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Abstract

:

Severe plastic deformation has proven to be a promising method for the in situ manufacturing of metal-matrix composites with improved properties. Recent investigations have revealed a severe mixing of elements, as well as the formation of non-equilibrium intermetallic phases, which are known to affect physical and mechanical properties. In this work, a multilayered aluminum–magnesium (Al-Mg) nanostructured composite was fabricated using constrained high-pressure torsion (HPT) in a Bridgeman-anvil-type unit. A microstructure investigation and X-ray diffraction analysis allowed us to identify the presence of intermetallic Al3Mg2 and Al12Mg17 phases in the deformed nanostructured composite. The sputtering yield of the Al3Mg2 and Al12Mg17 phases was found to be 2.2 atom/ion and 1.9 at/ion, respectively, which is lower than that of Mg (2.6 at/ion). According to density functional theory (DFT)-based calculations, this is due to the higher surface-binding energy of the intermetallic phases (3.90–4.02 eV with the Al atom removed and 1.53–1.71 eV with the Mg atom removed) compared with pure Al (3.40–3.84 eV) and Mg (1.56–1.57 eV). In addition, DFT calculations were utilized to calculate the work functions (WFs) of pure Al and Mg and the intermetallic Al3Mg2 and Al12Mg17 phases. The WF of the obtained Al-Mg nanostructured composite was found to be 4 eV, which is between the WF value of Al (4.3 eV) and Mg (3.6 eV). The WF of the Al12Mg17 phase was found to be in a range of 3.63–3.75 eV. These results are in close agreement with the experimentally measured WF of the metal matrix composite (MMC). Therefore, an intermetallic alloy based on Al12Mg17 is proposed as a promising cathode material for various gas-discharge devices, while an intermetallic alloy based on Al3Mg2 is suggested as a promising optical- and acoustic-absorbing material.
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1. Introduction


Al-Mg-based alloys are widely used in industry. However, modern technologies require the use of new/modified materials with improved physical and mechanical properties. For example, such materials with enhanced properties are metal-matrix composites [1,2,3,4,5]. Among those, the application area of composites based on Al-Mg can be found in the automotive, marine, aerospace and electronics industries. The use of such composites in electrovacuum devices—in particular, as cathode (electron emitter) materials in gas-discharge devices, plasma installations, ion sources, sputtering systems, etc.—can also be considered. Since the cathodes in such devices operate under gas discharge conditions, the cathode’s material should have a low-value electron WF and a low sputtering rate. In this regard, studies of the WF and sputtering rate of Al-Mg composites are of practical interest.



The production of MMCs typically involves a combination of two or more materials with different properties, which are then mixed and processed to create a uniform distribution of the dispersed phase in the metallic matrix. One of the most common methods for producing MMCs is through powder metallurgy, which involves mixing the powders of the matrix and dispersed materials, followed by compaction and sintering. Another method is liquid–metal infiltration, in which a porous preform made of the dispersed phase is infiltrated with molten metal to create the composite. One may also recall such methods as spray forming, squeeze or stir casting [6], accumulative roll bonding [7], explosive bonding [8], friction stir welding, powder technologies, etc.



However, severe plastic deformation (SPD) has emerged as a promising method for the in situ manufacturing of MMCs with improved properties. SPD processes, such as high-pressure torsion (HPT), impose large strains on the material, leading to severe deformation and the mixing of the materials at the atomic level. HPT is a popular SPD process that involves subjecting a sample to a torsional shear under high pressure in a confined space, which leads to the plastic deformation and homogenization of the material. MMCs obtained via SPD processes have improved mechanical and physical properties compared with conventionally produced MMCs, making them a promising area of research and development [9,10,11]. HPT is characterized by the highest shear strains in a material without fractures [12]. This method has been used for the manufacturing of homogeneous composite structures in Al-Cu [9,13,14], Al-Ti [15,16], Al-Mg [17,18] and various other systems, even including as dissimilar a combination as Al-Nb [19]. The main advantage of the HPT process is the possibility of manufacturing composites without contamination and residual porosity in one step at room temperature.



