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Abstract

:

In this study, a nano-composite material of a nanostructured Al-based matrix reinforced with Fe40Al intermetallic particles was produced by ball milling. During the non-equilibria processing, the powder mixtures with the compositions of Al-XFe40Al (X = 5, 10, and 15 vol. %) were mechanically milled under a low energy regime. The processed Al-XFe40Al powder mixtures were subjected to uniaxial pressing at room temperature. Afterward, the specimens were subjected to a sintering process under an inert atmosphere. In this thermal treatment, the specimens were annealed at 500 °C for 2 h. The sintering process was performed under an argon atmosphere. The crystallite size of the Al decreased as the milling time advanced. This behavior was observed in the three specimens. During the ball milling stage, the powder mixtures composed of Al-XFe40Al did not experience a mechanochemical reaction that could lead to the generation of secondary phases. The crystallite size of the Al displayed a predominant tendency to decrease during the ball milling process. The microstructure of the consolidated specimens indicated a uniform dispersion of the intermetallic reinforcement phases in the Al matrix. Moreover, according to the Vickers microhardness tests, the hardness varied linearly with the increase in the concentration of the Fe40Al intermetallic phase present in the composite material. The presented graphs indicate that the hardness increased almost linearly with the increasing dislocation density and with the reduction in grain sizes (both occurring during the non-equilibria processing). The microstructural and mechanical properties reported in this paper provide the aluminum matrix composite materials with the ideal conditions to be considered candidates for applications in the automotive and aeronautical industries.
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1. Introduction


Al-based alloys are widely used as parts and components in the automotive and aerospace industry sectors due to their high ductility, specific strength, formability, and stiffness [1]. However, both pure Al and Al alloys possess low hardness and poor wear resistance. A well-known strategy to improve the wear resistance of Al and Al alloys is to produce Al composites. In this sense, it is well known that Al composites provide better wear resistance and improved bulk mechanical properties [2]. In particulate metal matrix composites (MMCs), the function of reinforcement particles is to strengthen the metal matrix. The mechanical behavior of the MMCs is greatly influenced by the properties of the matrix and reinforcement, volume fraction, their distribution, and size of reinforcement, as well as the interfacial strength between the matrix and reinforcement [1]. Adequate distribution of the particulate reinforcement in the metal matrix can be attained by the ball milling technique [3,4,5,6,7,8].



Aluminum matrix composites have been produced using two methods—liquid state processing (ex-stir casting) and solid-state processing (powder metallurgy, mechanical alloying). In the powder metallurgy processing method, the Al matrix and reinforcement are mixed in order to be compacted with a subsequent sintering process to gain strength. Aluminum MMCs are typically reinforced by oxides or ceramic particles. Considering that in ex situ processing, the reinforcement is added externally to the liquefied metal, problems of wettability and particle agglomeration needed to be resolved [9]. In this regard, the powder metallurgy method emerged with the aim of avoiding wettability and agglomeration problems and promoting a uniform dispersion of reinforcement in the Al matrix. Another strategy to counter the disadvantages of utilizing ex situ processing is to use phases other than ceramics as reinforcements. For example, intermetallic compounds could be considered candidate materials to reinforce Al matrix composites since ordered intermetallic compounds based on the aluminides of transition metals, such as Fe, Ni, Nb, Ti, and Co, have been assessed and studied for their potential application as structural materials at medium and high temperatures [10]. Moreover, the Al contents of these compounds induce the formation of a passive layer of Al oxide, which is responsible for very good corrosion and oxidation resistance at elevated temperatures [11]. Iron aluminides of the type Fe-Al and Fe3Al exhibit excellent mechanical resistance at high temperatures, low densities, high melting points, and good structural stability; however, efforts were applied to enhance the ductility and impact resistance of these compounds [12].



