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 Carbon-based Plasma Facing Materials (PFMs) have been widely used in 
tokamaks on account of favorable characteristics such as low atomic 
number and higher thermal shock resistance. However, these materials 
face challenges like high erosion rates and low thermal conductivity, 
which limit their viability for future fusion reactors. An ideal PFM 
should have optimal mechanical and thermal properties, chemical 
stability, low sputtering yield, low atomic number, minimal tritium 
retention, and reduced activation under neutron irradiation. Although 
materials like carbon fiber composites (CFC), beryllium, and tungsten 
exhibit some of these characteristics, each has its limitations. Tungsten, 
with its high recrystallization temperature, low erosion against plasma 
irradiation, and excellent thermal conductivity, is considered a 
promising PFM for future applications. To mitigate issues like strong 
eddy currents in bulk tungsten, hybrid PFMs with tungsten coatings on 
carbon substrates have been explored. Coating techniques such as 
Vacuum Plasma Spray (VPS), Chemical Vapor Deposition (CVD), Plasma 
Spray Coating, and Physical Vapor Deposition (PVD) have shown varying 
degrees of success in improving the mechanical and thermal properties 
of these hybrid PFMs. However, challenges such as film thickness 
control, residual stress, cracking, and poor adhesion remain. Recent 
advancements, including Pulsed Laser Deposition (PLD) and multilayer 
coatings, have shown promise in addressing these issues. This review 
discusses the progress and challenges associated with tungsten-coated 
PFMs, emphasizing the need for further research to optimize their 
properties for future fusion reactors. 

1. Introduction 

The selection of suitable Plasma Facing Materials (PFMs) is critical for the sustainable operation of 

tokamaks [1-3] as these materials must be able to endure intense heat exposure [4], neutron irradiation, 

and plasma erosion [5]. Carbon-based PFMs, including carbon fiber composites (CFCs), have been 
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commonly used due to their low atomic number and good mechanical properties. However, they suffer 

from significant drawbacks, such as high erosion rates and substantial tritium retention, which limit their 

applicability in advanced fusion reactors [6]. To address these challenges, researchers have focused on 

alternative materials that meet the stringent requirements for PFMs, including high heat transfer 

capabilities, chemical inertness, low plasma erosion, and low tritium retention. 

Tungsten has been recognized as a promising candidate based on its high sputtering threshold, excellent 

thermal conductivity, and superior mechanical strength. Despite these advantages, bulk tungsten 

introduces complications such as strong eddy currents during disruptions due to its high electrical 

conductivity, necessitating more robust support structures. To circumvent these issues, tungsten 

coatings on carbon substrates have been proposed. Various coating techniques, such as VPS, CVD, and 

PVD, have been explored to optimize the performance of tungsten-coated PFMs. This paper reviews the 

evolution of these coating methods, their performance in tokamak environments, and recent 

developments in coating techniques like Pulsed Laser Deposition (PLD), which offer improved adhesion 

and mechanical properties. 

2. REVIEW 

Carbon based Plasma Facing Material (PFM’s) are widely used in tokamaks, however they have some 

prominent disadvantages concerning their future utilization such as higher erosion and lower thermal 

conductivity. There are a number of requirements for a suitable PFM in a tokamak, such as adequate 

mechanical and thermal properties, chemical inertness, low sputtering yield, low atomic number, low 

tritium retention and low activation from neutron irradiation [7-9]. There are handful of candidate 

materials that satisfy these requirements such as carbon fiber composites (CFC), beryllium and tungsten. 

CFC’s having disadvantage of higher tritium retention while beryllium has disadvantage of lower melting 

temperature [10, 11].  

Based on favorable properties of tungsten such as higher sputtering threshold, a higher probability of 

sputtered atoms to be redeposited when subjected to higher electron densities, high heat flux (HHF) 

endurance and higher resilience against thermo-mechanical loads, it is considered as suitable PFM for 

future tokamaks. Bulk tungsten has higher thermal conductivity as compared to graphite; however, it 

also has much higher electrical conductivity [12-14]. Thus, resulting eddy currents and halo currents are 

also stronger during disruption, requiring much stronger supporting structure as compared to graphite 

[15-19]. This problem can be solved by utilizing tungsten coating rather than bulk tungsten. Thus, the 

same supporting structure as that of graphite can be utilized. Recently hybrid PFM, including tungsten 

coating on graphite substrate have been successfully tested in ASDEX Upgrade tokamak. Thick (0.2 to 0.5 

mm) coating as well as thin (few micrometer) coating produced by VPS and CVD are implemented on 

graphite substrate [10, 20, 21]. 

In the past decade the most suitable methods of coating for fusion applications are recognized to be 

Plasma Spray Coating and Physical Vapor Deposition (PVD). Plasma spray introduces a thin layer of 

metallic or ceramic coating on the surface of substrate. This coating improves the mechanical, thermal 

properties and aesthetic appearance of substrate [22-24]. Plasma spray coating is produced by 
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introducing the powder of coating material into a high velocity, high temperature plasma jet. The 

coating powder melts in the jet and flattens along with being cooled down as it strikes the substrate. 

Plasma spray coating can be performed at atmospheric pressure as well as low pressure. Takeda et al., 

studied the characteristics of low-pressure plasma spray coatings.  This technique results in dense and 

pore free, high purity (oxidation free) and dust free coating. Low pressure plasma spray has porosity less 

than 1 percent while atmospheric pressure plasma spray has porosity of about 10 percent. The pore size 

in low pressure plasma spray is about 1 micrometer [24-26]. 