Several studies have investigated the fabrication and properties of Al-based MMCs produced with HPT. For instance, one study reports the creation of an aluminum-based composite material reinforced with SiC particles through HPT [20]. The material exhibited enhanced wear resistance and mechanical properties compared with the base alloy. Another study describes the fabrication of an MMC using HPT on Al and aluminum oxide powders [21]. The resulting material showed improved hardness and compressive strength compared with pure Al. The addition of nanoparticles to the matrix has also been investigated to improve the properties of MMCs produced with HPT. In one study, an Al-Mg alloy reinforced with TiB2 nanoparticles was fabricated using HPT, and the results showed improved mechanical properties and wear resistance [22]. Similarly, Al-graphene oxide composites were fabricated with HPT, and the material exhibited enhanced strength and ductility compared with the base aluminum [23]. The use of different reinforcing particles, such as nano-SiC particles [24], carbon nanotubes [25], alumina particles [26] and TiC particles [27], has also been investigated to improve the properties of Al-based MMCs produced with HPT. In each case, the resulting material showed improved mechanical properties compared with the base Al. Furthermore, the microstructure and mechanical properties of Al-based composites reinforced with ceramic particles, such as SiC [28], Si3N4 [29] and TiN [30], were investigated by using HPT. In each case, HPT improved the mechanical properties of the composite.



Overall, these studies demonstrate the potential of HPT as an effective method for producing MMCs with enhanced mechanical properties. The use of different reinforcing particles and processing parameters in HPT can lead to further improvements in the properties of MMCs. Further research is needed to investigate the behavior of these MMCs under different loading conditions and optimize their processing parameters for various applications.



The aim of the work is to investigate the effect of severe plastic deformation on the properties of a multilayered Al-Mg nanostructured composite. The motivation for the study is to explore new manufacturing methods for MMCs that can result in improved properties. The study focuses on the analysis of the microstructure of the composite, particularly the presence of the intermetallic phases Al3Mg2 and Al12Mg17, which are known to affect a composite’s physical and mechanical properties. The novelty of the study is in the use of constrained HPT to fabricate the nanostructured composite and the application of DFT modeling to calculate the work functions of pure metals and intermetallic phases.




2. Materials and Methods


Al (1050) and Mg (AZ31) billets with a grain size of about 10 μm were utilized as the workpiece material in this work. Samples of Al and Mg of 12 mm in diameter and with a thickness of 1mm and 0.3 mm, respectively, were placed in an Al-Mg-Al sequence on Bridgman anvils with grooves in their centers of 12 mm in diameter and a depth of 0.25 mm. The specimens were subjected to high-pressure torsion under 5 GPa of pressure for 10 revolutions at room temperature, as described in [18]. As a result, a disk-shaped Al-Mg sample was obtained with a diameter of 12 mm and a thickness of 0.6 mm. To increase the fraction of intermetallic phases in the nanostructured composite, the HPT sample was annealed in a vacuum at 275 °C for 30 min. Further analysis of the microstructure and properties was carried out on the surface of the Al-Mg disk. For this purpose, the outer Al layer of the sample was removed by grinding and polishing it until Mg inclusions were revealed on the flat surface. The surface roughness, Ra, was evaluated using an LSM-5 Exciter laser scanning microscope (Carl Zeiss) and found to be lower than 0.3 μm. The phase composition of the surface was analyzed using a Rigaku Ultima IV X-ray diffractometer using Cu-Ka radiation. The phase content was quantified via Rietveld analysis with an accuracy of 0.1%. The microstructure was examined using a Mira 3LHM scanning electron microscope (SEM) (Tescan) combined with an energy-dispersive X-ray spectroscopy (EDX) analyzer (Oxford Intstruments, Oxford, Great Britain). Al3Mg2 and Al12Mg17 are the main intermetallic compounds formed at the Al-Mg interface in various joining and bonding processes of these light metals [31,32,33]. These intermetallic compounds and their structures determine the efficiency of the joint since the precipitation of the Al12Mg17 and the Al3Mg2 phases has a strengthening effect.



The WF of the Al-Mg sample was measured as the contact potential difference, obtained via the Kelvin–Zisman method (vibrating electrode technique) [34,35,36]. Samples of the initial billets of Al and Mg were utilized for comparison. A platinum plate with an area of 3 × 3 mm2 was used as a vibrating electrode. A low-frequency generator was used to set the resonant oscillation frequency to ≈200 Hz. An alternating electrical signal was observed between the vibrating electrode and the studied sample when close in distance. The signal was amplified and analyzed using an amplitude–frequency spectrometer. By applying a negative bias voltage to the sample under study relative to the Pt electrode, the signal amplitude in the spectrum decreased from its maximum value to zero. The value of the bias voltage corresponded to the value of the contact potential difference between the Pt electrode and the sample under study.



