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Abstract


A comprehensive study of the structural–phase transformations and hydrogen desorption kinetics in the Mg56Al44 system was conducted using a multistage approach combining thermodynamic modeling CALPHAD, Thermo-Calc 2025a, mechanical synthesis (MS), spark plasma sintering (SPS), and subsequent dispersion treatment. Thermodynamic modeling revealed a stable existence region of the intermetallic compound Mg17Al12, exhibiting Cp-T anomalies at 303 and 351 °C that closely corresponded to the experimental DSC/TGA results. Microstructural analysis showed that varying the ball-to-powder ratio BPR 20:1 and BPR 30:1 determines the defect density, crystallite size 25–45 nm, and lattice strain 1.5–3.0 × 10−3, all of which directly influence the hydrogen desorption kinetics. For the samples synthesized at BPR 30:1, the onset temperature of hydrogen release decreased to 180–200 °C while maintaining a hydrogen storage capacity of 4.9 wt.%, accompanied by a reduction in the apparent activation energy of desorption from 92 to 74 kJ·mol−1 according to the Kissinger method. The dispersion stage partially disrupted and redistributed the surface MgO layer, leading to a reduction in its overall contribution and improvement in structural homogeneity, rather than complete oxide removal. The combined MS-SPS-dispersion processing route enabled controlled nanostructure formation, reduced the hydrogen desorption temperature by approximately 100 °C compared to conventional MgH2-based materials, and significantly enhanced the thermokinetic performance. These findings demonstrate that Mg-Al alloys are promising candidates for solid-state hydrogen storage systems with improved desorption kinetics and reduced activation barriers.
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1. Introduction


Magnesium-based materials have long been considered promising candidates for hydrogen storage due to their high theoretical gravimetric capacity (7.6 wt.%), low cost, and environmental safety [1,2,3]. However, their practical application is hindered by the high hydrogen desorption temperature (above 300 °C) and the sluggish kinetics of sorption processes [4,5,6]. Over the past decades, various approaches have been explored to overcome these drawbacks, including the introduction of catalytic additives (Ti, V, Ni, Fe) to accelerate kinetics [7,8,9,10], nanostructuring to increase the reactive surface area [11,12], the use of carbon matrices to stabilize cycling [13,14], and the development of Mg-based composites with transition metals [15]. Nevertheless, most of these strategies remain limited by high cost, scaling challenges, and reduced cyclic stability under repeated use.



Among alternative solutions, the Mg-Al system has attracted particular interest. The interaction of magnesium with aluminum leads to the formation of intermetallic phases such as Mg17Al12 and Mg2Al3 [16,17,18,19]. Although their hydrogen capacities are lower than that of Mg 4.44 wt.% and 3.02 wt.%, respectively [20], the presence of these compounds reduces the hydrogen desorption temperature and improves thermal conductivity, which is crucial for uniform heat transfer during sorption-desorption cycling [21,22]. The evolution of phase composition depends strongly on the Mg:Al stoichiometry, ranging from Mg(Al) + Mg17Al12 to Mg2Al3 + Al(Mg) [23].



MS is one of the most effective methods for producing such materials, as it enables intensive particle refinement followed by the formation of nanostructured intermetallides [24,25,26]. Prolonged milling for up to 20 h can lower the desorption temperature by 50–70 °C [27,28,29], but it requires high energy input and complicates the control of phase transformations [30,31,32]. To stabilize the resulting structure, spark plasma sintering has recently been employed, enabling rapid powder densification and fixation of the phase composition through fast heating.



In this work, the formation of the Mg-Al system is considered as a sequential evolution of structural and phase transformations. In the first stage, mechanical synthesis initiates the formation of intermetallic phases and defect structures. In the second stage, spark plasma sintering stabilizes and densifies the material. Finally, post-synthesis dispersion is applied to increase particle dispersity, increase the reactive surface area, and enhance heat transfer during sorption processes. This approach reduces particle agglomeration and improves hydrogen sorption kinetics [33,34].



Previous studies [35,36,37,38,39] on Mg-Al systems for hydrogen storage have mainly relied on experimental approaches, focusing on alloy composition, catalytic additives, or nanostructuring to enhance sorption properties. Although thermodynamic modeling based on the CALPHAD approach has been successfully applied to systems such as Mg-Ni, Mg-Ca, and Mg-Y for predicting hydride phase stability and transformation temperatures [5,6,7], comparable studies for the Mg-Al system remain limited.



In the present work, the CALPHAD method is employed not only to establish phase equilibria and determine the stability range of Mg17Al12, but also to correlate these predictions with experimental DSC/TGA results.



It is worth noting that the introduction of a post-synthesis dispersion stage represents a methodological advancement compared with traditional mechanical synthesis and sintering. This step provides a controllable means to reduce surface oxides, enhance reactive surface activity, and optimize hydrogen desorption kinetics [33].The novelty of this work lies in the implementation of a sequential three-step processing route—MS, SPS, and dispersion—which enables a direct linkage between structural evolution and hydrogen sorption behavior. Unlike previous Mg-Al studies [40,41,42], where the effect of milling energy was analyzed without subsequent consolidation or dispersion, the proposed combined approach allows for controlled adjustment of the intermetallic phase fraction and microstructure. This correlation between milling intensity, phase evolution, and hydrogen desorption kinetics has not been previously reported for the Mg-Al syste. Table 1 summarizes the abbreviations and symbols employed in this study




2. Materials and Methods


2.1. Thermodynamic Modeling


In this work, thermodynamic modeling of the Mg-Al system was performed using the Thermo-Calc 2025a software package with the TCAL9 thermodynamic database, which is parameterized for light-metal alloys and includes Mg-Al-H interactions. The objective of the calculations was to predict the phase composition and stability of hydride and intermetallic compounds over a wide range of Mg–Al–H ratios. Based on the equilibrium phase diagram, the stability regions of MgH2, Mg17Al12, and solid solution phases were identified, which allowed us to determine the temperature and concentration conditions for their existence. The obtained results were further used to justify the choice of the Mg56Al44 stoichiometry and the optimized sintering regime at 350 °C.



