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Abstract

:

The method of improving the microstructure and thus the properties of alloys by adjusting their composition has been widely used in the study of high entropy alloys (HEAs). However, most studies have focused on improving the properties of HEAs with face-centered cubic (FCC) or body-centered cubic (BCC) structures by adjusting the contents of elements such as Ni, Al, Ti, Cr, Mn and Mo. The doping of B, Mg and Zr also has a certain effect on the mechanical properties of HEAs. In this paper, the phase structure, microstructure, and mechanical properties of Ni45.5Co22Fe22Al5Ti5 HEA doped with B, Mg, and Zr were investigated. The results demonstrated that the three-phase structures of FCC matrix, L12 precipitate, and BCC phase were present in all the as-cast HEAs of Ni45.5Co22Fe22Al5Ti5×0.5 (X = B, Mg, and Zr). The microstructures of the as-cast alloys showed typical dendritic and inter-dendritic architecture. The maximum hardness was found in the alloy doped with B element, with a value of 433 HV. During the compressive test at room temperature, neither the Mg0.5 HEA nor the Zr0.5 HEA cracked until the load limit, but the B0.5 HEA cracked at a compressive strain of about 12%. B0.5 HEA had the highest compressive yield strength of the three alloys, followed by Zr0.5 HEA, while Mg0.5 HEA had the lowest, with values of 1030 MPa, 754 MPa, and 628 MPa, respectively. The work is expected to provide a boost for the research on the optimization of the properties of new HEAs reinforced by precipitation of L12 phase by providing a simple solution-microalloying method.
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1. Introduction


High entropy alloys (HEAs) are novel materials developed in recent years, which are generally composed of five or more principal elements, with the various elements having equal or near equal atomic percent (at. %) to each other. Due to their exceptional hardness, compressive strength, toughness, and thermal stability characteristics, HEAs have been widely studied. As a result of the generation of high entropy stable solid solution phases, multi-principal HEAs have excellent properties. Among them, FCC structure HEA is the most widely studied HEA system in recent years, which is composed of transition metal elements Cr, Co, Fe, Ni, Cu, etc. [1,2]. Many factors can influence the phase stability of HEAs, such as atomic size difference, electronegativity, mixing enthalpy, mixing entropy and valence electron concentration. When ΔHmix < 0, the binding force between alloying elements is strong, thus promoting the formation of intermetallic compounds. For alloys whose component atomic size differences are over 15%, it is most improbable to form a substitution solid solution. To obtain HEAs with good properties, it is necessary to select the correct combination of elements that have an impact on phase formation [3,4]. It should also be noted that the mechanical properties of multi-principal HEAs are affected by the addition of alloying elements. The added alloying elements can interact with the alloy host elements to cause changes in the crystal structure of the alloy or the formation of ordered phases, which can affect the properties of the alloy. The addition of Al and Ti elements to promote the formation of L12 nano-precipitates in the alloy to strengthen the HEA has become the focus of researchers. However, the metastable L12 phase mainly strengthens the coherent interface FCC phase, and its stability is severely influenced by temperature. Other strengthening phases, such as L21 phase, hexagonal closed-packed (HCP) phase and even BCC phase, strongly enhance the strength, but dramatically reduce the ductility. Therefore, it is necessary to enhance the qualities of HEAs using particular strengthening procedures to achieve a balance between strength and ductility, such as grain boundary hardening, solid-solution hardening, precipitate hardening, and dislocation hardening [5,6,7,8,9].



