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Abstract 

Tungsten-based materials are the most prospective candidates for plasma-facing components of future fusion 

devices, such as ITER and DEMO. For joining of the tungsten armor to the cooling or structural parts, 

composites and graded layers can be used as stress-relieving interlayers. 

This work presents a feasibility study of W+Cu composites preparation by plasma transferred arc (PTA) 

cladding on tungsten substrates. Basic optimization of the process was carried out to achieve dense and well 

bonded layers. Formation of a functionally graded material (FGM) was also attempted. The structure, 

compositional profiles and fracture surfaces of the claddings prepared at different conditions were 

characterized. 
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1. INTRODUCTION 

Thermonuclear fusion is a promising source of energy supply for the future, with a number of potential 

advantages, such as stability, safety, abundance of fuel, absence of fossil fuels and therefore minimal 

greenhouse gas production, high efficiency of the energy production, minimal dependence on locality [1]. Its 

successful realization depends strongly on materials able to function in the harsh environment – in the 

European Fusion Roadmap, four out of seven main challenges are connected with materials [2]. This 

particularly concerns materials for the so-called plasma facing components, which will be subjected to a 

combination of various loading – high heat and particle fluxes from the plasma, physico-chemical and 

mechanical loads [3]. For the plasma facing surface, tungsten is the main candidate material, thanks to its 

favorable properties, such as high melting point, good thermal conductivity, high-temperature strength, high 

resistance to erosion by plasma species, etc. [4,5]. The plasma facing armor needs to be joined to a cooling 

system, foreseen to be made from a copper alloy or low activation stainless steel. This presents a particular 

challenge, as the joint of two dissimilar materials develops high stresses upon temperature excursions, 

primarily due to difference in thermal expansion [6]. The stress concentration at the interface can be alleviated 

by joining layers with intermediate properties [7]. These could be either from a third material (the selection of 

these is however rather limited) or composites consisting of the armor and cooling system materials [8]. 

Moreover, W-rich composites (so-called “tungsten heavy alloys”) are also considered for the plasma facing 

armor, primarily thanks to their higher ductility and easier fabrication compared to tungsten [9,10]. 

The composites can be produced by a variety of techniques. These include powder metallurgy techniques, 

such as hot pressing [11], spark plasma sintering [12], microwave sintering [13], melt infiltration into W skeleton 

[14], combustion synthesis and centrifugal infiltration [15], as well as coating/cladding techniques, such as cold 

spraying [16], plasma spraying [17,18,19], high-velocity oxy-fuel spraying [20] or plasma transferred arc 

cladding [21]. The latter group of techniques has a major advantage in the possibility to reduce or eliminate 
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the need for joining. Other potential advantages include the ability to coat large areas, high material throughput 

and the possibility of compositional control, enabling the formation of functionally graded materials (FGMs) 

that replace sharp interfaces with a gradually varying composition [22]. 

The PTA cladding (also called PTA hardfacing or overlay welding) consists of powder material being introduced 

into a plasma jet, formed in gaseous medium (typically argon) by an electric arc, where it is heated and 

propelled towards the base material. The transferred arc attaches to the base material and contributes to 

melting both the base material and the filler material [23,24]. The resulting melt pool ensures strong 

metallurgical bonding and facilitates the formation of dense layers. A large variety of metallic materials, as well 

as composites, can be processed by this technique. Recently, pilot experiments with W+Ni and W+Cu 

claddings on steel substrates were carried out [21]. Due to base material melting and dilution, steel species 

penetrated throughout the cladding and reacted with tungsten, forming brittle intermetallics. On the other hand, 

initial experiments on copper substrates revealed difficulty in forming dense layers, which was ascribed to 

rapid heat removal from the surface through the highly conductive copper base material [25]. Therefore, the 

current experiments were carried out using W and Cu powder mixture on W substrates. The aims of this work 

were to assess the feasibility of forming composite cladding for this combination of materials, perform initial 

optimization of the process towards dense layers and provide basic characterization of the claddings. 

2. EXPERIMENTAL DETAILS 

As the base material, 5 mm thick tungsten plates prepared by powder metallurgy (Porexi, Ostrava, Czech 

Republic) were used. As the filler materials, pure tungsten (mean size around 80 m; GTP, Towanda, USA) 

and pure copper (mean size around 170 m; Stamont, Žilina, Slovakia) powders were used. The tungsten 

powder had angular, nearly equiaxial shape; the copper powder had mostly round, but highly irregular shapes 

as a result of melt atomization [21]. Prior to cladding, the powders were dried in an oven for several hours. The 

powders were fed into the plasma jet at various ratios, in an attempt to form graded layers. To facilitate setting 

relative feed rates of the powders for desired weight or volumetric ratios, their apparent densities were 

determined. These were 8.63 g/cm3 for tungsten and 3.48 g/cm3 for copper. 

