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Abstract 

Chemical vapor deposition (CVD) is a promising technique for the preparation of W-
based plasma-facing materials (PFMs). An overview of the microstructure, chemical 
composition, thermal conductivity, thermal stability, thermal shock performance under 
disruption-like and edge localized mode (ELM)-like transient heat load, and neutron 
irradiation performance of CVD-W has been given in our previous work. However, for 
fusion applications, additional properties need to be assessed. To this end, deuterium 
(D) permeability, D plasma irradiation performance, and thermal fatigue resistance of 
CVD-W were investigated in this work. The results showed that the D permeability of 
CVD-W in the temperature range of 973-1173 K was larger than that of the commercial 
pure W, which was related to the columnar grain structure of CVD-W. Additionally, 
both CVD-W and commercial pure W were exposed to D plasma up to a fluence of 1 × 
1026 m-2. Compared to commercial pure W, CVD-W exhibited a mitigated blistering 
behavior and lower D total retention, which could be attributed to its strong [001] 
crystallographic texture along the thickness direction and a lower number of defect 
density (e.g. grain boundaries). CVD-W and commercial pure W were also exposed to 
steady-state and transient heat load simultaneously, leading to a base surface 
temperature and surface temperature increase of about 953-1473 K and 250-300 K, 
respectively. A strong grain orientation dependence of the surface degradation induced 
by the combined heat load has been found. Consequently, CVD-W exhibited a much 
more uniform plastic deformation than pure W, and no surface cracks along grain 
boundaries were observed in CVD-W. Finally, the industrial-scale production of CVD-
W-based PFMs and mockups was demonstrated. This work paves the way for the fusion 
applications of thick CVD-W coatings. 
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1. Introduction 

In a deuterium-tritium (D-T) future fusion reactor, the plasma-facing materials (PFMs) 

of the divertor under service will be exposed to high heat flux, high plasma flux, and 

high energetic neutrons (14.1 MeV), simultaneously. The steady-state heat flux and 

slow transient events (up to 10 s) of the PFMs of the divertor in ITER could be up to 

10 MW·m-2 and 20 MW·m-2, respectively [1-4]. This could lead to significant 

temperature and thermal stress gradient in the plasma-facing components (PFCs). 

Therefore, selecting materials with high thermal conductivity, high melting point, good 

irradiation resistance, and excellent mechanical property at elevated temperatures is 

indispensable. 

Tungsten (W) has been regarded as the most promising PFM for fusion reactors. 

According to the design of the ITER full-W divertor, the surface temperature of the W-

based PFM exposed to 20 MW·m-2 would be above 2000 K [1, 5, 6]. Such a temperature 

is higher than the recrystallization temperature of traditional pure W (~1600 K). 

Therefore, microstructure changes induced by recrystallization and grain growth seem 

unavoidable for the W-based PFM during service [7]. Moreover, according to the 

material specification of ITER, grains of the PFM should be oriented parallel to the heat 

flux direction [8] to enhance the heat transfer efficiency. However, the preferentially 

oriented microstructure could be gradually weakened by the recrystallization-induced 

equiaxed grains and grain growth. Therefore, strategies that could increase the 

recrystallization temperature of W are attracting more and more attention. Previous 

works showed that dispersion (e.g. oxide and carbide particles) strengthened W alloys 

have much higher recrystallization temperatures than pure W [9, 10]. The 

recrystallization temperature of W could also be significantly increased by solution (e.g. 

rhenium) strengthening [11]. Both of them are usually prepared by powder metallurgy 

(PM) routes, which consists of powder manufacturing (e.g. mechanical milling and wet-

chemical method), compacting (e.g cold uniaxial pressing and cold isostatic pressing), 

sintering (e.g. vacuum heating-press sintering, hot isostatic pressing sintering, and 

spark plasma sintering), and post-treatment (e.g. hot forging and hot rolling). This route 

is complex and are usually time-consuming, and machining is unavoidable during the 

post-manufacture of the PFC. Additionally, the addition of dispersion particles and 

solution elements could complicate the plasma-material interaction, which would 

potentially lead to critical concerns about dust production and fuel recycling. For 



example, the formation of W/Y2O3 composite, melting, vaporization, and depletion of 

the Y2O3 particles have been observed on the plasma exposed Y2O3 dispersion 

strengthened W [10], which will potentially cause plasma contamination if the formed 

dust were to transport to the core plasma. Therefore, efforts that could improve the 

service performance of pure W-based PFMs are still needed. 

Promising routes for the preparation of pure W-based PFM are coating techniques. 

Pioneering works on the research and development of physical vapor deposition (PVD) 

have been performed during the upgrade of the PFM in JET and ASDEX Upgrade [12]. 

