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Abstract

:

The effects of rare earth erbium (Er) micro-additions on the microstructures and mechanical properties of 2024 aluminum alloy were investigated. The microstructures and fracture surfaces of specimens prepared via high-energy ball milling, cold isostatic pressing and microwave sintering were carried out by optical microscopy (OM) and scanning electron microscopy (SEM). Under the conditions of sintering heating rate of 20 min/°C and soaking time of 30 min at 490 °C, it was found that with the increase in Er addition, the grain size first decreased then increased, and it reached a minimum size of about 5 μm when the Er content was 0.6%, showing that the grains were refined. At the same time, the compactness and microhardness reached maximum levels, which were 97.6% and 94.5 HV, respectively. Moreover, the tensile strength and elongation reached the peak at 160.5 MPa and 4.4%, respectively. The dynamic mechanical response of Er/2024Al alloy with different Er content was studied through a split Hopkinson pressure bar (SHPB) at strain rates of 600 s−1 and 800 s−1, respectively. Both at the strain rates of 600 s−1 and 800 s−1, the dynamic yield stress of the specimens increased gradually with an increase in Er content. For the 0.6 wt.% Er specimen, the dynamic yield stress reached 371.3 MPa at a strain rate of 800 s−1, which was 28.2% higher than that at a strain rate of 600 s−1. When the strain rate is 800 s−1, the deformation degree of the 0.6 wt.%Er specimen is 55.3%, which is 14.7% higher than for the Er-free one, and there are adiabatic shear bands formed in the 0.6 wt.%Er specimen. Through a fracture analysis of the samples, a certain number of dimples appeared in the fracture of an impact specimen, indicating that the addition of Er improved the toughness of the material. This research can provide a reference for the development and application of high-performance aluminum alloy in automotive structural materials.
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1. Introduction


2024 aluminum alloy (2024Al) belongs to the aluminum–copper–magnesium series. Its composition is well balanced and possesses good comprehensive mechanical properties. It is the most widely used aluminum alloy of the 2 series aluminum alloys, it is widely used in aviation (such as in aircraft engines, structural parts, wings, etc.), power machinery, electronics, automobile manufacturing, and other fields [1,2], and it is one of the most ideal lightweight structural materials. In the 2024 aluminum alloy, Cu and Mg are the main alloying elements. In addition, there is a small amount of Mn and trace amounts of Si and Fe. The preparation methods of the alloy mainly include fusion casting and powder metallurgy. The advantages of the melt casting method are its simple process, low cost, and the ability to prepare castings with complex shapes. However, during preparation, there are inevitably defects such as component segregation, coarse grains, and interfacial reaction, etc. [3]. Being a new powder metallurgy method, microwave sintering (MWS) can effectively avoid composition segregation, reduce interfacial reactions, promote the uniform distribution of reinforcements, refine grains, and improve solid solubility [4]. Microwave sintering has become the main method to prepare high-performance aluminum alloys [5,6,7,8].



The energy crisis and the increasingly severe environmental protection situation have put forward higher requirements for lightweight high-performance structural materials. Rare earth elements have special physical and chemical activities and can be used as an ideal adding phase. Adding an appropriate amount of rare earth elements can refine the grain, optimize the structure, and eliminate impurities, and, furthermore, it can improve the comprehensive mechanical properties of alloys or composites [9,10]. As the most widely used high-strength lightweight material, the 2024 aluminum alloy is generally added with alloying elements to improve its microstructure and mechanical properties, and the addition of rare earth elements and their oxides has been proven to be one of the most effective methods. There are three strengthening mechanisms of rare earth elements in aluminum alloy or matrix composites: solid solution strengthening, fine grain strengthening, and dispersion strengthening [11].



