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A series of fine-grained FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) medium-entropy alloy (MEA) and high-entropy alloys (HEAs) were fabricated by Mechanical Alloying (MA) and Spark Plasma Sintering (SPS). The effect of Al and Cu content (x) on phase composition, microstructure, and mechanical properties of the alloys was investigated. Experimental results show that the crystal structure of FeCoNi(CuAl)x alloy transforms from single (face-centered cubic) FCC phase for x = 0 to FCC + BCC duplex phases for x = 0.4∼1.0, with the fraction of (body-centered cubic) BCC phase gradually increasing with the increase of x. Adding a low content of Al and Cu elements to FeCoNi alloy can significantly hinder the grain growth during sintering process, the average grain size of FCC phase decreases from 0.95 to 0.30 µm at x = 0.4. However, the grain sizes of FCC and BCC phases gradually grow up when x increases from 0.4 to 1.0. The variation in grain size indicates that the atomic diffusion rate of sintered alloy may be influenced by the sluggish diffusion effect in HEA as well as the content of Al and Cu with lower melting points. Mechanical properties of the HEAs are mainly affected by the volume fraction of BCC phase. The compressive yield strength and hardness of HEAs are improved at first and then slightly reduced, while the plasticity drops down continuously with the increase of x. The bulky HEA achieved excellent comprehensive mechanical properties with a compressive yield strength of 1,467.7 MPa and plastic strain to failure of 24.9% at x = 0.6, due to the fine duplex microstructure.
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INTRODUCTION
Different from traditional alloy design strategies, the concept of high-entropy alloys (HEAs) was first proposed by Yeh et al. in 2004. Generally, HEAs consist of at least five constituents in equimolar or near equimolar proportions, with atomic concentration ranging between 5% and 35% (Yeh et al., 2004; Ye et al., 2016; Miracle and Senkov, 2017). Due to their special multiple-principal-element composition and high configurational entropy, HEAs generally tend to form simple solid solution phases like face-centered cubic (FCC), body-centered cubic (BCC), hexagonal close-packed (HCP) phases or a mixture of them. In addition, some HEAs have promising properties, such as excellent mechanical properties (Zhang et al., 2014; Fu et al., 2018; Lei et al., 2018; Long et al., 2019; Zhang et al., 2020), oxidation resistance (Nong et al., 2018), high-temperature mechanical properties (Senkov et al., 2018a; Senkov et al., 2018b; Senkov et al., 2018c), outstanding wear resistance (Ye et al., 2018; Li et al., 2019) and corrosion resistance (Fujieda et al., 2017; Luo et al., 2018; Zhou et al., 2019), and so on. This new alloy system has been extensively researched in recent years.
FeCoNiCr-based HEA is one of the earliest proposed and most intensively investigated alloy systems. They usually consist of single-phase FCC structure or FCC + BCC dual-phase structure. Generally, single FCC-phase HEAs are ductile but soft (Li et al., 2017; Xiang et al., 2019), and single BCC-phase HEAs have high strength but are less ductile (Senkov et al., 2011; Zhang et al., 2012), while a combination of these two phases can make a good balance between strength and ductility (Lu et al., 2014). The general strengthening method of FeCoNiCr HEA is adding other elements (Al, Ti, Mn, Cu, Mo, etc.) to study their effects on the phase composition and mechanical properties [such as FeCoNiCrCu (Zhang et al., 2011), FeCoNiCrAl (Tian et al., 2019), FeCoNiCrMn (Han et al., 2019), FeCoNiCrMox (Liu et al., 2016), etc.]. Tong et al. (2019) prepared a precipitation-strengthened FeCoNiCrTi0.2 high-entropy alloy using arc melting and casting methods. It exhibits a great increase in yield strength (σ0.2) and ultimate tensile strength (σUTS), with little loss in ductility at room temperature compared with the single-phase FeCoNiCr parent alloy; in addition, at cryogenic temperatures, its σ0.2 and σUTS are increased from 700 MPa to 1.24 GPa to 860 MPa and 1.58 GPa, respectively, associated with a ductility improvement from 36% to 46%. In recent years, systematic studies on FeCoNiCuAl HEA and its variant alloys prepared by different methods have been carried out. Zhuang et al. (2012) and Zhuang et al. (2013) studied the microstructure and mechanical properties of a series of FeCoNiCuAl high-entropy alloys in as-cast and heat-treated conditions. During the casting process of FeCoNiCuAl HEA, Cu element tends to segregate to interdendritic regions, which affects the comprehensive properties of the material. Fu et al. (2016) prepared a CoNiFeAl0.3Cu0.7 HEA with single-phase FCC structure by a combination method of Mechanical Alloying (MA) and Spark Plasma Sintering (SPS). Its yield strength and hardness were 1795 MPa and 454 Hv, respectively. Compared with the casting method, the combination of MA + SPS has advantages of low-temperature sintering, rapid sintering, multi-field coupling, etc., which makes the prepared alloys have the characteristics of high density, fine grains, uniform microstructure and less segregation.