In terms of producing an MMC with improved mechanical properties along with low density, intermetallic compounds are very suited to these purposes. For example, the intermetallic phases of the Al-Ca binary alloy system are among the materials that can produce very light metal matrix composites, as these phases are extremely low in density [13]. The mechanical resistance of MMCs is significantly influenced by the interfacial strength between the matrix and reinforcement, which depends on the wettability between the metal and reinforcing particles. In this sense, it has been reported that intermetallics can be wetted by molten metal without difficulty. Additionally, they exhibit comparable mechanical behavior and a coefficient of thermal expansion closer to that of Al when compared to hard ceramic phases [14]. Therefore, in recent times, intermetallics based on Ni-Al and Ti-Al systems have been investigated as a new type of reinforcement for MMCs [15,16,17,18]. It is worth noting that the stiffness and wear behavior of the MMCs can be enhanced by the addition of intermetallics.



Thus, the purpose of this investigation was to take into account the advantages provided by the powder metallurgy route and the excellent properties that intermetallic compounds possess, in order to fabricate Al matrix composites reinforced with intermetallics of the Fe-Al system. Another goal was to analyze and study the influence of the processing parameters on the microstructure and hardness of the composites in order to achieve desired properties for automotive or aeronautic applications.




2. Materials and Methods


Processing route. The stages that were carried out in the processing route developed in this work are described below.



First, cast ingots of binary Fe40Al intermetallic compound were prepared using a high-frequency induction furnace at around 1500 °C, as shown in Figure 1a. High purity (99.9%) Fe and Al were placed inside a silicon carbide crucible for induction melting. The molten Fe–40 wt.% Al (labeled Fe40Al hereafter) alloy was poured into a rectangular parallelepiped steel mold and subsequently solidified as it cooled until it reached room temperature; these cooling conditions resulted in a coarse-grained microstructure. Then, in order to pulverize the ingots of the intermetallic compound, small pieces of the ingot with approximate measurements of 1 cm in height × 1 cm in length × 0.5 cm in width were cut. Then, these small ingot pieces were mechanically struck with a hammer, taking advantage of the fragility of the Fe40Al intermetallic compound in order to obtain a powder of this material with a particle size of less than 1 mm. Subsequently, the intermetallic composition powders were subjected to mechanical milling, and thus, their final size was obtained at this stage (see a schematic representation in Figure 1b). After, the powder mixture of Al and Fe40Al was subjected to planetary ball milling for various periods in order to reduce the particle sizes of both phases, obtain a uniform distribution of the Fe40Al intermetallic compound in Al, and induce the homogenization of the chemical elements in the powder mixture (see the illustrative image in Figure 1c). Then, the powder mixture of the Al and Fe was uniaxially pressed at room temperature in a cylindrical mold, as shown in Figure 1d. Subsequently, the green compacts obtained by uniaxial pressing were subjected to a sintering process in a conventional furnace under an argon atmosphere (see the illustration presented in Figure 1d).



The processing parameters of each of the stages involved in the processing route developed in the present work are described as follows.



Materials. The elemental powders of metallic Al and intermetallic Fe40Al (99.9% purity) were blended in a mortar—three-particle volume fractions of 5, 10, and 15% of Fe40Al intermetallic particles, were added to the aluminum powder.



Composite powder. The powder mixture was introduced, under an argon atmosphere, to a hardened steel vial with balls of the same material. Analytical grade methyl alcohol, used as a process control agent, was added at a ratio of 0.003 mL per gram of mixture. Later, the mixture was mechanically milled by utilizing a planetary mill at a speed of 250 RPM during different milling times: 0.5, 1, 2, 4, 6, and 8 h. During the ball milling tests, a balls-to-powder weight ratio of 10:1 was employed.



Consolidation of composite powders. The powder mixture that was milled for 8 h was uniaxially pressed by using a pressure of 15 tons with a hydraulic press. The resulting compacts possessed a diameter of 3/8 in and ¼ in of height. Then, the green compacts were sintered at 500 °C for 2 h with subsequent cooling inside the furnace.



