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Abstract
The armor for future nuclear fusion reactors is one of the main areas of research due to the harsh conditions it will undergo. Thermal fatigue is one of the most serious damage, as it will cause any material to fail even if the heat and particle loads during the reactor operation are always maintained low. In this work we have compared the actual tungsten armor for ITER tokamak with a new advanced tungsten material: tungsten reinforced by tungsten fibers (Wf/W). ITER-like W has shown small intergranular cracking at heat loads similar to the ones found in other similar devices: heat flux factor of FHF = 5.2±1.6 MW/m2s0.5. But at much lower number of pulses: 641 versus 105. H embrittlement by the high-energy ions of OLMAT has been postulated as one of the main reason of this relatively prompt cracking appearance. Opposed to this, the type of Wf/W studied here, Porous Matrix (PM-Wf/W), has shown no damage at the same conditions and up to 950 pulses. These results show the capabilities of OLMAT for fatigue studies in conditions relevant to a future nuclear fusion reactor. New upgrades of OLMAT will partially solve the issues found in this first phase. Future work to continue with fatigue studies will be presented. 

1. Introduction

[bookmark: ZOTERO_BREF_58ce46JPSeKa1][bookmark: ZOTERO_BREF_uReZrlHQ4wUg][bookmark: ZOTERO_BREF_L0Lmose6vYQQ]Materials resilience is one the main causes of the delay in the achievement of an economically viable nuclear fusion reactor based on magnetic confinement. This is especially true for the inner shielding at the divertor area against the plasma exhaust (i.e. strike points): the target plates [1–4]. Peak steady state power densities up to 20 MW/m2 may arise during normal operation. Moreover, off-normal transient events like ELMs (Edge Localized Modes), disruptions and VDEs (Vertical Displacement Events), if not mitigated, may lead to fast (few ms) power loads ranging from hundreds MW/m2 (ELMs) to tens GW/m2 (disruptions and VDEs)  [1–6]. When the critical damage caused by intense neutron bombardment is also considered, the resilience of traditional shielding based on pure tungsten is seriously compromised [4]. 
[bookmark: ZOTERO_BREF_wdw1wbsihGnq1][bookmark: ZOTERO_BREF_Eo2lRqznGA7r1][bookmark: ZOTERO_BREF_p8ffePJ0TEai][bookmark: ZOTERO_BREF_LIBSC4Z3s4dU][bookmark: ZOTERO_BREF_rIT6CQX4rnW9][bookmark: ZOTERO_BREF_yQvURefA78nQ][bookmark: ZOTERO_BREF_wk2zMQ0Gs9Jp][bookmark: ZOTERO_BREF_a9im0Mz6uvSG][bookmark: ZOTERO_BREF_lQ8blPt08Mtc]For ITER (International Thermonuclear Experimental Reactor) divertor the armor consists on tungsten monoblocks over a CuCrZr heat sink [1]. The microstructure of this tungsten is very specific: perpendicular-to-surface, elongated grains parallel to the heat transfer direction. In this way, the crack propagation, usually intergranular in tungsten [1,4,7,8], is aligned with the grain orientation, so delamination by cracks parallel to the surface is minimized. However, for many reasons, mainly related to the expected huge neutron loads, this material will likely not be apt for DEMO (DEMOnstration reactor) [3,5,6]. Even considering that the replacement of divertor armor in DEMO is scheduled every 1.5 years, when in ITER will be 10 years [1,3,5]. Because of this, many advanced W materials and alloys are being developed to solve the issues already found for pure W: K-doping for higher recrystallization temperature [9,10]; W-Cr-Y alloys to avoid reaction with air in case of accident [11,12]; microstructured W for thermal shock resilience and neutron damage [13]; and, the one tested in this work, W reinforced with W fibers (Wf/W), for its better mechanical properties and resilience against fatigue thanks to its pseudo-ductility [14–17]. However, the improvement in some properties may cause the worsening of others: for example small loses in some mechanical properties of K-doped and W-Cr-Y alloys, poorer thermal conductivity in Wf/W (66% of pure W [16]), etc. Therefore, a compromise must be found for each option.
[bookmark: ZOTERO_BREF_SHv0lWbn0PfZ][bookmark: ZOTERO_BREF_sqCWBYh018Bo][bookmark: ZOTERO_BREF_PnHb6iWTmev1][bookmark: ZOTERO_BREF_yKsMFn0yXdJB][bookmark: ZOTERO_BREF_EsETBmelqb9X][bookmark: ZOTERO_BREF_a9im0Mz6uvSG1]In DEMO and ITER thermal fatigue of the first wall armor will be a main issue [3,5,6]. This fatigue consists on the accumulation of defects like dislocations during the thermal load, leading to crack formation. As they are being heated the materials are subjected to thermal expansion, which is restricted by the colder surrounding material, generating compressive stresses. This process is more critical at the junction of W armor and heat sink (CuCrZr) due to the large thermal expansion mismatch (not within the scope of this work, although it will be studied in the future). Moreover, this defect accumulation, and cracking initiation, will be faster for shorter thermal loads (as ELMs, few ms), larger heat loads, and mainly, when the material is brittle, as the heated part becomes ductile but surrounded by cold, brittle material [7]. In DEMO fatigue cracking is even more dangerous. Brittle cracking will be critical as the Ductile-to-Brittle Transition Temperature (DBTT) of W is expected to increase from 100-400 °C (depends critically on fabrication technique and treatments) to around 800 °C because of neutron bombardment [4]. Furthermore, in DEMO many operation conditions: duty factor (time in operation), number of pulses, number of mitigated ELMs, and neutron loading (leading to embrittlement) will be much demanding than in ITER. For example, for mitigated ELMs (2 ms duration) even at heat load as low as 10 MW/m2, a frequency of tens Hz will be required to achieve this low heat flux. Then 106 heat load cycles may be reached in just 10-30 h operation. At that huge number of cycles almost any material tested so far has started to fail [7,8]. This would lead to the operation only in ELM-free modes like QH-mode, I-mode, negative triangularity, etc. But those require large changes in DEMO design (which is too advanced to be easily changed) and/or worse confinement than the usual ELMy H-mode, see [1] and references therein. Therefore, the pragmatic solution is to operate with a reliable mitigated ELMy H-mode, and to design a material much more resilient to thermal fatigue, being the one studied in this work Wf/W the most promising [14–17]. Cracking will appear in neutron-loaded Wf/W as any other W alloy, but thanks to its pseudo-ductility induced by the fibers (extrinsic toughening) the cracks will grow much slower and critical failure may be sufficiently delayed. 

