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Abstract

:

A series of Mg-Y-Ni alloys with different volume fractions of long-period stacking-ordered (LPSO) phase were prepared, by controlling the alloy composition, heat treatment, and single-pass extrusion, to assess the influence of increasing LPSO phase volume fraction on the hydrogen absorption and desorption properties of the extruded alloys. The LPSO phase volume fraction in the alloys increased with increasing solute concentration, from ~24% LPSO in Mg97Y2Ni1 (at.%) to ~60% LPSO in Mg93Y4Ni3 (at.%) up to ~92% LPSO in Mg91Y5Ni4 (at.%). The most refined microstructure was obtained in the alloy with highest volume fraction of LPSO phase. After 100 s at 300 °C, the Mg91Y5Ni4 alloy absorbed 4.6 ± 0.2 wt.% H while the Mg97Y2Ni1 and Mg93Y4Ni3 alloys each absorbed 3.8 ± 0.2 wt.% H. After 10,000 s at 300 °C, all three alloys had absorbed a maximum of 5.3 ± 0.2 wt.% H with no further significant difference in hydrogen absorption kinetics. The Mg91Y5Ni4 alloy desorbed 1.8 ± 0.2 wt.% H after 100 s at 300 °C against a vacuum while the Mg97Y2Ni1 and Mg93Y4Ni3 alloys desorbed 0.8 ± 0.2 wt. H and 0.6 ± 0.2 wt.% H, respectively. After 10,000 s at 300 °C, the Mg91Y5Ni4 and Mg97Y2Ni1 alloys completely desorbed 5.2 ± 0.2 wt.% H and 5.4 ± 0.2 wt.% H, respectively, but the Mg93Y4Ni3 alloy desorbed only 3.7 ± 0.2 wt.% H. Hydrogen absorption and desorption kinetics were fastest in the Mg91Y5Ni4 alloy with the highest LPSO volume fraction, but no consistent trend with LPSO phase volume fraction was observed with the Mg93Y4Ni3 alloy, which showed the slowest absorption and desorption kinetics. The hydrogen pressures corresponding to metal–hydride equilibrium did not vary with LPSO phase volume fraction or alloy composition, indicating that the (de)hydrogenation thermodynamics were not significantly changed in any of the alloys. Hydrogen absorption experiments with thin foils, made of extruded Mg91Y5Ni4 alloy with the highest LPSO phase fraction, demonstrated that the LPSO structures decompose into Mg phase, Mg2Ni phase, lamellar Mg/Mg-Y structures, and YHx particles. This study shows that hydrogen kinetics can be impacted in Mg-Y-Ni alloys by controlling the LPSO phases using common metallurgical techniques.
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1. Introduction


Magnesium is a material that has been extensively studied as a potential storage medium for hydrogen. This is because it can form stable MgH2, which has a high hydrogen storage capacity of 7.6 wt.%, and the corresponding hydrogenation reaction is reversible [1,2,3,4]. However, pure magnesium has some limitations, such as slow absorption and desorption kinetics and a high desorption enthalpy. To address these issues, research has focused on alloy design to improve the hydrogenation properties while maintaining absorption capacity. Different techniques have been explored to improve the hydrogenation kinetics via the refinement of magnesium microstructure, such as ball-milling [5,6,7,8,9,10], melt-spinning [11,12,13,14], and severe plastic deformation [15,16,17,18,19]. Additionally, the addition of catalysts [6,20,21,22,23] has been investigated as a means to improve hydrogenation kinetics.



Over the last two decades, there has been a growing interest in magnesium alloys containing specific combinations of rare-earth elements (RE) and transition metals (TM). Proper ratios of at least one RE and TM form unique long-period stacking-ordered (LPSO) structures, which are essentially repeated stacking faults with consistent spacing within the magnesium lattice that are parallel to the magnesium (001) plane; the RE and TM concentrate within four atomic planes at the stacking faults and form ordered clusters with an atomic arrangement different from the magnesium matrix [24,25,26,27,28,29,30,31]. Improvements in the strength, ductility, and high-temperature creep resistance of magnesium alloys have been reported due to differing LPSO polytype variants and volume fractions [32,33,34,35,36]. Recently, research has also explored how LPSO structures could potentially enhance the hydrogenation properties of magnesium [37,38,39,40]. The LPSO structures combine different refinement strategies used to enhance hydrogen storage properties by incorporating elements that act as hydrogen catalysts and evenly dispersing these catalysts throughout the microstructure at the nanoscale.



Wrought magnesium alloys with high fractions of LPSO phase have been observed to undergo accelerated dynamic recrystallization during hot deformation, resulting in the formation of ultrafine grains [32,33,34,35,41,42,43]. This phenomenon occurs at various locations, including the LPSO phase-Mg matrix interface, LPSO fragments within the Mg matrix, and grain boundaries and kinks in the LPSO phase. The increase in the volume fraction of ultrafine grains is attributed to a combination of stress concentration caused by an increase in the Mg-LPSO interface area, a higher density of LPSO fragments that trigger particle stimulated nucleation (PSN), and the pinning of dynamically recrystallized grain boundaries. There is potential to produce effective hydrogen storage materials through the deformation of the LPSO phase during microstructure refinement of wrought Mg-RE-TM alloys.



Although there has been growing interest in magnesium alloys with LPSO structures, there remain many uncertainties and unknowns about their fundamental properties and the mechanisms of their formation. The stability of different LPSO polytypes, such as 24R, 14H, 18R, and 10H, can be influenced by the choice of alloying elements and thermo-mechanical process history. These polytypes can form directly in the course of solidification, or through phase transformations during the heat treatment and/or precipitation of new phases.



There is limited information available about the hydrogenation properties of magnesium alloys with LPSO structures. However, it has been established that the RE hydrides formed in hydrogenated LPSO alloys act as catalysts that facilitate the transportation of hydrogen at the hydride-Mg matrix interface through the hydrogen pump effect via a chain of low-energy interstitial sites and vacancies [38,44]. In addition, transition metals such as Co, Fe, Ni, Ti, and V that form LPSO structures are known to catalyse the dissociation of H2 [40].



Although additives such as transition metals and rare-earth elements can enhance the kinetics of hydrogen absorption and desorption by providing fast hydrogen transport pathways, they can also increase the average density of the material, leading to a reduction in the gravimetric hydrogen storage capacity. Therefore, varying the solute content in LPSO alloys is instrumental in the optimization of both hydrogenation kinetics and hydrogen storage capacity through the effective distribution of minimal alloy additions. However, most studies have focused on a single alloy composition and/or process condition [37,38,39,45,46,47,48,49].



