Research status and issues of tungsten plasma facing materials for ITER and beyond
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This review summarizes surface morphology changes of tungsten caused by heat and particle loadings from edge plasmas, and its effects on enhanced erosion and material lifetime in ITER and beyond. Pulsed heat loadings by transients (disruption and ELM) are most concerns due to surface melting, cracking, and dust formation. Hydrogen induced blistering is unlikely an issue of ITER. Helium bombardment would cause surface morphology changes such as W fuzz, He holes, and nanometric bubble layers, which could lead to enhanced erosion (e.g. unipolar arcing of W fuzz). Particle loadings could enhance pulsed heat effects (cracking and erosion) due to surface layer embrittlement by nanometric bubbles and solute atoms. But pulsed heat loadings alleviate surfaces morphology changes in some cases (He holes by ELM-like heat pulses). Effects of extremely high fluence (~1030 m-2), mixed materials, and neutron irradiation are important issues to be pursued for ITER and beyond. In addition, surface repairment to prolong material lifetime is also an important issue.
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1. Introduction

Tungsten is foreseen as a plasma facing material for ITER and DEMO because of its low sputtering yield, high melting point and high thermal conductivity. Recently, status and issues of tungsten R&D as plasma facing materials for ITER have been reviewed and intensively discussed. According to ITER divertor strategy, the baseline option (option 1) involves a mixed carbon/tungsten (CFC/W) divertor for the non-nuclear phase and a full tungsten (W) divertor for the nuclear phase. However, due to the ITER cost containment policy, an option using a full W divertor up to achieving the Q=10 milestone in the nuclear phase is being examined (option 2). For the DT phase, the material configuration will be the same for both options considered. However, the choice of option 1 assumes new full W divertor in the nuclear phase, while a possibly surface damaged W divertor will be used in the nuclear phase for option 2. The surface damage of tungsten in option 2 in the non-nuclear phase could be mostly caused by unmitigated disruption/VDE with high stored energy plasmas as well as by unmitigated ELMs in H-mode He discharges. Therefore, the important discussion points are effects of heat fluxes (mainly transients) and particles bombardment (hydrogen isotope ions and helium ions) on surface melting and morphology changes, and their impacts on power handling capability and lifetime of the divertor.
Estimation of heat and particle loading conditions to divertor of ITER was described in Ref. [1]. In terms of steady-state heat loadings,  a peak power flux density of q(, Peak ~ 8 MW/m2 might be expected at most in the non-nuclear phases (H/He discharges), yielding a peak surface temperature Tsurf,peak of ~800 (C. In the nuclear phases (DT burning discharges), q(, Peak ~ 10 MW/m2 would be achieved with the help of partial detachment operations, resulting in Tsurf,peak of ~1100 (C. Therefore, surface temperature of tungsten even during DT operation would stay below recrystallization temperature (~1200 (C) [2] as far as steady-state heat loads are concerned.
In terms of transient, pulsed heat loadings by major disruptions (MD), vertical displacement events (VDE) and edge localized modes (ELM) could be applied to the divertor surfaces (mainly MD and ELM) and the baffle surfaces (VDE). Estimation of the heat loading by MD calculated by several simulation codes was shown [1]. Although there still remain large uncertainties, surface melting of tungsten might occur even in the non-nuclear phases without mitigation in the worst case. 
Melt layer dynamics, materials erosion and properties of the resolidified W layers were comprehensively reviewed in Ref. [3]. One of the important conclusions on W melt layer dynamics is; no experiment has been able to show plasma shaping of metallic PFCs in the sense of ameliorating leading edges of W blocks and the hill structures of the resolidified W layers. Although W melting is a very important subject needed to be investigated, only W surface morphology changes without full-surface melting are described in this paper.