Characterizations. The evolution of the morphology, the particle size, and the distribution of the chemical elements of the powder mixture were analyzed in a scanning electron microscope (SEM, Stereoscan 440), which was connected to software for energy dispersive spectroscopy (EDS). X-ray diffraction analysis was performed to determine and identify the crystalline structure of the different phases that remained or were formed during milling, as well as to determine the crystallite size, crystalline state transitions, and the lattice parameters from the X-ray diffraction peaks. To perform this analysis, a Bruker D2 Phaser Diffractometer D500 was utilized, in which a voltage of 30 kV was applied with a current of 20 mA. The samples were scanned with a filter of CuKα radiation with a wavelength of λ = 1.5418 Å, using a step of 0.020°/0.6 s in a range of 20° to 80°. Vickers microhardness measurements were performed in a Future-Tech Corp FM 700 microhardness tester to determine the microhardness of the sintered samples.




3. Results


3.1. Microstructural Analysis by Scanning Electron Microscopy


Figure 2 presents the morphology of the elemental starting powders before the ball milling process. These powders correspond to Al and Fe40Al, respectively. Figure 2a displays the irregular-shaped particles of Al (with a mean particle size of 2.7 microns ± 0.95). Figure 2b exhibits the irregular-shaped Fe40Al intermetallic particles (with a mean particle size of 27 microns ± 2.9).



Figure 3 presents the evolution of the particle morphology and size of the powder mixtures of Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al respectively. Aiming to improve the visibility and synthesize the results of the particle size, the micrographs corresponding to 0, 2, 4, and 8 h of milling taken from each composition (Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al), are presented in one figure. The scanning electron micrographs show that the particle size decreased as the milling time advanced from 0 to 8 h in the cases of the Al-10Fe40Al and Al-15Fe40Al powder mixtures. However, the particle size of Al-5Fe40Al underwent a progressive diminution from the beginning to the end of the processing. In addition, according to these micrographs, the particle morphology remained irregular.



In Figure 4, the particle size variation of the Al-5Fe40Al composite powder is presented. It can be observed that the mean particle size decreased from around 4.7 microns to 1.6 microns as the powder mixture was milled from 1 h to 4 h. Between 4 h and the end of the milling process, the particle size increased from 1.6 µm to 2.4 µm. This behavior could be related to the predominance of welding among the particles. The size ranges of the powder composite mixtures exhibited a slight tendency to narrow with the advancement of the processing time.



Additionally, in Figure 4, the particle size of the Al-10Fe40Al powder mixture and the standard deviation as a function of the milling period are presented. This plot shows that the particle size predominantly diminished from about 4.1 µm to 0.8 µm as the milling time progressed from 1 h to 8 h. The size ranges related to the standard deviation of the powder composite mixtures exhibited a very slight trend to decrease with the advancement of the ball milling time.



Figure 4 also shows the particle size of the Al-15Fe40Al powder mixture. In this plot, the particle size of the Al-15Fe40Al powder mixture decreased from 4.2 µm at 0 h to 2.8 µm at 8 h of ball milling.



Similarly, the particle size distributions were applied to determine the mean particle size and the size range of the powder particles in each specimen. The size ranges of the powder composite mixtures suggest an almost imperceptible propensity to decrease as the ball milling period progressed.



It is evident that the particle size variation as a function of milling time exhibited a similar trend for the processing of the three powder mixtures (Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al). This tendency indicates that extended milling times yield a more uniform size of powders and smaller mean particle sizes.



Since the constituents of a powder mixture are ductile–brittle components, in this case, at the beginning of milling, the irregular shapes of the ductile aluminum particles were transformed into a flat flake morphology by the ball–powder–ball collisions, while the fragile particles corresponding to the Fe40Al intermetallic compound were fragmented. These brittle Fe40Al particles tend to be occluded by ductile aluminum particles and settle in interlamellar spacings. As the mechanical milling time progresses, the ductile aluminum particles are hardened by the mechanical workings, and the lamellae become convoluted and refined. As the grinding process takes place, the lamellae become more refined, the interlamellar spacing decreases, and, in this case, the brittle intermetallic particles were uniformly distributed throughout the ductile aluminum matrix. However, if the brittle constituent is soluble, then the alloying process occurs between the brittle and ductile components, tending towards chemical homogeneity [19]. In this case, the Fe element from the Fe40Al intermetallic particles was solubilized in the Al matrix progressively during the milling process.