To evaluate the thermodynamic feasibility of the phases, the Gibbs free energy was calculated as a function of temperature using the approximation:


G(T) = G0 + aT + bTln(T),



(1)




where G0 is the reference energy at 0 K, and a and b are empirical coefficients fitted within the database.



Based on these calculations, 3D heat capacity models Cp(T) were constructed at selected points of the phase diagram to identify temperatures corresponding to minimum thermodynamic potentials. This allowed us to determine the critical temperatures for the decomposition of metastable phases and the evolution of stable intermetallics. The modeling was carried out in the temperature range of 25–600 °C with a composition step of 1 at.% under a hydrogen partial pressure of 0.1 MPa. The modeling thus served as the basis for selecting the temperature regimes for the sorption–desorption experiments.




2.2. Material Preparation (MS, SPS, and Post-Synthesis Dispersion)


Commercial magnesium powder (99%, 120–180 μm) and aluminum powder (99.99%, 70 μm) were used as starting materials. MS was carried out in a planetary ball mill (Retsch PM100) at 400 rpm for 5 h under a high-purity argon atmosphere. Two ball-to-powder ratios BPR 20:1 and 30:1 were selected to compare the effect of milling energy on microstructural evolution and hydrogen sorption behavior. To minimize agglomeration and cold welding, stearic acid was added as a process control agent (15 wt.% relative to the powder mixture). The selected milling parameters were chosen based on previous reports [43,44,45].



SPS was performed in a graphite die (Ø25 mm) at a pressure of 12.96 MPa and a temperature of 350 °C with a holding time of 5 min. The temperature was monitored by a pyrometer, and the control accuracy was within ±5 °C.



The selected parameters were based on both CALPHAD thermodynamic modeling and preliminary optimization experiments. The modeling predicted the stability region of the equilibrium Mg + Mg17Al12 phase field near 350 °C, which was experimentally confirmed as the temperature providing sufficient diffusion bonding without excessive grain growth. Additional SPS trials performed in the temperature range of 300–400 °C with holding times of 3–10 min showed that at lower temperatures (<320 °C) incomplete densification and weak interparticle bonding occurred, while above 380 °C partial melting and increased oxidation were observed. Therefore, the SPS regime of 350 °C for 5 min was determined to be the optimal condition ensuring phase stabilization and microstructural integrity of the Mg56Al44 system.



The consolidated compacts were subsequently subjected to low-intensity dispersion in an inert atmosphere at 200 rpm for 20 min in order to refine the particle size, increase the active surface area, and reduce agglomeration after SPS [46].




2.3. Materials Characterization


A set of complementary techniques was employed to analyze the phase composition, microstructure, and thermal properties of the samples. X-ray diffraction (XRD) was carried out on a D6 Phaser diffractometer using Cu-Kα radiation at 45 kV and 40 mA. Data were collected in the 2θ range of 5–153° with a step size of 0.013° and a counting time of 30.6 s per step. The diffraction patterns were processed using the Diffrac-EVA Ver.7 software package with the PDF-4 AXIOM database, and phase identification was performed by peak integration followed by Rietveld refinement.



To differentiate the contributions of crystallite size and lattice strain to the observed peak broadening in Figures 5 and 6, a Williamson–Hall analysis was performed according to the relation


β cos θ = (κλ/D) + 4ε sin θ,



(2)




where β is the full width at half maximum (FWHM), θ is the Bragg angle, λ = 1.5406 Å is the wavelength of the Cu Kα radiation, D is the crystallite size, and ε is the microstrain.



Surface morphology and microstructural features were examined using a TM4000 Plus scanning electron microscope operated in BSE contrast mode. Elemental distribution was determined by elemental mapping.



Thermal stability of the samples was evaluated by combined thermogravimetric analysis and TGA/DSC. Powder specimens of 10 mg were heated in corundum crucibles in the temperature range of 30–400 °C at a heating rate of 10 °C/min under a high-purity argon atmosphere (99.999%), with an empty crucible used as reference.




2.4. Sorption-Desorption Experiments


For the hydrogen sorption–desorption experiments with Mg56Al44 samples, a custom-designed experimental device (ED) was fabricated from stainless steel tubing, equipped with a crucible holder and an internal type-K thermocouple. The crucible was made of 12Cr18Ni10T stainless steel and fixed on a 1 mm diameter steel wire, which allowed accurate positioning of the specimen inside the ED [47,48,49,50,51,52,53]. Heating was provided by a resistive heater wound around the outer surface of the device. A photograph of the ED without the heating element is shown in Figure 1.