In this review, present knowledge and issues of the following surface morphology changes of tungsten plasma facing materials under edge plasma environments for ITER and beyond are summarized. Particle bombardment (H/D/T and He) to tungsten causes blistering [4-10], and He bubbles and its variations (including nano-structure (W fuzz))[12-18]. High cycle pulsed heat loading (even less than the surface melting limit) causes roughening and cracking, eventually local melting and droplet ejection [19-23]. We need to assess their impacts on W materials and to clarify heat and particle loading conditions acceptable for W divertor in ITER. 
2. Hydrogen induced blistering

Blistering is basically caused by supersaturation of hydrogen or helium in near surface region, resulting in gaps underneath the surface and several shapes of protrusions. Blistering can be produced by both hydrogen and helium ion bombardment with energies of an order of tens of keV or more. However, under tokamak edge plasma conditions where ion bombardment energies are relatively low (less than a few hundred eV), only hydrogen bombardment can cause blistering [4-11]. In this case, implanted hydrogen atoms diffuse into deeper region to be trapped at intrinsic traps or hydrogen bubbles, leading to micro-cracking and eventually blistering. In addition, implanted hydrogen atoms in lattice cause internal stress, leading to micro-cracking, deformation, slipping, and eventually blistering. Conditions for the blistering are well-known, namely at the temperatures less than about 600 °C (to about room temperature) and in the fluence of more than about 1024 m-2. 
Several shapes of blisters such as dome-like blisters, plane-like ones with many edges, stepped flat elevation, and so on, were observed in laboratory plasma experiments. These shapes of blisters are strongly dependent on microstructure of tungsten and also on incident flux and temperature. As ion fluence increases, surface exfoliation and dust formation could take place.  In ASDEX Upgrade tokamak, polished W plates were exposed to edge plasmas to the fluence of 2 x 1026 m-2 [24]. After plasma exposure, blistering (and redeposition of impurities) was observed, indicating blistering is a common phenomenon both in laboratory plasma environments and tokamak plasma environments. 
Impurity ion effects on blistering are also studied for several impurity ions. He seeded plasma reduces retention and almost completely suppress blistering [25-27]. He implantation causes nano-metric He bubbles (< 700 °C) [28]. As the fluence increase, these bubbles coalesce to make pores connected to surfaces, which could enhance hydrogen release and suppress blistering. Be seeded plasmas also eliminate blistering under erosion conditions where surface layers are covered by mixed materials of Be and W [29-30]. These mixed layers seem to enhance hydrogen release and eliminate blistering. Under deposition conditions, blistering is also suppressed since most of hydrogen atoms are retained in Be deposition layers. C seeded plasma, however, increases retention and enhances blistering under erosion conditions, where surfaces are covered by C and W mixed layers [31-32]. N seeded plasmas seems to have a similar effect to C, namely increase retention and somewhat enhance blistering [33] Increase in retention and formation of blistering correlates with change of D permeation in tungsten with mixed ion beam irradiation [34]. Impurity species to enhance blistering also enhance D permeation under erosion conditions.
Fig. 1 shows the surface area of the outer target plate which meet temperature conditions for the blistering (together with the He induced W fuzz, which is explained later). On most of the outer target except for near strike point area, temperature conditions for blistering are fulfilled. But there are several reasons why blistering could not be an issue in ITER. The reasons are listed as follows.
In most of laboratory experiments, mirror finished specimens are used, while in ITER W monoblocks have engineering surfaces (rough grinding surfaces). It was shown that blistering hardly takes place on engineering surfaces due to relaxation of internal stress and enhanced hydrogen gas release from hydrogen nano-bubbles before they grow to micrometer sized blisters [35]. 
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Fig. 1 Temperature distribution on the outer target of ITER divertor and temperature conditions for H/D/T blistering and W fuzz (the original figure is quoted from Ref. [1]). 
In ITER, even in the H operation phase, plasmas are contaminated by Be. Although accurate estimation of Be density in H plasmas is rather difficult, Be ions always eliminate blistering under both erosion and deposition conditions due to enhancement of hydrogen release or limit of retention in Be deposition layers. In He discharges in the non-nuclear phase and DT discharges with certain amount of He ions in the nuclear phase, blistering also will not take place. 