[bookmark: ZOTERO_BREF_tTFrqn2phCyM][bookmark: ZOTERO_BREF_HItmdbkDXeKR]In this work we present the first thermal fatigue studies of ITER and DEMO relevant materials in the OLMAT High Heat Flux (HHF) device [18,19]. OLMAT capabilities for thermal fatigue testing will be described in section 2. Fatigue experiment of ITER-like W and W reinforced with W fibers in a Porous Matrix (PM-Wf/W, see [14–16] for details) will be shown in Section 3, and they will be compared to previous results in other HHF devices showing the successful qualification. Finally, in section 4 the conclusions will be given and the future work to continue these studies will be outlined.
2. Material and methods: OLMAT 
[bookmark: ZOTERO_BREF_UGokjjHmsnnZ][bookmark: ZOTERO_BREF_mp2LDKbwZh8U]The OLMAT HHF device has already been described in full [18], as well as its commissioning [19]. This work will be focused on performing fatigue studies of materials relevant to a future nuclear fusion reactor. Only a brief description will be given here, and its schematic can be found in Figure 1. The OLMAT project uses the TJ-II Counter-NBI injector to irradiate different targets, solid or liquid-metal based ones. Its pumping is independent of TJ-II by means of two turbopumps in series with a rough pump. Pressures of 5·10-7 mbar are routinely achieved. As can be seen in Figure 1 OLMAT is equipped with a large set of diagnostics: 2 infrared (IR) pyrometers of different ranges (OPTRIS CTlaser and OPTRIS 3MH1), calibrated at the laboratory by comparison with E-type thermocouples at the surface; one IR camera (Optris PI 160); 2 E-type thermocouples at the back of the samples; Optical Emission Spectroscopy (OES) by a CMOS-based spectrometer (compact fiber optic covering the 236-812 nm range); a SRS-200 Residual Gas Analyzer; and a compact, fast-camera (AOS PROMON U750 mono) to monitor the sample damage or particles emission.
[image: ]
Figure 1: Top view sketch of the OLMAT experiment with NBI beam depiction. 1. Target with TZM mask and three samples; 2. sample holder in manipulator with rotation/translation capabilities; 3. pre-chamber with RGA; 4. Optical viewports for diagnostics: OES, pyrometers, IR camera and compact fast camera; 5. inertially-cooled, TZM beam dump.