According to earlier researches (Tung et al., 2007; Li et al., 2010; Yang et al., 2015; Matusiak et al., 2019), in FeCoNiCuAl HEAs, Al element can promote the formation of BCC phase, while Cu element can stabilize FCC phase. Actually, the addition of Al and Cu into FeCoNi medium-entropy alloy (MEA) might not only increase the entropy of alloy, lead to the phase transformation, but also influence the diffusion rate and grain growth of the alloy at elevated temperature. In the present work, the competitive influence of Al and Cu elements on the phase formation of the alloy was researched, bulky FeCoNi(CuAl)x (x = 0∼1, means the content of Cu and Al elements) MEA and HEA samples with fine grains were prepared by powder metallurgy method (MA + SPS), the mechanical alloying behavior of powders during ball milling process and the phase formation of bulky MEA and HEAs during sintering were analyzed; the grain sizes in various sintered samples were measured in order to evaluate the atomic diffusion rate of HEAs; meanwhile, the effects of Al and Cu content on phase formation, microstructure evolution and mechanical properties of FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) MEA and HEAs were also investigated.
EXPERIMENTAL
In the present experiment, five kinds of elemental powders, Fe, Co, Ni, Cu and Al, with purity greater than 99.9 wt%, were used as raw materials. Their physical properties are shown in Table 1. These five elements were mixed with each other in proportions of FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0), the mixing enthalpy among the relative elements are shown in Table 2.
TABLE 1 | Characteristic parameters of alloy elements.
[image: Table 1]TABLE 2 | Mixing enthalpy of atomic pairs (kJ mol−1).
[image: Table 2]The mixed powders were then placed in a stainless-steel ball mill tank at a ball-to-material ratio of 12:1 and the MA process was performed under the protection of high purity argon atmosphere. In the vacuum glove box, a small amount of powders ball-milled for 10, 20, 30 and 40 h were taken out for analysis. The powders ball milled for 40 h were subsequently consolidated in a graphite die by a spark plasma sintering (SPS) machine (Sumitomo Coal Mining Co., Ltd., Japan) at 1,100°C for 10 min in vacuum atmosphere. The sintering pressure was 50 MPa. The powders were heated to the sintering temperature at the heating rate of 100°C min−1. The fabricated bulky HEA samples were cylinders with a diameter of 20 mm and height of 10 mm.
The phase analysis of ball milled powders and sintered samples were conducted by a Bruker D8 ADVANCE X-ray diffractometer (XRD) with a rotating Cu anode and cross-beam optics selection Cu-Kα (λα1 = 1.54059 Å, λα2 = 1.54441 Å). Its scanning step was 0.02° and the angular 2θ range was 20° < 2θ < 100°. The thermal analysis of the alloy powders milled for 40 h were performed in the Differential Scanning Calorimeter (DSC, NETZSCH STA 449C) from room temperature to 1,280°C with a heating rate of 10 K min−1 under flowing high purity argon atmosphere. Microstructures of sintered samples were observed by Scanning Electron Microscope (SEM, Nova Nano SEM 430, United States). The phase composition and microstructure of bulk alloys were analyzed by Transmission Electron Microscope (TEM, TECHNAL G2 F20 S-TWIN, United States) with an EDS. Specimens for TEM tests were thinned by mechanical polishing and then via ion beam thinning. After that, the samples were cleaned with acetone first and then with absolute ethyl alcohol. The electron back-scattered diffraction (EBSD) was used to investigate the phase distribution of sintered samples, mechanically polished and ion polished specimens were used for observation. Densities of consolidated alloy samples were measured by Archimedes principle method. The measuring medium was deionized water. The hardness test (according to the Chinese national standard-GB/T 4340.1-2009) was carried out by a digital Micro Hardness (Tester HVS-1000 Vickers hardness apparatus) at a load of 500 gf holding for 20 s. Ten points were evenly selected on the sample for measurement to obtain the average value, with each indent spaced about 0.5 mm from one another. The samples for XRD, SEM, Density and Hardness test were cut to the size of 6 × 6 × 8 mm, then mechanically polished and ultrasonic cleaned. Compressive properties at room temperature were measured by a universal testing machine (AG-100 KNx, Shimadzu Corporation, Japan) at a strain rate of 10−3 s−1 using cylinder specimens with the size of Φ3 × 6 mm and three compression specimens were measured for each component. In order to avoid the influence of carbon diffusion during sintering, the surface of sintered samples were cut off by 1 mm by wire electrical discharge machining before sampling and analyzing.