The remaining issues, however, are an extremely high fluence effect and a combined effect with pulsed heat. Present experimental results cover fluence region up to more or less about 1027 m-2, but total fluence irradiated onto W mono-block could be an order of 1030 m-2, which is far away from the present conditions and we do not know exactly what would happen under this high fluence conditions. The combined effect is described in Sec. 5.
3. Helium effects
In this section, summaries of the He induced structure, mainly W nano-structure (W fuzz), and the impact on ITER and DEMO, and remaining issues are described. Energies of He ions considered here are so low that physical sputtering does not play an important role in surface morphology changes. For more detailed information about formation and erosion of W fuzz, see Ref. [36]. 
He atoms implanted in metallic materials are strongly trapped at vacancies, grain boundaries, dislocations, and voids [37, 38]. For example, a trapping energy of He atom with mono-vacancy of tungsten without any He atoms is about 4.5 eV [39]. As He fluence increases, additional He atoms are trapped at He-vacancy complexes to increase its size to become He nanometric bubbles. At temperatures less than about 600 (C, these He nanometric bubbles are inter-connected to form pores reaching surfaces, which become release channels of gaseous materials such as He atoms [28]. At temperatures above 600 °C, the He-vacancy complexes become mobile to form large size bubbles (more than a few nano meters). At temperatures over 700 °C, nano-structure (W fuzz) is formed [14, 15]. W fuzz has been oberved in both high density linear devices and tokamak devices, indicating W fuzz is a common phenomenon under high density He plasma environments. Above roughly 1700 °C, where recrystallization of tungsten significantly occurs, micrometer sized surface He bubbles (He holes) appear [12, 13]. In general, the abovementioned helium induced structures have low effective thermal conductivity and poor mechanical properties (e. g. enhancement of brittleness), which cause several concerns such as enhanced erosion and dust formation.
Typical fluence for dense nanometric bubble formation is very low (an order of 1022 m-2), at which a He bubble layer with a thickness of about 20 nm are formed for 0.25 keV He bombardment [38]. As was described before, as the fluence increases nanometric bubbles coalesce and form pores. If temperature stays low (<600 °C), this structure could be saturated. According to Ref. [37], surface temperature rise by e-beam heat loading increased by He ion pre-bombardment due to reduction of thermal conductivity near the surface. Although degradation of surface thermal properties is seen after He ion bombardment, the He nanometric bubbles and the He holes might not be a concern if only normal stationary heat load (~10 MW/m2 in ITER or less) is applied. Combined effects of pulsed heat and particles will be described in Section 5. One remaining issue, similar to hydrogen isotope irradiation, is very high fluence effects (more than 1027 m-2), which have not been explored so far.
W fuzz is recently most well-known surface morphology changes by He ion bombardment. The He bombardment energy and surface temperature are key parameters for the formation of W fuzz. The formation window ranges above the temperatures of 700 °C and above the ion energy of about 20 eV [40] at the flux of about 1023 m-2s-1. He ion fluence necessary for W fuzz formation is roughly ~1025 m-2. As the surface temperature increases, thickness of of W fuzz increases. Similar results were observed in the extreme high flux condition around 1024 m-2s-1 [41]. Concerning the temperature condition of the divertor surface of ITER, the formation area of W fuzz exists only around the peak heat flux position on the outer divertor, see Fig. 1.  In the nuclear phase of ITER and DEMO, detached plasmas are mandatory to keep the peak heat flux around 10 MW/m2. Since electron temperature for the detached plasmas is roughly 1 eV, the ion bombardment energy (~6 eV for doubly charged helium ions) could be well below the threshold energy of W fuzz formation (~20 eV). Therefore, in the nuclear phase W fuzz could be formed only on the W surface facing attached plasmas near the peak temperature position.