3.2. Microstructural Analysis by X-ray Diffraction


Figure 5a,b depicts the X-ray diffractograms of the pure Al and Fe40Al intermetallic phases, both in particulate powder aggregation. The X-ray diffractograms of Al exhibit the (111), (200), (220), and (311) diffraction peaks, indicating that the crystal orientations inside the powder particles were randomly distributed. In addition, Figure 5b illustrates the (110) and (200) diffraction peaks related to the intermetallic particulate phase. In this case, the presence of only two diffraction peaks could be due to a preferential crystallographic orientation since the intermetallic particulate powder was produced by a solid-state trituration and pulverization process from ingots with coarse grains.



Figure 6, Figure 7 and Figure 8 depict the X-ray diffraction patterns of the powder mixtures subjected to mechanical milling at various processing times. In accordance with the diffraction patterns, only the diffraction peaks of Al can be predominantly observed. The presence of the diffraction peaks of Fe-Al is negligible; this behavior could be related to the low content of the intermetallic phase and the possible overlap of the peaks of the intermetallic phase with those of aluminum. The highest peaks of Al pertain to the reflections produced by the (111) crystallographic planes. From 0 to 8 h of milling time, the little peak corresponding to the Fe40Al vanished progressively. This behavior could be related to a combined effect consisting of the disorder or amorphization of the Fe40Al intermetallic phase during the processing period.



There is no evidence of the presence of secondary phases that could have been produced by mechanochemical reactions among Al and Fe40Al. It can be observed that the intensity of the Fe40Al diffraction peak increased as the content of the intermetallic phase increased in the Al-xFe40Al powder mixtures. All the diffractograms show that the width of peaks at half its height belonging to the Al exhibited a trend to increase as the milling time elapsed. It is well known that this tendency is related to a decrease in the crystallite size and the generation of lattice strain [20].



Figure 9, Figure 10 and Figure 11 exhibit the dependence of the crystallite size as a function of the processing time of the powder mixtures composed of Al-5Fe40Al, Al-10Fe40Al, and Al-15 Fe40Al, respectively. In this case, the nanometric size of grains was determined from all the X-ray diffraction peaks, and a mean value of the crystallite size was calculated. The crystallite size (nm) was computed by the typical method that employs the Scherrer equation [21] by utilizing the width of the XRD diffraction peak at half its height. It is worth noticing that the trend of the decreasing crystallite size in the ball milling process has typically been reported in the literature where Al composite powders were subjected to this non-equilibrium processing technique [22,23,24,25].



Crystallite sizes were utilized to compute dislocation density. In a preliminary approach, dislocation density was considered to be at least one dislocation per crystallite. Thus, in agreement with Equation (1), dislocation density (N) becomes the inverse square of the crystallite size (Lc) [26].


  N =    (   L c   )    − 2    



(1)







The variation of crystallite size for both the Al solid solution and Fe40Al intermetallic phase, along with the lattice strain, dislocation density, and the processing period of the Al-5Fe40Al powder mixture, is shown in Figure 9. This plot reveals that the nano-scaled grain size of the (alpha) Al phase displayed a tendency to decrease from about 90 nm at the onset of the process to around 65 nm at the end of mechanical milling (8 h). Concerning the Fe40Al intermetallic compound, its nano-metric grain size underwent a reduction from around 19 nm (at 0 h) to about 10 nm at 6 h; however, afterward, the powder mixture increase from 10 nm at 6 h to around 13 nm at 8 h. The lattice strain presented in Figure 9 exhibited a trend of decreasing from 1 h to 8 h of milling; however, after 8 h of processing, it displayed a trend of increasing until the end of milling. In this case, the fact that the dislocation density continuously increased from the start of the process to the end of 15 h of milling suggests that the lattice strain decreased during the first 8 h of processing because the Al phase predominantly experienced removal of vacancies, stacking failures, and punctual defects, among others.



