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Abstract

:

The effects of heat treatment temperature on the microstructure and mechanical properties of Cu0.3Cr2Fe2Ni3Mn2Nbx high-entropy alloys (HEAs) were studied. Results indicate that in the as-cast state, an Nb0 alloy is composed of a single FCC phase, and a Laves phase gradually forms as Nb content increases. After heat treatment at 800 °C, BCC solid solution phases rich in Cr, Fe, and Mn form in all alloys. The BCC phases in the Nb0.2 and Nb0.4 alloys decompose after heat treatment at 900 and 1000 °C, respectively, and the microhardness of the as-cast Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases from 127 to 203 HV with increasing Nb content. After heat treatment, the microhardness of the alloys considerably improves, and the Nb0.4 alloy has the highest microhardness after heat treatment at 800 °C (approximately 346 HV). After heat treatment at 900 and 1000 °C, the microhardness of the three alloys decreases. The yield strength of the as-cast Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases with Nb content and shows a trend of first increasing and then decreasing with increasing heat treatment temperature. The strengthening mechanism of the heat-treated alloys is mainly attributed to the second-phase strengthening of the Laves phase and the solid solution strengthening of the BCC phase.
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1. Introduction


Yeh [1] and Cantor [2] first proposed the concept of high-entropy alloys (HEAs) in 2004. The so-called high-entropy alloys refer to materials composed of four or more metal elements, with an atomic percentage between 5% and 35%, and contain simple solid solution phases. Due to the mixing of multiple main elements, HEAs exhibit typical high-entropy effects, lattice distortion effects, slow diffusion effects, and cocktail effects [3]. These four typical effects result in HEAs exhibiting typical disordered FCC and BCC phases, ordered FCC and BCC phases, and HCP phases in terms of microstructure [4,5,6,7,8,9,10,11,12]. In addition, due to the presence of special elements (such as Ti, Nb, C, Si, and so on), HEAs often form crystal structures dominated by solid solution phases, with Laves, σ, η, R, and μ phases as secondary topological arrangement phases [13,14,15,16,17]. The rich and diverse crystal structure types in HEAs give them performance characteristics comparable to traditional alloys, such as high hardness, high strength, good plasticity, wear resistance, corrosion resistance, oxidation resistance, and good soft magnetic properties. Therefore, they have good application prospects in both structural and functional materials.



The CuCr2Fe2Ni2Mn2 alloy with a single FCC structure exhibited better corrosion resistance than traditional 304S stainless steel in both 1 M H2SO4 solution and 30 wt.% HNO3 solution [18]. To further improve the corrosion resistance of the alloy, Ren et al. designed NbxCu0.3Cr2Fe2Ni3Mn2 HEAs by reducing the Cu content and increasing the Ni content while introducing the corrosion-resistant Nb element. The phase structure of the alloy changed from a single FCC phase to FCC + Laves phase, and the degree of Cu segregation was reduced. The corrosion resistance was significantly improved in 10 and 30 wt.% HNO3 solutions [19]. However, the strength of Cu0.3Cr2Fe2Ni3Mn2 HEA with a single FCC structure is relatively low, which limits its application. Therefore, how to improve the strength of this alloy is valuable research work. Many researchers use the method of adding solid solution strengthening elements to improve the strength of a single FCC HEA. As the Ti content increased, the FCC phase content decreased and the BCC and HCP phase content increased in the CrFeNiNb0.1Tix HEAs. The hardness of the alloy increased from 512 to 867 HV, and the yield strength of the alloy increased from 1250 to 2223 MPa [20]. As the Al content increased, the phase structure of AlxFeMnNiCrCu0.5 HEAs changed from dual FCC phase to dual BCC phase, and the alloy hardness increased from 216 to 518 HV [21]. Qin et al. [22] added the Nb element to CoCrCuFeNi HEA, forming FCC + Laves phase, which increased its compressive yield strength by 2.9 times. After introducing the non-metallic elements Si and C into Fe2.5CoNiCu HEA, the solid solution strengthening effect was increased, significantly improving the strength and hardness of the HEAs [23]. These studies indicate that introducing alloying elements with larger or smaller atomic radii into HEAs can lead to significant lattice distortion effects, resulting in stronger solid solution strengthening effects, which are beneficial for improving mechanical properties.