For the use of full W divertor in ITER and DEMO, enhanced erosion of W fuzz could be a concern. It could reduce lifetime of tungsten monoblocks, and enhances core plasma contamination. Three main erosion processes have been identified and studied in detail such as sputtering erosion, erosion by pulsed load (melting and dust formation), and unipolar arcing. Sputtering yields of fuzzy surfaces bombarded by Ar plasmas were measured in the linear divertor plasma simulator PISCES-B [42]. The ion energy dependence is similar for Ysmooth (sputtering yield of a smooth W surface) and Yfuzzy (sputtering yield of W fuzz) with the ratio, Yfuzzy / Ysmooth, of 0.15-0.2, indicating much lower sputtering erosion of W fuzz than W smooth surfaces. From this result, physical sputtering of W fuzz is not a concern.
Concerning melting and associated release of W droplets from W fuzz by ELM-like pulsed heat, the pulsed plasma gun experiment with the pulse length of about 0.1 ms was performed [43], which showed melting of W fuzz to form droplets, W release and unipolar arcing (described later). On the other hand, De Temmerman et al. [17] observed complete disappearance of W fuzz without any release of W for pulse energy densities higher than 0.5 MJm-2 by pulse plasma exposure with the pulse length of about 1 ms in Pilot-PSI. Takamura et al. [44] found that W fuzz disappeared without W release by exposure to argon plasma for about 25 minutes at the surface temperature of 1500 – 1600 °C. This result indicates that W fuzz could be thermally annealed and recovered at elevated temperatures. These results suggest that appropriate tailoring of ELM like heat pulses might be useful to recover W flat surfaces from fuzzy surfaces.
So far, the most concerned erosion process related to W fuzz could be unipolar arcing. It was found that arcing can be easily initiated on W fuzz [45]. By irradiating a laser pulse to the fuzzy surface in the plasma, unipolar arcing is promptly initiated and continued for a much longer time than the laser pulse width (~0.6 ms). This result suggests that W fuzz could significantly change the ignition property of arcing. Detailed study on the conditions for arcing induced by laser heat pulses [46] showed that when He fluence exceeded 2.5 x 1025 m-2 (30 min discharge), arcing becomes significant with enhanced erosion of W fuzz. Note that the helium fluence of 2.5 × 1025 m-2 is the one which sufficiently grows the nanostructure on the surface at ~1400 K (roughly 600 nm for the thickness of W fuzz). In this case, surface color becomes completely black. At a bias voltage of lower than -60V (ion energy more than about 60 eV), arcing was frequently initiated. This means certain ion energy (or sheath potential) is necessary for ignition of arcing.  
 This preferential arcing was also observed in a magnetic confinement device LHD [47] and DIII-D [48]. For the case of LHD, arcing was observed by just exposure of the premade W fuzz to the LHD edge plasma without any pulsed heat loads. Arcing on fuzzy surfaces in DIII-D seemed to occur during high pulsed heat loads by disruptions. On the other hand, pulsed plasma experiments in Pilot-PSI [17] (disappearance of W fuzz, which was described before) did not show arcing. The reason could be attributed to lower plasma temperature (lower ion bombardment energy of lower sheath potential) for Pilot–PSI (Te~10 eV [17]) than for LHD (arcing, Te~20 eV (Ion temperature of ~20 eV)[47]).