As the LPSO phase volume fraction has traits that align with the grain refinement and catalyst strategies, it would be interesting to correlate LPSO phase volume fractions with hydrogenation properties in Mg-RE-TM alloys. A correlation of this type has been found in our recent work on Mg-Y-Zn alloy [50,51] where, in general, the kinetics of (de)hydrogenation increase with the increasing volume fraction of the LPSO phase, yet the maxima in absorption and desorption kinetics are achieved for different alloy compositions.



The aim of the present study is to modify the LPSO phase volume fraction in Mg-Y-Ni alloys by adjusting the chemical composition and applying thermo-mechanical treatment. By varying the quantity of LPSO phase present in the extruded alloys, we will establish a correlation between the volume fraction of LPSO phase and the hydrogen kinetics of the extruded alloys.




2. Materials and Methods


2.1. Alloy and Samples Preparation


For the study, three alloys were prepared with ternary compositions (Mg97Y2Ni1 (at%.), Mg93Y4Ni3 (at%.), and Mg91Y5Ni4 (at%.)) that closely followed the Ni:Y 3:4 composition line, as presented in Figure 1. These selections aimed to minimize the occurrence of phases other than Mg and the LPSO phase. Induction casting was performed within an argon environment at 760 °C utilizing 99.9% pure Mg, a Mg-25 wt.% Y master alloy, and a Mg-25 wt.% Ni master alloy. The molten mixture was stirred under argon at 720 °C, then cast in a water-cooled cylindrical mould. The resulting alloys were divided into pieces, with one piece set aside for as-cast state characterization (referred to as NC alloys, where ‘N’ indicates the use of Ni as the transition metal and ‘C’ signifies the as-cast condition). The remaining alloy pieces underwent a further heat treatment process.



The subsequent heat treatment of the Mg-Y-Ni alloy sections was carried out under an argon atmosphere using a Labec muffle furnace. The material was heated incrementally from 25 °C to 520 °C at a controlled rate of 5 °C/min. After being maintained at 520 °C for a duration of 10 hours, the alloys were quickly cooled via rapid water quenching to 70 °C. One piece from each alloy was reserved for characterization after heat treatment (designated as NHT, indicating heat-treated alloys), while the last piece from each alloy was utilized for the extrusion step.



For extrusion, cylindrical billets measuring 29.5 mm in diameter and 20.0 mm in height were machined from the remaining material. The extrusion rig was a modified HafCo Metal Master HP-150 industrial hydraulic press, equipped with a custom sleeve for billet and die heating. The billets were extruded at 450 °C with a ram velocity of 0.5 mm/s, resulting in a reduction in the billet diameter from 29.5 mm to 10 mm and generating an equivalent strain of 2.16. Immediately following extrusion, the samples (referred to as NE, with ‘E’ denoting extruded alloys) were promptly quenched in a water bath situated directly beneath the sleeve.



For the investigation of hydrogen absorption, desorption, and pressure-composition (PC) behaviour, powders were produced from the extruded alloys. Portions of the extruded material were manually shaved into millimetre-scale chips, which were subsequently ball-milled. The milling process took place within a planetary ball mill for a duration of 4 h at 800 rpm, utilizing stainless steel balls (10 mm in diameter) as the milling media with a ball-to-media ratio of 20:1. To avert powder oxidation during milling, hexane was added to the milling vessel.



To examine the microstructure following the hydrogen-induced decomposition of the LPSO phases without any damage from ball-milling, thin foils of the extruded Mg91Y5 Ni4 alloy were employed. These foils, thinned to a thickness of less than 100 µm, enabled substantial hydrogenation, facilitating hydrogen diffusion to approximately 30 µm inside the foil until the hydride surface layer impeded further absorption [4]. Polished and hydrogenated foils were stored in membrane boxes to avoid oxidation.




2.2. Characterization Methods


Preparations were made for SEM observation and EDS measurement on samples from the as-cast, heat-treated, and extruded alloys. Plates were sectioned from the alloys, including both parallel and perpendicular orientations to the extrusion direction. The plates were then polished following standard protocols on a Struers Labopol-21 polishing wheel. A polishing process was also applied to the hydrogenated thin foils to expose their microstructure. Micrographs were captured using a JEOL JSM-7800F SEM with a spatial resolution of 3.0 nm. An accelerating voltage of 20 kV was applied for secondary electron (SE) and backscatter electron (BSE) imaging, with working distances set at 13.1 mm and 6.0 mm, respectively.



The processing of SEM BSE micrographs employed the Fiji/ImageJ image analysis application. A modified manual point count method was implemented to determine phase volume fractions. Grayscale pixels were treated as points within the testing grid, and grayscale value ranges for each phase within the SEM micrographs were established using grayscale histograms collected from selected regions of interest (ROI). The grayscale range for each phase was correlated with EDS composition data for the phase, with composition accuracy validated through multiple EDS measurements. To compute the volume fraction of each LPSO phase and Mg phase, the pixel count within the designated grayscale range was divided by the total count within the micrograph. The phase volume fractions of each alloy-process state-combination were determined from three SEM BSE micrographs, and the volume fractions corresponding to each phase were subsequently averaged.



Phase elemental compositions were ascertained through EDS point scans and line scans employing an integrated Oxford Instruments X-max 50 mm2 EDS detector with a spatial resolution of 3.0 nm. EDS spectra were gathered with a 5 kV accelerating voltage, chosen to minimize the interaction volume of Mg. Although EDS error values cannot be clearly depicted due to scale within Figure 1, these values have been approximated and are documented in [50]. Oxford Instruments’ Aztec application was configured to gather one million detector counts for each spectrum. Elemental data were extracted by processing spectra within Aztec, with phase compositions being determined by averaging multiple data points.



For the observation of LPSO phases through transmission electron microscopy (TEM), foils were prepared using standard methodologies. Then, 3 mm discs of the heat-treated and extruded alloys underwent electrolytic thinning using a Struers Tenupol 5 twin jet electropolishing unit at 100 V. Afterwards, the discs were perforated via a Gatan 691 precision ion polishing system (PIPS) at 5 keV and a 4° angle. A final ion polishing step was conducted for 30 min at 3 keV and a 2° angle. TEM brightfield images and diffraction patterns were obtained through a FEI Tecnai G2 T20 Twin TEM, with a LaB6 emitter operating at 200 kV, and equipped with a Gatan Orius SC200D CCD digital camera. Additional images were captured using a JEOL JEM 2100 TEM, also with a LaB6 emitter operating at 200 kV, and equipped with a Gatan Orius SC1000 CCD digital camera.