In recent years, researchers have tried to explore the effects of different rare earth elements on the microstructures and mechanical properties of aluminum alloys. In 2009, TSAI Y C et al. [12] tried to add a certain amount of La into the A356 aluminum alloy. When the content of La was greater than 0.6%, the breaking elongation of the alloy was significantly improved, and when the content of La reached 1.0%, the eutectic Si phase in the alloy changed from coarse slats to short fibers. In 2019, Zhong Tao et al. [13] added a small amount (0.35 wt.%) of Ce to the 3003 aluminum alloy, and the micro Vickers hardness (HV) of the alloy obtained was 56.3 HV higher than that without Ce. In 2019, Ding W W et al. [14] added the Al-10Y alloy to the 6063 aluminum alloy, and the grain of the modified alloy was obviously refined, and the microstructure became more uniform. Studies have shown that an appropriate amount of rare earth Er has a good modification effect on the eutectic Al-Si alloy, and the addition of Er improves the mechanical properties of hypoeutectic aluminum alloy more than that of rare earth La [15,16]. The rare earth Er is another effective microalloying element besides Sc in aluminum alloys [17,18], and its price is relatively low. A micro amount of Er can generate fine and dispersed Al3Er particles in Al-Mg, Al-Mn, and Al-Zn-Mg alloys, which can effectively stabilize the substructure, inhibit recrystallization, and improve the comprehensive properties of the alloy [19]. On the premise of keeping the breaking elongation of the alloy unchanged, a small amount of Er addition can not only greatly improve the room temperature strength of pure aluminum and aluminum magnesium alloys, but can also increase the recrystallization temperature of the alloy, which is conducive to an improvement in high-temperature properties.



At present, the research on rare earth reinforced aluminum alloy mainly focuses on the fusion casting method, and on the mechanism of Y, Ce, La, and their mixtures in aluminum alloy and aluminum matrix composites. Compared to other rare earth elements such as Y, Ce, and La, the price of the rare earth element Er is more affordable, yet it has similar effects in enhancing the mechanical properties of aluminum alloys. This makes it more attractive economically. In addition, the research on adding rare earth elements to aluminum matrix composites prepared by microwave sintering is less. Different from traditional sintering methods, microwave sintering has the characteristics of uniform temperature, fast low-temperature sintering, and selective sintering. Therefore, it is necessary to explore the process of preparing a rare earth aluminum alloy by microwave sintering to further improve the properties of the aluminum alloy and its composites and develop new aluminum matrix composites. In this paper, the 2024Al-Er alloy was prepared by high energy ball milling, cold isostatic pressing, and microwave sintering, the effect of Er on the microstructure and mechanical properties was studied, and the mechanism by which the addition of Er affects the microstructure and performance of the alloy was discussed; in particular, the dynamic mechanical properties of the 2024Al-Er alloy were analyzed in detail, which provided a feasible idea for the preparation and development of a high-performance aluminum alloy.




2. Experimental Details


Commercial powders of 2024Al and Er were used as raw materials for the experiment. The particle size of the 2024Al powder was below 5 μm and that of the Er powder was below 40 μm. The morphologies of the two original powders are shown in Figure 1, and the chemical composition of 2024Al and the experimental scheme for preparing the new 2024Al-Er alloy are shown in Table 1 and Table 2.



Firstly, the two powders were mixed according to the proportion of ingredients and then placed into the high-energy ball milling machine for ball milling. The ball milling process parameters are shown in Table 3.



After high-energy ball milling, the evenly mixed powder was placed in a vacuum-drying oven at 60 °C for 72 h. Then, the dried powder was filled into the rubber mold, which was put into the cold isostatic press machine. The rubber mold filled with mixed powder could withstand a pressure of 300 MPa for 2 min. The pressed green bodies were sintered in the microwave sintering equipment with argon protection. The optimized microwave sintering process is demonstrated in Table 4.



The sintered specimens for microstructure observations were mechanically polished and then etched using Kohler reagent (2.5%HNO3 + 1.5%HCl + 1%HF + 95%H2O). The microstructures of the specimens were observed by the S-3400 N scanning electron microscope (SEM), and the phase analysis was performed using a D8 ADVANCE X-ray diffractometer (XRD)( BRUKER AXS GMBH, Karlsruhe, Germany).



The compactness of the 1 cm × 1 cm × 1 cm block was obtained in the experiment by means of the Archimedes principle. The actual density of the specimen can be calculated using Equation (1):


  ρ =     m   1       m   1   −   m   2     ·   ρ   w a t e r    



(1)




where   ρ   is the density of the specimen,     ρ   w a t e r     the density of distilled water used in the experiment,     m   1     is the mass of the dry specimen, and     m   2     is the mass of the specimen in the distilled water. The full density ρ0 of the alloy can be calculated using Equation (2):


    ρ   0   =  ∑    ρ   i   ·   v   i      



(2)




where     ρ   i     is the theoretical density of i phase, and     v   i     is the volume fraction. Then, the compactness I can be calculated from Equation (3):


  I =   ρ     ρ   0      



(3)







The dynamic compressive properties of the specimens were tested by the split Hopkinson pressure bar (SHPB). A schematic illustration of the SHPB system is presented in Figure 2. Cylindrical specimens of 8 mm diameter and 6 mm height were prepared for SHPB experiments. The specimens after a dynamic impact test were cut along the axial direction. After grinding, polishing, and etching, the microstructure changes after deformation were analyzed by OM and SEM. Moreover, the fracture morphology was observed. The effect of different Er additions on the impact deformation and failure behavior of the alloy was studied.