Erosion rates of W fuzz during arcing was estimated from the measurements of cross section of arc tracks [46]. Arcing erosion was only seen in the W fuzz layer and the bulk tungsten beneath W fuzz was not eroded. Similar result is also seen for DIII-D experiments [47]. According to Ref. [46], an erosion rate of fuzz is about 10 µg / 1 ms for one arc track and its speed is about 100 m/s. Considering surface area of one W monoblock in ITER (~30 x 10 mm2), lifetime of one arc track would be an order of sub ms (arc tracks are terminated at edges of the monoblocks). Therefore, erosion of W fuzz per one arc track could be (1 to 10) µg. In ITER, the number of poloidal rows of W monoblocks is about 1200. If arcing takes place on all the rows, total erosion would be several mg. With arcing frequency of 1 Hz, W erosion rate would be several mg / s. Provided that 1% of tungsten penetrates into core plasma and confinement time of tungsten ions is 1 s, the number of W ions staying in the core plasma is about 3 x 1018 particles (for the W erosion rate of 1 mg/s), which means W ion density to fuel ion density would be roughly 3 x 10-5 (ITER plasma volume is 840 m3 (~103) and the density is assumed to be 1020 m-3). According to Ref. [49], even this small amount of W density may affect ignition conditions. Although this estimation is very rough and unreliable, it suggests that arcing erosion could be an issue for W accumulation in core plasmas if all the area around the strike point would be covered by W fuzz (with enough thickness for unipolar arcing).
4. Pulsed heat load effects

ELM-like pulse heat loading causes repeated surface temperature increase and decrease, leading to surface roughening and cracking, even if its energy density is below the melting threshold. Recently, high cycle pulsed heat loading experiments were performed in detail with heat flux factors of about 1/20 of the melting threshold (~50 MJm-2s-0.5) by e-beam [20]. The damage threshold energy by recent e-beam experiments is less than 6 MJm-2s-0.5. An ELM heat pulse with about 1/5 of the melting threshold energy (~9 MJm-2s-0.5) causes recrystallization and local melting as well as roughening and cracking after 105 pulses are applied. These high cycle and low energy pulse heat effects become significant after 104-105 pulse numbers are irradiated. 

In a half plasma current operation of ITER (7.5 MA), ELMy H-mode operations with He plasmas are planned to clarify ELM characteristics and to find appropriate mitigation methods. According to Ref. [1], a heat flux factor of the ELMy H-mode in the half Ip would be ~10 MJm-2s-0.5, about 1/5 of the melting threshold. But even in this case, surface damage could be a concern if the pulse cycle number will reach 105 or more. In a full current operation (15 MA), a heat flux factor would exceed the melting threshold and appropriate methods to mitigate ELM energies are strongly required. 

Damage threshold of CFC graphite was also measured by e-beam testing with the pulse number of 105 [22]. Surface morphology changes appeared for a heat flux factor of ~15 MJm-2s-0.5 but did not appear for ~12 MJm-2s-0.5. Comparing this number with that of tungsten (~6 MJm-2s-0.5), it is found that CFC graphite is more resistant to ELM-like pulsed heat loading than tungsten. In addition, since CFC does not melt, there are no partial protrusions or no degradation of material performance by solidification. Even with some protrusions, they would be flattened by plasma ion bombardment (plasma shaping). On the other hand, since plasma shaping could not take place for metallic materials such as tungsten, it is necessary to avoid excessive damage on tungsten if full W divertor will be used for first 10 years of operations in ITER.
5. Combined heat and particle loadings effects

From section 2 to section 4, effects of single loading (section 2: hydrogen isotopes, section 3: helium, section 4: pulsed heat) are mainly explained. But in actual edge plasma conditions, these loadings are applied simultaneously and combined effects of these have to be considered. In general, particle (H/He) loadings to tungsten surfaces cause material degradation to some extent in terms of mechanical and thermal properties. Surface cracking can be produced with less thermal shocks for more brittle materials. Irradiation by hydrogen isotope ions will make surface layers with high density hydrogen solution. If hydrogen solution is in an oversaturated state, hydrogen bubbles and blisters can be formed. Cracking resistance of these layers could be deteriorated due to the increases in brittleness and decrease in effective thermal conductivity. He ion implantation causes He bubble layers, which also deteriorate mechanical and thermal properties. 
