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Abstract

:

The existence of an HCP phase in FCC-type high-entropy alloys can improve the alloy’s mechanical properties. In many cases, an HCP phase is induced by deformation. In the present work, an FCC to HCP transition was detected during the cooling of Co1.5CrFeMnNi0.5 and Co1.75CrFeMnNi0.25 alloys. Therefore, arc-melted annealed CoxCrFeMnNi2−x (x = 0.25–1.75) alloys that were then subjected to long-term vacuuming were investigated using XRD, DSC, HT-XRD, thermodynamic calculation, and first-principle calculation. It was confirmed that the FCC to HCP transition occurred at ~450 °C during the cooling of the alloys with x ≥ 1.5. The volume fraction of the HCP phase increased with Co content. It was proven that the HCP phase was not stable above 600 °C. First-principle calculations further indicated that the HCP structure was more stable than the FCC structure for Co1.75CrFeMnNi0.25 alloy, and there was a likelihood of an FCC to HCP transition. Moreover, experimental tests confirmed that the microhardness of the Co1.75CrFeMnNi0.25 alloy reached 213 HV because it contained a substantial HCP phase. This value is much higher than those of other non-HCP-containing alloys, either in their as-cast states or after annealing. These results provide guidance for the design of FCC-type high-entropy alloys with desirable mechanical properties through HCP phase strengthening.
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1. Introduction


As emerging structural materials, high-entropy alloys (HEAs) have rapidly garnered much attention for transforming the conventional alloy design concept by shifting the search space of useful alloys from the corners of phase diagrams to their central regions [1,2]. HEAs always exhibit superior properties over traditional alloys, such as high strength, high hardness, high-temperature resistance, wear resistance, oxidation resistance, and corrosion resistance [3,4,5,6]. Co-Cr-Fe-Mn-Ni high-entropy alloys have become the most intensively studied systems due to their excellent FCC phase stability, good strength and ductility, and excellent fracture resistance at low temperatures [3,7,8]. Because the atomic radius and electronegativity of each element in the alloy system are very close to each other and the diffusion rate of each atom is relatively slow, the system has good chemical compatibility [9,10,11,12]. Cantor et al. [13] found that CoCrFeMnNi high-entropy alloys, in fact, have a single FCC phase. Subsequently, they published a related paper in Science [14], which proposed, for the first time, that the fracture toughness of Co-Cr-Fe-Mn-Ni high-entropy alloys is unexpectedly high, at 77–293 K. The tensile strength and yield strength reach 450 MPa and 125 MPa, respectively, while the elongation reaches 80%. At 77 K, the tensile strength and yield strength of a Co-Cr-Fe-Mn-Ni high-entropy alloy reach 1280 MPa and 759 MPa, respectively, and its elongation is slightly higher than that at room temperature [14]. The reason for this is that there are many twin boundaries and dislocations in Co-Cr-Fe-Mn-Ni high-entropy alloys at low temperatures, which enhance the properties of the alloy. The excellent properties of Co-Cr-Fe-Mn-Ni high-entropy alloys are often considered to be related to the lattice distortion and diffusion obstruction caused by mixing with various principal elements. The plastic deformation of high-entropy alloys is usually caused by dislocation slips at room temperature and at low temperatures. Due to the decrease in stacking fault energy (SFE), the plastic deformation mode changes from dislocation slip to deformation twins [15], which improves the mechanical properties of high-entropy alloys.



