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Abstract

:

Tungsten is foreseen presently as the plasma-facing material for divertors in fusion power plants. In order to achieve durable operation of divertors of current fusion reactors, an efficient way of maintaining the divertor functionality is needed. A system capable of in situ tungsten coating of the divertor via low-pressure plasma spraying was proposed to maintain the divertor integrity. In this work, tungsten was deposited on NB31 carbon fibre composite substrates using the low-pressure plasma spraying technology to evaluate the feasibility of this technique. The thickness, porosity, composition, adhesion, and microstructure of the coatings were investigated by scanning electron microscopy image analysis and energy dispersive spectroscopy. Based on the initial results, the spray parameters were iteratively improved in a campaign-based study. The coatings exhibited improving properties through an adjusting of the carrier gas flow, the scanning speed, and the spray distance. By lowering the carrier gas flow, the porosity of the coatings was reduced, resulting in coatings of 98% bulk density. Adjusting the carrier gas flow reduced the amount of semi-molten particles in the coatings significantly. A decrease in both scanning speed and spray distance increased the substrate’s temperature, which led to better adhesion and porosity.
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1. Introduction


The conditions in fusion environments imply a complex composition of damaging mechanisms, which the plasma-facing components need to withstand. The heat, radiation, and tritium interaction are some of the most pressing issues; hence, various materials were considered for these components. Several fusion devices were equipped with carbon fiber composites (CFC) to face these challenges, since this material does not melt and exhibits good machinability and thermal conductivity. However, due to the high reactivity of CFC with hydrogen and the resulting safety risks these materials are mostly not considered for use in divertors anymore. Tungsten is favored nowadays as the material for plasma-facing components. In the scope of the ITER-like wall project at the Joint European Torus, for example, the CFC divertor was replaced with tungsten. That project took 18 months and large sums of money to realize, making the need for another method apparent [1].



A new method was proposed, that aims at coating the existing divertors with tungsten. This can be done in situ, for instance, utilizing the low-pressure plasma spraying (LPPS) technology. Coatings of 100 µm thickness were determined to be sufficient to withstand several experimental campaigns. Several coating methods were considered, with low-pressure plasma spraying being the most promising. For this, an LPPS system, attached to a robotic arm for in situ operations in a fusion device, is envisioned.



Some publications have already reported on applications of the LPPS technology to coat CFC with tungsten [2,3,4,5,6,7].



In this study, samples were first sprayed in the effort to qualify the coating process. Based on the findings of this work, further steps necessary to realize an in situ LPPS coating of plasma-facing components can be identified.




2. Materials and Methods


2.1. Materials


The 30 × 30 × 10 mm CFC slabs were coated with tungsten by applying the LPPS technology (Oerlikon Metco Multicoat) at the Jülich Thermal Spray Centre (JTSC) [8], using a F4-VB gun by Oerlikon-Metco. The CFC material used as substrate was the NB 31 manufactured by SNECMA Propulsion Solide. The feedstock for the coatings was the tungsten powder H.C. Starck Amperit 140.071, with particle sizes ranging from 5 µm to 25 µm.



The samples were made up of the CFC substrate with a tungsten coating deposited on the flat side.




2.2. Methods


Plasma spraying technology is currently applied in a variety of fields. A schematic is provided in Figure 1. Its ability to rapidly build up coatings of materials with high melting points makes it a common choice for thermal barrier coatings. The LPPS technology used in this work conducts the spraying in an inert, low-pressure atmosphere. This is to eliminate gas interactions, such as the energy intensive dissociation of oxygen or the oxidation of the powder [9]. The coating properties are influenced by the particles’ behavior during the flight from the nozzle to the substrate and by their subsequent impact with the substrate. The particle characteristics can be modified by altering the spray parameters. In the scope of this work, the nozzle diameter, carrier gas flow, torch travel speed, and spray distance were varied. Table 1 shows the parameter combinations for each of the coated samples. The spray parameters that were not altered are listed in Table 2. The coatings were deposited within 3 campaigns: samples 1, 2, and 3 were sprayed within campaign 1; samples 4 and 5 within campaign 2; and samples 6 and 7 within campaign 3. Each campaign was designed with the aim of augmenting specific aspects of the coating properties.



The effects of these modifications on the coatings were investigated. The experiments were designed as an iterative parameter study, considering the findings of the previous campaigns. Three LPPS campaigns were conducted, each aiming at altering a specific aspect of the deposited coatings. Campaign 1 was designed based on preliminary studies; campaign 2 aimed at reducing the amount of overspray by adjusting the carrier gas flow; campaign 3 was carried out to further investigate trends found in campaigns 1 and 2 in order to reduce the porosity of the coatings by reducing the spray distance.