However, the fusion application of the W coating prepared by this method is limited by 

its thickness (at micrometer level). For the W-based PFMs of the divertor with a lifetime 

of 2 full-power years, a thickness of above 5 mm would be needed [13]. Therefore, it 

is essential to develop coating techniques with high production efficiency. In the past 

several years, enormous efforts on the development of coating techniques for the 

preparation of thick W coatings have been carried out. For example, atmospheric 

pressure chemical vapor deposition (APCVD) with deposition rates in the range of 0.4-

1.0 mm/h has been successfully developed at Southwestern Institute of Physics (SWIP, 

China) and Xiamen Tungsten Co., Ltd (XTC, China) [14]. The prepared CVD-W 

coating with millimeter thickness has advantages such as high purity, excellent thermal 

conductivity, and good thermal shock performance, manifesting its great potential for 

fusion applications. Moreover, even no dispersion particles and solution elements were 

added, the columnar grain structure of the CVD-W coating was still maintained when 

annealing at a temperature of 2573 K for 3 h [15], indicating its excellent 

recrystallization resistance. Additionally, CVD has also been used to prepared the W 

fiber reinforced W (W𝑓𝑓/W) composite [16, 17]. Therefore, CVD is a promising 

candidate for the preparation of W-based PFM for fusion applications. 

Recently, an overview of relevant results including its preparation method, 

microstructure, purity, thermal conductivity, thermal stability, thermal shock 

performance under disruption-like and edge localized modes (ELM)-like heat fluxes, 

and neutron irradiation performance in fission reactors of the thick CVD-W coatings 

has been given [14]. However, there are still some questions to be addressed with 

respect to application of the CVD-W coatings in fusion. Firstly, in terms of plasma-

material interaction, the hydrogen (H) isotopes (D and T) transporting from the scrape-

off layer to the PFM of the divertor in ITER would have an ion flux up to 1024 m-2·s-1. 



Surface degradation (e.g. blistering), and fusion fuel inventory in the PFM and its 

permeation through it into the coolant are of particular concern during its long-term 

operation [18, 19]. So far, there are abundant experimental and simulation results about 

the H transport in bulk polycrystalline W and monocrystalline W [18, 20, 21]. However, 

experiments aiming at evaluating the H transport behaviour of the W coating which has 

a distinct microstructure compared to the bulk W (prepared by powder metallurgy) are 

very limited. Recently, Xu et al. [22] found that the apparent diffusivity and solubility 

of the W coating prepared by magnetron sputtering, which also exhibited a columnar 

grain structure in the thickness direction, were very different from that of the bulk 

polycrystalline W. Therefore, measuring H isotope transport parameters including 

permeability, diffusivity, and solubility of the PFM is of great importance to the nuclear 

safety analysis and T recovery system design of fusion reactors. Secondly, heat flux 

performance of the PFM simultaneously exposed to steady-state and transient heat 

fluxes is required to fully evaluate its service performance under fusion-relevant heat 

flux [10]. Therefore, experimental results of D gas-driven permeation (GDP), D plasma 

irradiation, and high heat flux testing of the CVD-W samples are presented in this work. 

2. Experimental details 

2.1. Sample preparation and characterization 

Thick CVD-W coatings with thicknesses of ~2.5 mm on copper (Cu) substrates were 

supplied by the Xiamen Tungsten Co., Ltd. (China), which was prepared by APCVD 

using tungsten hexafluoride with a purity of 99.99 wt.% as W source. The detailed 

preparation process could be found in Refs. [23-25]. After deposition, the Cu substrate 

was chemically etched to get the pure CVD-W coating. Then CVD-W pieces for D 

GDP, D plasma irradiation, and heat flux testing were cut from the as-received coating 

by electrical discharge machining (EDM). The top-view and cross-sectional 

morphologies of the CVD-W were first investigated by optical microscopy after 

mechanical polishing and etching. The etching was carried out by standard Murakami’s 

solution to reveal grain boundaries. All the polished samples were annealed in a vacuum 

furnace at 1273 K for 1 h to release residual stresses. For the preparation of W-based 

ITER-like water-cooled monoblocks, CVD-W coatings were deposited on commercial 

pure W substrates. Thermal annealing at a temperature of 1773 K for 2 h was then 

performed for residual stress relief and increasing the bonding strength between the 



CVD-W coating and W substrate. 