Many low-SFE metals and alloys have excellent tensile properties and high levels of elongation at room temperature due to the TWIP (twinning-induced plasticity) and TRIP (transformation-induced plasticity) effects; examples include TWIP steel, metastable austenitic steel, and TRIP steel. Therefore, a material’s chemical composition can be appropriately changed to reduce the SFE, thus promoting the generation of Shockley dislocation and the occurrence of twin- and strain-induced FCC→HCP martensitic transformations [16]. In addition, Co-rich high-entropy alloys usually exhibit FCC and HCP crystal structures. The FCC phase is usually stable at high temperatures, while the HCP phase tends to be stable at decreasing temperatures. The SFE values of these alloys are generally very low and even negative at room temperature for some component alloys [17]. This promotes the FCC→HCP martensitic transformation and improves the mechanical properties of the alloy. Phase composition seriously affects the properties of alloys. The FCC phase is soft and plastic, while the HCP phase is hard and not plastic. Therefore, when an alloy undergoes strain-induced FCC→HCP martensitic transformation, the martensite HCP phase plays a “secondary hardening” effect, which greatly improves the overall hardness of the alloy.



Wei et al. [18] conducted an in-depth study on a Co-rich CoCrFeNi high-entropy alloy and found that it was the lattice distortion and slow diffusion effect caused by the mixing of various principal elements that produced the superior mechanical properties of the alloys. The only plastic deformation mode of the alloy at room temperature is dislocation slip, but deformation twins occur at low temperatures due to the decrease in SFE. The SFE of the CoCrFeNi alloy is calculated to be about 20–30 mJ/m2 at room temperature, which is approximately zero at 0 K, indicating that the HCP phase gradually tends towards stability with the decrease in temperature. In addition, Mn, Ni, and Fe are the FCC phase stabilizers, while Co and Cr are the HCP phase stabilizers of the Co-based alloys [19]. The results showed that, in the CoCrFeNi alloy, increasing the Co content at the expense of decreasing the Fe and Ni content can effectively reduce the SFE value and the FCC phase stability; the deformation mechanism also changes from the original deformation twin to an FCC→HCP martensitic transformation. Co35Cr25Fe20Ni20 and Co45Cr25Fe15Ni15 alloys with metastable single FCC phases have better strength and tensile properties than other single FCC phase alloys because they can promote the formation of twins and FCC→HCP transformation [20].



In addition, Wei et al. [16] noted that Co-based alloys have better mechanical properties than other alloys. The SFE of the Ni15Fe15 alloy is slightly lower than that of CoCrFeMnNi, which makes deformation twins more likely to occur. Due to the TWIP effect, both strength and ductility are greatly improved. In addition, the further decrease in SFE in Ni15Fe10 leads to the transformation of the deformation mode from deformation twin to FCC→HCP transition; this significantly increases the strength due to the TRIP effect. Due to the TWIP and TRIP effects induced by the FCC→HCP transition, the tensile strength of Co35Cr20Mn15Ni15Fe15 and Co35Cr25Mn15Ni15Fe10 alloys reaches 688 MPa and 806 MPa, respectively, and the elongation reaches 96% and 76%, respectively. These results are superior to those found for equal-atomic-ratio and Fe-rich non-equal-atomic-ratio alloys. Chung et al. [21] also carried out an in-depth study on the deformation mechanisms in the plastic deformation process of high-entropy alloys; the results showed that the deformation mechanism of the Cr-Ni-Mn-Fe alloy at room temperature was deformation twinning, but, at low temperatures, it was transformed into the combined effect of TWIP and TRIP, which greatly improved the tensile properties of the alloy [21]. In short, both deformation twinning and FCC→HCP martensitic transformation are instrumental in obtaining high-performance and high-entropy alloys. The SFE of each component element affects the SFE of the whole alloy. When the concentrations of Co and Cr increase and the concentrations of Mn and Fe decrease, the phase stability of FCC and SFE can be reduced and the comprehensive mechanical properties of the alloy can be improved [22,23]. Therefore, the Co35Cr25Mn15Ni15Fe10 alloy undergoes an FCC to HCP transformation in the process of plastic deformation, and its tensile properties are greatly improved. This provides a feasible basis for further study of the development of high-performance, high-entropy alloys. Moreover, the HCP phase was also found in Co35Cr25Fe40−xNix (x = 0–15) alloys after tensile testing [24].