Combined effects of stationary and pulsed heat loadings to actively cooled W monoblocks were presented in Ref. [50]. Their testing conditions are as follows. (i) a multiple pulsed plasma exposure (0.5 MJ/m2, 500 shots), (ii) an high heat flux (HHF) cycling performed by electron-beam irradiation (2000 cycles at the heat loads of 10MWm-2 and 300 cycles at the heat loads of 20MWm-2, (iii) a second multiple pulsed plasma exposure (0.5 MJ/m2, 500 shots). In the previous experiments with the pulsed heat loading only, the width of the primary cracks reaches saturation at a few tens of micrometers, which corresponds to crack depths of several hundreds of micrometers. The present experiments have shown that the HHF thermal cycling expected during ITER operation leads to further expansion of the cracks caused by plasma transients up to a width of several hundreds of micrometers. 
The preloading with hydrogen plasma by high density plasmas has a significant influence on the thermal shock behavior of W at room temperature [51, 52]. Hydrogen pre-loaded samples show higher crack densities, lower crack widths and smaller penetration depths in the electron beam exposed area. At high particle fluxes and surface temperatures of > 523 °C during plasma loading the thermal shock cracks propagate through the only plasma loaded area and even to the unloaded material at the sample edges. The possible reasons for this effect are the hydrogen embrittlement of W in the crystal lattice due to a high hydrogen concentration in the surface near region. Similar experiments with a pulsed laser were made in PISCES.

Surface ablation thresholds of pulsed heat were also reduced under simultaneous heat and particles irradiation in Pilot-PSI [54]. For both hydrogen and helium plasma, a clear threshold behaviour is observed with no release observed below a certain energy density and increasing tungsten emission with increasing energy density after the threshold value. Surface temperatures were 400 °C and 750 °C for hydrogen and helium plasmas, respectively. In the case of hydrogen plasmas, the threshold for release is around 0.2 MJm-2, while no release is observed below 0.25 MJm-2 for helium. Surface temperature of tungsten specimens for the hydrogen plasma exposure was about 2800 °C for a pulse energy of 5 MJm-2. Therefore, the ablation thresholds were much below melting thresholds. The reason for the ablation much below melting thresholds could be attributed to hydrogen bubble formation due to high-flux plasma followed by explosive release of materials during pulsed heating. In addition, mechanical degradation of the surface layers by hydrogen exposure could contribute.
Pulsed heat effects on He exposed surfaces do not look simple. As was described, W droplet formation and release from W fuzz were seen for the pulse plasma gun experiment [43], while disappearance without any release of W was observed by the pulsed high density linear plasma experiment [17]. Behavior of He holes on W formed at elevated temepratures (>1700 °C) in response to laser heat pulses was different for different pulse lengths (5-7 ns and 0.6 ms). For short pulse irradiation (5-7 ns) [56], ablation threshold was reduced compared with virgin W surfaces and erosion was enhanced. On the other hand, for long pulse irradiation (~0.6 ms) [57], He induced surface morphologies were annealed out without release of W. This is also another pulsed heat annealing effects of He induced morphology (as was described, W fuzz is also annealed by a certain plasma pulse [17]).
Considering the results under several combined loading conditions, for shorter pulse lengths bursting erosion of bubbles took place associated with W release, while for longer pulse lengths release of gases from bubbles and annealing of deformed surface could take place. These results could bring us some keys to surface repairment of damaged tungsten.
6. Mixed materials effects of W and Be

Mixed material formation of W and Be can form alloys, with a decreased melting temperature compared to pure W. W and Be have been shown to begin significant inter diffusion for temperatures > 800°C [55]. It is needed to assess a complex interplay between Be surface reflection/erosion/redeposition/sublimation to determine to what extent mixed Be/W material will form.

During plasma operation, Be will be eroded from the first wall and transported to the divertor area, where it can form mixed materials with the original divertor material. This is mainly a concern for W-Be interactions, as it can form alloys with decreased melting temperature compared to pure W.