RESULTS AND DISCUSSION
Phase Transformation and Microstructure Evolution
X-ray diffraction (XRD) patterns illustrate the mechanical alloying process of pre-mixed elemental powders with different compositions during ball milling and their phase compositions, as shown in Figure 1. It is found that with the increase of milling time, the intensities of diffraction peaks of original elements decrease sharply and meanwhile peaks of a new solid solution phase emerge. After ball milling for 20∼40 h, single FCC phases are identified as basic crystal structure in the mechanically alloyed powders. It is noticed that when the content of Al and Cu elements increases from 0 to 1.0, the mechanical alloying rate becomes slower, indicating that the addition of Al and Cu elements to Fe-Co-Ni powders slows down the process of mechanical alloying and increases the time required to form a solid solution phase, without affecting the final solid solution structure. According to Table 1, Fe, Co, and Ni have similar electronic structure and atomic radius, so these three elements tend to form substitutional solid solution easily in the process of mechanical alloying. When Cu and Al elements are added, due to their relatively large atomic radius, large lattice distortion would be introduced during the alloying process, and the number of elements also increases, which might hinder the mechanical alloying process. In high-entropy alloys, the formation of a new phase depends on the cooperative diffusion of many different kinds of atoms, the interaction between different kinds of atoms and the severe lattice distortion would decrease the effective diffusion rate in HEAs and thus the mechanical alloying time needed to form a solid solution phase would increase. Furthermore, the grain size and lattice strain of the respective powders ball milled for 40 h are calculated from the diffraction peak widths by Williamson-Hall equation (Williamson and Hall, 1953) and are given in Table 3. After ball milling for 40 h, the average grain sizes of powders are reduced to 12.71∼29.83 nm.
[image: Figure 1]FIGURE 1 | XRD patterns of FeCoNi(CuAl)x MEA and HEA powders with different milling times: (A) x = 0; (B) x = 0.4; (C) x = 0.6; (D) x = 0.8; (E) x = 1.0.
TABLE 3 | Average grain sizes, lattice strains and lattice constants of 40 h-milled FeCoNi(CuAl)x MEA and HEA powders.
[image: Table 3]DSC curves for FeCoNi(CuAl)x alloy powders milled for 40 h are shown in Figure 2. There are no obvious exothermic or endothermic peaks in the DSC curve for x = 0, which means during the heating process the powder has good thermal stability and remains the single FCC structure. In the range of 0.4 ≤ x ≤ 0.8, the DSC curves exhibit obvious endothermic and exothermic peaks, indicating the occurrence of phase transformation, i.e., precipitation and solid dissolution of second phase during the heating process. As x reaches 1.0, it can be seen that the DSC curve has a clear exothermic peak at 313.7°C, while the endothermic peak is hardly visible. Comparing the exothermic peaks of various FeCoNi(CuAl)x alloy powders in Figure 2, it is found that with the increase of Al and Cu content, the FCC solid solution generated by mechanical alloying becomes more unstable and the precipitation temperature of the second phase is descending.
[image: Figure 2]FIGURE 2 | DSC curves of 40 h-milled FeCoNi(CuAl)x MEA and HEA powders.
Figure 3 shows XRD results of bulky MEA and HEA sintered samples. It is revealed that the sintered samples remain the single FCC crystal structure in the FeCoNi MEA; but while the content of Cu and Al increases, BCC phase is generated from the FCC matrix during the sintering process and the sintered HEAs exhibit BCC + FCC dual-phase structures. The XRD results of the sintered samples confirm the phase transformation shown in Figure 2. The exothermic peaks observed in Figure 2 correspond to the precipitation of BCC phase from the supersaturated FCC alloy powders at a lower temperature and the endothermic peaks in it indicate partial solid solution of BCC phase into FCC matrix at a higher temperature.