In a previous work conducted by our group, Wang et al. [25] found that a small amount of HCP phase existed in the 600~1000 °C annealed Co1.5CrFeMnNi0.5 alloy. Meanwhile, no HCP phase was found in Co1.25CrFeMnNi0.75 [25] or Co1.5CrFeMn0.5Ni [26]. As discussed above, the HCP phase forms after deformation or under high temperatures [16,27,28]. To accurately understand the stability of the HCP phase and the FCC to HCP phase transition, CoxCrFeMnNi2−x (x = 0.25–1.75) alloys were investigated in the present work.




2. Materials and Methods


A series of CoxCrFeMnNi2−x (x = 0.25, 0.5, 0.75, 1.25, 1.5, 1.75) high-entropy alloys were designed. To clearly show their composition, the alloys are briefly referred to as Co5Ni35, Co10Ni30, Co15Ni25, Co25Ni15, Co30Ni10, and Co35Ni5. All the raw materials (Co, Cr, Fe, Mn, and Ni granules) have a purity higher than 99.95 wt.%. The alloy was melted in a non-consumable magnetically controlled arc-melt furnace under the protection of high-purity argon gas after oxygen absorption by Ti. The total mass of each sample was 10 g. In order to ensure uniform melting composition, each ingot was melted at least four times. Subsequently, each ingot was cut into four pieces by wire cutting; one of them was used for as-cast analysis, and the others were sealed individually in evacuated quartz tubes and then annealed at 1000 °C, 800 °C, or 600 °C for 720 h. At the end of the treatment, the alloys were quenched in cold water. The phase constituents of the alloys in the as-cast state and after annealing were studied.



X-ray diffraction (XRD) analysis using a D/max 2500 PC X-ray diffractometer with Cu Ka radiation was used to identify the phases in the alloys. In addition, a PANalytical EMPYREAN variable-temperature X-ray diffraction analyzer was used to test and analyze some of the alloys. The microstructure and composition of the alloys were observed using a JSM-6510 scanning electron microscope (SEM) equipped with an Oxford Energy Spectrometer (EDS). Differential scanning calorimetry (DSC) tests were carried out to obtain the phase transition points of the high-entropy alloys. A NETZSCH DSC404 differential scanning calorimeter was used in the experiment, and the heating rate was set at 20 K/min or 5 K/min. An HXD-1000TMC/LC Vickers hardness tester was used to test and analyze microhardness.



To understand the tendencies of the FCC to HCP transformation, a first-principle calculation for the HCP-containing alloys was carried out based on the plane-wave pseudopotential method. Virtual lattice approximation (VCA) [29,30,31] was used to build the crystal cells so as to reasonably predict the phase stability of the alloy system [32]. In addition, the PBE function under generalized gradient approximation (GGA) was used to calculate the correlation function of the electron exchange, and the interaction between the electrons and ions was processed using OTFG ultrasoft pseudopotentials (USPP). The truncation energy of the plane-wave function expansion was calculated as 630 eV, the spacing between the grids of K points in the inverted space was 0.4 nm−1, and the grids were divided into 9 × 9 × 9 (FCC) or 12 × 12 × 6 (HCP) units [33,34]. To obtain the minimum energy level, the structure of the cell is fully optimized. The total energy tolerance is 10−5 eV/atom, the force tolerance is 0.03 eV/Å, the maximum stress is 0.05 GPa, and the maximum displacement is 0.001 Å [35].




3. Results


3.1. Phase Constituents of the As-Cast CoxCrFeNi2−x Alloys


The phase constituents of the as-cast CoxCrFeMnNi2−x alloys were first examined using XRD. It was confirmed that the as-cast Co5Ni35–Co25Ni15 alloys were composed of a single FCC solid solution, which is consistent with the results presented in our previous work [25]. For brevity, the XRD patterns and detected chemical composition of the alloys Co5Ni35–Co15Ni25, with a single FCC phase, are not shown here again. The XRD patterns of the alloys Co25Ni15–Co35Ni5 are presented in Figure 1. It is clear that the as-cast alloys Co30Ni10 and Co35Ni5 are composed of the FCC + HCP phases. The strong HCP characteristic peaks indicate the high volume fraction of the HCP phase in the Co35Ni5 alloy. However, no contrast or composition differences between FCC and HCP were found in the SEM-EDS analysis, a result that is consistent with [15]. It was confirmed that uniform alloys were obtained, and the actual composition of the alloys was almost the same as that of the designed alloy. Therefore, it can be deduced that the HCP phase has a composition similar to or the same as that of the FCC phase.