For the cladding, a PPC 250 R6 automatic plasma surfacing machine (KSK, Česká Třebová, Czech Republic) 

was used. The cladding was performed in an in-house built protective chamber being flushed with inert gas, 

to prevent oxidation. During the experiments, the following process parameters were varied: torch current, 

plasma forming gas and powder mixing ratios. All other parameters were kept constant and are described in 

detail in [26]. Prior to cladding, the base material was preheated by the torch without powder feeding. Each 

cladding was made from five layers with the following weight ratios of the fed powders: 15%, 30%, 50%, 75% 

and 100% Cu. 

For an overview of the cladding structure, light microscopy (Neophot 32, Carl Zeiss, Göttingen, Germany) was 

used on metallographic sections. For detailed microstructural observations, scanning electron microscopy 

(SEM) was used (EVO MA15, Carl Zeiss SMT, Oberkochen, Germany). Energy-dispersive spectroscopy 

(EDS; XFlash5010, Bruker, Berlin, Germany) integrated in the SEM was used to quantify the composition. 

Fracture surfaces of selected samples were also observed by SEM. 

3. RESULTS 

The work consisted of five cladding experiments, between which one or more process parameters were 

modified. The parameters for the first experiment were set based on previous experience with cladding W-

based materials [25,27]. Visual inspection of the first layer indicated insufficient melting, therefore, the torch 

current was gradually increased for the subsequent layers. Overview of the cross section is shown in 

Figure 1a, detailed microstructures are shown in Figure 1b-d. From the figure, one can conclude that base 

material melting likely did not occur, as it maintains a uniform thickness and straight interface. Nevertheless, 
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good bonding of the cladding without any flaws can be seen (Figure 1b). In the middle of the cladding, larger 

tungsten regions are observed. These could have originated either from imperfect mixing of the two powders 

or from tungsten powder being caught in the nozzle and being released in larger clusters. These regions are 

fully dense, indicating the tungsten particles were molten and fused together. A large copper-only region is 

visible on the top left side of the cladding; likely a result of the copper floating on the surface of the melt pool 

during the cladding process due to its lower density. The tungsten particles in the bottom and middle regions 

of the cladding have markedly modified shapes, indicating that they were molten fully or at least to a significant 

degree. In the top layer, their shape is nearly equiaxial, indicating only moderate degree of melting. The 

interfaces between tungsten and copper were sharp and without any voids or cracks. Therefore, no 

interdiffusion or metallurgical reaction has taken place (as was expected from mutual insolubility of these 

materials), while a good bonding in the liquid phase has occurred. The images also show a large degree of 

layer intermixing, without visible distinction of the individual passes or an overall compositional gradation. 

a b  

c d  

Figure 1 Cross sections of cladding no. 1: a) overview (light microscopy), b-d) detailed microstructures near 

the interface, in the middle and near the surface, respectively (SEM, backscattered mode) 

For the second experiment, the parameters were changed with the aim of more intense melting of the filler 

material. Therefore, torch current was moderately increased already from the first pass. At the same time, the 

lateral motion (“swing”) velocity of the torch was reduced, to provide more intense heating of the base material, 

while the powder feed rates were reduced and torch traverse velocity was increased, to prevent filler material 

accumulation at the edges of the cladding. Cross sections of the cladding are shown in Figure 2. Similarly to 

the first experiment, there appears to be little or no melting of the base material, still with a good bonding with 

the cladding. Again, larger W-only clusters are seen within the cladding, but no large Cu regions on the surface. 

The individual W particles have mostly equiaxial shape, indicating a lower degree of melting. Occasional small 
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pores were observed. The layers were again heavily intermixed, resulting in no global change of composition 

from the base towards the surface. This is also indicated by the EDS line profiles shown in Figure 3. 

a   b  

c   d  

Figure 2 Cross sections of cladding no. 2: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

 

Figure 3/1 Compositional profile (EDS line scan) along the thickness of cladding no. 2 (top image: first ~4 

mm, bottom image: last ~2 mm; W – red line, Cu – green line) 
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Figure 3/2 Compositional profile (EDS line scan) along the thickness of cladding no. 2 (top image: first ~4 

mm, bottom image: last ~2 mm; W – red line, Cu – green line) 

a   b  

c   d  

Figure 4 Cross sections of cladding no. 3: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

The third experiment was aimed at further increase of the filler material melting. For this purpose, separate 

test cladding of single layers with various process gases was performed. From these, the highest temperatures 
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were achieved for the combination of Ar+5 vol% H2 as the plasma gas and Ar+He as the carrier and sheath 

gas. Furthermore, copper baseplate, on which the tungsten plates were placed, was replaced by a steel 

baseplate, to reduce the heat removal from the base material to the baseplate. For increased melting of the 

filler materials, the deposited layers (except the last two, which were rich in copper) were remelted by a torch 

pass without powder feeding. Cross sections are shown in Figure 4. This parameter combination led to 

significant heat input to the base material, which however, resulted in cracking of the tungsten plate and mutual 

mixing of the copper and steel in the molten state. A consequence of this was the formation of intermetallic 

phases on the interface with tungsten grains in the bottom layer (Figure 5). This took place only in small region, 

due to the reaction with the steel baseplate, while majority of the cladding consisted of copper and tungsten 

only, with no third phases. Overall, a rather uniform mixing of copper and tungsten was observed, without 