The samples were imaged by scanning electron microscopy (SEM), using the DSM 982 manufactured by Zeiss. Overspray, porosity, and thickness were measured by digital image analysis.



The coatings thickness, microstructures, porosity, and so-called overspray (insufficiently molten particles) were measured by planimetrics of SEM images. The porosity values were measured using the thresholding function of the ImageJ software package [10]. The applied algorithm was RenyiEntropy [11]. The number of pixels marked in that way was then divided by the total number of pixels in the image to calculate an area percentage. The porosity and overspray values given in this article are the area fractions measured in the specified manner. To extrapolate these 2D findings to the 3D materials, the principles of stereology were used, especially the first principle, which states that for sufficient data points, an average of an area fraction can be treated as an estimate of the average of the volume fraction [12].



The composition was analysed by energy dispersive X-ray spectroscopy (EDS), using the Oxford Instruments x-act facility. As EDS does not measure the composition of elements quantitatively, especially light ones, these results are to be used for qualitative statements only.





3. Results


3.1. Overspray


The amount of overspray found on the surface of the samples is shown in Table 3. For samples 1, 2, and 3, which were coated in campaign 1, a difference in overspray and color between the upper and the lower half of the sample was apparent (see Figure 2). These are referred to as dark and bright in Table 3. A significant reduction in overspray was noticeable for samples 4 and 5 compared to samples 1, 2, and 3. The adjustments applied for campaign 3 further reduced the fraction of overspray.




3.2. Porosity


Porosity is found mostly in between the splats, which make up the coatings. The volumetric porosities in the samples are shown in Table 4.



A constant reduction in porosity between the campaigns can be noticed. Voids are typically found between the splats, with negligible amounts of pores within the cores. This can be seen in Figure 3a,b.




3.3. Microstructure


Typical grain structures for plasma-sprayed coatings were observed in all samples; an example is shown in Figure 4. The first solidified splats in each layer crystallize in finely dispersed, equiaxed grains. Such grains were also found in the vicinity of overspray particles. The remainder of each layer consists of columnar grains, which have their longitudinal axis in the growth direction of the coating. The finer grain sizes typically range from 0.1 µm to 1.5 µm. The columnar grains length was influenced by the layer thickness. The samples coated at a lower scanning speed therefore exhibited longer columnar grains compared to samples sprayed using a higher scanning speed. The columnar grains ranged from 0.6 µm to 4 µm in length in the longitudinal direction, while the shorter dimensions were similar in size to the equiaxed grains.



Some splats showed grains, which grew through the interface into a neighboring splat.




3.4. Composition and Impurity Content


The elemental composition of the sprayed powder was investigated before spraying the samples by ICP OES. The results are shown in Table 5. The composition of the sprayed tungsten coatings was investigated by an EDS mapping of cross sections of the coatings. The majority of the coatings was found to be tungsten, with some oxygen signals found evenly distributed along the whole coating cross sections. No compositional difference was found between the matrix and the overspray particles. The oxygen content measured by EDS at 10 kV acceleration voltage was found to be consistently 10-fold higher than that measured in the tungsten feedstock powder by ICP OES.



Non-tungsten foreign phases were found in each coating, but in varying amounts. These inclusions always appear sharply delimited from the matrix. The matrix appears light grey, the inclusions dark grey in Figure 5. In all samples, a cobalt–nickel–chromium–aluminum alloy inclusion was found (Figure 5). Some other inclusions were also found, such as steel and nickel.



After several weeks exposing samples 1, 2, and 3 to air at room temperature, white matter was observed at the edges of the coatings (Figure 6b). The EDS mappings showed this matter to be tungsten oxides, as can be seen in Figure 6a.



Carbon was found in all EDS maps of the cross sections of the coatings. The carbon signals were concentrated exclusively within the pores.




3.5. Adhesion


The adhesion of the coatings to the substrates and the adhesion of the splats and layers to each other were only investigated visually. Inter-splat void networks can be seen clearly in between the splats in all samples. Across all samples, partial delamination of the coating from the substrate was observed.




3.6. Thickness


As stated before, a minimum thickness of 100 µm is deemed sufficient for withstanding several experimental campaigns. All coating thicknesses can be seen in Table 6.