X-ray diffraction (XRD) patterns were acquired from 3 mm-thick plates taken from the extruded alloys and from samples of the Mg91Y5Ni4 alloy before and after hydrogen experiments. Pattern acquisitions were conducted parallel to the extrusion direction with a Malvern Panalytical X’pert3 Pro Powder X-ray diffractometer, using Cu Kα X-ray radiation over a range of 2θ 6.681° to 80.000° with a step size of 0.0131°. Kapton polyimide tape (0.03 mm polyimide + 0.04 mm silicon adhesive) was used to seal powder samples during measurements. Phase identification was carried out utilizing Malvern Panalytical Highscore Plus software version 5.1, interfaced with the International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF4+) database. The d-spacings and corresponding 2θ positions of XRD peaks relating to the LPSO phases were simulated using the Highscore Plus Bragg calculator. This simulation involved space groups and lattice parameters, as reported by Egusa and Abe [29] for the 18R and 14H LPSO polytypes, along with Yamasaki et al. [30] for the 10H LPSO polytype.




2.3. Hydrogenation Experiments


Assessments of hydrogen absorption and desorption kinetics, as well as thermodynamics, were carried out utilizing a custom-designed Sieverts’ apparatus [15]. The apparatus was configured as a closed volume system housing a stainless-steel reactor vessel with a volume of 21 ± 1 cm3, heated externally using a resistance furnace equipped with temperature control accurate to ±1 °C. Highly pure hydrogen (99.99999 at%) was piped into the system through desorption from a LaNi4.15Fe0.85Hx hydride source. The LABView application was employed for data monitoring and acquisition.



Prior to official measurements of each powder, samples of about 2 grams each were subjected to preheating within the reactor at 400 °C for a span of two hours. This was followed by a sequence of ten rapid activation cycles, between 420 °C and 30 atm during adsorption and 280 °C and 2 atm during desorption. Hydrogen kinetics were assessed during two cycles of (de)hydrogenation at 300 °C, with desorption measured relative to vacuum conditions within the reference cell. Following the second desorption cycle, pressure-composition measurements were conducted at 300 °C.



The hydrogenation of the thin foils prepared from the extruded Mg91Y5Ni4 (NE3) alloy occurred within the Sieverts’ apparatus at 440 °C. The hydrogen pressure corresponding to the metal–hydride equilibrium at this temperature was approximately 20 atm; pressures below this value only produced YHx hydrides, while at and above this pressure the formation of MgH2 becomes feasible [54]. The first foil, designated as the partially hydrogenated NE3-P foil, underwent hydrogenation at 2 atm for a duration of 24 h, resulting in the formation of YHx exclusively. This was carried out to ascertain whether YHx formation alone could induce LPSO phase decomposition. The second foil, designated as the fully hydrogenated NE3-F foil, underwent hydrogenation first at 2 atm for 24 h and then at 50 atm for an additional 24 h, resulting in the formation of both YHX and MgH2.





3. Results and Discussion


3.1. Tailoring LPSO Phase Volume Fraction via Composition and Processing in Mg-Y-Ni Aloys


3.1.1. LPSO Phase Composition


The ternary composition of the LPSO phases as measured by EDS are given in Table 1 and plotted in Figure 1 alongside ideal LPSO polytypes in Mg-Y-Ni alloys [52,53]. The ratio of nickel to yttrium for all the LPSO phases was between 0.90 and 1.10, which exceeds the ideal Ni:Y ratio of 0.75. The Mg:Y and Mg:Ni ratios placed the majority of LPSO phases in this study between the ideal 14H and 18R stoichiometries, with the phases having excess nickel and/or deficient yttrium. The Mg93Y4Ni3 and Mg91Y5Ni4 alloys all showed the LPSO phase changing from 14H to 18R through the increase in Ni and Y content with heat treatment and extrusion. Heat treatment has a significant effect on the LPSO phase content in the Mg97Y2Ni1 alloy, but extrusion has less of an effect compared to the Mg93Y4Ni3 and Mg91Y5Ni4 alloys.



The LPSO polytypes in this study had compositions between the stoichiometric models of Mg87Ni5Y7 for 18R and Mg85Ni6Y9 for 10H proposed by Liu et al. [52]. They were also consistent with experimental 14H, 18R, and 10H compositions close to the Ni:Y=1:1 ratio (after annealing at 400 °) and close to the 3:4 ratio (after annealing at 500 °) reported by Wang et al. [55]. Similarly to Jin et al.’s [56] study, as-cast Mg88Ni5Y7 alloy had a predominantly 18R LPSO phase with a composition of Mg86Ni7Y7 (at.%), but coexisting with the 14H phase.



Using these results and the results of previous studies, the LPSO phases in the majority of as-cast alloys were identified as non-stoichiometric 18R polytypes based on the measured EDS compositions, while LPSO phase in the as-cast Mg97Y2Ni1 alloy aligned most with the ideal 24R composition with an in-plane 6M modulated order proposed by Yamashita et al. [53]. It has been shown that LPSO phases can have non-stoichiometric compositions due to the imperfect ordering of the Ni6Y8 clusters and the occupation of the cluster interstitial by Mg [57]. Furthermore, the alloys are unlikely to be at equilibrium after heat treatment as the time spent at elevated temperatures is significantly less than the treatment period used in Mg-Y-Ni thermodynamics studies [52,55,58]. However, recent work on the in-plane order modulation of LPSO structures was used to assign LPSO polytypes in Table 1 based on proximity to the ideal stoichiometric compositions given by Yamashita et al. [53]. This assigned the 14H polytype to the majority of the LPSO phases in the Mg93Y4Ni3 and Mg91Y5Ni4 alloys after heat treatment and extrusion.



In addition to the LPSO phases, a small number of additional phases were identified by EDS. The other abundant phase in the Mg-Y-Ni alloys is α-Mg, which all contain trace amounts of yttrium and nickel within solubility limits at 400 °C [59]. Eutectic structures of Mg/Mg2Ni are observed in the as-cast Mg93Y4Ni3 and Mg91Y5Ni4 alloys, but these structures are not present after heat treatment. Mg2Ni is detected in the Mg93Y4Ni3 after heat treatment and extrusion, but none is identified by EDS in the Mg91Y5Ni4 alloy after the same treatments. The absence of Mg2Ni in the heat-treated Mg91Y5Ni4 alloy is supported by no visible corrosion of samples after extended periods of storage in ambient conditions. In comparison, samples of the Mg93Y4Ni3 alloy formed corrosion spots within days in ambient conditions through the action of galvanic couples formed by Mg/Mg2Ni and Mg/LPSO phases that contain nickel. Small cubic particles were also present in all the alloys in all process conditions. Some of the particles consisted of predominantly yttrium in excess of 98 (at.%) with the balance made up by Mg. Other particles were identified as the ternary MgNi4Y phase, which has been observed in annealed Mg-Y-Ni alloys with a similar alloy content [55].