Sorption-desorption experiments were conducted using a TURBOLAB 90i vacuum station (Leybold GmbH, Cologne, Germany), additionally equipped with vacuum valves, pressure gauges, and a quadrupole mass spectrometer RGA-100 (Stanford Research Systems, Sunnyvale, CA, USA) for gas composition analysis. Prior to testing, the powder specimens were degassed at 350 °C for 10 min following a 30 min evacuation to a total pressure of 0.44 Pa, with the partial pressure of water vapor reduced to 3.9·10−4 Pa. Subsequently, the samples were exposed to hydrogen sorption at 300 °C and 0.1 MPa for 15 min. The desorption stage was carried out after re-evacuation of the chamber (0.073 Pa) under linear heating from 50 to 350 °C at a rate of 10 °C/min. The gas composition was continuously monitored in the mass-to-charge ratio range of 1–50 amu with a scanning step of 24 s, ensuring detailed tracking of hydrogen release kinetics. Each full cycle consisted of degassing, sorption, and desorption stages, and two consecutive cycles were performed to verify reproducibility.



The hydrogen absorption properties were evaluated using the pressure-composition-temperature (PCT) method with an automated H-Sorb system. Measurements were carried out at 250 °C over a pressure range of 0 to 2 MPa. The following parameters were determined: maximum achievable hydrogen capacity (wt.% H2), plateau pressures for hydrogenation/dehydrogenation, absorption–desorption hysteresis, and the saturation rate (t%).



For quantitative evaluation of hydrogen desorption kinetics, the activation energy (    E   a    ) was determined using the Kissinger method based on DSC data obtained at different heating rates (  β   = 5, 10, 15, and 20 °C/min). The method is based on the shift in the desorption peak temperature (    T   p    ) with increasing heating rate and is expressed by the equation:


  L n     β  /    T   p   2       =     −   E   a    /    R   T   p     + c o n s t ,    



(3)




where   β   is the heating rate,     T   p     is the peak temperature,     E   a     is the activation energy, and   R   is the universal gas constant.





3. Results


3.1. Thermodynamic Calculations


To investigate the phase evolution and determine the optimal synthesis parameters in the Mg-Al system, thermodynamic modeling was carried out using the CALPHAD approach. Particular attention was paid to compositions close to the Mg56Al44 stoichiometry, which is considered promising for hydrogen storage materials [53]. Figure 2 shows an isothermal section of the Mg-Al-H system. The model predicts that, in the Mg-enriched region (40–60 at.% Mg), the stable phase field corresponds to the three-phase equilibrium of Mg + Mg17Al12 + H2.



In the diagram, the arrow indicates the stability region of the phase assemblage comprising the hexagonal solid solution (HCP_A3), the intermetallic Mg17Al12 (AL12MG17_A12), β-Al(Mg), ε-AlMg, and the gas phase H2. The presence of hydrogen in the stable field highlights the potential for reversible interaction with the material and confirms its suitability for hydrogen storage applications [54]. An important conclusion is that the Mg17Al12 intermetallic is stabilized in the system over a relatively wide compositional range. The simultaneous presence of Mg ensures a balance between thermodynamic stability and hydrogen storage capacity [40]. Thus, the model provides a rationale for selecting the Mg56Al44 composition as optimal for further investigations.




3.2. Microstructural Evolution After MS


For the experimental validation of the selected composition, Mg56Al44 powders were synthesized using mechanical alloying. By varying BPR of 20:1 and 30:1, it was possible to evaluate and optimize the degree of refinement and powder morphology, both of which influence the hydrogen absorption capacity of the system. Microstructural analysis (Figure 3) revealed pronounced differences in morphology and elemental distribution in the Mg56Al44 powders depending on the milling regime. For the BPR of 20:1 (Figure 3a,b), the powders exhibited a more homogeneous structure with fine, rounded particles ranging from submicron sizes to several micrometers.



According to the EDS analysis (Figure 3a,b) of the sample synthesized at BPR 20:1, a uniform distribution of Mg and Al was observed, with a relatively low oxygen content, indicating limited surface oxidation. Such particle refinement and rounding are consistent with previously reported optimal conditions of mechanical alloying [41,42]. A similar morphological outcome was noted in [55,56], where lower BPR values prevented excessive defect accumulation and promoted the formation of uniform fine particles.



In the case of BPR 30:1 (Figure 3c,d), a more heterogeneous structure was observed, characterized by pronounced agglomeration and irregular flaky-shaped particles. Elemental mapping revealed a higher oxygen content compared to the BPR 20:1 sample, indicating enhanced surface oxidation. These effects may be associated with the excessive energy input during mechanical treatment, where high-intensity milling accelerates defect formation in the crystal lattice [57,58,59]. Similar trends of agglomeration and the growth of oxygen-containing phases at elevated BPR were also reported in studies of Mg-Ni and Mg-Al powders [43,44,45].




3.3. Microstructure After SPS


At the stage of mechanical alloying, the key factors were particle refinement and surface activation, whereas after spark plasma sintering the decisive role is played by the nature of densification and the diffusion interaction between the components. A comparison of the microstructure of the sintered compacts (Figure 4) reveals how mechanical alloying at different BPR values affects the density, phase distribution, and oxidation level of the samples.