In addition, appropriate heat treatment of HEAs can induce phase transformation without changing the chemical composition of the alloy to improve its properties. At the same time, it can eliminate defects such as component segregation, cold cracking shrinkage, and large internal stress caused by the as-cast process. Therefore, the influence of heat treatment technology on the microstructure and properties of HEAs has become one of the current research hotspots. Sun et al. [24] conducted long-term aging of Cr0.8FeMn1.3Ni1.3 HEA at 300, 500, and 700 °C and found that after aging at 500 °C for 1500 h, the alloy underwent complex phase decomposition, producing a tetragonal σ-FeCr phase, L10 NiMn phase, and a small amount of Cr-rich BCC and Fe-rich FCC phases. After aging at 700 °C for 1500 h, the alloy precipitated a Cr-rich BCC phase, forming a dual-phase microstructure, increasing the tensile strength, and decreasing ductility. The study by Yin et al. [25] on the high-temperature aging behavior of Fe45Ni25Cr25Mo5 HEA showed that the alloy exhibited a high aging hardening effect at temperatures of up to 900 °C. Moreover, owing to the precipitation of monoclinic Cr5.5Mo1.5Fe6.5Ni1.5 type σ phases, peak aging of 48 h was achieved at 900 °C, leading to a substantial improvement in compression performance. Chen et al. [26] found that as-cast Al0.3CrFe1.5MnNi0.5 HEA was composed of BCC and FCC phases. After aging at 600 °C for 100 h, a hard intermetallic compound ρ phase (Cr5Fe6Mn8 phase) precipitated in the alloy, achieving a high aging-hardening effect and microhardness of up to 850 HV. Ren et al.’s [27] aging study on CuCr2Fe2NiMn alloy showed that after aging at 800 °C for 12 h, the microhardness of the alloy increased from 334 HV in the as-cast state to 450 HV. After aging at 950 and 1100 °C for 12 h, the microhardness decreased to 180 HV. The age hardening of the alloy is attributed to the precipitation of the hard intermetallic compound ρ phase from the metastable BCC phase at lower temperatures (600–800 °C), which significantly increases the hardness of the alloy. After further increasing the aging temperature to 950 °C, the ρ phase partially decomposes and completely decomposes at 1100 °C, resulting in age softening of the alloy. It can be seen that the appropriate heat treatment temperature or holding time can produce the precipitation of second phases or intermetallic compounds, and can also promote tissue refinement, thereby improving the mechanical properties of HEAs. Therefore, in this work, different contents of the Nb element were added to Cu0.3Cr2Fe2Mn2Ni3 HEA, and Cu0.3Cr2Fe2Mn2Ni3Nbx HEAs were prepared by vacuum arc furnace. Further heat treatment was performed on Cu0.3Cr2Fe2Mn2Ni3Nbx HEAs at different temperatures to investigate the effect of heat treatment temperature on the microstructure and mechanical properties of the alloy system, providing experimental support and theoretical reference for the application of the alloy system in high-temperature structural materials.




2. Materials and Methods


Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs (x = 0, 0.2, 0.4 mol; named Nb0, Nb0.2, and Nb0.4, respectively) were prepared using Cu, Cr, Fe, Ni, Mn, and Nb bulk high-purity metals (more than 99.9 wt.%). The chemical composition of the alloys is shown in Table 1. The samples were prepared via a WK-type non-consumable vacuum arc furnace. The background vacuum was 6 × 10−3 Pa during the melting process. The furnace was washed three times with high-purity argon gas, and then filled with 0.01 atm high-purity argon gas for melting protection. The chemical uniformity of the alloys was ensured by melting the alloys in a water-cooled copper mold six times. Finally, a button ingot was obtained and then processed into a sheet sample with a size of 8 mm × 6 mm × 2 mm and a compression sample with a size of 3 mm× 6 mm by wire cutting. Then, the samples were heat treated in a box-type resistance furnace at 800, 900, and 1000 °C for 12 h and cooled in the furnace. Microstructure analysis and microhardness testing were carried out after the heat-treated flake samples were ground with SiC sandpaper and polished with diamond polishing paste, and a compression performance test was carried out after the two ends of the cylindrical sample were ground flat.



The microstructure of the HEAs after heat treatment was analyzed using X-ray diffraction (XRD, Bruker D8 ADVANCE, Bruker, Billerica, MA, USA) and scanning electron microscopy (SEM, Quanta 250, FEI Company, Hillsboro, OR, USA) systems. Cu-Kα was used for X-ray measurement at a wavelength of 1.54056 Å. The operating tube voltage and current were 40 kV and 40 mA, respectively. The scanning angle was 20°–90° (2θ), the scanning speed was 5°/min, and the scanning step was 0.02°. The composition of the HEAs was analyzed using the built-in electron spectroscopy analyzer of the SEM system. The microhardness of the HEAs was tested using an HVS-50 microhardness tester at a load of 98 N and a holding time of 20 s. Each sample was measured five times to obtain the average value as the measured hardness of the alloy. The compression performance of the HEAs was tested using an MTS810 universal testing machine at a loading rate of 2 × 10−4/s, and three samples were measured for each alloy.