3.1.2. Microstructure


The microstructure of the three Mg-Y-Ni alloys in different process conditions are compared in Figure 2. The phases identified by EDS are labelled, with α-Mg and LPSO phases being the dominant phases in all the alloys.



The Mg phase in all the as-cast alloys was globular, with a similar size at approximately 10 µm, with some Mg phase domains increasing up to approximately 50 µm in the Mg97Y2Ni1 alloy. After heat treatment, the size of the Mg phase increased in all the alloys, with the effect diminishing with increasing alloy content. After extrusion, the Mg phase elongated following the extrusion direction, with the phase width decreasing in the transverse direction. The width of the Mg phase in the longitudinal direction was approximately the same as it was in the related heat-treated alloys.



The LPSO phase forms as a network along the Mg phase boundaries in the as-cast Mg97Y2Ni1 alloy, with micron-wide branches and larger nodes tens of microns in size. Within the LPSO phase, parallel plates of Mg phase can be observed that have the same alignment over hundreds of microns. Micro plates of LPSO phase are also seen within the Mg matrix. As the alloy content increases, the LPSO phase volume fraction increases in the as-cast Mg93Y4Ni3 and Mg91Y5Ni4 alloys and becomes a block-like matrix, with the alignment of LPSO phase domains clearly seen in Figure 2b,c,e,f.



Figure 3, Figure 4 and Figure 5 present a comparison of the microstructures of the Mg97Y2Ni1, Mg93Y4Ni3, and Mg91Y5Ni4 alloys in the heat-treated and extruded conditions, respectively, to see the effect of processing on refining the phases and grain size.



The morphologies of the LPSO phases were similar in the as-cast and heat-treated alloys, but the growth of the Mg phase in the heat-treaded Mg97Y2Ni1 alloy increased the distance between LPSO phase regions. This spacing effect was less pronounced in the Mg93Y4Ni3 and Mg91Y5Ni4 alloys as the size and volume of the LPSO phase increased. The block-like matrix of the LPSO phase did not change significantly in size or shape in the heat-treated Mg93Y4Ni3 and Mg91Y5Ni4 alloys. Polygonal areas of the eutectic Mg/Mg2Ni structure in the as-cast Mg93Y4Ni3 and Mg91Y5Ni4 alloys were not observed after heat treatment in either alloy. The Mg2Ni phase in the Mg93Y4Ni3 alloy coarsened into micron-sized ellipsoid particles, while the absence of Mg2Ni in the heat-treated Mg91Y5Ni4 alloy suggests the eutectic structure transformed into the MgYNi4 phase identified by EDS.



The deformation microstructures after extrusion are similar to those previously reported in extruded or ECAP-processed LPSO alloys [36,60]. The size of both the Mg and LPSO phases decreased in the Mg97Y2Ni1 alloy in the transverse plane, reducing the spacing between the phases. Along the extrusion direction the LPSO phase was fragmented into smaller plates between 1 µm and 10 µm that aligned parallel to the Mg phase. The block-like LPSO phases in the extruded Mg93Y4Ni3 and Mg91Y5Ni4 alloys were similar in size compared to the heat-treated condition, but bending and kinking was introduced into the phase and is most obvious in Figure 3i within LPSO structures containing thin Mg plates. The LPSO phases were also elongated along the extrusion direction in the Mg93Y4Ni3 and Mg91Y5Ni4 alloys, but the fragmentation reduced as the amount of block-type morphology increased.



The clusters of Y-rich particles seen in the microstructure may be the cause of the yttrium deficiency in the LPSO phases. The Ni:Y ratio of 1:1 deviated from the ideal stoichiometric 3:4 ratio and implied that there is a significant substitution of Ni for Y in the Ni6Y8 clusters.




3.1.3. Phase Volume Fractions


Figure 6 shows the phase volume fractions of the Mg-Y-Ni alloys arranged by alloy content and process condition. Standard errors have been calculated for the phases, but the values are too small to clearly show in Figure 6. The standard error for LPSO phase volume fractions is between 1 and 2%, while for the other phases it is less than 1%. Mg and LPSO phases were the most abundant phases, with a Mg/Mg2Ni eutectic forming a minor fraction in the as-cast Mg93Y4Ni3 and Mg91Y5Ni4 alloys. Y-rich particles could also be observed in each of the alloys in fractions of less than 1%. The volumes of Mg phase and LPSO phases were determined foremost by alloy content, with the LPSO phase increasing and Mg phase decreasing as the alloy content increased. Heat treatment had a moderate effect on the relative amounts of Mg phase and LPSO phase, while extrusion showed little to no effect in changing phase fractions.



The LPSO phase volume fraction in the Mg97Y2Ni1 and Mg93Y4Ni3 alloys decreased after heat treatment, with the greater change in the phase volume fraction occurring in the Mg93Y4Ni3 alloy. The decrease in LPSO phase in both alloys was concurrent with an increase in the Mg phase. After extrusion, the Mg93Y4Ni3 alloy showed a further decrease in the LPSO phase volume fraction, while the Mg97Y2Ni1 alloy showed no change in phase volumes. The increase in the Mg phase fraction was correlated with the decrease in Mg content in the LPSO phases after heat treatment and extrusion, which shows that Mg diffuses out from the LPSO phase and increases the volume of the Mg phase in the Mg97Y2Ni1 and Mg93Y4Ni3 alloys. In contrast, the LPSO phase volume fraction increases in the Mg91Y5Ni4 alloy after heat treatment, with the increase apparently due to the elimination of the eutectic structure and a small decrease in the Mg phase. After extrusion, the LPSO phase volume decreased slightly in the Mg91Y5Ni4 alloy, with the Mg phase showing an increase. However, the 1–2% standard error for the LPSO phase volume means the phase volume change in the Mg91Y5Ni4 alloy between heat treatment and extrusion is not significant.