4. Discussion


4.1. Overspray


In [13], a correlation of delamination and cracking on the one hand, with overspray particles on the other hand, was found. This is due to the weak bonding between these particles and the rest of the coating. There are several potential reasons for the formation of overspray. All of them have in common that part of the powder injected into the plasma flame during LPPS leaves the plasma jet before impacting the substrate [13]. A shorter residence time of a particle within the jet leads to a lower amount of heat transferred to the particle, resulting in a lower fraction of fully molten particles reaching the substrate. As the color and amount of local overspray varied significantly across the surfaces of samples 1, 2, and 3 (see Figure 2; Table 3), an influence of the torch travel direction on the overspray was apparent. The influence of the carrier gas flow on the overspray was investigated in campaign 2. The carrier gas flow was adjusted from 1.3 slpm to 0.9 slpm for campaign 2, yielding a noticeable reduction in overspray. In Figure 7, the plasma flame and the powder trajectory are compared for campaign 1 (a) and campaigns 2 and 3 (b). The tungsten powder, which can be seen as the yellow glowing stream exiting the jet on the right, is concentrated around the plasma torch axis in Figure 7b. As the fraction of powder escaping from the jet before reaching the substrate was reduced, the fraction of unmolten particles in the deposited layers was reduced as well.



As sample 2 showed a lower fraction of overspray compared with samples 1 and 3, the nozzle diameter used in this experiment was also used for the other campaigns.



Lowering the spraying distance for samples 6 and 7 resulted in a further reduction of overspray, due to the smaller divergence of the particle plume.




4.2. Porosity


In previous studies [14,15,16,17,18], a correlation between the porosity of a plasma-sprayed coating and its thermal conductivity was suggested. The target porosity of 15% was reached for samples 1, 2, and 3, but further improvements seemed possible since sample 3 indicated a declining trend. It was coated at half of the torch travel speed while halving the number of layers. As most of the pores accumulate at the layer interfaces, a reduction in layers results in a reduction of the porosity because the interlayer porosity mainly results from deposited splats solidifying before any infiltration of the underlying surface is possible [19]. Increasing the temperature of the splats upon impact, as well as the surface temperature during coating, therefore results in lower interlayer porosity by decreasing the viscosity and increasing the solidification time. In our study, the slower scanning speed resulted in a longer residence time of the jet footprint on the sample surface and therefore a higher temperature of the splats upon solidification.



After improving the carrier gas flow prior to campaign 2, the porosity was reduced again. This can be explained by the reduction of overspray, since the unmolten particles are usually surrounded by pores, as can be seen in Figure 8b.



In [14,15], it was found that a reduction in spraying distance results in a reduction of porosity. The porosity measured for campaign 3 confirms that these assumptions hold true for this investigated system.




4.3. Composition


To analyse the purity of the tungsten coatings, EDS was applied. When investigating the cross section EDS maps, the majority of the detected signals were correlated to tungsten. Tungsten possesses a high oxygen affinity, as most refractory metals do. Thus, an increase in oxygen content was expected, even though an argon atmosphere at a pressure of 60 mbar was chosen to minimize atmospheric influence. In [20], a tungsten coating was sprayed in a vacuum atmosphere, but oxygen was found nonetheless.



Yttrium was found evenly distributed in the tungsten matrix. Only the yttrium Lα-line (1.922 keV) was measured. Due to the high quantities of tungsten found in the matrix, there are a lot of counts for its M-line (1.774 keV), resulting in some of them being attributed by the EDS system to yttrium’s Lα. There was no further indication for yttrium.



The foreign phase spots consisted mainly of a cobalt–nickel–chromium–aluminum alloy. Of these four metals, only traces of nickel were found in the powder feedstock (see Table 5). Therefore, these alloys have to originate from another source. The coatings previously sprayed on the same machine were so-called bond coats made up of CoNiCrAlY-alloy. Thus, these inclusions seem to have originated from bond coat deposits within the spray system. This is confirmed by the amount of inclusions being reduced for campaign 2 compared to campaign 1. This can be explained by the readjustment of the carrier gas flow before spraying these samples. This seems to have cleaned the machine of any residual bond coat powder before spraying the samples.



The carbon signals found in the samples can be attributed to the metallographic preparation. As mentioned previously, the carbon was observed exclusively in the pores. Therefore, it is assumed that during the grinding and polishing of the cross sections, graphite from the substrate was pulverized by the diamond paste and then carried onto the sample surfaces. As the top layers of the samples were continuously removed, this carbon was removed again, except within the pores. As these were the only instances of carbon found, tungsten carbides obviously were not formed during the coating process. Due to the envisioned system being specialized for in situ spraying of tungsten exclusively, these are issues which would not occur in the finished product.



The tungsten oxides found on the edges of samples 1, 2, and 3 after several weeks of exposure to air show that the investigated system oxidises at room temperature if exposed to air. This effect could have potentially detrimental impacts on its applicability to fusion environments.