2.2. Gas-driven permeation 

D permeability of the CVD-W sample was investigated by a GDP system at the Science 

and Technology on Surface Physics and Chemistry Laboratory, China. The details of 

the GDP system have been given in Ref. [26]. In brief, the upstream chamber and 

downstream chamber of the GDP system were separated by the sample with a thickness 

of about 0.5 mm. The D gas pressure of the upstream chamber was monitored by a 

capacitance diaphragm gauge (PMA Transmitter P40). Before testing, the downstream 

chamber was kept under a high vacuum, which had a background pressure of the order 

of ~10-6 Pa. The sample was first heated to the desired temperature in the range of 973 

K to 1073 K by a furnace. Then D gas was filled up in the upstream chamber to a 

pressure of 100 kPa. The signal of D that permeated to the downstream chamber 

through the sample was measured by a quadrupole mass spectrometer (QMS, 

PFEIFFER QMG 422I) which had been calibrated by a series of standard leaks. For 

comparison, a sample cut from a commercial pure W plate with a purity of 99.99% 

supplied by the Advanced Technology & Materials Co., Ltd. (China), which was 

produced by powder sintering followed by rolling with a thickness reduction of ~75%, 

was also tested under the same conditions. 

2.3. D plasma irradiation 

To investigate the D plasma irradiation resistance of the CVD-W, the prepared CVD-

W samples were exposed to low energy, high flux D plasma in Magnum-PSI [27, 28]. 

Three CVD-W samples annealed at temperatures of 1273 K (C-1-1), 1773 K (C-1-2), 

2373 K (C-1-3) for 1 h were exposed. For comparison and to investigate the effect of 

grain boundary density on the D plasma irradiation performance, a commercial pure W 

sample annealed at 1773 K for 1 h (R-1-1) was also exposed to the same D plasma. The 

samples were fixed on a water-cooled sample holder and exposed to D plasma at normal 

incidence. Electron temperature and density of the plasma were measured by a 

Thomson Scattering (TS) system [29] ~30 mm in front of the target. For each sample, 

3 separate measurements with an interval time of 3 s were taken by the TS system. 

During exposure, a negative bias of -50 V was applied to the target. The sample 

temperature was about 823 K, measured by a fast-infrared camera (IR-cam, FLIR 

SC7500MB), which was calibrated by a spectropyrometer (FAR Associates®) in the 



wavelength range of 900-1700 nm [30]. 

Figure 1 shows the average electron temperature (Te) and density (ne) of the D plasma. 

The average peak electron temperature and density were ~1.65 eV and ~4.73 × 1019 m-

3, respectively. The exposed duration of each sample was 300 s, corresponding to a peak 

fluence of ~1.02 × 1026 m-2 when evaluating with a collision-less sheath model [31].  

 

Figure 1. Electron temperature (Te) and density (ne) profiles of the D plasma measured 

by Thomson Scattering~30 mm in front of the target. The average peak electron 

temperature and density were ~1.65 eV and ~4.73 × 1019 m-3, respectively. 

After exposure, D desorption and retention in the exposed samples were investigated 

by thermal desorption spectroscopy (TDS) at Beihang University [32]. The ramping 

rate and maximum temperature of the TDS were 1 K·s-1 and 1373 K, respectively. A 

W-Re thermocouple was used to measure the temperature of the sample. An MKS 

quadrupole mass spectrometer was used to record the D signal from both HD and D2 

during the heating process, the absolute sensitivity of which was calibrated using a 

standard leak (VTI). 

2.4. Steady-state and transient heat flux exposure 

The PFM of the divertor under service will be exposed to steady-state and transient heat 

fluxes, simultaneously. Therefore, to evaluate the thermal fatigue performance of the 

CVD-W coatings, samples with a diameter of 20 mm and thickness of 1 mm were 

exposed to simultaneous steady-state and transient heat load in Magnum-PSI [27, 28]. 

CVD-W coatings annealed at temperatures of 1673 K (C-2-1) and 1873 K (C-2-2 and 

C-2-3) for 1 h were performed. For comparison, commercial pure W samples with the 

same annealing conditions were exposed to the same plasma. Sample R-2-1 was 

annealed at 1673 K for 1 h, samples R-2-2 and R-2-3 were annealed at 1873 K for 1 h. 



The steady-state heat flux was enabled by H plasma, whereas the transient heat flux 

was supplied by a 1064 nm Nd:YAG laser (LASAG FLS 352-302). Two batches of 

plasma exposure were performed by adjusting the H gas flow and magnetic field, 

resulting in base temperatures (Tbase) of ~953 K and ~1473 K, respectively. The pulse 

duration and repetition rate of the laser beam were 1 ms and 10 Hz, respectively. The 

total number (#) of laser pulses of each sample was 10000. The laser beam has a full-

width half-maximum (FWHM) of ~4 mm, and an angle of incidence of ~51° was used. 

This experimental setup, e.g. target surface temperature measurement was detailed in 

Ref. [30]. 

3. Results and discussion 

3.1. Microstructure characterization and D permeability 

 

Figure 2. Top-view (a)/(b) and cross-sectional view (c)/(d) of the CVD-W and 

commercial pure W samples, respectively. The average grain sizes of CVD-W and 

commercial pure W (Rolled-W) are ~50 μm and 30 μm, respectively. 