Therefore, the concentration of alloying elements had the most influence on LPSO phase volume fraction in Mg-Y-Ni alloys, while the effect of heat treatment and extrusion was weaker. Yang et al. [43] found, by studying a series of as-cast Mg100-xNixY1 (x = 0.2, 0.5, 0.8, 1.0, 1.5) (at.%) alloys, that the LPSO phase volume fraction increased to 20% at Ni=0.8 (at.%) and then decreased to 15% with a further increase in Ni content, while the secondary phases’ volume fraction always increased with increasing Ni content. This trend of increasing the secondary phase volume fraction with increasing alloy content is also seen in this study.




3.1.4. X-ray Diffraction


The XRD patterns of the three extruded Mg-Y-Ni alloys are compared in Figure 7. All three XRD patterns show peaks from the dominant LPSO phases and Mg phase. A limited number of peaks in the Mg97Y2Ni1 and Mg93Y4Ni3 alloys are unique to the 14H polytype, while the 18R polytype has no distinct peaks. The Mg91Y5Ni4 alloy shows distinct XRD peaks for 14H and 18R polytypes, which suggests both LPSO types are present in sufficient volumes for detection.



The pattern for the Mg93Y4Ni3 alloy also shows peaks for Mg2Ni. No XRD peaks are matched to MgYNi4 or yttrium-rich phases, which may be due to the volume fraction of Y-rich particles in the alloys being below the detection limit. There are also a small number of peaks common to the alloys that are not matched by Mg, Mg2Ni, or the simulated LPSO polytypes. The strongest unmatched peak occurs in between the Mg peaks with highest intensity, which is a feature of superlattice structures that include LPSO phases. Therefore, the unidentified peaks could be attributed to unknown LPSO polytypes that are not included in the pattern simulations.





3.2. The Effect of LPSO Phases on Hydrogenation Properties of Mg-Y-Ni Alloys


3.2.1. Absorption/Desorption Kinetics


Figure 8 presents the hydrogen absorption and desorption kinetics for the three extruded Mg-Ni-Y alloys at 300 °C. Measurements were taken after the ball-milled powders were activated by hydrogen cycling. Absorption measurements in Figure 8a were immediately followed by the corresponding desorption measurements in Figure 8b.



All three extruded Mg-Y-Ni alloys have absorption curves with three ‘low-rapid-plateau’ stages. Absorption kinetics increase with increasing solute content within 100 s, but after 10,000 s the effective absorption capacity is comparable for the three alloys within an experimental error at 5.3 ± 0.2 wt.% H. At this point, all three alloys achieved the reversible hydrogen capacities, as determined by PCT measurements. The extruded alloys in this study show comparable effective absorption capacities and kinetics to previous studies on the hydrogen storage properties of Mg-Y-Ni alloys [37,38,45,61], which generally report a hydrogen absorption of 5.0 wt.% H within a few thousand seconds at 300 °C. The hydrogen desorption curves also show the same three stages, but the desorption kinetics are much slower compared to absorption at the same temperature. After 10,000 s Mg97Y2Ni1 and Mg91Y5Ni4 completely desorbed 5.4 ± 0.2 wt.% H and 5.2 ± 0.2 wt.% H, respectively, but Mg93Y4Ni3 alloy desorbed only 3.7 ± 0.2 wt.% H without reaching a plateau. The Mg-Y-Ni alloys all have slower desorption kinetics compared to previous studies [37,45,61], as the previous works report alloys with similar desorption capacities realized within several hundreds of seconds instead of the few thousands of seconds seen in Figure 8b.



To illustrate the effect of increasing the LPSO phase volume fraction on hydrogen absorption and desorption kinetics, the effective hydrogen capacities of the alloys are plotted as a function of LPSO phase volume fraction in Figure 9. Figure 9a shows there are no significant differences in hydrogen absorption capacity between the alloys. Moreover, no consistent trend is seen between hydrogen desorption capacity and LPSO phase volume fraction in Figure 9b. It is curious that Mg93Y4 Ni3 diverges so significantly from Mg97Y2Ni1 and Mg91Y5Ni4 in desorption kinetics, while being quite comparable in its absorption kinetics. The expectation is that all hydrogen kinetics would increase with increasing LPSO phase volume fraction, given that alloy and powder preparation has been controlled in all other aspects. The divergence of Mg93Y4Ni3 is considered further with an informed discussion of the literature.



The relatively slow desorption kinetics of Mg93Y4Ni3 cannot be explained by insufficient catalyst content, as Mg97Y2Ni1 contains less nickel and yttrium yet has faster desorption kinetics. The similarity between the absorption kinetics of previous studies [11,37,38,45,62,63,64,65] and this study indicates that the Mg-Y-Ni powders contain nanocomposites with similar features shown to improve hydrogenation properties, which are generally 50 nm Mg grains decorated with 10–20 nm YH2 nanocatalysts. As the type and size of structures in the nanocomposites are quite similar for all the alloys to show increased absorption kinetics, hydrogen desorption has to be impacted at the MgH2/nanocatalyst interface. Li et al. [38] have shown that hydrogen capacities and kinetics degrade in decomposed LPSO nanocomposites due to nanocatalyst agglomeration on the surface of Mg/MgH2 grains, and it is assumed that the slow desorption kinetics of Mg93Y4Ni3 alloys in this study are similarly associated with heterogeneous nanocatalyst distribution in the decomposed LPSO nanocomposites. It is also assumed that any irregular nanocatalyst distribution in Mg91Y5Ni4 alloy is overturned by an increase in MgH2/nanocatalyst interfaces.




3.2.2. Pressure–Composition Isotherms


Figure 10a shows the pressure–composition isotherms for the powders of extruded Mg-Y-Ni alloys at 300 °C. All three alloys exhibit a broad pressure plateau with low hysteresis, which indicates that the Mg/MgH2 reaction is reversible. No abrupt changes are observed in any of the curves that would indicate the formation of other hydride phases in the alloy powders, although the positions of the data points for Mg93Y4Ni3 (NE2) and Mg91Y5Ni4 (NE3) may obscure the formation of Mg2NiH4 at the right-hand edge of the pressure plateau; Mg2NiH4 has been observed in PC isotherms of Mg-Y-Ni alloys in other studies [37,40,62]. There are no significant differences in the plateau pressures of the Mg-Y-Ni powders, which indicates that the thermodynamics of the Mg-MgH2 reaction are unaltered by alloying elements.