[image: Figure 3]FIGURE 3 | XRD patterns of sintered bulky FeCoNi(CuAl)x MEA and HEAs.
According to the diffraction peak strength of FCC and BCC phases shown in Figure 3, it is clearly seen that the fraction of BCC phase increases obviously with the increase of Al and Cu contents. It is suggested that the increase of Al and Cu contents will promote the formation of BCC phase in FeCoNi(CuAl)x alloys, and make its structure change from single FCC phase to FCC + BCC dual-phase. Additionally, we can see from Table 4, the lattice constants of FCC and BCC phases are continuously increased with the increase of x due to the addition of Al and Cu with relatively large atomic radius. As previously reported, Al promotes the formation of BCC phase, while Cu lead to the formation of FCC phase (Tung et al., 2007; Li et al., 2010; Yang et al., 2015; Matusiak et al., 2019). When the content of Al and Cu changes at the same time in the present work, the effect is similar with that of changing the Al content alone, which demonstrates that in the competition between the two elements Al dominates the phase formation in the HEA.
TABLE 4 | Lattice parameters, lattice strain and phase fraction of FeCoNi(CuAl)x MEA and HEAs.
[image: Table 4]The microstructure of FeCoNi(CuAl)x bulk alloys sintered at 1,100°C was observed and analyzed by Scanning Electron Microscope (SEM). The back scattering images are presented in Figure 4. Single FCC phase matrix and a small amount of oxides are observed at x = 0, the volume fraction of oxides is about 4.4%; and the HEA basically remains single phase structure for x = 0.4. In the specimens with x ranging from 0.6 to 1.0, it can be seen clearly that there are two kinds of phases in the microstructure, that is, light gray phase and dark phase, which are consistent with XRD results. While x = 0.6, the second phase disperses uniformly on the matrix in a granular morphology. With the continuous increase of the contents of Al and Cu elements, the second phase increases significantly and its distribution tends to be agglomerated and entangled gradually. It is also found from Figure 4 that the FeCoNi (x = 0) ternary alloy contains more oxides than other alloys that containing Al and Cu elements. It is previously reported that adding Al element to FeCoNi alloy can effectively limit the formation of oxides (Butler and Weaver, 2016).
[image: Figure 4]FIGURE 4 | SEM back scatter electron images of the bulk FeCoNi(CuAl)x MEA and HEAs: (A) x = 0; (B) x = 0.4; (C) x = 0.6; (D) x = 0.8; (E) x = 1.0.
Figure 5 illustrates TEM bright-field image and selected area electron diffraction patterns (SAED) of FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) alloys. Apparently, the sintered alloys exhibit fine equiaxed microstructures. The SAED pattern in Figure 5A shows that the FeCoNi ternary alloy consists of single FCC phase and there are a few fine oxide particles at the grain boundary (as pointed by the arrow in Figure 5A). The FeCoNi alloy has a wide grain size distribution; the larger grain sizes are above 1 µm while the smaller grain sizes are less than 200 nm. After adding Cu and Al (x = 0.4), the grain sizes of sintered samples become more homogeneous, and the average grain size of FeCoNi(CuAl)0.4 high-entropy alloy is significantly reduced, as shown in Figure 5B. With the following increase of Al and Cu content, the grain size of the material shows an obvious increasing trend, as seen in Figures 5C–E. At x = 1.0, the average grain size of FeCoNiCuAl high-entropy alloy grow up to be close to that of the FeCoNi ternary alloy. For x = 0.4, 0.6, 0.8, 1.0, oxide particles are hardly found in TEM bright-field images, suggesting that the oxidation of HEAs are suppressed by the addtion of Al. SAED analysis of FeCoNi(CuAl)x (x = 0.4, 0.6, 0.8, 1.0) HEAs shows that FCC and BCC phases both exist in bulky high-entropy alloys with the addition of Al and Cu elements. The insets in Figure 5D present the SAED patterns of the selected grains marked as A and B in Figure 5D. According to the SAED results, A is indexed to be a FCC structure, while B possesses a BCC structure. The EDS/TEM compositions of each phase for FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) MEA and HEAs are shown in Table 5. The BCC phase is found to be enriched in Al and Ni elements, while FCC phase is enriched in Fe, Co and Cu elements. It should be pointed out that though the existence of BCC phase is not found in the XRD result because of its low volume fraction in the FeCoNi(CuAl)0.4 specimen, SAED patterns discovers that miner BCC has been formed in the HEA with x of 0.4.