4.4. Microstructure


From the microstructure, conclusions can be made on the solidification mechanisms. The lamellar structure, typical for plasma spraying [4,21], was observed in these coatings. During build-up of the coating, the impacting splats flatten and subsequently solidify [21,22]. This leads to the deposition of splats in layers, with each pass creating another layer. The inter-splat bonding has a strong impact on the thermomechanical properties of the coating [14,15,17,19,21,22], which in turn are dependent on the substrate and splat temperature during solidification.



Due to the large difference in temperature between the impinging liquid splat and the solid substrate, the liquid is supercooled. This leads to homogeneous solidification as a variety of grains grow rapidly in the supercooled liquid. This results in small, finely dispersed grains at the interfaces of the substrate or to a prior deposited pass. Grains in the later splats within a layer tend to grow longer and larger. This causes heterogenous grain growth, where the nucleation site is the underlying material. Because the heat is dissipated through the solid substrate, the grains requiring the least amount of energy to crystalize in the growth direction consume others [15,23]. An area with columnar grain structure can therefore be interpreted as being in good contact with the underlying material, and, vice versa, areas with finely dispersed, equiaxed grains usually have poor contact [24].




4.5. Adhesion


As stated before, the adhesion of the coating to the substrate and between layers govern the thermomechanical properties. As the primary objective of the coating is to dissipate the heat of the fusion plasma to the cooling system, adhesion is of great importance. If there is only poor adhesion in a specific area, the coating will overheat there due to low thermal conductivity [5]. Furthermore, delamination can lead to flaking off, which in turn impedes the plasma operation due to radiation [25] and further leaves that area unprotected.



The adhesion of LPPS coatings is mainly a result of mechanical bonding. The adhesion is based on the liquid splats infiltrating the substrate, as can be seen in Figure 9. Additionally, during cooling, the metal contracts, which makes the deposit interlock with the surface roughness. Both these effects are strengthened as the substrate and particle temperature increase [14,15]. This is due to a lower viscosity of CFC leading to a deeper infiltration of the surface roughness before solidification. On the other hand, higher temperature differences lead to a larger thermal mismatch. In our study, tungsten infiltration of several µm of the substrate was found in all samples, for example, in Figure 9.



Delamination of the coating was mainly observed in the vicinity of cracks (Figure 10b) and at the edges of samples (Figure 10a). Such delaminations are assumed to be the result of thermal stresses induced during cooling. These stresses are partly caused by residuals from the cooling, but they also result from a difference in the thermal expansion rates of the substrate and the coating. The carbon fibre composite has a significantly lower thermal expansion coefficient compared to that of the tungsten coating. Tungsten has a thermal expansion coefficient of 4.6 × 10−6 K−1 at room temperature and 6.28 × 10−6 K−1 at 878 °C [26]. The CFC used is an anisotropic material, with different thermal expansion rates in different directions. A value of 0.5 × 10−6 K−1 was measured orthogonal to the interface surface [27]. Parallel to the interface surface, values of 1.2 × 10−6 K−1 in one direction and 2.7 × 10−6 K−1 in the other direction were recorded [27]. When cooling down, the difference in expansion rates leads to a compressive stress state on the surface of the coating and a tensile stress state at the substrate interface. To accommodate these stresses below the brittle-to-ductile transition temperature, the coating cracks make the coating spall off the substrate. At the edges, these stress states get relaxed by delamination without prior cracking. In our study, the substrate’s edges were ground down from sample 4 onwards, which led to a more favourable stress state and thus avoided the delamination at the edges of the coated samples.



In [5], a failure mode of plasma-sprayed tungsten on graphite CFCs during high heat flux tests was the inter-layer delamination. The interlayer porosity was steadily reduced between campaigns but never completely eliminated. These pore networks can still act as starting points for crack growth.





5. Conclusions


In this study, several tungsten coatings were manufactured by LPPS on CFC graphite substrates applying different coating parameters. An overall trend of improving the coatings properties by increasing the temperature during coating was established. In the scope of this work, the porosity of the coatings was reduced from 10.3% for the first sample coated to 3.5% for the seventh sample. Moreover, the amount of overspray was reduced significantly from 10.6% to 1.0%, improving the homogeneity of the microstructures. This was achieved by carrier gas flow optimization.



The coating composition was found to be mainly tungsten, with some inclusions which originated from the coating process. These inclusions should thus be eliminated by using a spray system, which exclusively sprays tungsten powders as envisioned for an in situ system in a nuclear fusion device.