[bookmark: ZOTERO_BREF_LpBUPPmwzEm7][bookmark: ZOTERO_BREF_wimTzTzGv6oE][bookmark: ZOTERO_BREF_HItmdbkDXeKR1][bookmark: ZOTERO_BREF_qEL4adUpiiSP][bookmark: ZOTERO_BREF_3nAB5eB8T4Fw]NBI beam has a power of up to 705 kW, with a particle energy of 3-40 keV and hydrogen flux up to 1.7·1022 1/m2s. It allows power densities of up to 58±14 MW/m2 in 100 ms pulses and 150 s repetition rate or up to 24±6 MW/m2 in 150 ms pulses and 30 s repetition rate [19]. The beam presents a Gaussian profile of 11.7 cm of FWHM, and a relatively flat shape at the powers used here <20 MW/m2 [20] to assure a homogeneous power density at the samples. The sample holder is shown in Figure 2. It consists on a TZM alloy (99% Mo with 0.5% Ti and 0.1% Zr) mask fixed with a TZM cap to a stainless steel sample holder, where 3 samples are fixed: ITER-like W or Porous Matrix PM-Wf/W provided by Jülich FZ from Plansee and fabricated by themselves  [14–16] respectively. The three samples are exposed at a slightly different heat flux each one compared to the mean power density: center: +10%; right -10%; down mean power. The samples temperature is controlled by a heater placed between the samples and the sample holder. However, as the beam dump is inertially cooled only about 100 consecutive pulses can be done until the system is allowed to cool down to protect the valves, resulting in about 300-400 pulses per day. This will be solved in the future with a water-cooled, large sample holder acting also as beam dump. In order to be able to compare to experiments in other devices like JUDITH2 [8], performed at 700 °C, and to work in the W ductile regime as expected in ITER (T > DBTT, about 250-400 °C [4]) the samples are heated up to a temperature of 425 °C prior the experiment (maximum achiavable by the heater), reaching a plateau of ~700 °C at surface (by pirometry) in around 15-20 pulses, depending on power. However, in Porous Matrix PM-Wf/W experiments the heater broke and the sample cooled down to 150-200 °C during the technical stop, reaching the ~700 °C at surface again in around 20 pulses (relatively fast due to its lower heat conductance and hence slower cooling). 
[image: ]Figure 2: Stainless steel sample holder (1) with TZM mask (2) and samples (3) with a 10x10mm area exposed

Finally, prior and after the exposure at OLMAT, the erosion of the samples were measured with a W120 balance from Adam Equipment. In the same way, the samples were observed with a Zeiss Auriga Compact FESEM-FIB or by a Leica DCM8 confocal microscope to look for cracking development at surface and cross-section. 
3. Results and discussion
During all experiments different diagnostics were monitored. The results for some of them are summarized here: 
· RGA: a mix of impurities of water and hydrocarbons (m/q ratio range of 14-18 and 26-40) are routinely detected during the NBI pulses. But they are about 2-3 orders of magnitude lower than the hydrogen signal. This indicates that they are the typical impurities at the walls of a long operating device as TJ-II stellarator (which OLMAT is joined with) dragged out by the large surge of pressure from the NBI.
· [bookmark: ZOTERO_BREF_hyPkgoewSA5M]OES: showed a small plasma with a small W emission which develops in front of the surface which is being studied in other works of this group [21,22]
· IR camera: showed no difference in samples emission at the end of the series of pulses. Understandable as there is no large cracking. 
· Fast camera: no particle emission was observed.
Now the results for each material are commented in detail.
3.1 ITER-like W
[bookmark: ZOTERO_BREF_Plc3l3q3Z5ih]During almost all pulses the samples temperature were well above the DBTT > 250-400 ºC [4]. Around 600-700 °C measured by thermocouples at the back and by pirometry at the surface. This temperature will only allow ductile cracking to occur as will be confirmed later. The samples were exposed to three different OLMAT set of pulses, Table 1:
Table 1: Exposure parameters at OLMAT of ITER-like W and Porous Matrix PM-Wf/W 
	material
	Pulses
	Duration (ms)
	Mean heat flux (MW/m2)
	Pulse rate (s)
	FHF (MW/m2s0.5)

	ITER-like W
	822
	100
	8±3
	40
	2.2±0.8

	
	