The WF of the studied Al-Mg nanostructured composite was also calculated from the first principles in the framework of the DFT using the plane-wave Vienna Ab initio Simulation Package (VASP) [37]. The first Brillouin zone was sampled with a 20 × 20 × 10 k-mesh grid, and a vacuum space of 15 Å was set in the direction perpendicular to the surface plane. The kinetic energy cutoff for the plane wave expansion was set to 520 eV. All the considered structures were fully optimized until the atomic forces and total energy values were smaller than 10−4 eV/Å and 10−8 eV, respectively.



To determine the sputter rates and yields of the Al3Mg2; Al12Mg17; intermetallic phases; and Al and Mg metals, an Al-Mg sample was subjected to ion irradiation. Irradiation was carried out with argon ions with an energy of 5 keV, normal to the disk surface. The disc was placed in an ion-beam setup with an ion source with a closed electron drift APEL-IS-CELL (Applied Electronics). The ion current density was set as equal to 0.5 mA/cm2, and the exposure time was 3 h. The sample temperature during irradiation was ≤100 °C. The surface of the irradiated sample was examined using a Mira 3LHM and Nanoscan-3D microscope (Tisnum) in the atomic force microscope mode.



The Vickers microhardness of the irradiated sample’s surface was measured at a load of 5 g using an MHT-10 microhardness tester (Paar Physica) combined with an Axiovert-100 A (Carl Zeiss) optical microscope.



The microhardness was measured using an optical microscope where a region on the surface of the composite sample containing phases of Al; Mg; and intermetallic Al3Mg2 and Al12Mg17 layers was identified. Impressions were made on the surface of each phase using a four-sided diamond pyramid with a load of 5 g (0.05 Newtons) for 10 s. The surface with the impressions was examined using an optical microscope. The microhardness value of each phase was determined from measurements of the diagonal of at least four imprints, which were processed using the MHT-10 microhardness tester software.



For comparison, the microhardness of the non-irradiated surface on the reverse side of the sample was measured. For that, the reverse side of the sample was ground and polished to remove the Al layer until Mg inclusions were revealed on the surface.




3. Results and Discussion


3.1. Microstructure and Phase Characterization of the HPT Processed Composite


3.1.1. XRD


The indexed XRD patterns of the Al, Mg and Al–Mg nanostructured composites after HPT and following annealing at 275 °C are shown in Figure 1. The HPT samples were primarily characterized by the presence of fcc Al (92.4 wt.%) and hcp Mg (7.6%) (see Figure 1). Al3Mg2 and Al12Mg17 intermetallic phases, alongside Al and Mg, were observed in the HPT sample after annealing (see Figure 1). The sample’s surface phase composition was found to be as follows (wt.%): 74.3 Al, 3.2 Mg, 19.1 Al3Mg2 and 3.4 Al12Mg17. A detailed analysis of the intermetallic growth kinetics during annealing in the Al-based metal-matrix composites fabricated with HPT is provided in the authors’ previous works [14].



Our observation is consistent with the results of explosion welding Al-Mg claddings, where, in the state immediately after explosion welding, intermetallic phases were not observed, and the use of annealing led to the formation of the intermetallic compounds Al3Mg2 and Al12Mg17 [38].



An analysis of the Al XRD profiles broadening is summarized in Table 1. It can be seen that the lattice parameter in the as-deformed condition is larger than that of undeformed pure Al (i.e., a = 4.0494 Å). Pure Al is widely known to be subject to dynamic recrystallization under severe strains due to its high stacking-fault energy and high deformation-to-melting ratio (homologous) temperature, and one can conclude that the HPT-induced increase in the Al lattice parameter in the composite was caused by the formation of an Al–Mg solid solution. In general, the value of the coherent scattering domain, as well as the values of the lattice parameters and microstrains, corresponds to the values obtained in the HPT-processed pure Al. Annealing at 150 °C led to some relaxation of the Al matrix structure—the lattice parameter was partially restored, and the level of microstrains was decreased. Annealing at 275 °C resulted in the lattice parameter being almost restored, and the microstress value came to an equilibrium.