As found in [25], a small amount of HCP phase was found in a Co1.5CrFeMnNi0.5 alloy annealed at 600–1000 °C. It is well-known that prolonged annealing is a good method for investigating phase stabilities [36,37]. To determine the phase stability of the HCP phase, the as-cast alloys were annealed at 600, 800, or 1000 °C for 720 h. The XRD patterns shown in Figure 1 indicate that the HCP phase still exists in the annealed alloys Co30Ni10 and Co35Ni5. That is to say, the annealing temperature and annealing time had almost no effect on the stability of the HCP phase in the CoxCrFeMnNi2−x alloys. Moreover, as shown in Figure 2, a small amount of Cr-rich black BCC phase was found in the phase boundary of the Co25Ni15 and Co30Ni10 alloys annealed at 800 °C. Their chemical compositions, which were detected by SEM-EDS, are presented in Table 1. The composition of the BCC phase in 800 °C annealed Co25Ni15 alloy is detected to be 6.9Co-68.9Cr-7.0Fe-12.4Mn-4.7Ni (at.%). This is similar to the Cr-rich BCC phase in the CoCrFeMn0.75Ni1.25 alloy annealed at 800 °C described in [25]. As can be seen in Table 1, the BCC phase in 800 °C annealed Co30Ni10 alloy contains much lower Cr content and much higher Co content. This is because the phase size is smaller than that in the 800 °C annealed Co25Ni15 alloy, as shown in Figure 2b. The detected composition may relate to BCC + FCC two phases. Because the volume fraction of the Cr-rich BCC phase is too limited to be detected by XRD, there are no BCC peaks in XRD patterns. The appearance of the BCC phase, as shown in Figure 2a,b, indicated that it precipitated in the FCC phase boundary. In Reference [25], when the CoxCrFeMnNi2-x alloys were annealed at 800 °C for 360 h, there was no Cr-rich BCC precipitate. That is to say, prolonging the annealing time at 800 °C will promote the precipitation of the BCC phase in the FCC phase boundary.




3.2. DSC Examination


In order to identify the phase transformation point in the CoxCrFeMnNi2−x alloys, all the as-cast alloys were examined using DSC at a rate of 20 K/min. The DSC heating curves are presented in Figure 3. There is an obvious endothermic peak at 1250–1300 °C, which should correspond to the solidus temperature. As can be seen from Figure 3, the solidus temperature of the CoxCrFeMnNi2−x alloys increased with Co content, from 1252 °C (Co5Ni35) to 1292 °C (Co25Ni15). The asymmetric shape of the endothermic peak means that there is a small temperature difference between the liquidus and the solidus. Below 1200 °C, there is no obvious DSC peak, i.e., there is no reaction with a severe thermal effect below 1200 °C. As for the DSC curve of the Co35Ni5 alloy, as shown in Figure 3b, the baseline changed slightly at 450 °C, which indicates that a phase transformation may exist and may relate to the HCP→FCC transition.




3.3. High-Temperature XRD Examination


To elucidate the HCP→FCC transformation, the as-cast Co35Ni5 alloy was examined using XRD at variable temperatures. According to the DSC results shown in Figure 3b, a transformation may occur close to 450 °C. Therefore, the high-temperature XRD test was performed at 420 °C, 600 °C, and 800 °C. As shown in Figure 4, the intensity of the HCP peaks dramatically weakened at 420 °C, and there was no HCP peak at 600 °C. This result confirms that there is an HCP→FCC transformation during the heating of the as-cast Co35Ni5 alloy. The transformation starts near 420 °C, which concurs with the DSC results (Figure 3b). When the XRD test was performed at 800 °C, large amounts of MnO were detected, as shown in Figure 4. Although the high-temperature XRD experiment was carried out in an argon-heavy atmosphere, manganese oxide can still form. Nonetheless, no HCP phase exists at 800 °C.