The BPR 20:1 sample (Figure 4a,b) exhibits a dense two-phase structure formed as a result of eutectoid transformation during SPS. Areas highlighted in green BSE contrast and continuous interparticle necks indicate well-developed diffusion bridges and good densification [60]. EDS analysis shows a Mg-to-Al ratio close to the nominal composition and a significantly lower oxygen background compared to the Mg56Al44 sample synthesized at BPR 30:1. Such a level of oxidation is typical for Mg powders subjected to MS under moderate energy input, where thin MgO films are partially redistributed during SPS without forming oxide stringers along grain boundaries [61].



The Mg56Al44 sample obtained at BPR 30:1 (Figure 4c,d) reveals pronounced oriented banding, which may indicate local gradients of composition and density caused by non-uniform distribution of current and heat, as well as directed powder flow under load in the graphite die [62]. Elemental mapping reveals higher oxygen content, which correlates with the higher BPR and impact energy during MS. This leads to enhanced surface activation, particle agglomeration [63], and defect accumulation [64], and consequently, to a higher fraction of MgO.



The SPS cycle initiates the formation of the Mg17Al12 phase along interparticle contacts, while fine dispersion and short dwell time suppress the growth of large intermetallic colonies [65].




3.4. XRD Changes After Dispersion of MS-SPS-Dispersion Compacts


For optimal hydrogen exchange, it is important not only to form the appropriate phases but also to ensure a suitable particle size and distribution, as well as minimal surface oxidation [51]. To address this, a dispersion stage was introduced after SPS, which had not previously been applied in the Mg-Al system.



The introduction of this stage was justified by the need to enhance material dispersity, increase the specific reactive surface area, and reduce the extent of agglomeration formed after MS and SPS [66]. In addition, dispersion helps to lower the oxidation level by disrupting surface oxide films and partially redistributing oxides, which is particularly important for Mg-containing systems due to their high tendency toward oxidation [67].



Figure 5 presents the XRD patterns of samples synthesized at BPR 20:1 after MS, SPS, and subsequent dispersion.



According to the XRD patterns (Figure 5), at the stage of MS (blue curve), diffraction peaks corresponding to Mg, Al, and the intermetallic Mg17Al12 are observed, along with minor reflections of MgO. After SPS, the intensity of the Mg and Mg17Al12 peaks increases, which is associated with diffusion reactions and the formation of stable intermetallic compounds [68]. At the final dispersion stage, the peaks of Mg and Mg17Al12 become less intense and broadened, indicating enhanced dispersion and a reduction in crystallite size [69], as confirmed by the data in Table 2.



At the same time, the contribution of MgO decreases, which confirms the partial disruption of surface oxide films and the redistribution of oxygen within the material. Similar trends were observed for the samples synthesized at BPR 30:1, as shown in Figure 6.



The XRD patterns presented in Figure 6 illustrate the phase evolution of Mg56Al44 after MS, SPS, and subsequent dispersion. Following MS, diffraction peaks corresponding to Mg, Al, and Mg17Al12 were identified, along with minor contributions from MgO and Al2O3, indicating partial surface oxidation during milling [56]. After SPS, the peaks associated with Mg17Al12 became more intense, reflecting the progress of intermetallic formation and stabilization through diffusion [57], while the residual peaks of Al diminished. In addition, oxide phases became more pronounced, which can be attributed to partial oxidation at particle boundaries during high-temperature processing. After dispersion, the diffraction patterns corresponding to Mg and Mg17Al12 broadened and decreased in intensity, indicating crystallite refinement as summarized in Table 3 and increased lattice strain [58].



At the same time, the fraction of oxide phases (MgO and Al2O3) decreased, indicating partial removal or redistribution of surface oxide layers during mechanical processing [59].



These observations demonstrate that dispersion effectively reduces agglomeration, enhances phase homogeneity, and increases the available surface area, thereby creating favorable conditions for improving the hydrogen sorption-desorption kinetics [43].



To quantitatively evaluate the effects of grain refinement and internal distortions after the MS, SPS, and dispersion stages, the lattice strain (ε) values for the main phases of the Mg56Al44 system were calculated using the Williamson–Hall method, as presented in Table 4.



The Williamson–Hall analysis confirmed that the peak broadening observed in Figure 5 and Figure 6 is attributed to both grain refinement and an increase in lattice strain. The calculated microstrain (ε) values increased from approximately 1.5–1.9 × 10−3 after SPS to 2.5–3.0 × 10−3 after dispersion, which is consistent with the reduction in crystallite size from 40–45 nm to 25–30 nm. This strain development is associated with an increased defect density and lattice distortion induced by mechanical shear during the dispersion stage, which also facilitates hydrogen diffusion and enhances desorption kinetics [70].




3.5. Thermal Stability


Since the structure and phase composition of the Mg56Al44 system directly determine its ability for reversible hydrogen absorption and release, thermal stability becomes a key parameter [71]. For materials intended for hydrogen storage, it is particularly important to establish the temperature ranges at which degassing, decomposition of metastable phases, and the formation of stable intermetallics occur. These processes define the operating temperature of sorption–desorption cycles and the long-term durability of the material [72].



TGA and DSC are among the most informative techniques for investigating such characteristics. The combined recording of mass change and heat flow makes it possible to identify the onset of degassing and the decomposition of intermediate compounds [66]. Figure 7 presents the results of thermodynamic modeling of the heat capacity of the Mg56Al44 system (a) and the experimental TGA/DSC curves (b), which enable direct comparison of the calculated predictions with the processes of formation and decomposition of the Mg17Al12 phase.