	
	
	
	2.5±0.9

	
	
	
	
	
	2.8±1

	
	337
	150
	8±3
	40
	2.8±1

	
	
	
	
	
	3.1±1.1

	
	
	
	
	
	3.4±1.2

	
	641
	100
	15±5
	40
	4.2±1.4

	
	
	
	
	
	4.7±1.5

	
	
	
	
	
	5.2±1.6

	PM-Wf/W
	934
	100
	15±5
	45
	4.2±1.4

	
	
	
	
	
	4.7±1.5

	
	
	
	
	
	5.2±1.6

	
	950
	100
	15±5
	45
	4.2±1.4

	
	
	
	
	
	4.7±1.5

	
	
	
	
	
	5.2±1.6



[bookmark: ZOTERO_BREF_iwUXzJYEinqi][bookmark: ZOTERO_BREF_MzvK3nGkWePG][bookmark: ZOTERO_BREF_bbCSlHB0p9I9][bookmark: ZOTERO_BREF_FafXcDE1cetJ][bookmark: ZOTERO_BREF_qaSqC3kfIcsb][bookmark: ZOTERO_BREF_GLOL2mK6UwmT][bookmark: ZOTERO_BREF_4WJFSUKenIOl]Being FHF the heat flux factor, which is obtained multiplying the heat flux by the square root of the pulse duration. It has been demonstrated previously that this FHF is HHF device independent (as long as pulse energy distribution has a rectangular shape, and it is not in the ns range or lower), and it is widely used to compare between different HHF devices [7]. In the past, for this ITER-like samples the damage threshold in terms of heat flux at JUDITH2 HHF device was found to be between FHF  = 3-6 MW/m2s0.5 [8]. OLMAT experiments seems to indicate this threshold to be closer to FHF = 6 MW/m2s0.5 as we have only found damage at 641 pulses of FHF = 5.2±1.6 MW/m2s0.5 (sample at the center), with a negligible erosion of <0.3 mg by gravimetry (within balance error). Surface modification and a small, disperse cracking can be seen in Figure 3a. This cracking is clearly intergranular as can be observed in SEM cross-section in Figure 3b. There are some initiated cracks, and only a few of them of 20-30 µm depth, likely the ones observed in upper view SEM. This cracking indicates that our FHF = 5.2±1.6 MW/m2s0.5 is close to the damage threshold, as lower values showed no damage, and confirms that OLMAT is able to perform fatigue studies. In JUDITH2 105 pulses at FHF = 6 MW/m2s0.5 were needed to observe a small cracking, although some damage was observed since 103 pulses [8], while at OLMAT cracking was observed at only 641 pulses. This mismatch may be caused by the different heat loading technique. At OLMAT hydrogen ions in the range of tens keV energy bombard the surface to simulate the heat loads, while in JUDITH2 the energy loads are produced by electron bombardment. So, this difference in pulse number for the cracking threshold may be caused by hydrogen embrittlement on OLMAT due to those high-energy hydrogen ions, as has been found in other works with laser irradiation simulating ELMS combined with continuous plasma in PSI-2 device [23]. In the future, this will be disentangled in OLMAT irradiating at the same power density and number of pulses with the new 90J CW laser. As it is a pure heat load the thermal fatigue can be separated from the H embrittlement. However, in future fusion nuclear reactors mitigated ELMs will cause hydrogen bombardment in this range of energy [1], so this reduced damage threshold found here may be relevant. On the other hand, in a future nuclear fusion reactor the first wall armor will likely not be polished, opposed to the polished samples used here and in most works. The reasons for this are merely economic, but also to an observed decrease in erosion by sputtering in rough samples [15]. However, a balance should be found, as polishing induces compressive residual stress at the surface, which are good at hinder crack formation and crack growth [24]. 
[bookmark: ZOTERO_BREF_UGGJHRMwQ7jz]As previously mentioned, in this set of samples only ductile fatigue cracking should occur. The repeatedly applied loads and the accumulation of defects like dislocations will cause the initiation of small cracks after a large number of loads. Once formed, these cracks will constantly grow under further loading deeper into the material [8]. Here, as in Figure 3b, some small, initiated cracks have been detected. But due to the limited number of pulses available in OLMAT compared to other devices as JUDITH2, it cannot be confirmed that the cracks will grow continuously and so a ductile cracking may be confirmed. In the future, with a new, cooled beam dump at OLMAT, a larger number of pulses (thousands) will be easily achieved which will ease the cracking detection.
[image: ]Figure 3: SEM image of ITER-like sample exposed to 641 pulses of FHF = 5.2±1.6 MW/m2s0.5 . Small and disperse cracking may be seen in upper view images (a). At cross-section view (b) severe small cracks may be observed initiated between grains, and other larger ones of 20-30 µm depth, clearly intergranular. Red lines have been drawn to help to identify the grain borders, but are only intended as a guide the eye. 

