Analysis of trapping sites for deuterium in W-Cr-Y SMART alloy
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Abstract
Deuterium (D) retention in tungsten-chromium-yttrium (W-Cr-Y) alloy depending on the irradiation fluence of 1019–5×1021 D/m2 at different sample temperatures in the range of 300–900 K was investigated using in-situ thermal desorption spectroscopy (TDS). The irradiation was carried out using 2 keV D3+ ions (670eV/D). An increased D retention compared to pure polycrystalline W and additional high-temperature peaks were observed. The de-trapping energy of 2.21±0.05 eV for these traps was determined by the Kissinger method using the series of experiment with different heating rates. The total D retention dropped down at elevated irradiation temperatures and was rather small at 900 K, but has a local maximum of about 700 K. 
1. Introduction
The study of hydrogen isotopes retention in plasma-facing components (PFCs) is a primary concern from the point of view of tritium safety and fuel recycling in future fusion reactors like ITER and DEMO [1,2]. This area of research is important in the issues of the lifetime of PFCs and radiation safety [3].
Tungsten became one of the promising candidates for PFCs due to its good physical and mechanical properties such as high melting point, high thermal conductivity, low sputtering yield and fuel retention [4–7]. It seemed that tungsten has all the necessary properties for use in a fusion reactor, but there are some issues requiring decision, such as brittleness, thermal fatigue, and in the case of accident scenarios, in particular, loss-of-coolant-accident (LOCA) with air ingress, the formation of radioactive and highly volatile tungsten oxide [8–10]. During operation, plasma-facing materials (PFMs) will be exposed to high neutron fluxes, which will lead to material damage and activation, and the subsequent generation of decay heat. In the case of LOCA, the decay heat is important for assessing safety of a fusion reactor. As a result of neutron activation of PFMs, the heat released during the decay of radionuclides will be substantial in DEMO conditions for a long time after shut-down [11,12]. After 1day shutdown, the average heat density in ITER PFCs will be less than 1 Watt/kg, which is an order of magnitude less than for DEMO, where this value is on average estimated as 10 Watt/kg [13]. As shown in [14,15], after the beginning of the loss of cooling in DEMO, the temperature of the first wall increases due to decay heat, possibly reaching a maximum temperature peak above 1000 °C after 17 hours, then during a period around of 100 days the temperature does not drop below 1000 °C. Even in the extremely hypothetical conditions, assuming the loss of all coolants, in case of ITER, the temperature of the first wall reaches a peak of 550°C at 100 days [16]. The behavior of tungsten oxide at these temperatures during LOCA with air ingress will result in severe radiation release to the environment. Sublimation of tungsten oxide starts at a relatively low temperature of 550°C in air at atmospheric pressure [17], and at temperatures above 800° C, the rate of sublimation increases sharply [18] and can reach several hundred kg/h [19]. This problem requires special attention in the case of DEMO where is assumed to use tungsten as a protection for the first wall, and in addition, the temperature of the first wall in DEMO will reach higher during LOCA than of ITER.
To significantly reduce or completely avoid the formation of tungsten oxide, it was proposed to add stable oxide-forming alloying elements to tungsten, which at elevated temperatures will enrich the surface and, in the presence of oxygen, create a self-passivating layer on the tungsten surface, thus protecting tungsten from further oxidation and sublimation [20,21]. In this way, the development and improvement of such alloy properties with the optimum selection and amount of the alloying elements became necessary to increase the oxidation resistance of tungsten. One of these promising alloys is the so-called SMART (self-passivating metal alloys with reduced thermooxidation) alloy with the composition W-Cr-Y, which has already demonstrated protective properties for tungsten [22–24].
The retention of hydrogen isotopes in pure tungsten is rather small [4,25], and this is one of advantages of this material as a PFM in fusion devices. In this work, the retention of D in tungsten alloy and pure tungsten at room and elevated temperatures is compared to analyze the possible influence of the microstructure and alloying elements.