The fact that the nano-scaled grain size of the intermetallic iron aluminide showed a decrease during the first 6 h and a subsequent increase up to 8 h of milling may be due to the dynamic recrystallization nature that it is typically observed during the hot deformation of ordered alloys. It was reported that during the deformation process within a temperature range of 600–700 °C, where <111> super-dislocations operate, dynamic recrystallization developed very slowly [27]. However, at temperatures within the interval of 750–900 °C, where <100> super-dislocations operate, dynamic recrystallization progressed rapidly [28] (Imayev et al., 1995).



The changes in the crystallite sizes for both Al and Fe40Al phases, along with the lattice strain, dislocation density, and the processing time of the Al-10Fe40Al powder mixture are shown in Figure 10. This graph indicates that the nano-scaled grain size of (alpha) Al phase displayed a decreasing trend from about (80 nm) at the beginning of the process to around (57 nm) at the end of the ball milling (8 h). Regarding the Fe40Al intermetallic phase, its crystallite size experienced a decrease from 19 nm at (0 h) to 16.5 nm at (2 h) of milling; however, after that period, the powder mixture increased from 16.5 nm at (2 h) to 18.5 nm at (6 h), and finally, decreased again after 6 h, until the nanometric grain-size reached a value of 17 nm at the end of processing. The lattice strain exhibited a decreasing trend from 1 h to 8 h of milling. In this case, the fact that the dislocation density continuously increased from the start of the process to the end of the 15 h of milling suggests that the lattice strain decreased during the first 8 h of processing because the Al phase predominantly experienced removal of vacancies, stacking failures, and punctual defects, among others.



The fact that the crystallite size of the intermetallic phase showed fluctuating behavior as a function of processing time may be due to the dynamic recrystallization character that is frequently observed in the hot deformation of ordered alloys. It could also be due to the fact that local high temperatures in the impact zone of the balls can reach up to 600 °C and the temperature also varies depending on the impact mode. Thus, it is expected that the dynamic recrystallization will be altered, considering as well that this process operates very slowly in the temperature range of 600 to 700 °C [29]; however, at high temperatures (750–900 °C), recrystallization develops rapidly [30]. This explains why the irregular variations in crystal size depend on the dynamic recrystallization processes for which the driving force is the temperature (which, in this case, varies from one point to another in the impact zones of the balls) and deformation.



The variations of nano-scaled grain sizes for both Al and Fe40Al phases, along with the lattice strain, dislocation density, and the ball milling time of the Al-15Fe40Al powder mixture are displayed in Figure 11. This plot depicts that the nano-metric grain size of the solid solution (alpha) Al showed a tendency to decrease from about (90 nm) at the beginning of the process to around (61 nm) at the end of the process (8 h). Regarding the Fe40Al intermetallic phase, its nanometric grain size decreased from around 19 nm at 0 h of milling to about 16.8 nm at the end of processing. The lattice strain exhibited a predominant decreasing trend for almost the entire processing period. Similarly, in this case, the curve of the dislocation density versus the milling time depicted a continuous rise from the beginning to the end of the non-equilibria processing; this behavior is reasonable since the increase in dislocations was generated by a plastic deformation process that took place during milling. In this way, during the deformation process, a hardening of the particles was induced by the increase in dislocation density, which, at the same time, contributed to inducing the fracture of particles. This tendency is in agreement with the continuous decrease in the size of particles as the milling time elapsed. A continuous increase in the dislocation density led to restricted dislocation motion, and afterward, led to their accumulation. When the dislocation density reaches a certain value, the crystal disintegrates into subgrains, which are separated at the beginning by low-angle grain boundaries. This process is repeated over and over until a final grain size is attained.



The crystallite size of the intermetallic compound decreased from the beginning of the process up to 6 h of milling, but after that period, the nanometric grain size decreased slightly from about 16 nm to 17 nm until the end of the mechanical milling. This behavior could be explained in terms of the complexity of the recovery and recrystallization process that develops in ordered alloys during milling. The intricate kinetics of these processes are related to the following observations: the drastic reduction in grain motion in ordered alloys severely delays recrystallization, a temperature interval is present where recrystallization does not develop, and the pre-recrystallization behavior relies on the annealing temperature and alloy composition.