Rosales et al., studied the application of various VPS and Inert Plasma Spray (IPS) coated specimens. The 

heat-treated VPS coating has surface roughness of 4 micrometer and porosity of 8%. The VPS coating 

without heat treatment results in surface coating with 6 micrometer roughness with 10% porosity. The 

IPS coating (using inert gas atmosphere at atmospheric pressure) without heat treatment has surface 

roughness of 18 micrometer and porosity of up to 20%. PVD coating results in high density coating up to 

99% with surface roughness less than 1 micrometer. Significantly higher porosity of IPS coating results in 

considerable degradation of mechanical strength and thermal properties as compared to bulk tungsten 

material. However, this larger porosity provides crack arresting mechanism reducing further stresses 

from being developed in the material. The VPS coating owing to its higher density results in higher 

mechanical strength and more favorable thermal properties as compared to IPS coating. There is 

however no crack arresting mechanism. PVD coating has improved properties as compared to VPS 

coating, however crack propagation is accelerated due to very low porosity [27-29]. 

Up till 2006, most of the carbon-based material armored tiles of ASDEX Upgrade tokamak was covered 

with tungsten coating. Neu at al., accessed tungsten coating onto carbon-based materials such as 

Graphite and Carbon Fiber Composite (CFC). It was observed that thin coatings on CFC PFM in tokamak 

chamber was inadequate for utilization in divertor region due to higher erosion. Thus, thick tungsten 

coatings on graphite PFM of divertor was determined to be suitable.  PVD technique was utilized for 

tungsten coating, with a resulting density of 90 – 95 %. The porosity as mentioned above helps in 

reliving the stress thus cracking threshold is higher as compared to high density coating. It is observed 

that thermal fatigue test (low cycle) develops crack and bucking in thin coatings. Thus, thin coatings 

cannot be utilized for divertor.  In case of thick coatings on CFC, local detachment was observed because 

of limited adhesion. Thus, it should only be utilized in low heat flux region of divertor. The chance of 

failure using thick coating on graphite is much less mainly because of better matched thermal expansion 

resulting in more synchronized expansion and contraction of graphite and tungsten when subjected to 

cyclic load [30]. Thus, in the ASDEX upgraded divertor a tungsten coating thickness of 500 micrometer is 

determined to be suitable because of its better reliability and adequate thermo-mechanical properties. 

Moreover, VPS coating are determined to be suitable as they have more favorable thermomechanical 

properties and higher damage threshold as compared to IPS and PVD coating. 

In the previous decade much focus has been devoted to tungsten coating onto graphite PFM   through 

various techniques such as magnetron sputtering (utilizing plasma to sputter target material and 

trapping electrons by magnetic field), CVD and VPS etc. These techniques however have limitations such 

as, lower film thickness by magnetron sputtering, residual stresses and cracking by CVD and VPS coating, 

lower coating adhesion resulting in the buckling of coatings produced by CVD and VPS accelerated by 
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widely different thermal expansion properties of CFC substrate [31, 32]. Recently a new technique called 

Pulsed Laser Deposition (PLD) has been developed to address these challenges. This coating process is 

carried out in a high vacuum. It utilizes a laser to ablate the target material. The ablation causes the 

target material to change its phase from solid to liquid, gas and then plasma. The plasma plume then 

travels to the substrate placed close to the target and is deposited onto it [20, 33].  

Antar et al., characterized tungsten coating onto graphite using PLD. The author coated tungsten onto 

the graphite substrate having 2 cm diameter and 5 mm thickness. The thickness of tungsten coating 

increased with laser energy, reaching up to 300 nm with a rate of 1.25 nm/min. The microstructure 

characterization revealed that impurity content i.e., oxygen was less than 1 percent and no cracks were 

observed in the coating [34]. 

Qin et al., assessed PLD tungsten coated diamond composite as PFM for fusion application. He 

deposited 1800 nm thick tungsten coating onto graphite.  In the first step of coating process 80 nm thin 

layer of tungsten carbide is formed onto the surface of diamond as a result of interaction of highly 

energetic tungsten atom breaking the C-C bond. In the second step tungsten layer is grown onto the WC 

layer. The reported thermal conductivity of tungsten film i.e., 130 W/m-K is much closer to that of bulk 

tungsten [35].  

Recent studies have focused on optimizing the heat transfer and mechanical properties of tungsten-

coated components [36-38]. Tokunaga et al. examined VPS tungsten coatings onto water cooled 

mockups under HHF conditions, demonstrating good adhesion and thermal performance [39]. Lei et al. 

explored the thermal performance of actively cooled divertor targets with tungsten coatings, 

highlighting the importance of efficient heat transfer for maintaining structural integrity [40]. Akiba et al. 

discussed material and design factors for the carbon armored ITER divertor, focusing on optimizing the 

integration of tungsten coatings to minimize erosion and improve durability [41, 42]. 

Neutron irradiation significantly affects the heat removal capabilities and geometric stability of carbon 

based materials such as graphite when used as PFM [43]. Maruyama et al., studied these effects, 

providing valuable insights into the long-term performance of graphite under fusion reactor conditions 

[44, 45].  

HHF testing of W-coated mockups has been a critical area of research [46]. Giniatulin et al. tested 

various mock-ups for ITER divertor applications, demonstrating the feasibility of using tungsten coatings 

in high-stress environments [47]. Kim et al. reported on the manufacturing and testing of W-brazed 

mockups in the KSTAR tokamak, showing promising results in terms of adhesion and thermal 

performance [48]. Lian et al. investigated the behavior of brazed flat-type W/CuCrZr components under 

HHF loads, providing insights into the optimization of heat sink materials for improved durability [49, 

50]. 

In conclusion, the development of tungsten-coated PFMs has made significant progress in recent years. 

Continued research is needed to refine coating techniques, improve adhesion, and enhance the thermo-

mechanical properties of these materials for their successful application in future fusion reactors. 
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