Figure 2(a) shows the optical micrograph (OM) of the top-view of the polished CVD-

W after etching, the average grain size of which was ~50 μm. The cross-sectional image 

of the CVD-W is shown in Figure 2(c). The grains of CVD-W are elongated along the 

sample thickness direction, manifesting as a columnar structure with an average grain 



width of ~50 μm. Our previous results [15] demonstrated that no obvious grain growth 

of the CVD-W coating was observed even annealing up to 1773 K, exhibiting higher 

thermal stability than the commercial pure W [33]. The top-view and cross-sectional 

view of the commercial pure W counterpart are shown in Figures 2(b) and 2(d), 

respectively. Compared to the CVD-W, a finer microstructure with an average grain 

size of ~30 μm is observed. The commercial pure W exhibits a typically laminated 

microstructure consisted of elongated grains along the rolling direction. 

 

Figure 3. (a) D GDP curves of the CVD-W as functions of time in the temperature 

range of 973-1123 K, (b) D permeability of the CVD-W and commercial pure W 

(Rolled-W) tested at temperatures in the range of 973-1173 K. Results from Ref. [34] 

(Liu et al.) and Ref. [22] (Xu et al.) are plotted for comparison. 

Figure 3(a) shows the D GDP flux curves of the CVD-W sample as functions of time 

in the temperature range of 973-1123 K. The steady-state GDP flux increases 

significantly with the increase of testing temperature. For example, the steady-state D 

GDP flux of the CVD-W at 1123 K is about 3.0 × 1017 m-2·s-1, which is about 10 times 

higher than the one at 973 K. Moreover, the lag time for the steady-state GDP flux 

decreased significantly with the increase of temperature. 

The detailed theory on the determination of D diffusive transport parameters has been 

given in Ref. [26], where the same GDP system was used. In brief, permeability (Φ) 

can be expressed as: 

Φ =
𝐿𝐿𝐻𝐻𝐻𝐻+𝐻𝐻2𝑑𝑑
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 , (1) 

where 𝐿𝐿𝐻𝐻𝐻𝐻+𝐻𝐻2 is the sum of D leak rate contributed from HD and D2, 𝑅𝑅 is the D gas 

pressure in the upstream chamber, 𝑅𝑅 is the regular gas constant, 𝑑𝑑 is the thickness, 𝑅𝑅 is 



the effective area, and 𝑅𝑅 is the temperature of the sample, respectively. 

Figure 3(b) shows the D permeability (Φ) of the CVD-W coating and commercial pure 

W in the temperature range of 973-1173 K according to equation (1). The results in 

Refs. [22, 34] are also plotted for comparison. Using the Arrhenius formula, the 

temperature dependence of D permeability of the CVD-W coating and commercial pure 

W are expressed by: 

Φ𝐶𝐶𝐶𝐶𝐻𝐻−𝑊𝑊 = 1.44 × 10−7exp �−
1.17𝑒𝑒𝑒𝑒
𝑘𝑘𝑅𝑅

� , mol ⋅ m−1 ⋅ s−1 ⋅ Pa−1 2⁄ , (2) 

  and 

Φ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑊𝑊 = 7.14 × 10−8exp �−
1.14𝑒𝑒𝑒𝑒
𝑘𝑘𝑅𝑅

� , mol ⋅ m−1 ⋅ s−1 ⋅ Pa−1 2⁄ , (3) 

where 𝑘𝑘 is the Boltzmann constant. D permeability of the CVD-W coating was higher 

than that of the commercial pure W counterpart. However, the activation energy for the 

D permeability of the CVD-W coating was comparable to that of the commercial pure 

W (1.17 eV vs. 1.14 eV). 

Generally speaking, lattice defects such as vacancies, dislocations, and grain 

boundaries act as H traps, leading to the increase of the effective solubility and decrease 

of the diffusivity of H in W. So far, there is no consistent conclusion about the effect of 

grain boundary on the transport parameters. For example, some works [35-37] showed 

that grain boundaries could act as strong trapping sites for H, entailing a decreased 

diffusion rate for H in polycrystalline materials. However, some studies [38, 39] found 

that grain boundaries may act as fast transport channels for H by short-circuiting 

diffusion, leading to an enhanced diffusion rate in polycrystalline materials. Our results 

indicate that the D permeability of the CVD-W coating with grain boundaries parallel 

to the transport direction (i.e., thickness direction) was larger than that of the 

commercial pure W with a net-like grain boundary structure, even their activation 

energy values were almost the same. The influence of grain structure on the H 

permeability should be considered in the development of advanced PFMs.  

3.3. Blistering and retention 



 

Figure 4. Thickness direction projected inverse pole figure (IPF) maps of the (a) 

commercial pure W (R-1-1), CVD-W samples with annealing temperatures at (b) 1273 

K (C-1-1), (c) 1773 K (C-1-2), and (d) 2373 (C-1-3) for 1 h, respectively. The average 

grain sizes of (b) and (d) are ~50 μm and 75 μm, respectively. 