3.1.2. SEM Analysis


Following SEM analysis, the Al-Mg nanostructured composite was found to consist of an Al matrix with isolated Mg inclusions (Figure 2). Two interlayers were found between Al and Mg arrays with a different color contrast from that of the Al and Mg phases. As an outcome of EDX analysis, the chemical composition of the first layer, co-joined with Al, consisted of Al-60 at. % and Mg-40 at. %. The latter corresponds to the Al3Mg2 intermetallic phase. The composition of the second layer, co-joined between the first layer on one side and Mg on the other side, consisted of about Al-40 at. % and Mg-60 at. %. This approximately corresponded to the Al12Mg17 phase. The detailed element composition of the interlayers at the interphase boundaries between Al and Mg is provided hereafter. A direct correspondence between the stoichiometric phases’ compositions and the atomic distribution of the obtained EDX cannot be observed due to the small size of the particles and their localized nature. This prevented the estimation of the components’ atomic ratio with high accuracy.





3.2. WF Measurements


The value of the potential difference between the Pt (vibrating electrode) and Al was found to be 1.0 ± 0.1 V, and it was 1.7 ± 0.2 V between Pt and Mg. Assuming the value of the WF of Pt to be equal to 5.3 eV [39], the WF of Al was found to be 4.3 ± 0.1 eV, and the WF of Mg was 3.6 ± 0.2 eV (Table 2). The obtained values were in good agreement with the data on the WF of Al and Mg presented in [39,40,41]. To confirm the obtained results, measurements of the Pt sample were carried out. The potential difference for Pt was found to be 0.1 eV, which supported the reliability of the performed measurements and results.



As noted above, the surface of the Al-Mg nanostructured composite was characterized by an Al matrix with isolated Mg inclusions, as well as interlayers of intermetallic phases at the interphase boundaries. Since the sample surface was inhomogeneous in its chemical composition, measurements of the contact potential difference were carried out for the entire sample. For that, the surface of different sections, i.e., the center, the middle and the edge of the sample, were substituted under a vibrating electrode with an area of 3 × 3 mm2. The values of the contact potential differences over the surface of the entire Al-Mg sample ranged from 1.24 to 1.36 V, which, on average, resulted in a value of 1.3 V. Therefore, the value of the WF of the Al-Mg nanostructured composite was ≈4.0 eV, which was between the WF values of Al and Mg.




3.3. WF Calculations


The integral WF of a chemically inhomogeneous surface is known to be equal to the sum of the WFs of chemical elements depending on their areas on the surface; i.e.,   W F = W  F 1   S 1  + W  F 2   S 2  + … + W  F n   S n   , where   W  F 1   ,   W  F 2    and   W  F n    are the local values of the WFs of chemical elements, and    S 1   ,    S 2   ,…    S n    are the relative areas of the chemical elements on the surface [42]. The WF value of the Al-Mg nanostructured composite, which was mentioned to be between the WF values of Al and Mg, is induced not only by these metals but also by the contribution of the WF of the Al3Mg2 and Al12Mg17 intermetallic phases. The WF values of the Al12Mg17 intermetallic phase and Al and Mg metals were determined using DFT calculations.



Due to the complexity of the Al3Mg2 phase lattice, consisting of a large number of atoms [3], the WF calculation of this phase using the DFT method was difficult. The WF was calculated for the Al30Mg23 phase [43] with a composition close to the Al3Mg2 phase. The atomic structures of these phases were taken from open databases [44]. The WF calculations of the Al, Mg and intermetallic phases were carried out for low-index planes (001), (101) and (111), corresponding to the fcc lattice.



The results of the WF calculations are summarized in Table 3. The lowest WF of Mg and the highest WF of Al were in agreement with the WF values of Al and Mg presented elsewhere [41]. The calculated WF values for the Al12Mg17 and Al30Mg23 phases were found to be in between those of Al and Mg (Table 3). The integral WF of the Al-Mg sample was calculated considering the relative weight concentration and the smallest/largest WF values (see Table 3) of every existing phase on its surface. In the case of the smallest WF values, the integral WF was 4.0 eV, while for the largest WF values, the integral WF was 4.1 eV. This result was found to correlate with the experimentally measured WF of the Al-Mg sample.




3.4. Surface Structure Modification as a Result of Ion Irradiation


As a result of ion irradiation, the initially smooth surface of the Al-Mg sample was transformed. An etched Al matrix and etched isolated Mg inclusions were observed on the sample surface (Figure 3). Mg inclusions were found to be more susceptible to etching; i.e., more deep etching was observed compared with the Al matrix.