Figure 10b compares the reversible hydrogen capacities from Figure 10a with the calculated hydrogen capacities of the alloys. The calculated hydrogen curves in Figure 10b assume that all hydride-forming atoms are available for reaction and that alloys of the given compositions are fully hydrogenated. The plateau pressures, maximum hydrogen capacities, and reversible hydrogen capacities are further summarized in Table 2. The reversible capacities of the alloys in this study are all lower than the calculated capacities, although the maximum hydrogen capacities of the Mg93Y4Ni3 (NE2) and Mg91Y5Ni4 (NE3) alloys in Figure 10a do match the calculated capacities. When these results are considered together with Figure 8 it can be seen that the Mg-Y-Ni alloys in this study generally absorb and desorb 5.3 ± 0.3 wt.% H, which is consistent with results from Mg-Y-Ni alloys with varied compositions by Sun et al. [66], Yang et al. [67], and others [37,46,47].




3.2.3. XRD of Mg91Y5Ni4 before and after Hydrogen Experiments


LPSO phase decomposition after the hydrogenation of Mg-RE alloys has been reported by attributing the absence of characteristic LPSO peaks in XRD patterns of dehydrogenated samples to the breakdown of long-range order during decomposition [37,39,40,45,46]. XRD patterns are presented for the Mg91Y5Ni4 alloy with the highest LPSO phase fraction in Figure 11, where two patterns collected before and after (de)hydrogenation are compared to see if the same absence of LPSO peaks occurs. Figure 11a shows the XRD pattern for swarf machined from the heat-treated Mg91Y5Ni4 alloy (XRD measurements were carried out on the heat-treated alloy, as not enough of the extruded alloy was available, but XRD results presented in [50] confirm that the LPSO phases for both process conditions are the same). The LPSO phase is identified in the machined material before hydrogenation from peaks that match LPSO phase (00-036-1273) in the International Centre for Diffraction Data (ICDD) PDF4+ database, with additional peaks matched to the simulated LPSO patterns used for the analysis of the XRD patterns in Figure 7.



Figure 11b shows the XRD pattern of the dehydrogenated Mg91Y5Ni4 powder after all hydrogen experiments were completed. Low intensity peaks of Y2O3 and MgO indicate a small amount of the sample oxidized before XRD measurement. No peaks can be observed for the additional reflections produced by the LPSO phase, which is interpreted to mean that the long-range order of the phase has been destroyed. Furthermore, the expected decomposition products of Mg, Mg2Ni, and YH2 are all present in the dehydrogenated powder. Taken together, these observations show that the LPSO phase has decomposed in the Mg91Y5Ni4 powder after (de)hydrogenation. As this has been shown for the alloy with the highest LPSO phase fraction, it is reasonable to extend the same behaviour to the other alloys. No other hydride phases are identified in the powder, including MgH2 and Mg2NiHx, which indicates the effective desorption of hydrogen from the Mg91Y5Ni4 alloy.




3.2.4. Thin Foil Experiments


Most available studies on hydrogenation properties of Mg alloys with LPSO phases have used powders made through manual filing or ball-milling of the alloys, which makes hydrogen-induced LPSO phase decomposition difficult to observe. Rare-earth hydrides form readily during absorption, and nucleation-induced strain is thought to provide the driving force for LPSO phase decomposition. It is also hypothesized that, as rare-earth hydride form, the hydride binds the necessary element for stabilizing the long period stacking order, leading to LPSO phase decomposition. To learn more about the LPSO decomposition process, thin Mg91Y5Ni4 foils prepared by the method in Section 2.1 were hydrogenated under two different hydrogen partial pressures. Hydrogenation curled the foils and roughened the surfaces, which resulted in a variety of microstructures at varying depths below the foils’ surfaces being exposed during SEM preparation. These variations were observed throughout both foils during SEM imaging.



The microstructural variations observed in the NE3-P foil are seen in Figure 12, where hydrogenation was carried out to form only YH3 without also forming MgH2. The exact depth of Figure 12b–j in the foil is unknown, but limited hydrogen diffusion into magnesium means the structures are located within 30 µm of the surface [4]. Figure 12b,c show a region where the fine lamellae of the initial microstructure seen in Figure 12a have been replaced with blocks of LPSO phase and coarse LPSO phase plates, with Mg forming the secondary phase. In addition, a significant number of 1–5 µm Y-rich particles and the Mg2Ni phase have formed within the Mg phase. In Figure 12d–f, the Mg phase has increased to become the primary phase. The LPSO phase blocks are not observed, but a eutectic-like structure of sub-micron lamellae has formed within the boundaries where the blocks previously existed. A region where the LPSO phase has partially transformed into the eutectic-like structure and is shown at different magnifications in Figure 12g–i. The co-existence of intact LPSO phase and the eutectic-like structure at the same observation depth indicates that hydrogen diffusion is faster in the region where the eutectic-like structure formed. In addition, the growth front of the lamellae appears to be perpendicular to the direction of lamella alignment in the eutectic-like structure. These observations suggest that hydrogen diffusivity is anisotropic in LPSO phases and may be faster in directions that are parallel to the Mg basal planes and/or Ni/Y stacking faults.



Data collected from the EDS scan lines in Figure 12j show that the lamellae in the NE3-P foil are Mg-Y phase. An example of data from one scan line is shown in Figure 12k. The composition of the Mg-Y lamellae, neglecting oxygen, is 30 ± 20 (at.%) Y with Mg forming the remainder; the size of the SEM electron probe compared to the lamellae is too large to determine a precise composition. The composition is closest to Mg2Y in the Mg-Y phase diagram, but the range also includes MgY as a potential phase. Nickel is not detected within the lamellae, which shows it segregated out of the LPSO phase as it decomposed and formed Mg2Ni. It is concluded that the Y-rich particles are YH2 based on the expected formation of rare-earth hydrides in hydrogenated Mg-RE alloys; GdH2 particles of similar size were observed recently during hydrogenation studies of Mg (Gd) solid solutions [68].



The results of the NE3-P foil experiment show that LPSO phase decomposition does not require MgH2 formation. To study the effect of full hydrogenation on LPSO phase decomposition, the NE3-F foil was hydrogenated to form both YH3 and MgH2, with the resulting microstructure seen in Figure 13. As before, limited hydrogen diffusion into magnesium means the structures seen in Figure 13a–d are located within 30 µm of the surface [4]. No LPSO phase blocks can be observed in the NE3-F foil; the LPSO phase in the foil appears to have transformed completely into the eutectic-like structure with associated Y-rich particles and Mg2Ni phase. The eutectic-like structure is the same as the NE3-P foil with alternating lamellae that are sub-micron in width. Fewer Y-rich particles are seen in the NE3-F foil compared to the NE3-P foil, while the density of the Mg2Ni phase appears to be higher in Figure 13a,b. However, these differences in phase distribution between the two foils may be attributed to limited observation areas. In general, greater hydrogenation is not observed to produce any significant microstructural differences in phases or morphology between the NE3-P and NE3-F foils. This shows that any hydrogen absorption sufficient to form YH2 triggers LPSO phase decomposition, which supports the removal of rare-earth atoms from LPSO structures as the initiation of LPSO phase decomposition.