2. Experimental details
In the experimental series, samples of pure W and W-11.6Cr-0.6Y SMART alloy were used. Pure W samples (6×6 mm) were cut from polycrystalline tungsten hot-rolled foil with a thickness of 50 μm and a purity of 99.97% (produced by Plansee, Austria). Part of the W samples were pre-annealed in the ultra-high vacuum at the temperature of 2000 K for 30 minutes before loading into the facility for irradiation to minimize the concentration of intrinsic defects such as the density of dislocations and grain boundaries. As shown in reference [26], such conditions are sufficient for the full recrystallization of tungsten. 
Samples of W​-Cr-Y alloy (produced in Forschungszentrum Jülich GmbH, Germany) were manufactured using mechanical alloying followed by Field-Assisted Sintering Technology (FAST) [27], cut to the size of 10×10×1 mm, and then polished. The cross-section obtained by the focused ion beam (FIB) analysis is shown in Fig.1.
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Fig.1. FIB analysis of the W-Cr-Y alloy cross section
All experiments were carried out in the ultrahigh vacuum MEDION facility [28–30], which allows irradiation of samples with a mass-separated deuterium ions, annealing and thermal desorption spectroscopy without air contact.

The samples were cleaned in an ultrasonic bath in ethanol before installation. After loading they were additionally heated in the ultra-high vacuum at the temperature of 1200 K for 15 minutes to relieve residual stresses induced in the process of sample preparation and unnecessary background signals during TDS measurements. Higher temperatures were not used to avoid transformation of the material and Cr evaporation.
At first, three series of room temperature (RT) irradiations with the fluence of D ions in the range of 1019– 5×1021 D/m2 were performed for recrystallized and non-recrystallized pure W, and for W-Cr-Y alloy. Then, irradiations with the same fluence (1021 D/m2) and different sample temperatures (300–900 K) were performed for W-Cr-Y alloy and non-recrystallized W. The maximal temperature of 900 K corresponds to the expected operating conditions on the first wall of the DEMO reactor under steady state plasma conditions [31]. After each irradiation the TDS run was performed up to 1200 K. This temperature is sufficient for the complete release of deuterium from a pure W sample and almost complete release from W-Cr-Y alloy. The temperature was measured by a W-5%Re/W–20%Re thermocouple spot-welded directly to the sample.
In all experiments, TDS was performed 45 minutes after the end of irradiation with the heating rate of 2 K/s, except for experiments where the de-trapping energy was determined. To determine the energy of deuterium de-trapping in the W-Cr-Y alloy, experiments were carried out with varying of heating rate during TDS after irradiation of the sample with the same fluence (1×1021 D/m2) of D ions. In this case, the heating rate during TDS was set in the range of 0.2–2 K/s.
The D amount released from the sample during TDS was registered using the quadrupole mass spectrometer (QMS) Pfeiffer Vacuum QME 100. Deuterium containing signals (HD, HDO, D2O) and some additional (including H2, H2O) were monitored. The calibration procedure was repeated after each TDS (see details in [30]).
3. Results and discussion
TDS data for pure W (non-recrystallized, recrystallized) and W-Cr-Y alloy samples irradiated with 2 keV D3+ ions to the fluence of 1×1021 D/m2 are shown in Fig.2(a). For pure W, all accumulated deuterium is released below 700 K. The major peak has a maximum at 410 K and several more peaks can be expected at higher temperatures, but they are not so pronounced. The amplitude of all peaks is higher for non-recrystallized W. It is expected due to a larger number of intrinsic defects. For example, the decrease of the dislocation density by about two orders of magnitude after recrystallization at 2000 K in comparison to annealing at 1200 K was observed in [26]. 
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Fig.2. (a) TDS spectra of D2 release from pure W and W–Cr–Y alloy samples irradiated with D3+ ions with an energy of 2 keV to a fluence of 1×1021 D/m2 at RT. (b) TDS spectra of D2 release from W-Cr-Y alloy under irradiation with deuterium ions in the fluence range of 1019–5×1021 D/m2 (the same sample was used in the series).