In Figure 7a, three characteristic thermal anomalies are observed at 310 °C, 350 °C, and 400–450 °C. The first peak at 310 °C is interpreted as the onset of metastable phase decomposition, accompanied by mass loss as confirmed by TGA data [73]. The second peak at 350 °C corresponds to the formation of stable intermetallics such as Mg17Al12 and associated structural relaxations [74], resulting in a pronounced endothermic effect. The third peak at 400–450 °C is associated with the oxidation of residual organics originating from the process control agent, as well as with the dehydroxylation and decomposition of surface carbonates formed during brief exposure to air [74].



Figure 7b shows the experimental TGA/DSC curves for Mg56Al44 samples after dispersion, obtained under different MS conditions (BPR 20:1 and BPR 30:1). The absolute mass values presented in the graphs correspond to the balance sensor signal and include the crucible contribution. For the analysis, the relative mass loss of the sample (10 mg) was used.



The experimental data are in good agreement with the results of thermodynamic modeling: the temperature ranges of the three characteristic peaks coincide with the calculated values, with minimal deviations not exceeding ±5 °C for the anomalies at 303 °C and 351 °C. Repeated measurements (n = 3) demonstrated good reproducibility of the thermal effects, with a standard deviation of peak positions of ±3 °C.



Both samples synthesized at BPR 20:1 and BPR 30:1 demonstrate a comparable total mass loss. The differences in thermal curves reflect variations in the microstructural state of the material.



Analysis of the temperature dependence of heat flow for Mg56Al44 samples after dispersion MS at BPR 20:1 and BPR 30:1 revealed two endothermic effects at 303 °C and 351 °C. The BPR 20:1 sample is characterized by smoothed peaks, indicative of a homogeneous structure, whereas the BPR 30:1 sample exhibits sharper and more intense peaks, associated with localized degassing, oxide decomposition, and increased defect density [75].



To quantitatively assess the kinetic enhancement observed for the BPR 30:1 sample, the apparent activation energy (Ea) of hydrogen desorption was evaluated using the Kissinger approach. The relationship between ln(β/Tp2) and 1/Tp yielded linear trends consistent with a single-step desorption mechanism. The calculated Ea values were 92 kJ·mol−1 for the BPR 20:1 sample and 74 kJ·mol−1 for the BPR 30:1 sample, indicating an approximately 20% reduction in activation energy.




3.6. Hydrogen Sorption Behavior


After two sorption-desorption cycles, a decrease in the intensity of the observed thermal effects was recorded; however, their temperature positions and overall profiles remained unchanged. This may indicate partial changes in the composition or degree of structural ordering of the material as a result of interaction with hydrogen, while preserving the general nature of the thermal processes [76].



At the first stage, experiments were performed with Mg56Al44 samples. The sorption stage at 300 °C and 0.1 MPa was not accompanied by gas release; therefore, mass spectrometry was not employed. A slight pressure drop (from 1.0 × 105 to 9.97 × 104 Pa over 15 min) can be attributed either to hydrogen uptake or to thermodynamic effects, such as gas volume changes during cooling and stabilization of temperature gradients [77].



The desorption stage represents the main scientific interest, where the composition of the released gases was monitored during heating. Figure 8 presents the kinetic profiles of gas release from Mg56Al44 samples prior to hydrogen saturation.



The mass-to-charge ratios in the spectra correspond to the following positively charged ions: M2–H2+; M12–C+; M14–C2H42+, CH2+, and N2+/N; M16–O22+ and O+; M17–OH+; M18–H2O+; M28–CO+; M32–O2+; M40–Ar+; M44–CO2+.



In the case of the sample shown in Figure 8a, hydrogen release begins at 200 °C and exhibits a gradual increase in partial pressure with heating. The maximum release is observed in the 330–370 °C range, reaching a pressure of about 10−3–10−2 Pa. The kinetics are characterized by a smooth profile without pronounced fluctuations, reflecting a uniform distribution of defects and a more stable matrix state after mechanical synthesis at the lower-intensity BPR 20:1.



For the sample in Figure 8b, hydrogen release starts earlier, at 180 °C, and proceeds more intensively. In the 300–380 °C range, the partial pressure of H2 rises to 10−2–10−1 Pa, i.e., an order of magnitude higher compared to the sample in Figure 8a. The release curve exhibits distinct peak-like features, indicating localized degassing centers and increased structural defectiveness [78].



Figure 9 presents the kinetic profiles of gas release from Mg56Al44 samples after hydrogen saturation, obtained during linear heating at 10 °C/min up to 350 °C.



For both samples shown in Figure 9a stepped hydrogen release is observed, which is associated with the sequential dehydrogenation of different hydride phases and the weakening of interphase boundaries [79]. At the initial stage, below 200 °C, only a minor gas evolution occurs, attributed to hydrogen desorption from the surface and near-surface defect regions [80]. In the temperature range of 200–300 °C, intensive hydrogen release takes place due to the decomposition of metastable MgH2 hydride phases formed during hydrogenation. In this same interval, dehydrogenation of hydride-like regions near the Mg17Al12 phase also contributes to the overall release [36].



Differences in the kinetics between the samples in Figure 9 are manifested in both the intensity and the temperature of hydrogen desorption peaks. For sample 9a, which exhibits lower dispersion and defect density, the main desorption peak is shifted toward higher temperatures, in the range of 280–300 °C. In contrast, sample 9b shows an accelerated onset of hydrogen release and a more pronounced low-temperature peak at approximately 250 °C, which is associated with the increased defect density and the shortened diffusion path for hydrogen escape [80,81,82,83,84,85,86,87].