15, 

23]. The results showed that the polished CVD-W sample exhibited a strong [001] 

texture along the thickness direction, which is consistent with the EBSD results as 

shown in figure 4. In contrast, small grains (<50 µm) are oriented close to the [111] 

direction. The CVD-W annealed at 1273 K also has an average grain size of ~50 µm 

although the large grains are dominated in area, due to the relatively large number of 

small grains with sizes less than 50 µm. Grain growth of the small grain could be 



observed when the annealing temperature was 1773 K. However, there was also a 

considerable fraction of small grains although the annealing temperature was larger 

than the recrystallization temperature of traditional pure W [40]. The fraction of small 

grains in the CVD-W annealed at 2373 K was decreased obviously, accompanied by 

grain growth from 50 µm to 75 µm. This indicates that the CVD-W sample has excellent 

thermal stability, particularly in the resistance of grain growth, which is consistent with 

our previous work [15]. This could be due to two factors: 1) compared to the as-rolled 

or forged W, the stored (strain) energy in the CVD-W sample is low; 2) grain growth 

perpendicular to the thickness direction could be effectively confined by the adjacent 

grains due to its columnar structure. 

Figure 5(a) shows the surface morphology of the R-1-1 sample exposed to D plasma 

irradiation. D blisters with diameters less than 1 µm in round shapes can be observed. 

However, the distribution of blisters on the surface is not uniform, indicating 

preferential blistering on some grains. The blistering behavior of W exposed to He and 

D plasma and ion has been investigated for many years. Results show that the extent of 

blistering of W closely depends on grain orientation [41-44]. Blistering preferentially 

formed on surface grains oriented close to the [111] direction while rarely occurred on 

grains oriented close to the [001] direction. According to figure 4(a), the commercial 

pure W shows a preferred crystallographic orientation along the [001] and [111] 

directions. Therefore, it is reasonable to find the non-uniform distribution of blisters. 

Note that the corresponding EBSD maps of the SEM images in figure 5 at the same 

locations were not provided. However, according to literature (e.g. Ref. [41-44]), it is 

safe to state that the non-uniform distribution of blisters was due to the difference in 

grain orientation. 

As shown in figure 5(c)-(d), flat blisters or exfoliation instead of circular blisters are 

observed. Recently, Jia et al. [43] investigated the blistering behavior of CVD-W 

exposed to D plasma with a peak flux and fluence of 1.5 × 1024 m-2·s-1 and 0.8-1.1 × 

1026 m-2, respectively. They also found that the CVD-W sample exhibited good 

resistance to blistering due to its strong [001] crystallographic texture, even the plasma 

exposure temperature (563 K) in Ref. [43] was lower than that in this work. The CVD-

W samples used in this work and those in Ref. [43] were prepared by the same 

manufacturing technology. As such, it is reasonable to find that the blistering formation 

was mitigated in the CVD-W samples in this study. 



 

 

TDS spectra (D2 signal) of the commercial pure W and CVD-W annealed at different 



temperatures are shown in Figure 6(a). Figure 6(b) shows the corresponding total D 

retention derived from the summary of HD and D2 signals. A single desorption peak at 

about 536 K could be observed for the commercial pure sample, and the total D 

retention was about 2.16 × 1019 m-2. The total retention is similar to the results in Ref. 

[45], where the rolled tungsten samples were exposed between temperatures of 943 K 

and 1073 K. However, recent results show that the total retention in W is affected by 

several factors. For example, Doerner et al. [46] investigated the dependence of D 

retention in ITER-grade W exposed to D plasma up to a  maximum fluence of 2 × 1028 

m−2. The ion energy, ion flux, and sample temperature were 50 eV, 1.6 ×1023 m−2·s−1, 

and 640 K, respectively. They found that the total retention scaled with the square root 

of the fluence. Plasma flux and sample temperature also affect the total retention 

significantly [47, 48]. Therefore, a direct comparison of the total retention of different 

experiments is challenging. 

For the CVD-W sample annealed at 1273 K, the location of the desorption peak was 

almost the same as that of the commercial pure W counterpart. However, the total D 

retention in the CVD-W was only 5.28 × 1018 m-2, which was about a quarter of that in 

the commercial pure W exposed to the same plasma. According to figure 4, the number 

of grain boundaries in CVD-W is fewer than that of the commercial pure W. 