It has been demonstrated that the mechanical properties of HEAs can be enhanced by microalloying. Boron (B) is an element with a small atomic radius. The addition of boron can effectively refine the grain size of both wrought-processed and cast alloys to obtain excellent mechanical properties [10]. Jae Bok Seol et al. introduced soluble boron into the FCC matrix and found that it led to an increase in the elastic-strain field of the internal grain structure of the alloy, resulting in the generation of cryogenic deformation-induced short-range order (SRO) domains at planar dislocation slip bands. As a result, Fe40Mn40Co10Cr10 and Ni20Fe20Mn20Co20Cr20 (at. %) HEAs doped with soluble boron showed an increase in the cryogenic strength, especially a 32% increase in yield strength to 1.1 GPa [11]. An important effect of a very low concentration of boron (30 ppm) on the microstructure and mechanical properties of (FeCoNiCr)88Ti6Al6 (at. %) HEA was reported by Yongliang Qi et al. Boron can eliminate the microcavity formed between the Heusler precipitates and matrix, suppress the formation and segregation of coarse Heusler precipitates, and promote the formation of L12 precipitates. These changes significantly improved the ductility and strength of (FeCoNiCr)88Ti6Al6 HEA [12]. Yunus Azakli et al. studied the hardness of as-cast Ni27Al14Cr alloy doped with Mg, and found that the microhardness of the alloy decreased when the magnesium content was low, and increased when the magnesium content was high. This was attributed to the formation of the Ni3Al and Ni2Mg phases, respectively. In the annealed state, the increase in hardness of the alloy was due to the solid solution formation of Mg in Ni3Al and NiAl phases of the alloy [13]. Coarse or large-sized carbides damage the toughness and some high temperature properties of the alloy. The addition of Mg can promote the refinement of the grain boundary carbides. It was found that the addition of Mg to M17 Ni-based superalloy (no chemical formula, the main components of Ni, Co, Cr, Al, Ti and Mo, a small amount of V, Fe, C, Zr, Si and Mn) significantly changed the morphology of primary MC carbides (M represents the transition metal atoms and C represents the carbon atoms) in rapid directional solidification ingots from irregular surface to a smaller globular shape. The Mg enriched layer around the carbide may affect the transport of carbon and carbide forming elements across the interface and promote isotropic growth [14]. The diffusion of oxygen to the grain boundaries accelerates cavity nucleation and growth, making the alloy more susceptible to cracking. It has been reported that the addition of Zr and B counteracted the harmful effect of oxygen on interfacial energy, thereby preventing the early generation of microcracks and cavities on grain boundaries. This significantly improved the creep properties of nickel-based superalloys and increased the stress intensity threshold for creep crack growth [15,16]. It has also been shown that in IN100 Ni-based superalloy, the Zr element is more likely to stay at the interfacial boundaries between the eutectic pools and the matrix in the form of an intermetallic compound. The addition of Zr can reduce the solidus temperature of the alloy, affecting the solidification zone and promoting the formation of a low-melting point eutectic, which affects the properties of the alloy [17]. Mingxing Ma et al. reported that the addition of Zr to the equimolar ratio AlCoCrCuFe alloy significantly improved its hardness and wear resistance. This is due to the favorable influence of zirconium in refining the dendritic structure, improving the solid-solution hardening efficiency and transforming the phase composition of the alloy from the FCC phase into high-strength HCP and BCC phases [18].



Based on the above discussion, Ni45.5Co22Fe22Al5Ti5X0.5 (X = B, Mg, Zr) HEAs were prepared in this study by adding the same content of B, Mg, and Zr trace elements. The microstructure and phase structure of Ni45.5Co22Fe22Al5Ti5X0.5 alloy were characterized to understand the effects of doping with different trace elements on the microstructure of the alloy. The relationship between the microstructure and mechanical properties of the alloy was investigated by hardness and room-temperature compression experiments. It is expected that the results can help identify the best doping element to improve the plasticity and strength of this alloy.




2. Materials and Methods


The HEA ingots with a nominal composition of Ni45.5Co22Fe22Al5Ti5X0.5 (at. %, X = B, Mg and Zr), denoted as B0.5, Mg0.5 and Zr0.5, respectively, were prepared by vacuum arc-melting the raw materials under an argon atmosphere. The purities of raw elemental materials were 99.9% for Ni, Co, Fe, Al, Ti and NiB (with Ni 82 at. % and B 18 at. %) and 99.5% for Zr and Mg. The HEA ingots with a weight of about 80 g were re-melted at least four times to improve chemical homogeneity.



The physical phase structure was identified by X-ray diffractometry (XRD, SmartLsb SE) using Cu Kα radiation at a scanning rate of 6° min−1 and a 2θ range of 20–100°. Scanning electron microscopy (SEM, ZEISS Gemini 300, Carl Zeiss AG, Jena, Germany) and field emission electron microscopy (TEM, FEI Tecnai 30, Philips-FEI, Amsterdam, the Netherlands) were used to characterize microstructures. Electron backscatter diffraction (EBSD) analysis was performed by using scanning electron microscopy (SEM, JEOL-JSM-IT500, JEOL, Tokyo, Japan) equipped with channel5 software (HKL Channel 5.0, Oxford Instrument, Oxford, UK).