Hydrogen storage properties of the Mg56Al44 samples were further evaluated using the pressure-composition-temperature (PCT) method after hydrogenation. For sample 9a after mechanical synthesis at BPR 20:1 followed by SPS and dispersion, the maximum hydrogen capacity was measured at 4.2 wt.% H2, whereas sample 9b (after mechanical synthesis at BPR 30:1 followed by SPS and dispersion exhibited a higher capacity of 4.9 wt.% H2. These results are consistent with previously reported data [46], confirming that increased milling intensity enhances defect density and dispersion, thereby facilitating hydrogen absorption.





4. Discussion


The obtained results demonstrate that the phase evolution, thermal stability, and hydrogen sorption-desorption behavior of the Mg56Al44 system strongly depend on the BPR during MS, followed by SPS and post-dispersion treatment. Thermodynamic modeling using the CALPHAD approach confirmed the stabilization of the Mg17Al12 intermetallic in the Mg-rich region. Previous studies [33,35,36,37,38,39] have highlighted the dual role of the Mg17Al12 phase: it lowers the desorption temperature and enhances thermal conductivity, but excessive amounts reduce the overall hydrogen storage capacity [36].



According to the obtained data, the fraction of Mg17Al12 was approximately 28% for samples synthesized at BPR 20:1 and increased to 42% at BPR 30:1. This increase was accompanied by a rise in hydrogen capacity from 4.2 to 4.9 wt.% and an acceleration of desorption, indicating the catalytic role of the intermetallic phase in hydrogen transport processes.



The summarized data are presented in Table 5, showing the correlation between the Mg17Al12 phase fraction, hydrogen capacity, and desorption temperatures for samples synthesized under different BPR conditions.



However, as noted in previous studies [20,56,70], a further increase in the Mg17Al12 fraction may reduce the overall hydrogen capacity of the system due to a decrease in the proportion of active hydride MgH2. Future work will aim to establish a quantitative correlation between the Mg17Al12 phase fraction, determined from Rietveld refinement, and hydrogen capacity to identify the optimal phase ratio.



Our results are consistent with these observations: the sample processed at BPR 20:1, SPS at 350 °C, and 20 min of post-dispersion exhibited moderate Mg17Al12 formation with smoother desorption peaks at 280–300 °C, whereas the sample prepared at BPR 30:1, SPS at 350 °C, showed a higher fraction of this phase, resulting in earlier hydrogen release at 180–200 °C, but with more pronounced oxidative degradation.



The dispersion stage plays a crucial role in reducing the MgO content and enhancing the surface reactivity of the Mg-Al system. The observed decrease in the intensity of MgO and Al2O3 reflections after dispersion, as shown in Figure 5 and Figure 6, can be attributed to mechanical fragmentation of surface oxide films and redistribution of oxygen within the bulk [46]. During dispersion, repeated impacts cause partial delamination and cracking of MgO layers, exposing fresh metallic surfaces and promoting the reformation of Mg and Al bonds on the nanoscale [68].



This process effectively minimizes the thickness of oxide shells surrounding the particles and improves hydrogen access to active metallic regions. EDS mapping confirmed this trend—the oxygen signal became more homogeneous, and its average intensity decreased by approximately 15 ± 3% compared with the SPS-treated sample. Quantitative evaluation based on EDS supports the conclusion that dispersion partially removes or redistributes surface oxides rather than forming new oxide phases.



Microstructural characterization confirmed that lower milling energy at BPR 20:1 promotes the formation of uniform fine-grained particles with limited oxidation, in agreement with previous studies on Mg-Al and Mg-Ni alloys [20,54]. In contrast, the sample milled at BPR 30:1 and SPS at 350 °C exhibited strong agglomeration, surface oxidation, and heterogeneous morphology, similar to observations reported for mechanically over-milled Mg-based systems [43,44,45,57,58,59]. These structural differences explain the distinct hydrogen desorption kinetics observed in Figure 8 and Figure 9.



TGA/DSC analysis revealed characteristic endothermic peaks at 303 °C and 351 °C, corresponding to the decomposition of metastable hydrides and the stabilization of Mg17Al12, respectively. The desorption temperatures measured in this study 250–300 °C, depending on BPR are consistent with previous reports for Mg-Al alloys obtained via MS and SPS [82], although our post-dispersion step further reduced peak intensities and improved the homogeneity of desorption profiles. Notably, the combination of SPS and dispersion suppressed grain coarsening and improved phase distribution, thereby accelerating hydrogen release compared to conventional sintering of Mg-Al alloys [83,84].



Gas analysis via mass spectrometry further highlighted differences between the two BPR regimes. The BPR 20:1 sample released hydrogen more gradually, whereas the BPR 30:1 sample exhibited higher desorption rates with sharp localized peaks, indicative of heterogeneous pathways caused by defects. Such behavior has previously been linked to reduced long-term stability under cycling [24,59].