Different morphologies of the Al and Mg areas and interlayers of the Al3Mg2 and Al12Mg17 intermetallic phases were revealed via SEM at higher magnifications (Figure 4). Etching pits with a diameter of up to 10 µm formed on the Al surface. Cones with a concentration of 100–200 cones/µm2 were formed on the Mg surface. As a result of irradiation, a relief similar to a cellular wall structure was formed on the surface corresponding to the Al3Mg2 intermetallic phase. Within the cellular wall structure, curved structures similar to fibers were located. The interlayer corresponding to the Al12Mg17 phase had a smooth surface after irradiation. On the lateral side of the Al12Mg17 phase interlayer, fibers oriented along the plane of the sample were observed.



The formation of various surface morphologies during ion irradiation is known to depend on the irradiation conditions, i.e., dose, fluence and ion energy and the nature of the material and its temperature during irradiation. The simultaneous formation of etch pits on the Al surface and cones on the Mg surface under the same irradiation conditions was the result of the difference in the crystal structure and lattice type of these metals [45]. The difference in the relief formed as a result of ion irradiation on the surface of the interlayers, which corresponded to the Al3Mg2 and Al12Mg17 intermetallic phases, can also be associated with the difference in the crystal structure and lattice type of these phases.



Figure 5 shows the SEM images combined with the EDX map and the element composition profile of the Al-Mg sample surface area after irradiation (Figure 4). Given the measured profiles and the corresponding chemical compositions, it can be seen that the etched areas with different reliefs on the surface of the irradiated composite sample corresponded to Al (line 1), Mg (line 4) and the interlayers of the Al3Mg2 (line 2) and Al12Mg17 (line 3) intermetallic phases. As a result of a detailed analysis of the interlayer corresponding to the Al3Mg2 intermetallic phase, the wall chemical composition of the cellular wall structure was found to be predominantly Al. On the other hand, the curved fibers inside the honeycomb wall structure were expected to be Mg in the first approximation. Based on the profile of the Al3Mg2 phase’s chemical composition (profile 2 in Figure 5), the protruding walls on the SEM image corresponded to an increase in the Al concentration relative to the general profile of the Mg, whereas fibrous structures corresponded to an increase in the Mg concentration relative to the Al concentration. It should be noted that a layer on the interlayer surface corresponding to the Al12Mg17 phase may also consist of Al. The morphology of the Al12Mg17 interlayer surface, the walls of the cellular wall structure of the Al3Mg2 phase interlayer surface and the Al surface were generally similar. It should also be noted that, at all interphase boundaries between the Al and Mg in the Al-Mg sample, the interlayer of the Al3Mg2 intermetallic phase was wider than the interlayer of the Al12Mg17 phase. These data were in good agreement with other results [46,47], where more detailed studies of the microstructure of these intermetallic phases were presented. In the current study, the width of the interlayer of the Al3Mg2 phase was ≈10 µm, and the width of the Al12Mg17 phase interlayer did not exceed 3 µm.




3.5. Sputtering Yield Evaluations


Figure 6 shows a 3D image and a profile of the Al-Mg sample surface after irradiation, measured with a NanoScan-3D in the atomic force microscopy (AFM) mode. The profile of the sample section is built relative to the initial surface level before the irradiation. The average depth of the etched areas corresponding to the Al matrix was 3.7 µm, and it was 6.9 µm for the Mg matrix. The smaller depth value of the Al-etched area was an indication of the lower sputtering rate of Al compared with that of Mg, and this was in agreement with the known data on the sputtering rates of these metals [48]. The depths of the etched sections of the interlayers corresponding to the Al3Mg2 and Al12Mg17 phases were 4.6 and 4.2 µm, respectively. Therefore, the sputtering rates of these phases were between the sputtering rates of Al and Mg. In this case, the depth of the etched area of the Al12Mg17 phase and, therefore, the sputtering rate of this phase were less than those of the Al3Mg2 phase.