Data collected from EDS scan lines in Figure 13d show that the composition of the eutectic-like lamellae in the NE3-F foil are similar to the NE3-P foil; data from a representative EDS scan line are plotted in Figure 13e. The lamella composition is 40 ± 20 (at.%) Y with the remainder Mg. The composition of the lamellae in the NE3-F foil is close to MgY, but this range also includes Mg2Y as a potential phase. The scan line in Figure 13e also crosses a Y-rich particle and a part of the Mg2Ni phase. Nickel is not found in significant amounts in the Mg-Y lamellae and seems to have fully segregated to the Mg2Ni phase. The Y-rich particle is assumed to be YH2, as it has no significant Ni or Mg content.



It should be noted that exaggerated LPSO decomposition is observed in the Mg91Y5Ni4 foils due to the size effect, as the foils’ thickness was less than 100 µm and on the same order of magnitude as the grain size. It is possible that the diffusion of hydrogen and nickel atoms was accelerated, causing the LPSO phase to more easily decompose. The thinness of the foils would also improve heat transfer, which again promotes faster diffusion. However, other works have also shown the decomposition of LPSO structures without MgH2 formation, such as [39], where bulk Mg-Gd-Y-Zn-Zr alloys were hydrogenated. The same mechanisms should equally apply to the Mg-Y-Ni foils.






4. Summary and Conclusions


The effect of the LPSO phase volume fraction on the hydrogen absorption and desorption properties of extruded Mg-Y-Ni alloys has been investigated. The outcomes of the research are as follows.



Mg-Y-Ni alloys were prepared with varying volume fractions of the LPSO phase through a choice of solute content and process conditions during casting, heat treatment, and extrusion. The results showed that increasing the solute content led to an increase in LPSO phase volume fraction, from ~24% LPSO in Mg97Y2Ni1 (at.%) to ~60% LPSO in Mg93Y4Ni3 (at.%) up to ~92% LPSO in Mg91Y5Ni4 (at.%).



The Mg93Y4Ni3 alloy was found to be the most sensitive to thermomechanical processing, as the as-cast LPSO phase volume fraction of 62.6% decreased to 61.4% after heat treatment and down to 58.5% after extrusion. After heat treatment, the LPSO phase volume fractions in the Mg97Y2Ni1 and Mg91Y5Ni4 alloys decreased by 7.5% and increased by 9.7%, respectively, but the fractions remained relatively stable in both alloys after extrusion.



After 100 s at 300 °C, the Mg91Y5Ni4 alloy absorbed 4.6 ± 0.2 wt.% H while the Mg97Y2Ni1 and Mg93Y4Ni3 alloys each absorbed 3.8 ± 0.2 wt.% H. After 10,000 s at 300 °C, all three alloys had absorbed 5.3 ± 0.2 wt.% H with no further significant difference in hydrogen absorption kinetics.



The hydrogen desorption kinetics do not show a consistent relationship with the LPSO phase volume fraction. The Mg91Y5Ni4 alloy desorbed 1.8 ± 0.2 wt.% H after 100 s at 300 °C against a vacuum, while the Mg97Y2Ni1 and Mg93Y4Ni3 alloys desorbed 0.8 ± 0.2 wt. H and 0.6 ± 0.2 wt.% H, respectively. After 10,000 s at 300 °C, the Mg91Y5Ni4 and Mg97Y2Ni1 alloys completely desorbed 5.2 ± 0.2 wt.% H and 5.4 ± 0.2 wt.% H, respectively, but the Mg93Y4Ni3 alloy only desorbed 3.7 ± 0.2 wt.% H. The slow desorption kinetics of Mg93 Y4Ni3 alloy can be attributed to non-uniform nanocatalyst distribution at the Mg–catalyst interface in the nanocomposites.



The equilibrium hydrogen pressures of the three Mg-Y-Ni alloys at 300 °C, which correspond to the Mg-MgH2 equilibrium, were nearly identical at 1.6 ± 0.2 atm. This similarity indicates that neither solute content nor LPSO phase volume fraction affects the Mg-MgH2 reaction thermodynamics.



The decomposition microstructures and phase compositions of thin foils of Mg91Y5Ni4 alloy hydrogenated at low and high partial pressures were similar, indicating that LPSO phase decomposition can be triggered by sufficient hydrogen absorption, leading to the formation of stable YH2 hydride. This supports the idea that rare-earth hydride formation is the initial step in destabilizing LPSO structures.
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Figure 1. (a) Comparison of LPSO phase content in Mg-Y-Ni alloys with average EDS compositions and ideal LPSO polytype compositions from [52,53]. (b) Magnified view of ternary diagram showing LPSO phase content in Mg-Y-Ni alloys near Ni:Y = 1:1 ratio line. 
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Figure 2. SEM BSE micrographs of Mg97Y2Ni1 (a,d,g,j), Mg93Y4Ni3 (b,e,h,k), and Mg91Y5Ni4 (c,f,i,l) alloys in the as-cast (a–c), heat-treated (d–f), and extruded conditions (transverse section—g–i; longitudinal section—j–l). 
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Figure 3. Micrographs of Mg97Y2Ni1 alloys; heat-treated NHT1 (a): SEM BSE; (b): TEM BF; extruded NE1 (c): SEM BSE; (d): TEM BF; (e,f): TEM diffraction. 
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Figure 4. Micrographs of Mg93Y4Ni3 alloys; heat-treated NHT2 (a): SEM BSE; (b): TEM BF; extruded NE2 (c): SEM BSE; (d): TEM BF; (e,f): TEM diffraction. 
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Figure 5. Micrographs of Mg91Y5Ni4 alloys; heat-treated NHT3 (a): SEM BSE, (b,c): TEM BF; extruded NE3 (c–f): SEM BSE; (g): TEM BF; (h,i): TEM diffraction. 
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Figure 6. Phase fractions of Mg-Y-Ni in as-cast (NC1, NC2, NC3), heat-treated (NHT1, NHT2, NHT3), and extruded (NE1, NE2, NE3) conditions. 
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Figure 7. XRD patterns of Mg-Y-Ni alloys along extrusion direction. (a) Mg97Y2Ni1; (b) Mg93Y4Ni3; (c) Mg91Y5Ni4. 
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Figure 8. Hydrogen (a) absorption and (b) desorption curves at 300 °C for extruded Mg-Y-Ni alloys processed into powders through ball-milling. 
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Figure 9. Effective hydrogen capacity and reaction fractions of extruded Mg-Y-Ni alloys with LPSO phases at 300 °C. (a) Absorption capacity after 200 s; (b) desorption capacity after 1000 s. 
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Figure 10. (a) Pressure–composition curves of Mg-Y-Ni powders during hydrogen absorption and desorption at 300 °C. (b) Comparison of reversible hydrogen capacity with calculated maximum reversible hydrogen capacity of Mg-Y, Mg-Ni, and Mg-Y-Ni alloys as a function of alloy content. 
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Figure 11. XRD pattern of Mg91Y5Ni4 powder produced from extruded billet. (a) Before hydrogenation; (b) after dehydrogenation (broad peaks with elevated backgrounds between 10° and 20° are from the protective Kapton polyimide tape). 
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Figure 12. SEM micrographs of Mg91Y5Ni4 NE3-P foil hydrogenated to form only YH3. A 20 keV accelerating voltage was used for BSE imaging. (a) Microstructure of extruded Mg91Y5Ni4 alloy without hydrogenation. (b) Coarsened LPSO phase blocks in hydrogenated NE3-P foil. (c) Magnified view of (b). (d) Eutectic-like structures of Mg-Y lamellae formed from decomposed LPSO phase. (e) Magnified view of (d). (f) Magnified view of (e). (g) Incomplete decomposition of LPSO phase into lamellar structure. (h) Magnified view of (g). (i) Magnified view of (h). (j) Acquisition area of EDS scan lines on decomposed LPSO phase microstructure. (k) Elemental composition along EDS scan line 35 in (j). 