Further improvements of the coating adhesion to the substrate are still needed. Even with the samples showing clear delamination in several spots, it was not possible to detach the coatings from the substrate. Even cutting the CFC base material close to the coating resulted in the rest of CFC remnants firmly attaching to the coating itself, thus showing strong adhesion between coating and substrate.



The optimization of this system can be achieved, based on the parameter set of sample 6. The evacuation of the LPPS chamber and tubes prior to coating deposition and a controlled cooling strategy will be a key part of that ongoing investigation.



An investigation into the thermal conductivity of sample 6 is currently underway.



To qualify the coatings for utilisation in a fusion power plant, the behavior under high heat fluxes of more than 10 MW/m2 needs to be investigated. Even with the coatings being bound to the substrate well, during operation the sample’s thermal expansion coefficient mismatch could lead to delamination, which needs to be investigated further. Finally, irradiation testing must be conducted.



If all qualifying coating tests are successful, a robotics system should then be designed to apply the coatings in situ inside a fusion reactor.
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Figure 1. Schematic of the plasma spray process. 
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Figure 2. From left to right: sample 1, 2, and 3. 
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Figure 3. SEM images of the cross sections of the coatings, in which the porosity and microstructure are clearly visible. (a) Inter splat voids observed in sample 1; (b) Cross section of sample 7 with reduced porosity. 
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Figure 4. Image of the cross sections, with clearly visible grain structures close to the substrate observed in sample 4. 
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Figure 5. (a) CoNiCrAl inclusions close to the CFC substrate of sample 7. Tungsten appears as light grey, inclusions as dark grey; (b) EDS map spectrum of Figure 5b. The dominant tungsten peak is accompanied by several Co, Ni, Cr, and Al peaks. 
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Figure 6. (a) EDS map of a single particle. Tungsten is colored light blue; oxygen is colored red; (b) SEM image of a cross section of the oxidized interface area; the white matter is tungsten oxide at the tungsten–CFC interface. 
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Figure 7. Comparison of the plasma jet (a) before and (b) after adjustments of the carrier gas flow. 
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Figure 8. (a) Overspray particles observed on the surface of sample 3; (b) overspray particles, marked by black circles, seen in the cross section of sample 3. 
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Figure 9. Infiltration of a coating into the substrate’s surface, here observed in sample 7. 
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Figure 10. Delamination close to the edge of sample 1 (a) and in the vicinity of surface cracks in sample 6 (b). 
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Table 1. Spray parameters varied for the coating of samples.
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	Campaign # *
	Sample # *
	Nozzle Diameter [mm]
	Carrier Gas Flow [slpm **]
	Scanning Speed [mm/s]
	Spray Distance [mm]





	1
	1
	7
	1.2
	440
	300



	1
	2
	8
	1.2
	440
	300



	1
	3
	7
	1.2
	220
	300



	2
	4
	8
	0.9
	440
	300



	2
	5
	8
	0.9
	220
	300



	3
	6
	8
	0.9
	220
	275



	3
	7
	8
	0.9
	220
	250







* Number; ** standard liters per minute.
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Table 2. Spray parameters.
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	Parameter
	Value





	Plasma gas ratio
	3.48 (sl Ar)/(sl H)



	Plasma gas flow rate
	51.5 slpm



	Powder feed rate
	215 g/min



	Process pressure
	60 mbar



	Path offset
	4 mm



	Torch power
	50 kW
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Table 3. Overspray volume fraction of the samples.
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Campaign # *

	
Sample # *

	

	
Overspray [Vol-%]






	
1

	
1

	
Bright side

	
7.4




	
Dark side

	
10.6




	
2

	
Bright side

	
1.6




	
Dark side

	
6.2




	
3

	
Bright side

	
4.7




	
Dark side

	
10.4




	
2

	
4

	
-

	
2.3




	
5

	
-

	
2.2




	
3

	
6

	
-

	
1.0




	
7

	
-

	
1.5








* Number.
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Table 4. Volumetric porosities.
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	Sample # *
	Porosity [vol-%]





	1
	10.3



	2
	9.9



	3
	8.6



	4
	4.9



	5
	5.2



	6
	3.6



	7
	3.5







* Number.
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Table 5. Impurity content of the powder feedstock.
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	Element
	Weight Percent





	Si
	0.1602



	Pb
	0.0071



	As
	0.0033



	Fe
	0.0062



	Ni
	0.0099



	Mo
	0.0034



	Cd
	0.0021



	O
	0.135
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Table 6. Average thickness of the coatings.






Table 6. Average thickness of the coatings.





	Sample # *
	Thickness [µm]





	1
	133



	2
	117



	3
	102



	4
	101



	5
	112



	6
	114



	7
	122







* Number.
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