3.4. Phase Diagram


To understand the phase stability and phase transformation of the investigated alloys, the vertical section of the CoxCrFeMnNi2−x system was thermodynamically calculated in the present work. Various thermodynamic databases were used, including PanHEA, PanFe, PanCo, PanNi, and TCFE. However, the HCP phase was not stable in all the calculated vertical sections. A phase diagram, which was calculated based on the TCFE database, has better agreement with the experimental results and is shown in Figure 5. As presented above, in the present work, the as-cast CoxCrFeMnNi2−x alloys were annealed at 600, 800, or 1000 °C for 720 h. The detected phase constituents in the quenched alloys and the DSC results are also shown in Figure 5. Because of the existence of an FCC→HCP transformation during cooling, an HCP phase is detected in the quenched Co35Ni5 alloy.



As can be seen from Figure 5, the calculated solidus temperature is consistent with the DSC results. There is a narrow temperature range between the solidus and the liquidus. Therefore, the endothermic peak in the DSC curve (Figure 3) has an asymmetric shape. It is clear that just a single FCC phase region exists below the solidus. For this reason, a uniform FCC phase can be obtained in as-cast alloys. In addition, the calculation predicted an FCC + BCC phase region below the FCC region, which conflicts with the experimental result of a single FCC phase [38].



In the Co-Cr-Fe-Mn-Ni alloys, Mn, Ni, and Fe are the FCC phase stabilizers. If the concentration of Mn, Ni, or Fe increases, it can stabilize the FCC phase and increase SFE; Co and Cr are HCP phase stabilizers. If the concentration of Co or Cr increases, it can stabilize the HCP phase and decrease SFE.



It is well known that, for pure Co, an FCC→HCP polymorphic transformation occurs at 422 °C during cooling. According to the DSC test and the high-temperature XRD test, the FCC→HCP transformation of the Co35Ni5 alloy occurs around 420 °C, which is close to the transformation temperature of pure Co. Moreover, according to the related sub-binary systems, there is an FCC→HCP transformation on the Co-rich side. Generally, the HCP is stable when Co content is above 60%. The dissolution of Mn, Fe, and Ni in FCC-Co decreases the polymorphic transformation temperature, while the presence of Cr can increase the transformation temperature. In the present work, the HCP phase was found in the quenched Co35Ni5 alloy, i.e., the FCC→HCP transformation is fast and constitutes a diffusionless transformation. Therefore, there is no contrast or composition difference between the FCC and HCP phases.



As mentioned above, the FCC phase is stable at high temperatures, while the HCP phase is stable at room temperature. This is consistent with the FCC→HCP martensitic transformation process of the Co35 alloy during plastic deformation, which was identified by Wei et al. [16,18], although the formation mechanism is slightly different. The formation of the HCP phase in the Co35 alloy arises due to the composition change; that is, the increase in the Co and Cr concentrations or the decrease in the Mn and Fe concentrations can reduce the phase stability of FCC and SFE. Thus, the FCC→HCP martensitic transformation occurs during the plastic deformation of the alloy. In the present work, although the Co35Ni5 alloy did not undergo plastic deformation, the FCC→HCP phase transformation still occurred during cooling. Since every element in a high-entropy alloy system occupies a randomly disordered lattice, Cr, Fe, Mn, and Ni will randomly occupy the lattice of Co. Therefore, the FCC→HCP transition point of the Co35Ni5 alloy is slightly higher than that of pure Co.