3. Results and Discussion


3.1. Microstructure


Figure 3 presents the SEM micrographs of the 2024Al-Er alloy with different Er contents: 0% (Figure 3a), 0.2 wt.% (Figure 3b), 0.4 wt.% (Figure 3c), 0.6 wt.% (Figure 3d), and 0.8 wt.% (Figure 3e). The Er-containing specimens showed changes in microstructure in comparison to the Er-free one.



Firstly, the grain size of the specimens changed. The grain size of the Er-free specimen is large and inhomogeneous, and the diameter of large grains is about 8 μm. With the increase in Er content, the grain size decreases gradually. When Er content is 0.6 wt.%, the average grain diameter is less than 5 μm. The grain size is significantly refined, and the grain shape is relatively smooth. The grain refinement in the 2024 aluminum alloy is mainly due to the addition of Er, which reacts with the Al in the matrix and generates fine Al3Er particles dispersed on the 2024Al matrix. These fine Al3Er particles can pin the dislocation and sub-grain boundary of the composite, and hinder the recombination of the dislocations and the migration of the sub-grain boundary, thus delaying the nucleation and growth of the grains and playing a role in refining grains. This is similar to previous research, which has shown that Er and Al can form an Al3Er compound. This compound has a high melting point and shares the same crystal structure as the aluminum matrix, making it suitable as a core for heterogeneous nucleation [20,21].



Secondly, the substitutional solid solution can be formed when Er is dissolved in the 2024Al matrix, which can fill the defects on the surface of the alloy phase, and it is also conducive to improving the nucleation rate, which is an important means of grain refinement. Moreover, during microwave sintering, Er can interact strongly with impurity elements Si and Fe in the 2024Al alloy, preventing them from entering the solid solution. Therefore, Er also has a certain purification effect on the grain boundary of the 2024Al alloy and can improve the toughness of the aluminum alloy [22].



When the Er content reaches 0.8 wt.% (Figure 3e), the grain size is uneven, with coarse elongated grains coexisting with fine ones and also including some coarse equiaxed grains. Such anisotropy in grain size and shape is detrimental to the mechanical proper-ties of the alloy. According to the literature, it can be inferred that the content of Er is high, forming inclusion Al8Cu4Er [23], and the refining effect is weakened.



Figure 4 presents the microstructure of the 2024Al-Er alloy obtained by SEM and the EDS mapping of the typical region of the 0.6 wt.% Er alloy. The EDS energy spectrum analysis was performed on the spot marked in Figure 4a, and the results show that the ratio of the atomic numbers of Al and Er is about 3:1 (Figure 4f), which can be deduced to be the Al3Er phase [24]. In Figure 4d, the content of the Er element in the marked area is obviously larger, which corresponds to Al3Er phases (Figure 4a), while there is a certain amount of Er in other areas, and the distribution is relatively uniform. On the one hand, Er dissolved in the 2024 aluminum alloy matrix can form a substitutional solid solution, which plays a role in solution strengthening; on the other hand, Er and Al form a fine compound Al3Er, which is dispersedly distributed in the 2024Al matrix. The distribution of Cu (Figure 4c) is relatively uniform, and there will be some elements gathered in a small range, mainly the Al2Cu phase in the 2024 aluminum alloy.




3.2. XRD Analysis


Figure 5 shows the XRD patterns of the 2024Al-Er alloy with different Er contents. For the Er-free alloy, the XRD patterns of the specimen are only Al and Al2Cu. As Er is added, the diffraction peak of Al3Er appears, and its intensity increases with an increase in Er content, indicating that the number of the Al3Er phase increases. That is to say, the addition of the Er element to the alloy does not completely exist in a solid solution form in the matrix. Part of it will be dissolved in the Al matrix for solid solution strengthening, while the other part will precipitate in the form of a fine Al3Er phase for dispersion strengthening. Moreover, the diffraction peak of Al8Cu4Er is not obvious, mainly because its content is relatively low and difficult to detect. This is consistent with the change trend of the microstructure in Section 3.1.