The sputtering yield of the Al3Mg2 and Al12Mg17 intermetallic phases was estimated following the expression used to determine the sputtering rate of metals:


   z t  =   M j   ρ  N a  e   · Y  



(1)




where z/t is the sputtering rate; M is the metal molar weight; j is the ion current density; ρ is the density of the metal; Na is the Avogadro constant; e is the electron charge; and Y is the sputtering yield [47]. Based on the fact that the irradiation conditions—in particular, the ion current density and the irradiation time—are the same (i.e., j, t, Na and e are constant), then the ratio of the sputtering yields, Y1/Y2, is proportional to the ratio of the depths of the etched areas, z1/z2, i.e.,


     Y 1     Y 2    =    z 1     z 2    ·    M 2   ρ 1     M 1   ρ 2     



(2)







The value of the sputtering yield ratio, Y1/Y2, for Al and Mg calculated from expression (2) was 0.75. Based on [49] and calculations from SRIM-2013 (Stopping and Range of Ions in Matter—a collection of software packages), which are focused on the calculation of many features of the transport of ions in matter [50], the sputtering yield, Y, of Al for argon ions at 5 keV was equal to two. The sputtering yield, Y, of Mg in the same conditions was equal to 2.6. The Y1/Y2 ratio for Al and Mg, in this case, was 0.77, which was in good agreement with the experimental data.



In order to estimate the sputtering yields of intermetallic phases, the sputtering yield of Al was considered to be equal to two. For calculations, the known data on the density of these phases were utilized: ρ(Al3Mg2) = 2.25 g/cm3 and ρ(Al12Mg17) = 2.09 g/cm3. The average molar mass for the phases was considered as follows: M(Al3Mg2) = 25.9 g/mol and M(Al12Mg17) = 25.4 g/mol. The calculated sputtering yields of the intermetallic phases, following Equation (2), were found to be Y(Al3Mg2) = 2.2 and Y(Al12Mg17) = 1.9, respectively. As seen from the calculations, the sputtering yield of the Al12Mg17 phase was even lower than that of the Al. At the same time, the sputtering yields of the Al3Mg2 and Al12Mg17 intermetallic phases, calculated using SRIM-2013, were 2.3 and 2.4, respectively.



To explain the reasons for the small (relative to Al) sputtering yield of the Al12Mg17 intermetallic phase, it was important to consider the binding energies of atoms in this phase. The binding energy of an atom is the energy required to remove an atom from the surface of a material, and its value correlates with the sublimation energy. The sputtering yield depends on the surface binding energy (E) as following Y~1/E. It is believed that the higher the binding energy, the lower the sputtering yield. In particular, the binding energies in pure Al and Mg metals are 3.19 and 1.42 eV, respectively [51]. Following the AFM measurements presented above, the sputtering yield of Al was less than that of Mg. In the case of the intermetallic phases, the differences in their sputtering yields were most likely also due to differences in their binding energies.



The binding energies for the Al12Mg17 intermetallic phase were calculated using the DFT method. The binding energies of pure Al and Mg were calculated for comparison purposes. The calculation of the atoms’ binding energies was also planned for the Al3Mg2 phase; however, it could not be carried out because of the large number of atoms in the lattice, as was the case for the WF calculation. Therefore, the Al30Mg23 phase was subjected to calculation.



The surface binding energy [52] was defined as


ESBE = Eatom + ESV − ES,



(3)




where ES is the total energy of the slab with a clean surface, and ESV denotes the total energy of the surface slab with a single surface vacancy. The surfaces with and without vacancy are relaxed. Eatom is the atomic energy of the removed species. The calculated values of the binding energy of atoms are presented in Table 4.



The binding energy of atoms in pure Al was found to be higher than that of pure Mg, which was consistent with the known data. In the case of the Al12Mg17 intermetallic phase, the removal of an Al atom from its surface requires an energy of 3.90–4.02 eV, which is, on average, higher than the binding energy of pure Al atoms of 3.40–3.84 eV. To remove Mg atoms from the surface of the same phase, an energy of 1.53–1.71 eV is required, which also exceeds, on average, the binding energy of atoms in pure Mg, 1.56–1.57 eV. In the case of the Al30Mg23 phase, the energy required to remove Al atoms from its surface was 2.86–3.10 eV, which is, on average, less than the binding energies of pure Al and the Al12Mg17 phase. The binding energy of Mg for the same phase was 1.85 eV, which exceeded the binding energy of pure Mg, as well as the binding energy of Mg atoms for the Al12Mg17 phase. Therefore, it can be concluded that the binding energy of the atoms in the Al12Mg17 phase slightly exceeded the binding energy of atoms in Al, which was consistent with the estimated values of the sputtering yield.