3.5. Alloy Hardness


To analyze the effect of the FCC→HCP transformation on the mechanical properties of the alloys, the microhardness of the as-cast and annealed CoxCrFeMnNi2−x alloys were examined. As shown in Figure 6, the microhardness of Co35Ni5 is much higher than that of the other as-cast or annealed alloys. This phenomenon can be attributed to the FCC→HCP transformation during cooling in the Co35Ni5 alloy. The plasticity of the HCP phase is poorer than that of the FCC phase; the HCP phase acts as a hardening phase, meaning that the dispersed HCP structure strengthens the FCC matrix, greatly improving strength and hardness.



It is clear that the Co35Ni5 alloy annealed at 600 °C has the same microhardness as the as-cast one, and its hardness increased with the annealing temperature. After annealing at 1000 °C, the hardness of the Co35Ni5 alloy reaches 213 HV, which is 14% higher than that of the as-cast alloy. It should be noted that the alloys were quenched after annealing and the test was performed at room temperature; thus, a higher annealing temperature leads to more FCC→HCP transformations.



Moreover, as can be seen from Figure 6, the microhardness of the Co5Ni35–Co30Ni10 alloys, either in as-cast states or after annealing at 600 or 1000 °C, is around 145 ± 6 HV. After annealing at 800 °C, the microhardness of the Co15Ni25 and Co25Ni15 alloys increased by 20 HV. This indicates that the BCC precipitate has a limited influence on microhardness [39].




3.6. First-Principle Calculations


To understand the phase stability and mechanical properties of the FCC and HCP phases, the total energy and elastic properties of the Co35Cr20Fe20Mn20Ni5 alloy were calculated using the first-principle method. The crystal models were built based on the virtual crystal approximation method (VCA) [29,30,31]. The ground total energy, phase structure, and mechanical properties were systematically calculated.



The calculated results are presented in Table 2. It is clear that the total energy of the HCP structure is a little lower than that of the FCC structure. That means that the HCP structure is more stable at 0 K. It needs to be pointed out that the difference between the total energy of HCP and FCC crystals is just 0.01 eV/atom; therefore, the Co35Cr20Fe20Mn20Ni5 FCC structure cannot totally transform to HCP structure. The bulk modulus of the HCP structure is a little higher than that of the FCC structure. As for the elastic constant, the HCP structure has much higher levels of C11 but much lower levels of C12 and C44. This tendency is the same as that calculated by the results of [40].





4. Discussion


It is well known that the FCC {111} planes and the HCP {0001} planes have the same atom arrangement. The stacking fault of the FCC crystal is equivalent to the formation of a thin HCP structure. Lower SFE (stacking fault energy) can activate deformation twins and stacking faults and promote the FCC to HCP transition. Twin deformation plays an important role in the strengthening and dynamic deformation of low SFE HEAs. The dynamic deformation behavior of FCC HEAs with low SFE is subject to twinning deformation [41,42]. The plastic deformation mechanism should change from dislocation slip to deformation twinning and finally to FCC→HCP transformation. It was reported that no HCP phase was found in the CoxCr25(FeNi)75−x alloys with less than 55%Co [18], while the volume fraction of HCP phase reaches 91.3% when Co content reaches 65%. It can also be deduced that the higher Co content, the lower SFE, and the greater degree of FCC to HCP transition.



In the present work, it is found that, when Co content is above 30%, the increase in Co content, at the expense of decreasing Ni content, yields reduced FCC phase stability. The FCC + HCP is stable below 420 °C in the CoxCrFeMnNi2−x alloys when x ≥ 1.5. The FCC to HCP transition can occur in Co1.75CrFeMnNi0.25 alloy during cooling and without strain-inducing, which indicates that the transformation has a large driving force and a fast speed. Moreover, the FCC + HCP is stable below 420 °C, which is different from the strain-induced metastable HCP phase in Ref. [16]. It is a new method to induce an HCP phase and strengthen the FCC high-entropy alloys.




5. Conclusions


	
When x ≥ 1.5, the FCC and HCP phases coexist in the Co-rich CoxCrFeMnNi2−x alloys at room temperature. They have the same chemical composition, and the volume fraction of the HCP phase increases with Co content.