3.3. Compactness and Microhardness


Figure 6 shows the effect of Er content (0%, 0.2 wt.%, 0.4 wt.%, 0.6 wt.%, 0.8 wt.%) on the compactness and microhardness of the 2024Al-Er alloy. It can be seen that the Er content has a significant effect on the compactness of the alloy. When Er is not added, the compactness of the alloy is 95.7%. With the increase in Er addition (0.2 wt.%→0.4 wt.%→0.6 wt.%→0.8 wt.%), the compactness increases first and then decreases. When the Er content is 0.6 wt.%, the highest compactness arrived is 97.6%. The change in compactness mainly depends on the interaction between the matrix and reinforcing phase. During the sintering process, with an increase in Er content, the content of the Al3Er phase in the matrix increases, which will enhance the ability to absorb and convert microwaves, and produce more heat, which can cause the green-body rapid heating process, and lead to a more uniform structure and higher compactness. When the Er content is 0.8%, the compactness of the alloy decreases. It is regarded, through analysis, that an interaction occurred between Er and Al, and Cu in the 2024Al matrix, meaning the Al8Cu4Er phase with a low melting point is formed, and closed pores are generated in a local range, making the gas difficult to discharge [25,26,27]. On the other hand, due to the strong enrichment ability of rare earth Er in the matrix, most of the rare earth Er will gather at the junction of the two-phase interface. Excessive rare earth Er will cause the matrix to split locally, which will deteriorate the region and make the overall mechanical properties decrease instead.



As shown in Figure 6, with the increase in Er content, the microhardness first increases and then decreases. When the addition of Er is 0.6%, the microhardness reaches the maximum, which is 94.5 HV, 2.5% more than for the Er-free specimen. The reason for the microhardness increase in the 2024Al-Er alloy is that Er, as a heterogeneous atom dissolved in the matrix, causing lattice distortion in the matrix, and the potential barrier of the distorted lattice increases and the ability to resist deformation increases. From the perspective of microstructure, with the increase in Er addition, the number of the second phase in the material increases, and the grain boundary increases. The dislocations on the grain boundary intertwine with each other, forming a large number of defects, leading to an improvement in the deformation resistance and hardness of the alloy. When the addition of Er reaches 0.8 wt%, the hardness decreases. This is largely due to excessive Er reacting with Cu in 2024Al to form low-melting-point Al8Cu4Er phases, which would cause more pores in the structure, lower compactness, and lower hardness. Wang [28] studied the effect of densification in the 2024Al alloy reinforced with high-entropy alloy (HEA) particles of FeCoNi1.5CrCu. The initial compactness of the pure 2024Al alloy was 94.6%. Upon the introduction of the HEA particles, the maximum achieved compactness was 90.8%, and the maximum microhardness of FeCoNi1.5CrCu/2024Al composite material was 93.1 HV. This indicates that under the same preparation conditions, the effect of improving Er alloying on compactness and hardness is better than that of FeCoNi1.5CrCu HEA particles.




3.4. Tensile Properties


Figure 7 shows the tensile properties of the 2024 aluminum alloy under different Er contents. It can be concluded that with the increase in Er addition, the strength and plasticity of the alloy are both improved. When the addition of Er is 0.6 wt.%, it reaches its peaks at 160 MPa and 4.5%, respectively. According to Figure 3, we can see that when the addition of Er is less than 0.6 wt.%, the grain size of the 2024 aluminum alloy is significantly refined and equiaxed, producing fine grain strengthening. As is well known, grain refinement is beneficial for both the strength and plasticity of materials. If the Er addition continues to increase, the tensile strength and elongation decrease instead. On the one hand, the grain size of the alloy becomes uneven, which affects the mechanical properties of the material; on the other hand, when the amount of Er added exceeds 0.6 wt.%, in addition to the formation of the Al3Er phase, a portion of the AlCuEr phase may be formed, which reduces the mechanical properties of the alloy. Lei added Er to an Al-Si-Mg-Cu alloy and also found that the addition of 0.6 wt.% erbium has a greater promotion effect than an inhibition effect, and the alloy has the best mechanical properties at as-cast and heat-treatment conditions [29].