Additionally, the CVD-W exhibited a high density, excellent thermal conductively as 

shown in our previous work [14]. Defects and grain boundaries could act as barriers to 

heat transfer. The high thermal conductivity also means that the number of defects and 

grain boundaries in the CVD-W were limited. Therefore, the much lower D retention 

in the CVD-W could be due to the much lower density of defects such as grain 

boundaries in the CVD-W sample. The desorption peaks of the CVD-W annealed at 

1773 K increased to above 600 K, indicating higher binding energy between D and 

defects. Moreover, the total D retention decreased to 4.56 × 1018 m-2. This is consistent 

with the results in figure 4, where grain growth of small grains with diameters less than 

50 µm occurred, leading to the decrease of lattice defects in the CVD-W and 

consequently the decrease of D retention. Interestingly, two desorption peaks (570 K 

and 878 K, respectively) could be observed for the CVD-W sample annealed at 2373 

K. Recently, Lian et al. [15] found that bubbles near grain boundaries formed in the 

CVD-W samples annealed at 2573 K for 3 h due to the diffusion of vacancies and 

gaseous impurities at such a high temperature. Although a lower annealing temperature 



(2373 K) and shorter annealing time (1 h) were adopted in this work, the formation, 

diffusion, and coalescence of vacancies were still possible. As such, the high desorption 

peaks at 878 K may be attributed to the D trapping at vacancies. Moreover, the total 

retention of D in this sample was about 5.13 × 1018 m-2, which was larger than that in 

the CVD-W annealed at 1773 K, although obvious grain growth also occurred. The 

increase of D retention due to the occurrence of extra trapping site could not be balanced 

by the decrease of D retention due to grain growth, leading to the increase of D retention. 

3.3. Steady-state and transient heat flux 

 

Figure 7. (a) Radial distributions of Te and ne of the H plasma for the R-2-2 and R-2-3 

sample exposure. (b) The corresponding heat flux profiles. (c) and (d) show the surface 

temperature of the R-2-2 and R-2-3 samples, respectively, captured at the laser beam 

center by the IR-cam. The inserted figures in (c) and (d) show the corresponding 

temperature spikes induced by the transient heat loads. 

Two batches of steady-state and transient heat flux exposures were performed, where 

samples named C-2-1, C-2-2, R-2-1, and R-2-2 were classified as the first batch, while 

samples named C-2-3 and R-2-3 were classified as the second batch. Figure 7(a) shows 

the representative radial distributions of Te and ne of the steady-state H plasma. For the 

first batch, the Te and ne located at the beam center were ~2.4 eV and ~1.33 × 1020 m-3, 



respectively. The corresponding steady-state heat flux (qsteady-state) and Tbase of the 

sample were about 6.5 MW·m-2 (figure 7(b)) and 953 K (figure 7(c)), respectively. The 

qsteady-state was calculated according to the Bohm criterion [31]. For the detailed 

calculation process of qsteady-state, see Refs. [10, 30, 49]. For the second batch, the Te and 

ne located at the beam center were ~4.6 eV and ~7.7 × 1019 m-3, respectively, 

corresponding to a steady-state heat flux of ~7.9 MW·m-2 (figure 7(b)). The resulted 

Tbase of the sample was about 1473 K. Figure 7(c) and (d) show the surface temperature 

evolution of R-2-2 and R-2-3, respectively. The real-time temperature was measured at 

the laser beam center by the fast IR-cam. The temperature evolution between two pulses 

was also inserted in figures 7(c) and 7(d). The temperature increase (∆T) induced by 

the laser of the two batches were about 300 K and 250 K, corresponding to a heat flux 

factor of about 5 MW·m-2·s0.5 and 4 MW·m-2·s0.5, respectively [50]. Table 1 

summarizes the experimental conditions of the six samples. The plasma parameters and 

surface temperatures of the samples in Table 1 were measured at the plasma beam and 

laser beam centers, respectively. 

Table 1. Experimental conditions of the exposed CVD-W coatings and pure W 

counterparts. 

Sample 
name Tbase (K) ∆T 

(K) 
Transient heat flux 

(MW·m-2·s0.5) 
Steady-state heat 
flux (MW·m-2) 

Pulses 
(#) 

C-2-1 963 
300±4 

 5 6.5 
1 × 104 

C-2-2 953 
R-2-1 948 
R-2-2 955 
C-2-3 1443 250±4 

 4 7.9 R-2-3 1473 
 

 



 

Figure 8. Overview of the surface morphologies of the exposed R-2-1 (a) and C-2-1 

(c). (b) and (c) show the corresponding SEM images on the laser beam center of (a) and 

(c), respectively. Tbase and ∆T of the R-2-1 were 948 K and 300±4 K, respectively. Tbase 

and ∆T of the R-2-1 were 953 K and 300±4 K, respectively. Tbase was induced by the 

steady-state H plasma, while ∆T was induced by the laser beam. 

Figure 8(a) shows the overview of the surface morphology of the exposed sample R-2-

1. An elliptical region with obvious plastic deformation (roughness) could be observed. 

The area of this region was about 1.3 ×  2.0 mm-2. Figure 8(b) shows the high-

magnification SEM image of the exposed sample R-2-1, captured at the center of the 

elliptical region in figure 8(a). Protrusions could be observed on the surfaces of grains. 