Figure 12 shows Vegard’s law plot calculated from the reticular constants obtained using the experimental results of the three Al-xFe40Al powder mixtures. This plot shows that the lattice parameter of Al or the solid solution Al-Fe varies mostly in a linear way from 0 to 8 h of ball milling. In this case, the physical origin of the deviations of the lattice constants from Vegard’s law could be mainly due to the large size mismatch between Al and Fe [31]. Figure 12 exhibits that a solid solubility of about 0.02% was reached in the case of Al-5Fe40Al and Al-10Fe40Al powder mixtures. However, the Al-15Fe40Al powder mixture exhibited a solid solubility of about 0.012%.




3.3. Microstructural Characterization by Microscopy of Consolidated Specimens


Figure 13 shows optical micrographs corresponding to the Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al consolidated samples. Figure 13a,b and Figure 14c show bright phases (Fe40Al) uniformly distributed in a dark grey matrix (Al). The bright intermetallic phases presented an irregular morphology. The mean particle size corresponding to the intermetallic phase in Al-5Fe40Al composite was 9.2 microns with a standard deviation of ±3.6. Regarding the mean particle size of the Fe40Al particles in the Al-10Fe40Al composite, the computed value was 9.5 microns with a standard deviation of ±4.8. Concerning the mean particle size of the reinforcement Fe40Al particles in the consolidated composite Al-15Fe40Al, the calculation procedure gave a value of 10.8 microns with a standard deviation of ±4.1. This uniform size of intermetallic particles indicates that during milling, there was not a significant decrease in its size; however, the size of the Al particles exhibited a higher decrease percentage. Figure 13d–f exhibits the distribution of the precipitate size of the Fe40Al intermetallic particles. In the first composite composition, Al-5Fe40Al, most of the Fe40Al intermetallic particles are within the size interval of 4.4 to 8 μm. Concerning the composite composition of Al-10Fe40Al, most intermetallic particles are within the size interval of 8.8 to 20.8 μm.




3.4. Microstructural Characterization by X-ray Diffraction of the Consolidated Specimens


Figure 14 exhibits the X-ray diffraction profiles of Al-xFe40Al specimens after the sintering treatment. The diffraction peak corresponding to the Fe40Al intermetallic phase grew after the sintering heat treatment. In this case, the intensity of the diffraction peak of the intermetallic phase was significantly greater than those observed in the X-ray diffraction peaks of the specimens that were mechanically milled. This behavior could be related to the crystallization of the Fe40Al intermetallic phase, which was induced by the sintering process. First, the Fe40Al intermetallic phase underwent amorphization during the ball milling process, and after, the compound crystallized because of sintering. Moreover, it is worth noticing that during the sintering, the crystallite size of the aluminum increased in accordance with the following percentages: in Al-5Fe40Al—29.6%, in Al-10Fe40Al—57.3%, and in Al-15Fe40Al—31.01%.




3.5. Microhardness of Sintered Samples


Figure 15 displays the three values of the hardness of the Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al composites determined in the present work, with values of 84.6, 101.1, and 107.2 VPN, respectively. In this case, the hardness also varied almost linearly with an increase in the volume fraction of the reinforcement phase [32]. In addition, the microhardness value of the pure Al utilized as the matrix is presented in the above-mentioned plot.



Aiming to compare the hardness values measured in the present work with a theoretical basis, a model that describes the variation of hardness as a function of the reinforcement phase concentration was developed. In this theoretical model, the hardness values of pure Al and those of the Fe50Al intermetallic compounds (under different processing conditions) were taken from the literature [33]. The composition of the Fe50Al intermetallic phase was considered since its hardness is similar to that of the Fe40Al intermetallic phase. Then, the hardness values were modeled as a function of the volume fraction of the reinforcement phase (Fe50Al), in accordance with the rule of mixtures that is represented by the following equation:


   p c  =  ∑   f i   p i  =  f 1   p 1  +  f 2   p 2  + … +  f n   p n   



(2)




where pc is the property of compound; p1, p2, … pn are the properties of each of the constituents of composite material, and f1, f2, … fn are the volume fractions of each of the components. However, the property modeled here was hardness.