The samples for SEM examination were first polished to 2000-grit with SiC paper before being electrochemically polished with a polishing solution containing 10% HClO4 and 90% C2H5OH at a direct voltage of 25 V. The hardness of the samples was measured by using a micro-Vickers hardness tester (HVT-1000, Lunjie Electromechanical Instrument, Shanghai, China) with a load of 500 g for a duration of 15 s. The average hardness value for each alloy was calculated by measuring it at five different locations. The room temperature compressive mechanical properties were tested on an electronic universal material testing machine (INSTRON 5969, Instron Corporation, Boston, MA, USA) at a loading rate of 1.0 × 10−3 s−1, and a load of no more than 45 kN. For the room temperature compressive test, a cylindrical sample of Φ4 mm × 6 mm was cut from the ingot. To reduce experimental error, three compression tests were performed for each alloy to obtain the average value.




3. Results and Discussion


3.1. Microstructure


The XRD patterns of the three as-cast HEAs of B0.5, Mg0.5, and Zr0.5 are shown in Figure 1a. The diffraction peaks for face-centered cubic (FCC) structure and body-centered cubic (BCC) structure are observed in all alloys. The intensity of the FCC diffraction peaks in the three HEAs is higher than that of the BCC diffraction peaks, indicating that the content of FCC phase in the three HEAs is higher than that of the BCC phase. Combined with the microstructure shown in Figure 2, the FCC diffraction peaks overlap with those of the L12 phase, so the diffraction peaks of the L12 phase cannot be distinguished in the XRD pattern. This may be due to the small particle size of L12 precipitates and the peak broadening effect caused by the similar crystal structure of these precipitates and the matrix. At the same time, some studies have shown that there is a coherent interface between the matrix FCC and the L12 phase, which also makes it more difficult to distinguish the diffraction peaks of the L12 phase [19,20]. Since the elements Mg and Zr have much larger atomic radius than the element B, the dissolution of Mg or Zr into the alloy causes the FCC peaks of Mg0.5 and Zr0.5HEA to shift slightly to the left, as shown in Figure 1b. Due to the small doping amount, the peak deviation amplitude is not considerable. The results show that the lattice parameters of the FCC phase in Mg0.5 and Zr0.5 alloys are larger than those of the B0.5 alloy [21,22]. The lattice parameters of the three HEAs were obtained from the corresponding refined XRD patterns. The lattice constants (a) of the FCC phase in B0.5, Mg0.5 and Zr0.5 alloys were calculated to be 3.5937, 3.6051 and 3.6036 Å, respectively. The three as-cast HEAs have nearly the same lattice parameter. The lattice constants of Mg0.5 and Zr0.5 are slightly larger than that of B0.5.