Further examination indicates that the surface deformation was non-uniform, as 

indicated by the white arrows in figure 8(b). Figure 8(c) and figure 8(d) show the SEM 

images of sample C-2-1 under the same exposure condition. Compared to sample R-2-

1, the surface modification was relatively uniform, although protrusions could also be 

found on the surface grains. According to the EBSD results shown in figure 4, the CVD-

W exhibits a strong texture along the [001] direction contributing to the observed 

uniform surface deformation. The results indicate that the plastic deformation of surface 

grains under heat flux loading could exhibit a strong grain orientation dependence. 



 

Figure 9. (a) SEM and (b) the corresponding IPF map of the exposed R-2-2 captured 

at the laser beam center (color key inserted). Tbase and ∆T of the R-2-2 were 955 K and 

300±4 K, respectively. Tbase was induced by the steady-state H plasma, while ∆T was 

induced by the laser beam. 

To reveal the grain orientation dependence of the surface degradation induced by the 

heat flux loading, a commercial pure W sample (R-2-2) that is annealed at 1827 K for 

1 h was exposed to the same heat flux loading.  Figure 9(a) shows the corresponding 

surface morphology at the laser beam center, which is non-uniform. Additionally, 

EBSD analysis were performed on the same area as shown in figure 9(b). It is observed 

that plastic deformation preferentially occurs on the surface grains with normal 

directions close to [101].  

 



Figure 10. Low-magnification (a)/(c) and high-magnification (b)/(d) images of the 

exposed R-2-3/C-2-3, captured at the laser beam center. Tbase and ∆T of the R-2-3 were 

1473 K and 250±4 K, respectively. Tbase and ∆T of the C-2-3 were 1443 K and 250±4 

K, respectively. Tbase was induced by the steady-state H plasma, while ∆T was induced 

by the laser beam. 

To investigate the fatigue performance of the CVD-W coating at a higher temperature, 

the Tbase was increased up to ~1473 K. Figure 10(a) and figure 10(c) shows the surface 

morphologies of the sample R-2-3 and C-2-3, respectively. Severe plastic deformation 

could be observed on the surfaces of both samples after exposure. Consistent with the 

result shown in figure 8 and figure 9, the surface plastic deformation of sample R-2-3 

was non-uniform but relatively uniform in sample C-2-3. Moreover, CVD-W exhibits 

a better crack initiation resistance than commercial W (figure 10(c)-10(d)), probably 

originated from its ability to deform uniformly. The [001] crystallographic texture 

developed in CVD-W is therefore beneficial for its thermal fatigue performance.  

3.4. Preparation of W-based mockups 

 

Figure 11. (a) large-scale CVD-W coatings on Cu alloy (CuCrZr) substrates [14], (b) 

EBSD image of CVD-W coating deposited on a pure W substrate (CVD-W/W). The 



CVD-W/W was annealed at 1773 K for 1 h. (c) High magnification SEM image (c) and 

the corresponding EBSD image (d) of the location as indicated by the white box in (b). 

To evaluate the possibility of the preparation of CVD-W based PFMs for the first wall 

(FW) and divertor, CVD-W coatings have been deposited on different kinds of 

substrates. For example, the CVD-W/PVD-Si/graphite mockup has been successfully 

prepared, and the prepared mockup sustained a thermal fatigue testing with an absorbed 

power density of 4.62 MW/m2 and 5 s pulse duration for 200 cycles [51]. Flat-type 

CVD-W/CuCrZr mockups with different interlayers (e.g., W/Cu functionally graded 

materials (FGM), oxygen-free copper) have also been prepared. The CVD-

W/FGM/CuCrZr mockup successfully survived a heat flux load of up to 11 MW/m-2 

for 1000 cycles [25]. Additionally, the feasibility of the preparation of large-scale CVD-

W/CuCrZr mockups has also been demonstrated [14] (figure 11(a)). 

It should be mentioned that the manufacturing cost of CVD-W coatings is very high. 

Therefore, to benefit from its excellent performance under fusion-relevant conditions 

as mentioned above, a technical route for the preparation of the CVD-W based mockup 

has been proposed. Firstly, CVD-W coatings with thickness above 2 mm are deposited 

on the commercial pure W substrate (CVD-W/W). Secondly, a suitable heat treatment 

is performed to release the residual stress in the CVD-W coating and to increase the 

bonding strength between the CVD-W coating and W substrate. Thirdly, ITER-like 

water-cooled monoblocks were manufactured using the processed CVD-W/W. Figure 

11(b) shows the EBSD results of the CVD-W/W sample annealed at 1773 K for 2 h. A 

photo of the CVD-W/W samples after heat treatment and the illustration of the CVD-