In terms of mixed material effects, a thin layer of mixed Be-W (few nm) is likely to form on most of the divertor surface (both in eroded and deposited zones) for full W divertor. While it should not be a concern for steady state power handling, the issue of melt layers from high temperature excursion due to transients or resistance to a large number of pulsed heat loads should be further investigated.
7. Concluding Remarks
For full W divertor from day one (option 2), surface damage of W vertical targets in the non-nuclear phase (the learning phase of plasma operations) needs to be minimized for successive operations in the nuclear phase. Even in the non-nuclear phase, surface damage caused by transients (major disruption/VDE, and ELM) is a concern and careful optimization of plasma performance towards the nuclear phase is required. With only steady-state heat flux of 10 MW/m2 or less, since surface temperature of tungsten monoblocks would be always less than the W recrystallization temperature, W material degradation is negligible (unless misaligned W tiles exist). Under the steady-state particle loading conditions, surface morphology changes foreseen in ITER also could not cause enhanced erosion and serious degradation of heat removal performance. But once unmitigated transient heat loadings are applied, surface melting (leading to brittle and uneven resolidified layers), roughening, cracking, and local melting could take place. 
Particle loadings (hydrogen isotopes and helium), in general, cause thin damaged layers containing trapped and solute atoms whose mechanical and thermal properties are degraded by solution of these atoms, nanometric bubbles (by both hydrogen and helium), blistering (mainly by hydrogen in fusion environments at low temperatures), large holes (by helium at elevated temepratures), and nanostructure (W fuzz, by helium at medium temepratures). Hydrogen blistering could not be an issue in fusion environments due to mainly engineering surfaces of W monoblocks and plasma impurities (Be and He). W fuzz could bring about enhanced release of tungsten through unipolar arcing, but more studies on the formation, erosion, and disappearance of W fuzz by pulsed heat are necessary to correctly evaluate its effects on core plasma performance. 
Combined effects of heat and particles could enhance surface damage and erosion by pulsed heat only in some cases. But some other experimental results showed alleviation of surface damage (e.g. He fuzz and He holes) by ELM-like pulsed heat. Therefore, there still remain some uncertainties of surface morphology changes by combined loadings. Although transient heat loadings should be reduced to some acceptable level, effects of modest transient heat loadings on surface damage alleviation should also be examined.
In ITER, material mixing of W and Be takes place. Some amount of Be eroded from first walls is always included in the plasma and its effects on tungsten surface damage by pulsed heat should be known. For DEMO, tungsten is also a leading candidate for a first wall material and a plasma facing material. Its surface protection by other materials (ex. liquid Li) might be necessary. In this case, material mixing of protection materials and W would be another issue.
In ITER, for first ten years of operations particle fluence to plasma facing surfaces could reach 1030 m-2, which significantly exceeds present experimental conditions (~1027 m-2). In DEMO, this fluence could be increased more due to steady-state plasma operation for years. So far there are no clear prospects on what will happen under the extreme high fluence conditions. Our knowledge should be extended more through proper experiments and reliable modeling.

For DEMO neutron effects on any in-vessel solid materials including plasma facing tungsten needs to be evaluated. Since surface damage caused by heat and particle loadings from edge plasmas is much more significant than neutron displacement damage, neutron irradiation itself would not affect surface morphology changes directly. They affect surface damage through surface temperature changes due to degradation of thermal conductivity of bulk materials, and changes of defect behavior by transmutation elements (mainly Re, Ta, Os). Once damage propagates into the bulk, mechanical properties changes by neutron irradiation would affect significantly. Therefore, the neutron effects on a W plasma facing material need to be also investigated especially for DEMO (and in the latter half of the ITER operation phase, where neutron fluence is enough to change tungsten materials properties).
Finally, development of repairment techniques and surface protection methods could help to prolong lifetime of W plasma facing materials. It is described that pulsed heating could heal surface damage of He holes. This type of self repairment should also be considered.
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