Figure 2 shows the SEM micrographs of the as-cast alloys. All the alloys exhibit typical casting dendritic and inter-dendrite morphology. Due to the high cooling speed of the vacuum arc-melting technique, constitutional supercooling of the cast ingot increases to make a dendrite structure. According to literature reports, the microstructure of some other types of alloys also showed a typical dendrite morphology. For example, Zr was added to the AlCoCrCuFe HEA with equal molar ratio and the dendrite structure was refined significantly [18]. Moreover, Ni40Fe30Co20Al10 and (Ni40Fe30Co20Al10)90Ti10 HEAs both exhibited trench-like interdendrite and cellular-like dendrite structures. It was found that the dendrite structure of the alloy was finer after the addition of Ti [23]. Compared with the microstructure of the Zr0.5 alloy and the Mg0.5 alloy, the B0.5 alloy has well-developed primary dendrite arms and poorly-developed secondary dendrite arms, with long primary dendrite arms. This result demonstrates that the B element has weaker constitutional supercooling effects compared to the Mg element and Zr element on this HEA. In the high magnification image of the inter-dendrite region (Figure 2b), a black region and numerous nano precipitates are observed. The black region is the enlarged morphology of the strip-like bulge in the inter-dendrite region in Figure 2a. Combined with XRD and SEM analyses of the alloy, it can be preliminarily inferred that the nano precipitate is the L12 phase in the FCC matrix, and the black region is the BCC phase. Furthermore, the FCC/L12 mixed structure can be observed in the BCC phase, as shown in Figure 2b. At the junction of the FCC matrix and the BCC phase, there are a few coarsened L12 phases. Unlike the finely spherical nanoparticles that are uniformly distributed far from the boundaries of the black region, these particles appear as elongated strips. This may be due to the non-uniform distribution of elements in the as-cast alloy, which causes the segregation of some elements near the phase boundaries [23,24,25]. The dendritic and inter-dendritic microstructure of the as-cast Mg0.5 alloy (Figure 2c) is coarser than that of B0.5 HEA and Zr0.5 HEA. Numerous approximately spherical L12 precipitates are uniformly scattered, as seen in Figure 2d. However, other precipitated phases with different morphologies are not observed in Figure 2d. Further research must be conducted to pinpoint the exact position of the BCC phase. The histomorphology of the as-cast Zr0.5 alloy (Figure 2e,f) is similar to that of the as-cast B0.5 alloy. The Zr0.5 alloy also has a BCC phase and FCC/L12 mixed structure. For further quantitative analysis of precipitated phase, the statistics of the size of L12 precipitates in the as-prepared alloys are obtained by image-pro plus software. For the convenience of statistics and analysis, L12 precipitates are regarded as spheres. The average particle sizes of L12 precipitates inside the grains of the three alloys are 41.45 nm (B0.5), 58.76 nm (Mg0.5) and 49.90 nm (Zr0.5). It is seen that the average particle size of L12 particles in the alloy doped with B is relatively small, followed by the Zr0.5 and Mg0.5 alloys. Compared to Mg and Zr, the addition of B contributes more to the size refinement of the L12 precipitates in the alloy.



As illustrated in Figure 3, the precise positions of the FCC and BCC phases were investigated using the EBSD technique. The FCC and BCC phases are represented by yellow and red hues, respectively. As seen in Figure 3b, the BCC phase is mainly distributed in the inter-dendritic region of the B0.5 HEA, and a small number of FCC phases are also observed in the BCC phase. As seen in Figure 3d, BCC phase is mainly observed in the grain boundary region of the Mg0.5 alloy, and its proportion in the phase diagram is 0.4%. The proportion of BCC phase in the Zr0.5 alloy is about 0.8%, which shows a short rod-like morphology. The relative proportion of BCC phase in the B0.5 alloy is the highest, about 13%. Compared with Mg and Zr, the addition of B promotes the formation of BCC phase in the alloy. Combined with SEM analysis, it is evident that the addition of Mg has no significant effect on the size of L12 particles at the phase boundary, while the addition of B significantly increases the size of L12 particles near the BCC phase distributed along the grain boundary. The inhomogeneous distribution of elements in the as-cast alloy may be the cause of this phenomenon. It may also be caused by the segregation of Ti elements at the grain boundaries [22,26].



A TEM investigation was conducted to reveal the complex microstructure of the as-cast B0.5 HEA, as illustrated in Figure 4. The bright-field image of the as-cast B0.5 HEA is depicted in Figure 4a, which shows the BCC phases and the FCC matrices, which are denoted by yellow and red dashed circles, respectively. Notably, several fine precipitates can be found in the FCC matrix. Two diffraction spots are observed in the selected area electron diffraction (SAED) patterns (Figure 4b,c), corresponding to the different color regions. This confirms that the matrix and precipitate have FCC and BCC crystal structures, respectively. The FCC matrix and L12 precipitate particles (Figure 4c) are both confirmed by the [0 −1 1] FCC SAED pattern [21,22]. The high-resolution transmission electron microscopy (HRTEM) image (Figure 4d) and the corresponding fast Fourier transformation (FFT) image (Figure 4e,f) further demonstrate that the matrix and fine precipitates have a disordered FCC crystal structure and an ordered L12 superlattice structure, respectively.