3.6. Microhardness Measurements


Figure 7 shows an optical microscopy image of the Al-Mg composite surface taken from the non-irradiated side of the sample (Figure 7a), as well as after ion irradiation (Figure 7b). A different color contrast was noticed for Al, Mg and interlayers corresponding to the Al3Mg2 and Al12Mg17 intermetallic phases. The dark color contrast on the irradiated composite surface was related to the Al3Mg2 phase and was the result of light from the incandescent lamp of an optical microscope (Figure 7b). This indicated the relatively high light absorption capacity of the Al3Mg2 phase surface with a cellular wall relief. The Al areas and the interlayer corresponding to the Al12Mg17 phase had the same light contrast. The area corresponding to the Mg surface, with cones located on it, had an orange-like contrast. The difference in contrast of these areas did not depend on the level of their depth relative to each other; rather, they depended only on their surface morphology and the optical properties of these metals and intermetallic phases.



Microhardness measurements were carried out on the irradiated side of the Al-Mg sample. The microhardness value for Al was found to be 55 ± 10 HV, and it was 100 ± 20 HV for Mg, 460 ± 50 HV for the Al3Mg2 intermetallic phase and about 200 HV for the Al12Mg17 phase. The microhardness values for the non-irradiated side of the Al-Mg composite were found to be as follows: 50 ± 10 HV for Al, 100 ± 20 HV for Mg, 440 ± 30 HV for the Al3Mg2 intermetallic phase and about 200 HV for the Al12Mg17 phase. The imprints of the diamond pyramid obtained during the microhardness measurement are visible in Figure 7. The obtained microhardness values for Al and Mg, as well as for the Al12Mg17 intermetallic phase on the non-irradiated side of the composite, were similar to the previously reported data. At the same time, the microhardness for the Al3Mg2 phase, 460 HV on average, exceeded the known data for the microhardness of this phase (about 300 HV). However, the microhardness of the Al3Mg2 phase had the highest value compared with the Al12Mg17 phase, Al and Mg. It can also be seen that irradiation with argon ions and the corresponding change in the morphology on the surfaces of Al, Mg and intermetallic phases did not result in a microhardness change. This correlated with the results in [53], where no effect of Al irradiation with argon ions on microhardness was noticed.





4. Conclusions


An Al-Mg metal-matrix composite was obtained via severe plastic deformation using high-pressure torsion at 5 GPa followed by annealing at a temperature of 275 °C. SEM, EDX and XRD studies showed that interlayers corresponding to the Al3Mg2 and Al12Mg17 intermetallic phases were formed at the Al and Mg interfaces. The sputtering yield of the Al3Mg2 phase was found to be 2.2 atom/ion, while the sputtering yield of the Al12Mg17 phase was found to be 1.9 at/ion, which is lower than those of Al (2 at/ion) and Mg (2.6 at/ion). The sputtering yield of the Al12Mg17 phase did not follow the additivity rule for its constituent metals, as opposed to the Al3Mg2 phase. To explain the differences in the sputtering yields, DFT-based simulations were used to calculate the surface-binding energy values for Al, Mg and the Al12Mg17 phase. The values of the surface-binding energies of Al and Mg were in a range of 3.40–3.84 eV and 1.56–1.57 eV, respectively. The surface binding energy for the Al12Mg17 phase with an Al atom removed from its surface was found to be in a range of 3.90–4.02 eV, and in a range of 1.53–1.71 eV with a Mg atom being removed. Optical microscopy analysis revealed that the Al3Mg2 phase with a cellular wall surface morphology, which formed due to its irradiation with argon ions with an energy of 5 keV, had a high absorption capacity in the visible light spectrum relative to Al, Mg and the Al12Mg17 phase. The WF of the obtained Al-Mg nanostructured composite was found to be 4 eV. This value was in a range between the WF values of Al (4.3 eV) and Mg (3.6 eV); i.e., the additivity rule was preserved. Using DFT-based simulations, the WF of the Al12Mg17 phase was determined; its value was found to be in a range of 3.63–3.75 eV, which agrees with the additivity rule. Therefore, the intermetallic alloy based on Al12Mg17, with its relatively low sputtering yield and WF, was found to be promising as a cathode material for various gas-discharge devices, plasma installations, ion sources, sputtering systems, etc. The intermetallic alloy based on Al3Mg2 with a modified surface was found to be a promising optical- and acoustic-absorbing material.
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Figure 1. XRD patterns of Al (a), Mg (b) and Al-Mg nanostructured composites under HPT conditions (c) and after further annealing at 275 °C (d). 
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Figure 2. SEM images (BSE mode) of the Al-Mg nanostructured composite cross-section at different magnifications and element distribution along the line shown at the top of the panel in the form of a relative intensity plot in relation to the scanning distance of the Mg and Al, marked by green and red, respectively. 
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Figure 3. SEM image (SE mode) of the surface of the Al-Mg nanostructured composite after HPT and annealing following ion irradiation. 
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Figure 4. SEM images (SE mode) of the Al-Mg nanostructured composite surface after ion irradiation. Tilt angle is 45°. 
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Figure 5. SEM image combined with an elemental map of the Al (in red) and Mg (in green). The element composition is shown along lines 1–5 at the top of the panel in the form of a relative intensity plot in relation to the scanning distance of the Al and Mg, marked in red and blue, respectively. 
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Figure 6. AFM image (a) and profile (b) of the Al-Mg composite surface after irradiation. 
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Figure 7. Optical image of the Al-Mg nanostructured composite surface before (a) and after (b) ion irradiation. 
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Table 1. Lattice parameter, coherent scattering domain and lattice microstrains of the Al–Mg composite after HPT and subsequent annealing at 150 and 275 °C.
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	State
	Lattice Parameter,