3.5. Dynamic Compression Properties


The dynamic compressive properties of the specimens were carried out on the split Hopkinson pressure bar (SHPB), as shown in Figure 2. The SHPB experimental device is mainly composed of two equal-length pressure bars, a short impact bar, and a set of impact loading devices. The strain (    E   s       t    ), strain rate (      E  ˙    s       t    ), and dynamic stress (    σ   s       t    ) of the specimen are calculated from Equations (4)–(6) [30]:


    E   s       t   = −   2 C   L     ∫  0   t      E   R     ( t ) d t    



(4)






      E  ˙    s       t   = −   2 C   L     E   R     ( t )  



(5)






    σ   s       t   = E   A     A   0         ε   T     ( t )  



(6)




where   C   and   E   are the elastic wave velocity and elasticity modulus of the pressure bar, respectively; L is the length of the specimen before impact;     A   0     and   A   are cross-sectional areas of pressure bar and the specimen before impact; and     E   R     ( t )   and     ε   T     ( t )   are the obtained reflected and transmitted waves, respectively.



Figure 8 are the dynamic compression stress–strain curves of the 2024Al-Er alloy with different Er additions at strain rates of 600 s−1 and 800 s−1. It can be learned that the stress–strain curves of the alloy are divided into elastic and plastic sections, each of which has obvious characteristics, and there is no obvious yield platform. True stress–strain curves at both strain rates show a wave-like response after yielding, indicating that dynamic recovery and dynamic recrystallization of the alloy occur. This is consistent with Xie’s research, which indicates that for the SiCp/2024Al composite, during the elastic phase, the influence of different strain rates on the elastic modulus of the composite is negligible; during the plastic phase, as the strain rate increases, the yield flow stress becomes larger, and the trend of strain hardening remains roughly the same. [31]. Upon analyzing the dynamic impact of plastic deformation, it is seen that the dynamic recovery caused by the slip of the cross spiral dislocation and the edge dislocation is limited, and the subgrain boundary is not significantly formed. The dislocation density remains high, resulting in a rapid increase in energy storage. When the storage energy of the deformed metal reaches a critical value, dynamic recrystallization occurs [32]. In addition, under the condition of high strain rate, the flow stress of the alloy has a certain fluctuation, which is caused by the inertial dispersion effect and external interference that the SHPB is difficult to avoid.



Under different strain rates, the curve coincidence degree of the elastic segment is low, and the change trend is basically consistent. Therefore, the strain rate has a certain influence on the elastic modulus of the 2024Al-Er alloy. At a strain rate of 600 s−1, the dynamic yield stress of the specimens increases gradually with the increase in Er addition (Figure 8a). When the Er content is 0.6 wt.%, the dynamic yield stress reaches the maximum value of 289.6 MPa and then decreases. When the strain rate increases from 600 s−1 to 800 s−1, the true stress–true strain curve of the Er/2024Al alloy with different Er contents generally moves upward (Figure 8b), indicating increased stress on the material, and showing the positive strain rate-strengthening effect. When the Er content is 0.6 wt.%, the dynamic yield stress reaches 371.3 MPa, an increase of 28.2% in comparison to that under a 600 s−1 strain rate. It can be seen from the plastic section curve that the dynamic yield stress increases with an increase in strain rate, and there is a trend of strain hardening. It is believed that the alloy with 0.6 wt.%Er has the smallest grain and the highest compactness, which is an important factor for improving the strength. Small grains are more likely to lead to dislocation packing, forming a pinning effect, and exerting the dislocation strengthening mechanism [33].



Figure 9 shows the macro deformation of 0.6 wt.% Er and Er-free specimens under different strain rates. It can be concluded that when the strain rate is 600 s−1, the deformation degree of the specimen is 32.2%, and there is no obvious macroscopic damage of shear failure in the specimen. When the strain rate reaches 800 s−1, the deformation degree of the two specimens is 55.3% (0.6 wt.% Er) and 48.2% (Er-free), respectively, and the specimens are seriously damaged. However, from the macroscopic morphology, the damage of the Er-free specimen is more serious, showing the characteristics of brittle fracture.



The microstructure of the 0.6 wt.%Er specimen obtained by light microscopy after dynamic shock loading is presented in Figure 10, and the strain rates are 600 s−1 and 800 s−1 respectively. When preparing the metallographic specimen, it is necessary to cut the specimen along the axis after dynamic compression and take its profile as an observation plane; i.e., the metallographic observation plane shall be parallel to the compression direction.