	
It is confirmed that, in the Co1.75CrFeMnNi0.25 alloy, the HCP phase forms during cooling with an FCC→HCP transition around 450 °C. The HCP phase is not stable above 600 °C.



	
As for the Co1.75CrFeMnNi0.25 alloy, the HCP structure is more stable than the FCC structure and has a higher bulk modulus.



	
The microhardness of Co1.75CrFeMnNi0.25 numero HCP phase reaches 213 HV and is much higher than the other alloys that do not contain an HCP phase, either in their as-cast states or after annealing. The FCC→HCP transformation should improve the alloy’s mechanical properties.
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Figure 1. The XRD patterns of the as-cast or annealed CoxCrFeMnNi2−x alloys. 
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Figure 2. SEM images of the CoxCrFeMnNi2−x alloys annealed at 800 °C. (a) Co25Ni15; (b) Co30Ni10; (c) Co35Ni5. 
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Figure 3. The DSC heating curves of the as-cast CoxCrFeMnNi2−x alloy. (a) Co5Ni35-Co30Ni10; 20 K/min; (b) Co35Ni5, 5 K/min. 
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Figure 4. XRD patterns of Co1.75CrFeMnNi0.25 at varying temperatures. 
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Figure 5. A vertical section of the CoxCrFeMnNi2−x system calculated using the TCFE database. The phase constituents in the annealed and quenched alloys and the DSC results are shown in the figure. 
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Figure 6. Microhardness of the as-cast and annealed CoxCrFeMnNi2−x alloys. 
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Table 1. The detected chemical composition of phases in the CoCrFeMnxNi2−x alloys at the as-cast or annealed states.
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Alloys

	
States

	
Phases

	
Detected Composition (at.%)




	
Co

	
Cr

	
Fe

	
Mn

	
Ni






	
Co25Ni15

	
as-cast

	
FCC

	
25.2

	
19.8

	
20.0

	
20.7

	
14.3




	
1000 °C annealed

	
FCC

	
23.8

	
19.8

	
19.2

	
20.9

	
16.3




	
800 °C annealed

	
FCC

	
25.7

	
19.7

	
20.4

	
20.7

	
13.5




	
BCC

	
6.9

	
68.9

	
7.0

	
12.4

	
4.7




	
Co30Ni10

	
as-cast

	
FCC/HCP

	
31.1

	
20.9

	
22.3

	
16.5

	
9.2




	
1000 °C annealed

	
FCC

	
31.1

	
21.6

	
21.0

	
16.4

	
9.9




	
800 °C annealed

	
FCC

	
31.2

	
20.6

	
19.7

	
19.3

	
9.2




	
BCC

	
17.7

	
47.5

	
13.5

	
15.5

	
5.9




	
Co35Ni5

	
as-cast

	
FCC/HCP

	
35.1

	
19.9

	
19.9

	
20.2

	
4.9




	
1000 °C annealed

	
FCC/HCP

	
37.0

	
19.3

	
19.6

	
18.9

	
5.2




	
800 °C annealed

	
FCC/HCP

	
35.1

	
19.7

	
19.9

	
20.2

	
5.1
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Table 2. First-principle calculations of Co35Cr20Fe20Mn20Ni5 with FCC and HCP structures.
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Structure

	
Lattice Constant/Å

	
Elastic Constant/GPa

	
Total Energy/eV/atom

	
Bulk Modulus/GPa

	
Young’s Modulus

/GPa




	
C11

	
C12

	
C13

	
C33

	
C44






	
FCC

	
a = 3.4870

	
298.09

	
139.91

	
—

	
—

	
150.80

	
−1166.07

	
192.63

	
278.62




	
HCP

	
a = 2.4828

c = 3.9783

	
387.04

	
130.55

	
108.95

	
395.41

	
89.23

	
−1166.08

	
207.33

	
283.43
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