Å
	Coherent Scattering Domain, nm
	Lattice Microstrains, %





	As-deformed HPT Al-Mg
	4.05093(2)
	55
	0.092



	HPT Al-Mg + annealing 150 °C
	4.050034(4)
	400
	0.031



	HPT Al-Mg + annealing 275 °C
	4.049829(2)
	550
	0.025
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Table 2. Contact potential difference and WF of Al, Mg and Al-Mg composites measured in relation to the WF of Pt, considered to be equal to 5.3 eV [18], using the Kelvin–Zisman method (vibrating electrode method).
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	Sample
	Contact Potential Difference, V
	WF, eV

(Relative to Pt = 5.3 eV)





	Al
	1.0
	4.3



	Al-Mg composite
	1.3
	4.0



	Mg
	1.7
	3.6



	Pt
	0.1
	-
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Table 3. The values of the electron WFs of the Al, Mg and Al12Mg17 and Al30Mg23 intermetallic phases calculated via the DFT method.
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Metal

	
Our Calculated WF, eV

	
Other Theoretical Results of WF, eV [22]

	
Experimental Results of WF, eV [22]






	
Al

	
(001)

	
4.20

	
4.41, 4.38

	
4.41




	
(101)

	
4.21

	
4.08, 4.30

	
4.28




	
(111)

	
4.08

	
4.36, 4.25

	
4.24




	
Al12Mg17

	
(001)→(0001)

	
3.63

	
-

	
-




	
(111)→(11-21)

	
3.75

	
-

	
-




	
Al30Mg23

	
(001)→(0001)

	
3.77

	
-

	
-




	
(111)→(11-21)

	
3.85

	
-

	
-




	
Mg

	
(001)→(0001)

	
3.6

	
3.79

	
3.65 ÷ 3.84




	
(101)→(10-11)

	
3.39

	
3.70 ÷ 3.80

	
–




	
(111)→(11-21)

	
3.67

	
3.56 ÷ 3.68

	
3.66
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Table 4. The values of the binding energies in Al, Mg and the intermetallic phases Al12Mg17 and Al30Mg23 (close to Al3Mg2), calculated via the DFT method.
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Structure

	
Vacancy Type

	
Surface Binding Energy, eV






	
Al

	
(001)

	
Al

	
3.84




	
(111)

	
3.40




	
Mg

	
(001)→(0001)

	
Mg

	
1.56




	
(111)→(11-21)

	
1.57




	
Al12Mg17

	
(001)→(0001)

	
Al

	
4.02




	
Mg

	
1.53




	
(111)→(11-21)

	
Al

	
3.90




	
Mg

	
1.71




	
Al30Mg23

	
(001)→(0001)

	
Al

	
2.86




	
Mg

	
1.85




	
(111)→(11-21)

	
Al

	
3.10




	
Mg

	
1.85
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