Figure 15 displays the variation of hardness modeled as a function of the volume fraction of the reinforcement phase (Fe50Al), considering, in all cases, an aluminum (Al) matrix. The three curves presented in this plot were generated by considering the hardness of the Fe50Al intermetallic compounds reported in previous works that were processed under the following parameters: water quenched, furnace cooled at 100 k/h, and annealed at 673 K for 118 h [33]. In these three curves, the hardness of the Al matrix composite changed linearly with increases in the Fe50Al reinforcement phase [32].



It was observed that the hardness values of the Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al measured in the present research exhibited higher values than the hardness modeled as a function of the content of the Fe50Al reinforcement phase [33], as can be observed in Figure 15. The hardening effect observed in the composite produced in the present study is due to the hardening mechanism induced by the solid solution of solute Fe in solvent Al, which promotes the formation of strain fields around solute atoms, which, in turn, interact with the stress fields of dislocations and obstruct dislocation motion. Other reasons that promoted the hardness increase in the sintered specimens were the work hardening effect induced by the plastic deformation during milling, the continuous generation of dislocations, and the interruption of dislocation motion [34].



Figure 16 shows the dependence of hardness on dislocation density. In this case, the dislocation density was estimated from the Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al specimens that were subjected to the ball milling process for 8 h. In this plot, a linear relationship of both variables is depicted. For this analysis, the dislocation density was considered to remain constant during sintering since the predominant material transport mechanism occurs by surface, volume, or grain boundary diffusion, or even by vaporization and re-condensation [35]. In addition, Figure 16 displays a relatively linear increase in hardness with increasing dislocation density. This behavior is reasonable since, during the mechanical milling, the particles experienced a plastic deformation. This phenomenon is associated with the hardening of crystals due to an increase in the dislocation density and the mutual interaction of dislocations. When dislocations move, they interact and change their distribution and density, thereby causing hardening [36].



The variations of microhardness as a function of the grain size for the three composites, Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al, are presented in Figure 16. In this plot, the microhardness values are related to the inverse square root of the grain size by a common Hall–Petch linear relationship. This correlation between the grain size and hardness was demonstrated by a variety of previous research studies on unreinforced alloys of Al [37,38,39].





4. Conclusions


During the stage of the mechanical milling process, the particle size of the initial powder mixtures of compositions Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al exhibited a predominant decreasing trend as the milling time progressed from the beginning to the end of the non-equilibria processing. For the case of the Al-5Fe40Al powder mixture, its particle size decreased from 4.7 µm at 0 h to 1.6 µm at 4 h, but after increased again up to 2.25 µm at 8 h. Regarding the Al-10Fe40Al powder mixture, its particle size decreased from 4.1 µm at 0 h to 0.9 µm at 8 h of processing. Finally, concerning the Al-15Fe40Al powder mixture, its particle size decreased from 4.2 µm at 0 h to 2.8 µm at 8 h of ball milling.



The X-ray diffraction analyses revealed that the crystallite size of the Al decreased during all of the processing periods and for all three compositions, and the crystallite size of the Fe40Al intermetallic phase tended to decrease during the first 4 h of milling. During the mechanical milling, there was no evidence of the formation of additional phases that could be formed by mechanochemical synthesis.



The crystallite size of the (α) Al phase in the Al-5Fe40Al powder mixture exhibited a decreasing trend from 90 nm at the onset of the process to 65 nm at the end of mechanical milling (8 h). Regarding the Al-10Fe40Al powder mixture, the nanometric grain size of the (α) Al phase displayed a decreasing trend from 90 nm at 0 h to 57.5 nm at 8 h. Finally, concerning the Al-15Fe40Al powder mixture, the nano-scaled grain size of the (α) Al phase showed a propensity to decrease from 90 nm at (0 h) to 61 nm at (8 h).