3.2 Porous Matrix PM-Wf/W
[bookmark: ZOTERO_BREF_9gQYSVCVka96][bookmark: ZOTERO_BREF_I2DkEE3qDIVg]During the experiments the temperature reached after a few pulses (~700 ºC) should allow the material to be in the ductile regime, and only enter in the fragile regime after the cool down at the technical stops (150-200 °C). This may be true if we consider the usual DBTT of W materials between 250-400 °C [4]. However, this kind of material has a pseudo-ductile behavior in the exposed range of temperature due to the fiber and the porous matrix formed by sintered W grains [14–16]. Therefore, only ductile cracking should be considered, as in ITER-like W. Moreover, also as ITER-like W, the maximum temperature reached measured by pirometry has always been under recrystallization temperature: <1200 °C. 
[bookmark: ZOTERO_BREF_JKW5ZO9EC9IY][bookmark: ZOTERO_BREF_I2DkEE3qDIVg1]As expected, this material showed a much larger resilience against fatigue cracking compared to ITER-like W thanks to its extrinsic toughening mechanisms such as fiber pullout, fiber deformation, crack deflection, and interfacial debonding. Both mirror-polished and as-fabricated Porous Matrix PM-Wf/W samples were exposed in OLMAT to the same heat load where cracking was seen in ITER-like W, but at a larger number of pulses: 950 and 934 pulses (100 ms duration) respectively of 15±5 MW/m2 every 45s for a FHF = 4.2±1.4, 4.7±1.5 and 5.2±1.6  MW/m2s0.5. Although some cracks seem to be present in the exposed part of the as-fabricated Porous Matrix PM-Wf/W, as shown in Figure 4a, no surface modification is observed compared to the masked part. Both areas can be compared at Figure 4b, where even some cracks seem to be present. Both parts have a large quantity of small grains agglomerating into larger grains with clear interfaces. On the mirror-polished samples, no cracks or surface modification were found, as in Figure 4c. This may indicate that the as-fabricated samples developed no cracks during exposure, as more likely they were fabrication defects at surface that were eliminated with polishing. But small recrystallization was found at the borders of some fibers (red arrows in Figure 4c). This indicates a local overheating of the fibers at more than 1900 ºC, as they are made of K-doped W of high recrystallization temperature [9]. This overheating cannot be detected by pirometry as it measures the whole sample. This has been observed in as-fabricated sampled caused by the sintering process. But as it has been observed only in small areas in the smap,les of this work, this may also be caused by the low thermal conductivity, general and mainly local, of this kind of Wf/W due to the absence of a binder  [14–16]. In a future nuclear fusion reactor this local overheating and loss of thermal conductivity could be dangerous so new Wf/W are being developed at Jülich FZ to solve this. 
[image: ]
Figure 4: SEM upper images of a as-fabricated Porous Matrix PM-Wf/W sample exposed to 934 pulses of FHF = 5.2±1.6 MW/m2s0.5: a) fully exposed surface, b) masked border. Confocal microscope upper images of a mirror-polished Porous Matrix PM-Wf/W sample exposed to 950 pulses of FHF = 5.2±1.6 MW/m2s0.5: c) fully exposed surface with red arrows for recrystallization at the border of the fibers with an inset amplifying one fiber edge for a clearer view, d) masked border with holes marked with arrows and within red lines. 