[image: Figure 5]FIGURE 5 | TEM images of bright field and corresponding SAED patterns of bulk FeCoNi(CuAl)x alloys (x = 0,0.4, 0.6,0.8, 1.0): (A) x = 0, inset: SAED pattern of FCC matrix along [011] axis; (B) x = 0.4; (C) x = 0.6; (D) x = 0.8, inset A: SAED pattern of grain A corresponding to a FCC structure along [011] axis; inset B: SAED pattern of grain B corresponding to a BCC structure along [001] axis; (e) x = 1.0.
TABLE 5 | EDS/TEM results (in at%) of the phases of bulk FeCoNi(CuAl)x MEA and HEAs.
[image: Table 5]As the content of Al and Cu increases, the percentage of BCC phase increases. It can be seen from Table 5 that with the precipitation of BCC phase, Al and Ni are depleted in FCC phase and other elements are enriched in FCC phase, thus makes FCC phase became different from the nominal composition.
According to the theory of solid solution formation (Zhang et al., 2008; Wang et al., 2015), simple solid solution phases are supposed to form when thermodynamic parameters Ω (Zhang et al., 2008), atomic size difference δ (Zhang et al., 2008), and atomic size parameter γ (Wang et al., 2015) of the high-entropy alloys satisfy the conditions that Ω ≥ 1.1, δ ≤ 6.6%, and γ ≤ 1.175. It can be seen from Table 6 that the sintered alloys with various compositions all satisfy this criteria. As to determination of lattice structure, Guo and Liu (2011) and Guo et al. (2011) proposed that single FCC solid solution phase will be formed if VEC > 8. As the VEC of the five high-sintered alloys are greater than 8, these five MEA and HEAs can form single FCC solid solution phase, but actually the sintered alloys prefer to form FCC + BCC two-phase alloy except the ternary alloy. It is indicated that the phase formation is not only associated with the composition, but also influenced by the processing temperature. From the former DSC results, phase transformation is observed in the quinary HEAs. During the heating process of mechanically alloyed HEA powders, BCC phase is first precipitated from the supersaturated FCC matrix, and then partially dissolved into the FCC phase with the rising temperature. This result is basically consistent with the FeCoNiCuAl HEA phase diagram previously estimated by Beyramali Kivy et al. (2017) that illustrated the phase fraction changes as a function of temperature. At a temperature higher than about 950 K, FeCoNiCuAl HEA tends to exhibit a single FCC phase structure, while at a temperature below ∼950 K, FCC solid solution became unstable and there exists a two-phase zone of FCC + BCC phases.
TABLE 6 | Relevant parameters of FeCoNi(CuAl)x MEA and HEAs.
[image: Table 6]According to Gibbs free energy formula, stability of single-phase solid solution relies on mixing enthalpy and configuration entropy of an alloy system. When configuration entropy dominates in the alloy system, stable single-phase solid solution can be formed. However, in most cases, the enthalpy of mixing and other factors will affect the stability of phases in alloys to a certain extent, leading to formation of multiphase or intermetallic compounds in alloys. If the tendency of forming compounds among alloying elements is relatively large, this tendency will be reflected in the high-entropy alloy. Based on the parameter from Table 2, there is a relatively large negative mixing enthalpy between Al and Ni elements. It can be predicted that in the high-entropy alloy, If the content of Al and Cu elements increases, the second phase rich in Al and Ni elements would inevitably be formed, which can explain the appearance of the second phase in FeCoNi(CuAl)x HEA samples. In addition, Al atom has the largest atomic radius of 1.43 Å in FeCoNi(CuAl)x HEAs system. In the process of SPS sintering, Al element tends to precipitate from the FCC matrix by combining with other elements, thus reducing the lattice distortion and elastic energy of the matrix. In fact, this transformation of alloy structure from single FCC phase to FCC + BCC dual-phase caused by changing Al and Cu elements at the same time is similar with the situation of changing Al elements in FeCoNiCuAl (Beyramali Kivy et al., 2017). It is suggested that though Al and Cu contents are changed simultaneously in FeCoNi(CuAl)x high-entropy alloys, Al element may play a dominant role in the phase transformation. In the process of sintering, the internal stress in the high-energy ball-milled powders is released, the lattice defects are greatly reduced, phase transformation occurs in the supersaturated solid solution by atomic inter-diffusion. Moreover, the ball-milled powders exhibit a severely-plastic-deformed nanocrystalline structure, and a large amount of lattice defects and grain boundaries can promote the diffusion of atoms, thus facilitating the occurrence of phase transformation.