During ball milling, the Fe dissolved progressively in the Al matrix. In this case, the lattice parameter of the Al followed Vegard’s Law since the reticular constant changed almost in a linear way with the percentage of the Fe dissolved in the Al matrix. Consolidation of the Al-xFe40Al powder mixtures produced solid and rigid pieces with low volume fractions of porosity, and optical micrographs revealed a uniform distribution of the Fe40Al intermetallic phase on the Al matrix. Moreover, XRD analyses of the consolidated specimens indicated that there was no evidence of the formation of secondary phases during the sintering process. During the mechanical milling, the intermetallic phase experienced amorphization; however, during sintering, the amorphous phase recrystallized again, as revealed by the definition of the diffraction peaks of the Fe40Al phase in the XRD patterns.



The addition of Fe40Al to the Al matrix effectively induced a hardening effect. This may have been due to the mechanisms of solid solution hardening, plastic deformation, and precipitation. Likewise, the observed hardening can be modeled in terms of the rule of mixtures as a fundamental mathematical expression of the properties of composite materials.



Microhardness (Vickers) of the Al-XFe40Al composites exhibited an increasing trend from 84 VPN with 5 vol. % of Fe40Al reinforcement up to 107 VPN when Fe40Al reinforcement was added in 15 vol. %.



The graph, representing the microhardness as a function of dislocations density and grain size, indicates that the hardness increased almost linearly with the increasing dislocations density and decreasing grain size.
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Figure 1. The processing route developed in the present work, involving melting and casting along with some powder metallurgy techniques of powder. 
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Figure 2. Scanning electron micrograph of (a) Al powder particles and (b) Fe40Al intermetallic powder particles. Particle size distributions of (c) Al and (d) Fe40Al. 
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Figure 3. Microstructural evolution of the Al-5Fe40Al powder mixture composition as a function of milling time: (a) 0 h, (b) 2 h, (c) 4 h, (d) 8 h. Al-10Fe40Al: (e) 0 h, (f) 2 h, (g) 4 h, (h) 5 h. Al-15Fe40Al: (i) 0 h, (j) 2 h, (k) 4 h, (l) 6 h. 
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Figure 4. Variations of the mean particle size with the processing time of all powder mixtures (Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al) as a function of the ball milling period. 
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Figure 5. X-ray diffraction profiles of (a) pure Al and (b) Fe40Al intermetallic phase. 
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Figure 6. X-ray diffraction profiles of the powder mixture of Al-5Fe40Al at different processing times. 
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Figure 7. X-ray diffraction profiles of the powder mixture of Al-10Fe40Al at different processing times. 
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Figure 8. X-ray diffraction profiles of the powder mixture of Al-15Fe40Al at different processing times. 
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Figure 9. Variation of crystallite size of Al and Fe40Al, lattice strain (Al), and dislocation density (Al) as a function of processing time for Al-5Fe40Al powder mixture. 
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Figure 10. Variations of the crystallite sizes of Al and Fe40Al, lattice strain (Al), and dislocation density (Al) as a function of processing time for the Al-10Fe40Al powder mixture. 
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Figure 11. Variations of crystallite sizes of Al and Fe40Al, lattice strains (Al), and dislocation density (Al) as a function of processing time for Al-15Fe40Al powder mixture. 
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Figure 12. Variations of the sizes of lattice parameters of Al in Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al (vol. %) powder mixtures as a function of the milling period. 
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Figure 13. Optical micrographs of consolidated specimens, (a) Al-5Fe40Al, (b) Al-10Fe40Al, and (c) Al-15Fe40Al. Particle size distribution: (d) Al-5Fe40Al, (e) Al-10Fe40Al, and (f) Al-15Fe40Al. 
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Figure 14. X-ray diffraction spectra of the sintered Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al specimens. 
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Figure 15. Vickers microhardness of composite materials Al-5Fe40Al, Al-10Fe40Al, and Al-15Fe40Al compared with the predicted values of hardness of various composites reinforced with Fe50Al intermetallics under different processing conditions. 
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Figure 16. Variation of the Vickers microhardness with dislocation density and the inverse square root of the grain size, illustrating a typical Hall–Petch linear relationship. 
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