It is found that the microstructures of the samples vary with the impact condition. The grains are elongated in a direction perpendicular to that of the impact loading at a lower strain rate (600 s−1). By analyzing the micrographs of the two samples, it is found that with the strain rate and the degree of grain refinement increasing, the elongation increases. The average grain size decreases with the increase in strain rate. This is because when the strain rate increases, the deformation time of the alloy will be shortened, resulting in grain refinement and restrained growth of recrystallized grains. In units of time, the dislocation density in grains increases faster, and the accumulated deformation storage energy is also higher, which will promote the nucleation of recrystallized grains, leading to grain refinement.



The results of scanning electron microscopic (SEM) investigation of the 0.6 wt.%Er specimen after high-strain-rate (800 s−1) deformation under impact loading are presented in Figure 11. Due to instantaneous stress waves, a short standing of high-intensity stress is generated, and it is difficult to transfer the heat generated by the plastic deformation of local regions in time as the process is almost adiabatic. Local softening occurred due to temperature rise, while surrounding regions remained hardened. When further loaded, if the thermal softening conquers the strain rate hardening, the deformation will occur in a strong plastic shear band, forming an adiabatic shear band (ASB) [34].



As is known to all, the formation of localized shear bands is a unique form of microdamage in materials under impact loads, and the formation of shear bands indicates the beginning of material catastrophic failure. It is obvious that the occurrence of the heterogeneous deformation caused the formation of ASB in the alloy (Figure 11a). When excessive thermal softening leads to a decrease in load-carrying capacity and strong strain in the local region along the narrow paths, shear bands will develop. So, the ASBs can be clearly distinguished from other parts of the microstructure under SEM. The second-phase particles in the alloy are also elongated and arranged along the ASB region and become denser than those outside the shear bands (Figure 11b). The main factor contributing to strain localization is the thermal softening of the matrix in the shear band region. Under the combined action of the pressure of the rigid matrix outside the shear band and the shear flow of the viscoplastic matrix in the shear band region, the arrangement of the second-phase particles in the shear band region is more compact. In a previous study, analogous phenomena were also observed [35].



Figure 12 presents the fracture surfaces of dynamic compression specimens. It can be clearly seen that extensive irregular cleavage planes and some cracks are apparent on the entire fracture surface of the Er-free specimen, as shown in Figure 12a. The cracks expand along the grain boundary, and the grain boundary is obvious. The polyhedron morphology of each grain is similar to the stacking of rock candy. It indicates that the fracture characteristics exhibit quasi-cleavage fracture, resulting in a low strength value of the specimen. Meanwhile, the 0.6 wt.% Er specimen exhibits some dimples, and the number of cracks is reduced. As can be seen in Figure 12b, the morphology of dimple fracture from a 0.6 wt.% Er specimen is obvious, and the dimples are slightly deep and well distributed, which results in higher mechanical properties. However, the morphology of the dimple fracture of the Er-free specimen is not evident, and the dimples are very flat and unevenly distributed. Therefore, the mechanical properties are far inferior to those of the specimen modified with 0.6 wt.% Er. This shows that the addition of Er improves the plasticity and toughness of the 2024Al alloy.



In general, the propagation of cracks is always present along the direction of the small atomic bonding force. The addition of trace Er makes the microstructure homogenized and refined, which improves the plastic deformation ability of the alloy and hinders crack propagation along the grain boundary [36]. This shows that the addition of Er improves the impact toughness of the alloy. The fracture mode is no longer a simple brittle fracture, and the tendency of ductile fracture begins to appear, which is consistent with the results of a metallographic microstructure and stress–strain curves.





4. Conclusions


An Er/2024Al alloy with different Er contents was prepared by ball milling, cold isostatic pressing, and microwave sintering. The results can be summarized as follows:



(1) When the sintering temperature is 490 °C, the heating rate is 20 °C/min, and the soaking time is 30 min. Thus, the addition of Er can significantly refine the grains of the 2024Al alloy, with the main mechanism being the presence of the Al3Er phase. This phase acts as a heterogeneous nucleation site, greatly increasing the nucleation rate. Moreover, small Al3Er particles exert a pinning effect on dislocations and sub-grain boundaries, thereby causing a significant reduction in grain size. The grain size of the 0.6%Er specimen is about 5 μm, which is the optimal value.