[bookmark: ZOTERO_BREF_B2h5VeQdIB7p][bookmark: ZOTERO_BREF_9GIW4P7K3nui]However, the erosion found in both mirror-polished and as-fabricated Porous Matrix PM-Wf/W is quite large compared to the negligible one found with ITER-like W. Mass losses of 25±0.6, 32±0.6 and 33±0.6 mg in mirror-polished samples and 12±0.6, 20±0.6 and 21±0.6 mg in as-fabricated samples were measured at FHF = 4.2±1.4, 4.7±1.5 and 5.2±1.6 MW/m2s0.5 respectively. The larger erosion of polished samples has already been ascribed to a larger redeposition of sputtered particles in as-fabricated samples [15]. However, in PSI-2 device the erosion of Porous Matrix PM-Wf/W was even lower than ITER-like W [15]. At SEM no erosion of full loose grains were evident in as-fabricated samples comparing exposed and masked parts as in Figure 4b, although it is quite difficult to discern due to the extremely rough nature of the sample. However, in the confocal microscope images comparing exposed and masked parts, Figure 4d, in the masked area some holes of particles that have been lost can be seen, but there are none in exposed areas. The Porous Matrix PM-Wf/W samples had to be machined at the borders to fit into the mask. Perhaps those borders were damaged and some loose particles (due to the grainy nature of Porous Matrix PM-Wf/W) were lost when removing the samples from the TZM mask. This would explain this particle loss and hence the larger mass loss in  Porous Matrix PM-Wf/W compared to ITER-like W. However, this explanation is very speculative, so we will improve our procedures to avoid this.  In the future, the new mask and W samples design will leave no masked area, and the fit will be easier. Therefore, we hope the erosion will be properly measured.

 
4. Conclusions and future work
OLMAT HHF device has successfully shown its capabilities for thermal fatigue testing of two different types of W armor for ITER and future nuclear fusion reactors: ITER-like W and Porous Matrix PM-Wf/W. As expected, ITER-like W has shown a lower threshold for fatigue damage in agreement with other HHF devices like JUDITH2 in terms of heat flux: FHF = 5.2±1.6 MW/m2s0.5. However, the number of pulses necessary for small intergranular cracking to appear is much lower in OLMAT, and it may be related to H embrittlement caused by the high-energy H bombardment in OLMAT (tens keV). In the future, this H embrittlement will be separated from fatigue cracking thanks to the irradiation with the new 90J CW laser at OLMAT, so both damages types may be separated. This will allow a pure thermal irradiation more similar to JUDITH2. Opposed to this, Porous Matrix PM-Wf/W, specifically designed against cracking damage, as fatigue is, has shown no fatigue damage up to the limit reached here 950 pulses at FHF = 5.2±1.6 MW/m2s0.5. In the future, with a new cooled, large sample holder, the current technical issues for the number of pulses per day will be overcome and the targets may be subjected to a larger number of pulses. All these experiments will help to understand the complex interaction between many parameters (loading conditions, material thermal and mechanical properties, etc) on the thermal shock performance of advanced W armor materials. Moreover, in this way, the comparison to other HHF devices will be easier.
A discrepancy compared to other HHF devices, PSI-2 in this case, has been found for PM-Wf/W samples. The erosion of Porous Matrix PM-Wf/W was lower than ITER-like W in PSI-2 but in OLMAT the mass loss of ITER-like W was negligible, whereas in Porous Matrix PM-Wf/W was very large (12-33 mg). Nevertheless, this larger mass loss is most likely not caused by erosion of exposed parts, but by particle losses at the masked part due to the previous machining of the samples to fit into the mask. This will be solved with a new mask and sample design for a better fit into the mask.
[bookmark: ZOTERO_BREF_ZQbDgpb6uLd9][bookmark: ZOTERO_BREF_OSPq5x0hFNsX]In a future nuclear fusion reactor, like EU-DEMO, fatigue damage will be very relevant, and one of the main design parameters for the advanced W armor materials like Wf/W [1–6]. Even if the ELM power deposition is reduced to tens of MW/m2 (e.g. a transient of 2 ms and 0.1 MJ/m2 energy means a FHF = 2.2 MW/m2s0.5 not far from the damage threshold) to avoid direct damage by shallow melting, frequencies of tens of Hz will be needed for those ELMs. This means that after just a few days of EU-DEMO operation 106 ELMs may be reached (e.g. 20Hz ELMs means about 14 operation hours), while at ITER, with much lower duty cycle, this will not be a big issue. It is not clear at all that any advanced W material will be able to withstand such a huge number of fatigue cycles, apart from the technical difficulties to reach those number of cycles in a HHF device [8]. Therefore, at OLMAT new advanced W materials apart from the ones tested here (nanostructured, W alloys…) will be studied to elucidate if ELMy operating modes are a realistic possibility for future nuclear fusion reactors, or ELM-free modes will have to be used in spite of their other disadvantages, like lower confinement and large changes in DEMO design. 
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