W/W sample are shown in the lower left and lower right corner of figure 11(b), 

respectively. No visible cracks and pores were observed near the interface between the 

CVD-W and W substrate. For the commercial pure W as shown in the lower part of 

figure 11(b), a typical recrystallization microstructure could be observed. However, for 

the CVD-W as shown in the upper part of figure 11(b), the strong [001] texture along 

the thickness direction of CVD-W is still maintained under the same heat treatment. It 

is therefore expected that the recrystallization-induced degradation of the service 

performance of the W under fusion-relevant heat flux and plasma loadings could be 

mitigated with the prepared CVD-W/W PFM. Those CVD-W/W samples have been 

used for the manufacturing of ITER-like water-cooled monoblocks. The evaluation of 

the thermal handling capability of the monoblocks is undergoing. 



3.5. Discussion 

Currently, the PM route is the prevalent and highly developed manufacturing technique 

for the preparation of W-based PFMs. Extensive efforts have been made for the 

development of alternative manufacturing techniques [52]. For example, to overcome 

the thickness limitation of the W-based PFMs prepared by the traditional PVD and CVD 

techniques, atmospheric pressure chemical vapor deposition (APCVD) with a high 

deposition rate has been successfully developed [25, 53]. The developed CVD-W has 

advantages such as high purity, excellent thermal conductivity, extraordinary high-

temperature stability, and good thermal shock performance, as reviewed in our previous 

work [14]. 

D permeability, D plasma irradiation, steady-state, and transient heat flux loading of the 

thick CVD-W have been investigated in this work. All of them were evolved in the 

plasma-wall interaction (PWI) of the CVD-W as PFM for fusion application. Compared 

to the commercial pure W, the CVD-W shows a higher D permeability, mitigated 

blistering and lower D retention behaviors. Fusion fuel (D and T) inventory in the PFM 

and its permeation through it into the coolant are of particular concern during the long-

term operation of fusion reactors [18, 19]. A lower D retention in the CVD-W is 

therefore beneficial for fusion application. However, more attention should be paid to 

deal with the higher D permeability. Indeed, a sandwich-like structure, which consists 

of reduced activation ferritic/martensitic steel (structural material), titanium nitride 

interlayer (T barrier), and CVD-W (PFM) has been proposed for the first wall of the 

DEMO reactor [54]. The interlayer was not only designed to mitigate the stresses 

between the PFM and the structural materials, but also act as a T permeation barrier. 

Previous results showed that blistering of the W surface had significant grain orientation 

dependence when exposed to low energy, high flux D plasmas, where grains with 

normal directions close to the [001] direction exhibited better blistering behavior than 

others [41-44]. The results of section 3.3 showed that surface modification and plastic 

deformation of the W surface also has grain orientation dependence under steady-state 

and transient heat flux loading. The CVD-W exhibited a better crack initiation 

resistance than the commercial pure W counterpart, which implies that the texture may 

be tailored to improve the thermal fatigue resistance of W. 

The CVD-W W coating technique employed in this study can scale up. This was 



demonstrated by fabricating ITER-like monoblocks using a combination of CVD-W 

and commercial pure W. Microstructural analyses revealed that the interface between 

CVD-W and commercial pure W is free of defects (e.g. pores). To further evaluate the 

quality of the bonding, mechanical tests with specimens containing the interface and 

high heat flux tests are recommended. 

4. Summary 

Chemical vapor deposition (CVD) was used to prepare W coatings with millimeter 

thickness. The prepared CVD-W exhibits high purity, excellent thermal conductivity, 

extraordinary high-temperature stability, and good thermal shock performance, as 

reviewed in our previous work [14]. This paper summarized D permeability, D plasma 

irradiation, and thermal fatigue performance under combined steady-state and transient 

heat flux loading of the CVD-W. Additionally, large-scale preparation of the CVD-W 

based PFMs and mockups was performed. 

The results showed that the D permeability of CVD-W coating was higher than that of 

the commercial pure W, even their activation energy values were almost the same. 

Compared to the pure W counterpart, mitigated blistering and a lower D retention was 

observed for the CVD-W. A strong grain orientation dependence of the surface 

degradation of the W exposed to steady-state H plasma and transient laser beam was 

revealed, where plastic deformation preferentially occurred on the surface grains 

oriented close to the [101] direction. Moreover, CVD-W exhibits a better crack 

initiation resistance than commercial W. 

Large-scale CVD-W based PFMs and mockups were successfully prepared. 

Additionally, a technical route for the preparation of the CVD-W based mockup has 

been proposed to be cost-effective. No cracks and pores could be observed in the CVD-

W/W interface between the CVD-W and W substrate after suitable heat treatment.  

Additionally, the columnar grain structure and strong [001] texture of the CVD-W were 

maintained after annealing at 1773 K for 2 h. 
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