(2) The mechanical properties of the 2024Al alloy were improved with the addition of Er. Due to the refinement of the grains, the compactness, strength, and toughness of the alloy were elevated. When the Er content is 0.6%, the compactness and microhardness reach maximum levels, which are 97.6% and 94.5 HV, 1.9% and 2.8% higher than those of the Er-free specimen, respectively. At the same time, the tensile strength and elongation reach the peak at 160.5 MPa and 4.4%, respectively.



(3) At both the strain rates of 600 s−1 and 800 s−1, the dynamic yield stress of the specimens increases gradually with an increase in Er content. For the 0.6 wt.% Er specimen, the dynamic yield stress reaches 371.3 MPa at a strain rate of 800 s−1, which is 28.2% higher than that under a 600 s−1 strain rate. The toughness of the 2024Al-0.6 wt.% Er alloy is enhanced and dimples appear, indicating that the fracture mode changes from brittle fracture to ductile fracture.



The 2024Al alloy has excellent comprehensive mechanical properties, and with the development of the aerospace industry, its requirements for comprehensive performance are constantly increasing. By conducting research on the action effect of rare earth erbium alloying on the microstructure and properties of the 2024 aluminum alloy, it is possible to further optimize the comprehensive performance of the 2024 aluminum alloy, laying the necessary theoretical and practical foundation for the development of advanced high-strength and high-toughness aluminum alloy materials.
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Figure 1. Morphology of the original powder: (a) 2024Al and (b) Er. 
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Figure 2. Schematic representation of split Hopkinson pressure bar (SHPB) system. 
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Figure 3. The SEM micrographs of 2024Al-Er alloy with different Er content: (a) Er-free, (b) 0.2 wt.%, (c) 0.4 wt.%, (d) 0.6 wt.%, and (e) 0.8 wt.%. 
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Figure 4. The microstructure of the 2024Al-Er alloy obtained by SEM and EDS mapping of the typical region of the 0.6 wt.% Er alloy: (a) overall view map; (b) Al; (c) Cu; (d) Er; (e) element composition of (a); and (f) element composition at spot 1. 
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Figure 5. XRD pattern of 2024Al-Er alloy. 
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Figure 6. Dependence of compactness and microhardness of 2024Al-Er alloy with different Er content. 
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Figure 7. Dependence of tensile strength and elongation of 2024Al-Er alloy on different Er contents. 
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Figure 8. True stress–true strain curves obtained from the specimens with different Er content: (a) 600 s−1 and (b) 800 s−1.. 
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Figure 9. The macro deformation of 0.6 wt.% Er and Er-free specimens under different strain rates. 
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Figure 10. Optical micrographs of 0.6%Er specimens after exposure to different dynamic impact loads: (a) 600 s−1 and (b) 800 s−1. 
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Figure 11. (a) The results of scanning electron microscopic investigation of the 0.6%Er specimen after high strain rate (800 s−1) and (b) enlargement of blue wireframe area in Figure 9a. 
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Figure 12. The SEM analysis of fracture surfaces of the dynamic compression specimens: (a) Er-free, (b) 0.6 wt.% Er addition. 
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Table 1. The chemical composition of 2024Al (wt.%).
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	Element
	Al
	Cu
	Mg
	Mn
	Si
	Fe
	Cr
	Zn
	Ti
	Others





	Content
	Residual
	3.8–4.9
	1.2–1.8
	0.3–0.9
	≤0.5
	≤0.5
	≤0.1
	≤0.25
	≤0.15
	≤0.15










 





Table 2. Experimental plan for the preparation of 2024Al-Er alloy (wt.%).
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	Serial No.
	2024Al
	Er





	0
	100.0
	0



	1
	99.8
	0.2



	2
	99.6
	0.4



	3
	99.4
	0.6



	4
	99.2
	0.8










 





Table 3. The ball milling process parameters.
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	Parameters
	Level





	Milling time
	5 h



	Alcohol-to-powder material ratio
	2:3



	Balls-to-materials ratio
	5:1



	Large balls-to-medium balls-to-small balls ratio
	1:2:4










 





Table 4. The technological parameters of microwave sintering process.
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	Parameters
	Level





	Output power
	4 kW



	Frequency
	2.45 GHz



	Heating temperature
	490 °C



	Heating rate
	20 °C/min



	Soaking time
	30 min
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