Comparison with literature data [66,71] shows that the obtained samples exhibit significantly higher hydrogen absorption efficiency than pure intermetallic phases. For MgH2, the practically achievable capacities at 300–350 °C do not exceed 5.5–6.0 wt.% due to incomplete reversibility of the reaction and sluggish kinetics. For the Mg17Al12 phase, experimental capacities are in the range of 0.4–0.5 wt.% [73]. Thus, the observed values of 4.2 wt.% (BPR 20:1) and 4.9 wt.% (BPR 30:1) correspond to 65–70% of the capacity of pure MgH2, while occurring at significantly lower desorption temperatures (180–300 °C). This confirms the positive effect of Al content and the Mg17Al12 intermetallic phase on the thermokinetics of hydrogen release.



The observed hydrogen capacity of 4.9 wt.% for the BPR 30:1 sample slightly exceeds the theoretical limit of 4.43 wt.% calculated under the assumption of complete conversion of Mg to MgH2. This discrepancy can be explained by the temporary trapping of hydrogen in defect-rich and interfacial regions generated during intensive milling. It is well known that mechanical synthesis (MS) produces a high density of dislocations and grain boundaries capable of accommodating hydrogen beyond the equilibrium solubility of MgH2 [74]. In addition, the Mg17Al12 phase may enhance hydrogen solubility at Mg/Mg17Al12 interfaces, as supported by thermodynamic modeling and previously reported for Mg-Al-Ni systems [75].



It should also be noted that a small systematic overestimation of the measured capacity (up to ±0.2 wt.%) may result from baseline drift and buoyancy effects typical of bulk PCT measurements*.



Therefore, the measured value of 4.9 wt.% lies within the experimental uncertainty and can be rationalized by additional hydrogen trapping within defected regions and interfacial boundaries formed during mechanical synthesis.



The Williamson–Hall analysis confirmed that the broadening of diffraction peaks is associated with both grain refinement and increased lattice strain [76]. After dispersion, the microstrain increased from approximately 1.5–1.9 × 10−3 to 2.5–3.0 × 10−3, accompanied by a reduction in crystallite size to 25–30 nm and a higher defect density, which facilitates hydrogen diffusion. The thermoanalytical data are consistent with the Thermo-Calc calculations and reveal successive endothermic effects corresponding to the decomposition of metastable phases, the formation of Mg17Al12, and the degassing of residual organics. The decrease in hydrogen desorption activation energy from 92 to 74 kJ·mol−1 for the BPR 30:1 sample confirms the improvement in kinetics due to structural strengthening and defect formation induced by mechanical dispersion [77].



Although the BPR 30:1 regime provides higher hydrogen capacity and faster desorption kinetics, it also leads to increased defect density and partial surface oxidation, which may limit cyclic stability during long-term operation. For practical applications and upscaling of hydrogen storage materials, a combined approach is recommended—performing mechanical synthesis at intermediate BPR values (e.g., 15:1 or 25:1) or reducing milling time, followed by a dispersion stage that compensates for excessive defect density and lowers oxide content.



The calculated activation energy values obtained using the Kissinger method quantitatively confirm that the BPR 30:1 sample exhibits enhanced hydrogen desorption kinetics due to the increased lattice defect density and refined microstructure.



Overall, this study demonstrates that the proposed technological sequence MS → SPS → dispersion enables controlled structural and phase evolution and the formation of an optimal fraction of intermetallic compounds. This approach opens pathways for the targeted design of Mg-Al systems with enhanced sorption properties and reduced hydrogen desorption temperatures. Future research should focus on systematic cycling tests, quantitative evaluation of activation energies, and the integration of protective coatings or catalysts (e.g., Ti, Ni, or rare-earth additives) to further reduce oxidation and improve cyclic durability.




5. Conclusions


In the Mg56Al44 system, following the MS, SPS, and dispersion stages, an increase in lattice microstrain to 2.5–3.0 × 10−3, a reduction in crystallite size to 25–30 nm, and a decrease in hydrogen desorption activation energy from 92 to 74 kJ·mol−1 were observed.



The results confirmed the stabilization of the Mg17Al12 phase, with anomalous Cp-T features at 303 °C and 351 °C correlating with DSC/TGA data. A clear dependence of hydrogen desorption kinetics on MS conditions was established. The sample synthesized at BPR 20:1 and subjected to SPS at 350 °C formed homogeneous powders and exhibited smooth hydrogen desorption in the 280–300 °C range. Hydrogen storage measurements using the PCT method revealed that the maximum hydrogen capacity strongly depends on MS conditions: the sample synthesized at BPR 20:1 and subjected to SPS and dispersion exhibited a capacity of 4.2 wt.% H2, while the sample processed at BPR 30:1 achieved 4.9 wt.% H2.



In contrast, the sample processed at BPR 30:1 and SPS at 350 °C showed an accelerated onset of hydrogen release at 180–200 °C. An additional dispersion step refined particle size and improved kinetics by reducing MgO content. The Kissinger analysis showed that the hydrogen desorption activation energy decreased by approximately 20% for the sample with BPR 30:1, providing quantitative confirmation of the observed improvement in hydrogen release kinetics.