Figure 12. SEM micrographs of Mg91Y5Ni4 NE3-P foil hydrogenated to form only YH3. A 20 keV accelerating voltage was used for BSE imaging. (a) Microstructure of extruded Mg91Y5Ni4 alloy without hydrogenation. (b) Coarsened LPSO phase blocks in hydrogenated NE3-P foil. (c) Magnified view of (b). (d) Eutectic-like structures of Mg-Y lamellae formed from decomposed LPSO phase. (e) Magnified view of (d). (f) Magnified view of (e). (g) Incomplete decomposition of LPSO phase into lamellar structure. (h) Magnified view of (g). (i) Magnified view of (h). (j) Acquisition area of EDS scan lines on decomposed LPSO phase microstructure. (k) Elemental composition along EDS scan line 35 in (j).



[image: Hydrogen 04 00042 g012]







[image: Hydrogen 04 00042 g013] 





Figure 13. SEM micrographs of Mg91Y5Ni4 NE3-F foil hydrogenated to form YH3 and MgH2. A 20 keV accelerating voltage was used for BSE imaging. (a) Eutectic-like structures of Mg-Y lamellae and Mg2Ni formed from decomposed LPSO phase. (b) Magnified view of (a). (c) Magnified view of (b). (d) Acquisition area of EDS scan lines on decomposed LPSO phase microstructure. (e) Elemental composition along EDS scan line 42 in (d). 
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Table 1. Composition of LPSO phases in Mg-Y-Ni alloys measured by EDS.
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	Alloy
	Condition
	Mg ± Std Err.
	Ni ± Std Err.
	Y ± Std Err.
	Mg:Y
	Mg:Ni
	Ni:Y
	Polytype





	Mg97Y2Ni1
	As-cast
	89.36 ± 0.20
	5.04 ± 0.11
	5.60 ± 0.10
	16.00
	17.82
	0.90
	24R



	
	Heat-treated
	86.43 ± 0.27
	6.61 ± 0.13
	6.96 ± 0.14
	12.46
	13.14
	0.95
	18R



	
	Extruded
	86.50 ± 0.19
	6.72 ± 0.11
	6.78 ± 0.09
	12.80
	12.92
	0.99
	18R



	Mg93Y4Ni3
	As-cast
	87.63 ± 0.45
	6.44 ± 0.24
	5.93 ± 0.21
	14.94
	13.80
	1.08
	14H



	
	Heat-treated
	87.17 ± 0.20
	6.72 ± 0.11
	6.11 ± 0.10
	14.31
	13.02
	1.10
	14H



	
	Extruded
	86.99 ± 0.19
	6.81 ± 0.08
	6.20 ± 0.11
	14.08
	12.80
	1.10
	14H



	Mg91Y5Ni4
	As-cast
	83.89 ± 0.34
	8.25 ± 0.17
	7.86 ± 0.16
	10.71
	10.21
	1.05
	10H



	
	
	87.65 ± 0.14
	6.37 ± 0.06
	5.99 ± 0.10
	14.67
	13.78
	1.06
	14H



	
	Heat-treated
	87.35 ± 0.07
	6.41 ± 0.04
	6.23 ± 0.05
	14.07
	14.02
	1.03
	14H



	
	
	87.51 ± 0.16
	6.25 ± 0.07
	6.23 ± 0.09
	14.02
	13.63
	1.00
	14H



	
	Extruded
	86.98 ± 0.11
	6.72 ± 0.05
	6.30 ± 0.06
	13.83
	12.96
	1.07
	14H










 





Table 2. Equilibrium pressures and hydrogen capacities of Mg-Y-Ni alloys at 300 °C.
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	Composition * (Nominal/EDS)

(at.%)
	Absorption Plateau Pressure (Atm)
	Desorption Plateau Pressure (Atm)
	Maximum Hydrogen Capacity

(wt.% H)
	Reversible Hydrogen Capacity

(wt.% H)
	Calculated Capacity

(wt.% H)





	Mg97Y2Ni1/

Mg96.2Y2.2Ni1.6
	1.6 ± 0.3
	1.6 ± 0.2
	5.7
	5.2
	7.0 ± 0.2



	Mg93Y4Ni3/

Mg91.1Y3.7Ni4.8
	1.5 ± 0.5
	1.5 ± 0.3
	6.0
	5.3
	6.1 ± 0.2



	Mg91Y5Ni4/

Mg87.1Y6.7Ni6.2
	1.8 ± 0.4
	1.8 ± 0.2
	5.6
	4.5
	5.9 ± 0.3







* Data and calculated capacities are presented for alloy compositions measured with EDS.
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