HAADF-STEM images and STEM-EDX maps of the three as-cast HEAs are shown in Figure 5. According to the preceding discussion, the different regions in the B0.5 HEA (Figure 5a) are denoted by points A, B, and C, respectively. The specific elemental content of each point is shown in Table 1. It can be observed that point A is enriched in Ni, Co, and Ti elements but depleted in Al. Point A is the BCC precipitate, as confirmed by the [−1 −1 −2] SAED pattern in Figure 4b, with an average chemical composition of Ni: 48.7 at. %, Co: 28.0 at. %, Fe: 13.7 at. %, Al: 0.2 at. %, and Ti: 9.4 at. %. The [0 −1 1] SAED pattern in Figure 4c confirms the existence of both the FCC matrix and the L12 precipitates at point B. The average chemical composition at this point is Ni: 45.9 at. %, Co: 23.7 at. %, Fe: 26.0 at. %, Al: 1.8 at. %, and Ti: 2.6 at. %. Point C is enriched with Ti and B elements. Formation of intermetallic compounds is promoted by the relatively high negative mixing enthalpy between Ti and B elements. It has been demonstrated that Ti addition has little effect on the dendritic morphology of as-cast Ni-rich HEAs, but causes severe component segregation in the matrix, which further promotes the formation of the BCC phase. Therefore, it is speculated that a rod-like boride with a Ti-rich phase may be mainly distributed near the BCC phase [21,26,27,28]. From the STEM-EDX images of the Mg0.5 HEA in Figure 5b, it can be seen that the matrix contains a large number of spherical-like precipitates that are uniformly distributed. The precipitates are mainly rich in Ni, Al, and Ti elements and poor in Co and Fe elements. The distribution of elements in the matrix has the opposite trend of these precipitates. This phenomenon can also be seen in the STEM-EDX images of the Zr0.5 HEA in Figure 5c. Specifically, the L12 precipitate is enriched in Ni, Al, and Ti elements, but depleted in Co and Fe elements. In contrast, the FCC phase is enriched in Fe and Co elements and poor in Ni, Al, and Ti elements. The above results verify that the matrix and precipitates in the three as-cast HEAs are indeed FCC phase and L12 precipitates, respectively. The stoichiometry of L12 precipitates may be (Ni, Co, Ti)3(Al, Ti) [22,23,24]. From the STEM-EDX images of the Mg0.5 HEA in Figure 5b-6, it can be seen that the Mg element is uniformly distributed throughout the matrix. However, no significant changes in elemental composition are found near the grain boundaries, which is the possible BCC phase distribution. The STEM-EDX mapping results of the Zr0.5 HEA are shown in Figure 5c. Ni is more uniformly distributed, Al is mainly distributed in the FCC/L12 mixed structure, while Zr prefers to exist in the BCC phase. Co and Fe elements are enriched in the FCC matrix, and Ti is enriched in L12 nano precipitates. Moreover, although Ni is distributed relatively uniformly, it is enriched in L12 nano precipitates [21,27,28,29]. Due to the relatively low content of added trace elements, the specific contents of B and Mg elements detected (Table 1) are also extremely low. Even though the presence of these trace elements is not detected, the differences in their microstructure suggest that the trace elements are crucial to the distribution of other elements in the dendrites and inter-dendrites as well as the final microstructure.




3.2. Room-Temperature Hardness


Figure 6 displays the average micro-Vickers hardness values and standard deviations for the three as-cast HEAs, as measured by the Vickers hardness tester at room temperature. It can be seen that the B0.5 HEA has the highest hardness (433 HV), followed by the Zr0.5 HEA (380 HV) and the Mg0.5 HEA (365 HV). The corresponding standard deviations are 14.42 HV, 5.98 HV and 3.01 HV, respectively. The results show that the hardness of Mg0.5 and Zr0.5 HEAs is lower than that of B0.5 HEA. The hardness of the alloy is affected not only by the type of phase in the microstructure but also by its content. All the HEAs have FCC/L12 phase and BCC phase, according to XRD and EBSD analyses. Compared with B0.5 alloy, the FCC phase fraction is more dominant in Mg0.5 and Zr0.5 HEAs. It is worth noting that FCC has more slip directions and is more susceptible to slip deformation than BCC. This may result in a more plastic but less hard alloy for FCC structures. Although Mg and Zr with large atomic radius have better solution strengthening effect than B, this effect may be weaker than the phase weakening of large volume fraction FCC crystal structure. As a result, Mg0.5 and Zr0.5 alloys have a lower hardness value than the B0.5 alloy. Although the proportion of the FCC phase in the Mg0.5 HEA is approximately the same as the Zr0.5 HEA, the hardness of the Zr0.5 alloy is higher than that of the Mg0.5 alloy. This may be because the addition of the Zr element can greatly refine the microstructure of the alloy. In addition, Zr has a larger atomic radius than Mg, which increases the distortion of the cell and enhances solid solution hardening. Hence, it not only reduces the grain size of the alloy but also increases the number of dislocations in the alloy, which increases the brittle tendency of the alloy and leads to slightly higher hardness than Mg0.5 HEA [18,30,31,32].