In order to determine the grain size and distribution of each phase, EBSD examination were carried out on FeCoNi(CuAl)x MEA and HEAs. EBSD results are shown in Figure 6 and corresponding grain distribution statistical charts and phase volume fraction are illustrated in Figure 7. For x = 0, only a single FCC phase structure is observed, and there are a certain number of twin boundaries in the grains. Its average grain size is measured to be 0.95 µm. For x = 0.4, there are a few BCC phase dispersed in the matrix with FCC structure, and the average grain sizes for FCC and BCC phase are dramatically reduced to only 0.30 and 0.27 µm, respectively. When x increases from 0.4 to 1, the volume fraction of second phase increases continuously, and the second phase begins to agglomerate and form connected regions. At x value of 1.0, its volume fraction arrives at 58%, even exceeding the proportion of FCC phase. Additionally, the grain sizes of two phases grow up with the addition of Al and Cu content. As x increased up to 1.0, the average grain sizes of FCC and BCC phases rise to 0.68 and 0.84 µm, respectively.
[image: Figure 6]FIGURE 6 | EBSD phase maps of bulk FeCoNi(CuAl)x MEA and HEAs: (A) x = 0; (B) x = 0.4; (C) x = 0.6; (D) x = 0.8; (E) x = 1.0 (green-FCC, red-BCC).
[image: Figure 7]FIGURE 7 | Statistical grain diameter distribution and phase volume fraction of bulk FeCoNi(CuAl)x MEA and HEAs: (A) x = 0; (B) x = 0.4; (C) x = 0.6; (D) x = 0.8; (E) x = 1.0.
While the content of Al and Cu (x) is 0.4, an interesting phenomenon could be seen that the grains of the HEA are refined remarkably in comparison to the ternary alloy (as shown in Figures 6A,B). This grain refinement is probably caused by the sluggish diffusion effect due to the addition of Al and Cu, which is previously proposed by Yeh and TONG et al. to explain the nano-grained microstructure in HEAs (TONG et al., 2005; Yeh, 2013). Diffusion of elements might be hindered in multi-principle-component alloys because of the large fluctuation of lattice potential energy (LPE) between lattice sites. There may exist plenty of low LPE sites that act as traps for atomic diffusion, and also some high LPE sites that are hard for atoms to jump into, thus leading to the sluggish diffusion effect. The reduced diffusion rate would retard the grain boundary migration and slows down the grain growth during the sintering process. However, with the increase of the content of Al and Cu (x), the grain size increases gradually, and the FeCoNiCuAl specimen with equiatomic ratio has an average grain size almost close to the ternary FeCoNi alloy. This result suggests that the atomic diffusion rate of FeCoNiCuAl HEA can also be affectted by the concentration of Al and Cu elements. When x increase in FeCoNiCuAl HEA, content of Al and Cu elements which have lower melting points keep increasing, thus the activation energy of atomic diffusion is reduced and the diffusion rate in HEAs may be developed, subsequently the grain growth rate is increased in the sintered alloy. Meanwhile, the measured average grain sizes of BCC phases is a bit larger than those of FCC phases due to the higher content of Al in BCC phase and the difference in crystal structure. Anyway, statistical analysis results in Figure 7 show that all the average grain sizes of the quinary HEA samples are still smaller than the ternary MEA sample, suggesting a reduced atomic diffusion rate in HEAs, if the difference in original grain sizes in the ball milled powders could be ignored.