Overall, the sequential MS-SPS-dispersion route effectively tailors phase composition and microstructure, lowering the desorption temperature by up to 100 °C compared to conventional MgH2 systems and offering a scalable pathway for advanced hydrogen storage materials.
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Figure 1. Experimental device for hydrogen sorption–desorption measurements. (a) Components of the experimental device (ED). (b) Crucible mounting unit with internal thermocouple. 
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Figure 2. Isothermal section of the Mg-Al-H system predicted by CALPHAD modeling. 
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Figure 3. SEM images and elemental mapping of the Mg56Al44 system after mechanical alloying at different BPR ratios: (a,b) 20:1; (c,d) 30:1. 
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Figure 4. Microstructure and elemental distribution of sintered Mg56Al44 samples obtained after SPS at 350 °C: (a,b) sample after MA at BPR 20:1; (c,d) sample after MA at BPR 30:1. 
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Figure 5. XRD patterns (bottom to top) of the sample after MS at BPR 20:1, after SPS at 350 °C, and after 20 min of dispersion. 
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Figure 6. XRD patterns of the Mg56Al44 sample (from bottom to top) after MS at BPR 30:1, after SPS at 350 °C, and after 20 min of post-synthesis dispersion. 
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Figure 7. Thermodynamic modeling of heat capacity (a) and experimental TGA/DSC curves (b) for Mg56Al44 samples: green—after MS at BPR 20:1 followed by SPS at 350 °C and 20 min dispersion; blue—after MS at BPR 30:1 followed by SPS at 350 °C and 20 min dispersion. 
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Figure 8. Kinetic profiles of gas release from Mg56Al44 samples prior to hydrogen saturation: (a) after MS at BPR 20:1 followed by SPS and dispersion; (b) after MS at BPR 30:1 followed by SPS and dispersion. 
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Figure 9. Kinetic profiles of gas release from Mg56Al44 samples after hydrogenation: (a) after MS at BPR 20:1 followed by SPS and dispersion; (b) after MS at BPR 30:1 followed by SPS and dispersion. 
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Table 1. Symbols and abbreviations used throughout the study.
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	Symbol/Abbreviation
	Description





	MS
	Mechanical synthesis



	SPS
	Spark plasma sintering



	XRD
	X-ray diffraction



	SEM
	Scanning electron microscopy



	PM
	Powder mixture



	BPR
	Ball-to-powder ratio



	wt.%
	Weight percent



	PDF-4 AXIOM
	Powder Diffraction File database used in phase analysis



	Cu-Kα
	Copper K-alpha X-ray radiation source



	BSE
	Backscattered Electrons



	TGA
	Thermogravimetric Analysis



	DSC
	Differential Scanning Calorimetry



	FWHM
	Full Width at Half Maximum










 





Table 2. Average crystallite sizes of various phases after MS at BPR 20:1, SPS at 350 °C, and 20 min of dispersion.
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	Phase
	Mg (MS)/Mg (SPS)/Mg (Dispersion)
	Al (MS)/Al (SPS)/Al (Dispersion)
	Mg17Al12 (MS)/Mg17Al12 (SPS)/Mg17Al12 (Dispersion)





	2θ (Degree)
	36.6
	38.5
	65.2



	FWHM (Degree)
	0.30/0.15/0.25
	0.32/0.18/0.28
	0.40/0.18/0.30



	Crystallite Size (nm)
	27/54/32
	26/46/29
	20/45/27










 





Table 3. The average crystallite sizes of the different phases after MS at BPR 30:1, after SPS at 350 °C, and after 20 min of post-synthesis dispersion.
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	Phase
	Mg (MS)/Mg (SPS)/Mg (Dispersion)
	Al (MS)/Al (SPS)/Al (Dispersion)
	Mg17Al12 (MS)/Mg17Al12 (SPS)/Mg17Al12 (Dispersion)





	2θ (Degree)
	36.6
	38.5
	65.2



	FWHM (Degree)
	0.45/0.20/0.35
	0.48/0.22/0.36
	0.55/0.25/0.40



	Crystallite Size (nm)
	18/41/23
	17/37/22
	15/33/21










 





Table 4. Lattice strain (ε) values of Mg56Al44 phases after MS, SPS, and dispersion, calculated using the Williamson–Hall method.
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	Phase
	Stage of the

Technological Process
	2θ (°)
	FWHM (°)
	D (nm)
	ε (×10−3)





	Mg
	MS
	36.7
	0.22
	42
	1.9



	
	SPS
	36.6
	0.18
	49
	1.5



	
	Dispersion
	36.8
	0.28
	31
	2.5



	Al
	MS
	38.5
	0.26
	35
	2.3



	
	SPS
	38.4
	0.21
	42
	1.7



	
	Dispersion
	38.5
	0.32
	28
	2.9



	Mg17Al12
	MS
	65.1
	0.24
	37
	2.1



	
	SPS
	65.0
	0.20
	43
	1.6



	
	Dispersion
	65.1
	0.33
	26
	3.0










 





Table 5. Correlation between the Mg17Al12 phase content, milling conditions, and hydrogen characteristics of Mg56Al44 samples.
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	Sample/Processing Conditions
	Mg17Al12 Phase Fraction (%)
	Hydrogen Capacity (wt.% H2)
	Onset Desorption Temperature (°C)
	Desorption Peak Temperature (°C)
	Characteristics





	MS + SPS + dispersion (BPR 20:1)
	28 ± 2
	4.2 ± 0.1
	200
	290
	Homogeneous microstructure, low oxidation



	MS + SPS + dispersion (BPR 30:1)
	42 ± 3
	4.9 ± 0.1
	180
	250
	Increased defect density, accelerated kinetics, partial oxidation



	MgH2 ([20,46])
	—
	7.6
	350
	380
	High desorption temperature, slow kinetics



	Mg17Al12 ([69])
	100
	3.0–3.2
	180–200
	—
	Catalytically active but low capacity
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