3.3. Compressive Properties


Figure 7 presents the room-temperature compressive stress-strain curves of the HEAs doped with various trace elements at a strain rate of 1.0 × 10−3 s−1. The compressive mechanical properties of the HEAs were tested at loads up to 45 kN due to the restrictions of the experimental conditions. As shown in Figure 7, the B0.5 HEA cracks at a compressive strain of about 12%, while neither the Mg0.5 HEA nor the Zr0.5 HEA fractures at room temperature until the load limit. When the load limit is reached, the compressive deformation quantity is close to 30%. This suggests that the plasticity of the Mg0.5 and Zr0.5 HEAs is greater than that of the B0.5 HEA. Comparing the compressive yield strengths of the HEAs, the B0.5 HEA has the highest yield strength, followed by the Zr0.5 and Mg0.5 HEAs, with the values of 1030 MPa, 754 MPa, and 628 MPa, respectively. The standard deviations of the yield strength results of the alloys are 29 MPa, 22 MPa and 87 MPa, respectively. It is seen that the yield strength values of these HEAs follow the same trend as the Vickers hardness (HV) values. The B0.5 HEA has the lowest compressive strength of 1830 MPa and a compressive strain of 12%. The standard deviations of compressive strain and compressive strength results are 251 MPa and 2%.



The average values of the elastic modulus of each alloy obtained by room temperature compression experiment are 57.31 GPa (B0.5), 42.40 GPa (Mg0.5), and 53.10 GPa (Zr0.5), respectively. The results show that the alloys with B have higher elastic modulus than those with Mg or Zr. Compared with B doped alloy, the addition of Zr or Mg reduces the elastic modulus of the alloy, thus reducing the stiffness of the material.



As illustrated in Figure 2 and Figure 3, the highest fraction of the BCC phase in B0.5 HEA is the main factor responsible for its low compressive strain and the high compressive yield strength. In contrast, the Mg0.5 and Zr0.5 HEAs have better plasticity because the FCC/L12 structure has more slip systems and the grains are better able to coordinate deformation during the plastic deformation. Solid solution strengthening and precipitation strengthening are the main strengthening mechanisms of the alloys. The integration of solute atoms with different atomic sizes into the solid solution causes lattice distortion. Since the atomic sizes of the added Mg and Zr are much larger, the lattice distortion energy increases significantly and the solid solution strengthening is enhanced after the atoms enter the crystalline lattice, which also plays a certain role in improving the strength of the alloy. Combined with the microstructure analysis of the alloy, it is evident that the size and volume fraction of the precipitate particles of the alloy doped with different trace elements are different. The L12 precipitates have a co-lattice relationship with the FCC matrix. The increase in the particle size and volume fraction of L12 precipitates enhances the hindrance effect on the dislocation movement, which leads to an increase in the strength of the alloy. Since the BCC precipitates and the FCC matrix belong to the non-lattice relationship, the mismatch is large, which promotes the crack initiation of the B-doped alloy, resulting in a rapid decrease in plasticity. Therefore, the strength of HEAs can be effectively increased by adding trace elements to enhance the second phase strengthening [12,33,34,35].





4. Conclusions


In this work, HEA ingots with nominal compositions of Ni45.5Co22Fe22Al5Ti5B0.5, Ni45.5Co22Fe22Al5Ti5Mg0.5, and Ni45.5Co22Fe22Al5Ti5Zr0.5 were fabricated by vacuum arc melting. XRD, SEM, EBSD, and TEM characterizations were used to analyze the changes in the microstructures and mechanical properties of the HEAs doped with various trace elements at room temperature. From this work, the following conclusions can be made.



	(1)

	
All the as-cast alloys display typical dendritic and inter-dendritic morphology. B element has weaker constitutional supercooling effects than Mg and Zr elements, which results in well-developed primary dendrite arms and poorly-developed secondary dendrite arms in the B0.5 alloy.