Mechanical Properties
Figure 8 depicts the compressive engineering stress-strain curves of the as-sintered FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) MEA and HEA specimens at room temperature. The densities and mechanical properties of FeCoNi(CuAl)x alloys fabricated by SPS and conventional casting FeCoNi(CuAl)0.8 HEA (Li et al., 2018) are summarized in Table 7. After SPS, all the alloy samples are sintered to near-full densities (95.4∼99.4%). For the FeCoNi MEA specimen, its yield strength is only 574.9 MPa. While the content of Al and Cu is 0.4, a small amount of BCC phase is formed in the matrix, and the grain sizes of the matrix are significantly refined, which doubles the yield strength (from 574.9 to 1,165.1 MPa) and meanwhile remains a good plasticity. When x increases from 0.4 to 0.8, the yield strength (σ0.2) for as-sintered HEA increases continuously and reaches the maximum value of 1,470.4 MPa, but the plastic strain to fracture (εp) exhibits a descending trend. According to previous studies, FCC-structured HEAs always show high plasticity and low strength, while BCC-structured HEAs tend to exhibit relatively high strength and poor plasticity. Thus the increase of the yield strength and decrease of the plasticity can be attributed to the increased volume fraction of BCC phase in the HEAs specimens due to the increase of x. Compared with the as-cast counterpart with the same composition, the sintered FeCoNi(CuAl)0.8 HEA specimen exhibits a notable increases of 145% on the yield strength, as a result of the much finer grain size in the sintered alloy. At x = 1.0, though the fraction of BCC phase is increased, the yield strength of the FeCoNiCuAl high-entropy alloy slightly declined. This decrease in strength can be explained by the grain growth in the HEA specimen and the aggregation of the second phase, as seen in Figure 6.
[image: Figure 8]FIGURE 8 | Compressive engineering stress-strain curves of the bulk FeCoNi(CuAl)x MEA and HEAs.
TABLE 7 | Mechanical properties of sintered FeCoNi(CuAl)x alloys and casting FeCoNi(CuAl)0.8 HEA.
[image: Table 7]As the phase composition of FeCoNi(CuAl)x alloys varies with the content of Cu and Al, the mechanical properties of this alloy can thus be tailored by designing the microstructure through changing x value. It is seen in Table 7 that at an x value of 0.6 a combination of relatively high strength and good plasticity is achieved in the sintered HEA. The FeCoNi(CuAl)0.6 specimen shows a yield strength of 1,467.7 MPa, plastic strain to failure of 24.9% and hardness of 412 Hv.
CONCLUSIONS
In the present work, fine-grained and high-strength FeCoNi(CuAl)x (x = 0, 0.4, 0.6, 0.8, 1.0) MEA and HEAs were successfully fabricated by MA and SPS, the microstructure, phase formation and mechanical properties of FeCoNi(CuAl)x have been systematically investigated.
1) Quinary FeCoNi(CuAl)x alloys have slower mechanical alloying speeds than the ternary FeCoNi alloy, and the ball milling time for FeCoNi(CuAl)x alloys to accomplish the mechanical alloying process increases with the increase of x. Supersaturated solid solution with single FCC structure is formed in the mechanically alloyed powders with various compositions after ball milling for 20∼40 h. After SPS, the sintered alloys exhibit different microstructures depending on the contents of Cu and Al (x). The FeCoNi MEA without addition of Cu and Al remains the single FCC phase structure, while the HEAs with x range from 0.4 to 1.0 transform into FCC + BCC dual-phase structure, with the BCC phase rich in Al and Ni elements while the FCC phase rich in Fe, Co and Cu elements.
2) EBSD observation results show that the average grain size of sintered samples is significantly reduced with a minor addition of Al and Cu into FeCoNi alloy (x = 0.4). When the Al and Cu content (x) in FeCoNi(CuAl)x increases from 0.4 to 1.0, the volume fraction of BCC phase increases, the average grain sizes of FCC and BCC phases grow up continuously and the distribution of two phases turns to be more aggregated. It is suggested that the atomic diffusion and grain growth in FeCoNi(CuAl)x HEAs during the sintering process are affected by the sluggish diffusion effect as well as the change in melting point of the alloy.
3) When x increases from 0 to 0.8, the compressive yield strength and hardness for FeCoNi(CuAl)x increase dramatically while the plasticity of the materials decreases gradually, owing to the increased volume fraction of BCC phase. The FeCoNi(CuAl)0.6 HEA shows a balanced mechanical properties, with its yield strength and plastic strain to failure arriving at 1,467.4 MPa and 24.9%, respectively.
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