“islands” of pure W or pure Cu observed in the previous runs. Due to the remelting passes, distinct layering 

can be observed, with finer tungsten grains towards the top of each pass. To qualitatively assess the effect of 

tungsten grain size on the mutual bonding with copper, small samples cut out from the cladding were broken 

and the fracture surfaces observed in SEM. An example of the fracture surface is shown in Figure 6a. The 

image shows that prevalent failure mode was either an intragranular fracture of the tungsten grains (center, 

top right, bottom right grains) or a debonding of the thin intermetallic layer from the tungsten grains (top left, 

top right, bottom left and bottom right regions). There was no significant separation of the copper matrix and 

the tungsten grains, while signs of ductile deformation in the matrix are clearly seen (e.g. around the central 

W grain in the figure). Thus, the copper matrix retained good bonding with the tungsten grains, regardless of 

the modified morphology. Figure 6b shows a fracture in the refined microstructure region, where intense 

mixing of the two phases took place. The tungsten grains have more complex shape, but the facture has similar 

character, i.e. intragranular fracture in tungsten and ductile deformation in copper. 

a   b  

Figure 5 Microstructure of the steel-affected bottom layer of cladding no. 3, showing the intermetallic 

formation (a), enlarged view showing points of local EDS analysis, whose results are summarized in Table 1. 

Table 1 Local elemental composition (wt%) determined by EDS in cladding no. 3 in points marked  

in Figure 5b). 

point O Cr Fe Cu W 

1 1.1 - - - 98.9 

 2 0.9 6.7 28 - 64.4 

3 0.7 - 4.5 94.6 0.1 

4 - 0.6 3.5 95.6 0.3 
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a b  

Figure 6 Fracture surface of cladding no. 3 (SEM, backscattered electron mode):a) region with nearly 

equiaxial W grains, b) region of intense mixing with complex W grains 

a   b  

c   d  

Figure 7 Cross sections of cladding no. 4: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

Next experiment was carried out with the same process gas combination, but with further increased torch 

current. Graphite sheet was added between the baseplate and tungsten plate, to prevent their interaction. No 

intermediate layer remelting was performed. The cross sections are shown in Figure 7. This time, the base 

material apparently remained intact, however, due to irregular powder feeding, there are large tungsten islands 

and the cladding has overall irregular shape. Apart from this, the microstructure is very similar to those from 
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experiments no. 1 and 2. Some porosity was observed at the interface; this likely originates from the powder 

feeding problems, because of which the first layer had to be repeated. 

Since the graphite sheet provided additional thermal insulation, for the fifth experiment the heat input to the 

part was moderately reduced by lowering the torch current. The irregular powder feeding in this experiment 

led to fusing of the part with the steel baseplate on the sides and local interaction with tungsten, leading again 

to local intermetallics formation. The powder feeding issue can also account for the occasional presence of 

larger pores and copper islands in the cladding, although previously observed tungsten islands were not seen 

this time (Figure 8). 

a   b  

c   d  

Figure 8 Cross sections of cladding no. 5: a) overview, b-d) detailed microstructures near the interface, in 

the middle and near the surface, respectively 

4. CONCLUSIONS 

Pilot experiments aimed at formation of W-Cu composites on W substrates by PTA cladding were carried out. 

The formation of dense claddings with several mm thickness and good bonding of the tungsten and copper 

phases was successfully demonstrated. The influence of certain process parameters, affecting mainly the heat 

input to the filler and base materials was at least qualitatively indicated. Although the claddings were prepared 

with a stepwise varying W/Cu ratios, they did not feature a steady compositional gradation. This can be 

attributed to the intense mixing of the layers in the melt pool, due to high heat input from the torch and dynamic 

effect of the plasma jet; the largely different densities and melting points of the two phases may have 

contributed to this as well. The intermixing can be reduced by lowering the heat input to the layers, e.g. by 

lowering the torch current or increasing the traverse velocity, which would result in a shallower melt pool. Still, 
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even in the current form, the composites would be usable for reducing the stress concentration compared to a 

sharp tungsten/copper interface. During these experiments, irregular powder feeding resulted in structural and 

compositional inhomogeneities. This might have been a temporary issue only, as such problems were not 

experienced in other similar experiments [24,27]. They may be alleviated by using spherical powders, which 

feature better flowability. The abovementioned modifications can be the subject of further process optimization. 
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