	(2)

	
All three alloys are composed of BCC phase, FCC phase, and L12 nano phase precipitated in FCC phase. In comparison to Mg and Zr elements, the average particle size of L12 precipitates in the alloy doped with B is relatively small. To a certain extent, the addition of B can promote the formation of L12 nano-precipitates with smaller particle sizes in the alloy.




	(3)

	
Due to the high content of BCC in the B0.5 alloy, it has the highest hardness and compression yield strength. FCC is more susceptible to slip deformation than BCC, resulting in more plasticity but lower hardness in Mg0.5 and Zr0.5 alloys with predominant FCC structure. The B0.5 alloy has the lowest compressive strain. The Zr0.5 alloy has a higher hardness than the Mg0.5 alloy, due to the solution strengthening and microstructure refining effects of the Zr element. Solid solution strengthening and precipitates strengthening are the main strengthening mechanisms of these alloys.
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Figure 1. (a) X-ray diffraction patterns of the three HEA samples (B0.5, Mg0.5, and Zr0.5) in the as-cast state; (b) an enlarged view of the peaks (111) and (200) at 40° to 55° in (a). 






Figure 1. (a) X-ray diffraction patterns of the three HEA samples (B0.5, Mg0.5, and Zr0.5) in the as-cast state; (b) an enlarged view of the peaks (111) and (200) at 40° to 55° in (a).



[image: Metals 13 00646 g001]







[image: Metals 13 00646 g002 550] 





Figure 2. Secondary electron (SE) images of the three HEAs in the as-cast state. (a,b) B0.5 HEA; (c,d) Mg0.5 HEA; (e,f) Zr0.5 HEA. All alloys are shown at both low and high magnifications. 
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Figure 3. EBSD BC and phase images of the as-cast alloy samples. (a,c,e) are BC images for B0.5, Mg0.5, and Zr0.5 HEAs, respectively; (b,d,f) are the phase images of B0.5, Mg0.5, and Zr0.5 HEAs, respectively. 
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Figure 4. TEM images of the as-cast B0.5 HEA showing the complex microstructure morphology. (a) is the bright-field (BF) image of B0.5 HEA; (b,c) are the selected area electron diffraction (SAED) patterns of BCC and FCC phases, respectively. (d) is the high-resolution TEM (HRTEM) of the FCC matrix and L12 precipitate interface; (e,f) are the fast Fourier transform (FFT) images of the FCC matrix and L12 precipitate, respectively. 
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Figure 5. HAADF-STEM image and corresponding STEM-EDX elemental maps of the three as-cast HEAs. (a) B0.5 HEA, (a-1–a-6) EDS compositional distribution mapping of the Ni, Co, Fe, Al, Ti, and B elements; (b) Mg0.5 HEA, (b-1–b-6) EDS compositional distribution mapping of the Ni, Co, Fe, Al, Ti, and Mg elements; (c) Zr0.5 HEA, (c-1–c-6) EDS compositional distribution mapping of the Ni, Co, Fe, Al, Ti, and Zr elements. 
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Figure 6. Average hardness values and deviations of the B0.5, Mg0.5, and Zr0.5 HEAs. 
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Figure 7. Compressive stress-strain curves of the B0.5, Mg0.5, and Zr0.5 HEAs. 
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Table 1. Chemical composition of the three as-cast HEAs obtained by TEM-EDS (at. %).
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Regions

	
Compositions




	

	
Ni

	
Co

	
Fe

	
Al

	
Ti

	
B/Mg/Zr






	
B0.5 (A)

	
48.7

	
28.0

	
13.7

	
0.2

	
9.4

	
0




	
B0.5 (B)

	
45.9

	
23.7

	
26.0

	
1.8

	
2.6

	
0




	
B0.5 (C)

	
8.6

	
6.6

	
7.5

	
0.2

	
69.4

	
7.7




	
B0.5

	
49.3

	
21.0

	
20.9

	
2.8

	
5.5

	
0.5




	
Mg0.5

	
47.0

	
21.9

	
22.2

	
2.8

	
5.2

	
0.9




	
Zr0.5

	
50.3

	
19.5

	
13.6

	
2.2

	
7.3

	
7.1
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