 This release in the main peak (410 K) can be attributed to defects with low de-trapping energies of deuterium (up to 0.9 eV [32]), such as adsorption sites on the surface [33,34], grain boundaries, dislocations. Trapping sites with higher de-trapping energy usually attributed to vacancies [35–38] and can be both intrinsic and/or ion-induced even in the case of low energy irradiation below the threshold for displacement damage [39]. 
The release of deuterium from the W-Cr-Y alloy is higher. In addition to previous peaks, there is a high temperature part with a maximum at 965 K. The low temperature part (below 700 K) is also higher than in pure W, which is associated with a higher density of intrinsic defects. 
Fig.2(b) demonstrates evolution of TDS spectra for W-Cr-Y alloy with the increase of the fluence. The high temperature peak is detectable only for relatively high fluences above 1×1021 D/m2. At highest fluences, the amplitude of low and high temperature peaks is nearly equal. This indicates that these trapping sites are not concentrated in the implantation region, but distributed deeply into the bulk, and it takes time (or fluence) to fill a significant number of traps detectable by TDS.  If the high-energy trapping sites were concentrated close to the implantation area, then a high-temperature peak would be observed already at lower irradiation fluences (1019, 1020 D/m2) like it was in [35] in the case of high energy defects induced by ion irradiation. This is not observed that means accumulation in these traps needs some time for deuterium diffusion into deeper layers of the material.
One should mention that one sample was usually used for a long series of experiments. The total fluence of previous irradiations was usually lower than for the next irradiation. However, minor influence was observed even in the opposite case. In the Fig.2(b), there is an example of perfect reproducibility for experiments with W-Cr-Y alloy and the fluence of 1×1021 D/m2 in the middle and in the end of the series. 
To characterize trapping sites corresponding to high temperature release, a series of identical experiments has been performed with different heating rates during TDS. As it was discussed in [35,36], the Kissinger method [40,41] can be applied in this case to determine the de-trapping energy in the case of a high recombination rate at the surface. The peak position can be described using following equation:
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 is the heating rate (K/s), Tmax is the maximum reaction rate temperature (K), Edt is the de-trapping energy (eV), A is the pre-exponential factor (1/s), R is the gas constant (eV/K). The de-trapping energy can be derived from here as:
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Thus, the de-trapping energy can be estimated as the slope of the Arrhenius-like plot of 
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In this series, the sample of W-Cr-Y alloy was irradiated several times at RT to the fluence of 1×1021 D/m2. The heating rate 
[image: image9.wmf]b

 was varied in the range of 0.2 – 2.0 K/s, as shown in Fig.3(а). 
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Fig.3. (a) TDS spectra of D2 release from W-Cr-Y alloy after RT irradiation with the fluence of 1×1021 D/m2 with different heating rates (0.2–2.0 K/s) indicated in the figure. (b) Arrhenius-like plot for estimating the de-trapping energy Edt by the Kissinger method.

It is clearly seen that the second peak at 965 K shifts towards low temperatures to 895 K with a decrease in the heating rate from 2.0 K/s to 0.2 K/s. There was also a shift of the first peak from 410 K to 365 K. Note that at a heating rate of 2 K/s, the heating continues about 7 minutes, and already at a heating rate of 0.2 K/s, the heating duration exceeds 1 hour.
Fig.3(b) shows the Arrhenius-like plot of 
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, where the maxima of the high-temperature peak are plotted and the best linear fit is presented according to the least squares analysis. According to calculation from the slope of the fit, the corresponding de-trapping energy is equal to 2.21±0.05 eV. In pure W, so high energy was attributed usually to some voids [30,38,42,43]. An enhanced porosity can be expected in W-Cr-Y alloys due to the way of manufacture. The average density of the material is about 99 %, as estimated in [44]. On the other hand, one cannot exclude the role of alloying elements in formation of these trapping sites. 
