the W-
rich and Cr-rich phase boundaries are preserved. Some microporosity formation is observed in the Cr-rich
phase. Therefore, one can conclude that this material combination exhibits higher thermal stability than the W-
steel composites presented in [19].

4. CONCLUSION

Tungsten-steel and tungsten-chromium composites were prepared by RF-ICP plasma spraying, with the
potential application as stress-relieving interlayers in plasma facing components of fusion reactors. This paper
presents a ‘work in progress’, as only initial optimization of the spraying process was carried out. Tungsten-
steel coatings feature various degree of intermixing of the two phases and local inhomogeneities in porosity.
In various coatings, the Fe7Ws intermetallic is present or absent, probably as a consequence of different
deposition temperatures. The absence of substrate temperature measurement for the initial optimization trials
has prevented its tighter control, but is now installed and the temperature effects are the subject of ongoing
investigation. Some of the abovementioned issues might be related to the change in spraying geometry and
substrate material. Tungsten-chromium composites generally feature higher density and homogeneity than
the tungsten-steel ones. While the annealing experiment was not carried out at identical conditions as for the
tungsten-steel composites, its results suggest a better thermal stability of the tungsten-chromium composite.
Therefore, it can be considered as a prospective alternative to tungsten-steel.
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