Fig.4(a) demonstrates the fluence dependence of the total D retention for various materials. In all cases, the D accumulation was higher in W-Cr-Y alloy than in pure W, that correlates with results in [45]. The D retention in W-Cr-Y alloy reaches the level of 2-3 % of the total fluence for RT irradiation. The saturation of the D retention is not observed for our range of fluences that is in agreement with other data for pure W at these relatively small fluences [46,47]. Of particular interest is the retention of deuterium at operating temperatures expected in the DEMO reactor, which is approaching 900–1050 K [31]. A series of experiments have been performed at 900 K. Deuterium release from pure W was below the detection limit in this case. The D retention in W-Cr-Y alloy was detectable, but also significantly smaller than at RT. TDS spectra for this series are collected in Fig.4(b). Deuterium desorption starts after 900 K and some minor part was not desorbed even at the end of the TDS run. At temperatures above 800 K, a strong segregation of Cr and Y to the surface begins [48], as a result, the surface is saturated with the Cr-rich and Y-rich regions, which can create an additional surface barrier at high temperatures for D release. 
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Fig.4. (a)The total D retention as a function of the irradiation fluence at RT and 900 K for recrystallized W, non-recrystallized (annealed at 1200 K) W, W-Cr-Y alloy. The data for high temperature exposure of pure W are below the detection limit. (b)TDS spectra of D2 release from W-Cr-Y alloy irradiated at fluences in the range of 1×1021–5×1021 D/m2 (the same sample was used in the series).

An additional series of experiments was done for the fixed fluence 1021 D/m2 and different irradiation temperatures in the range of 300–900 K (Fig.5a). The highest retention is observed at irradiation temperature of 300 K. In the case of 400 K irradiation, the deuterium release starts already at ~ 420 K. The part below this temperature disappears, but the rest of the spectrum is very similar to RT irradiation. This may indicate that at 400 K irradiation, weak traps cannot hold deuterium for a long time any more, and diffusion of D and alloying elements is not high enough to influence accumulation in high energy traps. 
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Fig.5. (a) TDS spectra of D2 release from W-Cr-Y alloy irradiated at different temperatures in the range of 300–900 K. (b) Total retention of D from the sample irradiated with fluence of 1021 D/m2 at different sample temperatures.
     With a further increase of the irradiation temperature in the range of 500–700 K, an increase of high temperature peaks is observed. In contrast to pure W, the total D retention does not decrease and even slightly increase with a maximum at 700 K (Fig.5b). This should be due to the activation of diffusion processes. Firstly, mobility of D atoms allows them to go deeper in the bulk, where high energy traps are expected. On the other hand, the mobility of alloying elements (mainly Cr) is also activated in this temperature range [48]. A slight increase in the concentration of Cr and Y is observed on the surface at 500–700 K irradiation, which can be associated with the segregation of these elements on the surface. This can reduce the D desorption rate on the inlet surface and, respectively, increase the D concentration in the subsurface layer during irradiation and penetrating flux of D into the bulk. Additionally, the mobility of Cr and Y to the surface can lead to acceleration of D transport along grain boundaries. 
Starting from 700 K, a sharp decrease in accumulation is observed. This should be associated with a decrease of the trapping efficiency and D population in traps, because this temperature is already close to the maximum of the main peak in TDS spectra. The segregation of alloying elements at the surface becomes even higher at these temperatures, but this process cannot compete with a weakness of traps.
4. Conclusions
The D retention in the W-Cr-Y alloy irradiated by 3keV D3+ ions in the temperature range of 300–900 K was investigated and compared with pure polycrystalline W. In all cases, the D accumulation was higher in W-Cr-Y alloy. An additional high temperature peak with the maximum about 960 K was detected. Trapping sites associated with this peak play a major role in the increased D accumulation, especially, at high irradiation temperatures. The determined value of D de-trapping energy was 2.21±0.05 eV. Voids in the material could be the source of these strong traps. However, the role of alloying elements cannot be excluded. 
 The dependence of the D retention on the irradiation temperature has a local maximum of about 700 K. This can be explained by segregation of alloying elements at the surface and reduction of the D desorption rate. At 900 K, expected at the first wall in DEMO reactors, the D retention in the W-Cr-Y alloy drops down substantially. During TDS after high temperature irradiation, some part of deuterium released from the W-Cr-Y alloy above 1200 K.
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