3. Results and Discussion


3.1. XRD Analysis


The XRD results of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures are shown in Figure 1. The Nb0 alloy was composed of a single FCC solid solution phase in the as-cast state (Figure 1a, a1). After 800 °C heat treatment, the alloy phase structure transforms into an FCC main phase + BCC secondary phase, with a small amount of MnO. After 900 °C heat treatment, the alloy’s phase structure remains an FCC main phase + BCC secondary phase. After heat treatment at 1000 °C, the phase structure of the alloy changes back to a single FCC phase, with a small amount of Fe3O4. The presence of MnO and Fe3O4 may be attributed to the incomplete removal of the oxide layer on the surface of the alloy during polishing. The Nb0.2 alloy is composed of an FCC main phase and Laves phase as-cast (Figure 1b,b1). After 800 °C heat treatment, the alloy phase structure consists of an FCC main phase, BCC secondary phase, and a small amount of Laves phase. After 900 °C heat treatment, the BCC phase in the alloy disappears, and the phase structure is similar to the as-cast state, that is, the phase structure is FCC as the main phase and a small amount of Laves phase. After heat treatment at 1000 °C, the BCC phase forms again, and the phase structure of the alloy is transformed and forms an FCC main phase, BCC secondary phase, and a small amount of Laves phase. The as-cast phase structure of the Nb0.4 alloy is similar to that of the Nb0.2 alloy (Figure 1c,c1), which are composed of FCC main and Laves phases. After heat treatment at 800 °C, some Laves phases decompose to form BCC phases, resulting in an alloy phase structure consisting of an FCC main phase, BCC secondary phase, and a small amount of Laves phase. After 900 °C heat treatment, the phase structure of the alloy is similar to that of the 800 °C heat-treated state. After heat treatment at 1000 °C, the BCC phase decomposes again, and the phase structure of the alloy transforms and forms an FCC main phase and a small amount of Laves phase.




3.2. Microstructure


Figure 2 shows the SEM images of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures. The microstructure of the alloys after 800 °C heat treatment exhibits dendritic and interdendritic morphology. In the map scanning results, the constituent elements of the dendritic matrix are mainly Cr, Fe, Cu, and Ni, and the constituent elements of the interdendrites are mainly Mn and Cr. After heat treatment at 900 °C, the interdendritic morphology of the alloys disappears, and the elements are uniformly distributed, especially the short rod-shaped particles formed by the enrichment of Cr, Mn, and Fe. In addition, the Cu-Ni enrichment areas are interlaced and distributed. After heat treatment at 1000 °C, the alloys form interdendritic morphology again. The main components of the matrix are Cu and Ni, and the interdendritic morphology is divided into two zones, namely, a Cr- or Mn-rich zone and an Fe-, Cu-, or Ni-rich zone. Table 2 shows the EDS results of the microstructure of the Nb0 HEA at different heat treatment temperatures. The XRD results in Figure 1 show that after 800 °C heat treatment, the dendritic matrix of the alloy is an FCC phase, and the interdendritic structure is a BCC phase. After 900 °C heat treatment, the short rod-shaped particles rich in Cr, Fe, and Mn constitute the BCC phase, and the matrix is the FCC phase rich in Cu, Ni, Fe, and Mn. After 1000 °C heat treatment, the interdendritic zone rich in Cr and Mn and the matrix rich in Cu, Ni, Fe, and Mn are FCC phases.



Figure 3 and Table 3, respectively, show SEM images and EDS results of the Nb0.2 HEA at different heat treatment temperatures. After heat treatment at 800 °C, the dendritic matrix of the alloy is composed of Cr, Fe, Cu, Mn, and Ni, and the interdendritic structure is composed of Cu, Mn, Fe, Ni, and Nb. The EDS and XRD results show that the dendritic matrix consists of Cr-, Fe-, and Mn-rich BCC and Cu-, Mn-, Ni-, and Fe-rich FCC phases, and the interdendritic structure is also composed of Cu-, Mn-, Ni-, or Fe-rich FCC phases but includes a light-gray Nb- or Fe-rich Laves phase. After heat treatment at 900 °C, the interdendritic morphology of the alloy disappears, and microscale pit-like structures appear in the dendritic matrix, which is a Cr- and Mn-rich FCC phase. Light-gray rod-like and granular precipitates form in the matrix, which are composed of Nb-rich Laves phases. After 1000 °C heat treatment, the microstructure is similar to that formed after the 800 °C heat treatment. The BCC phase particles rich in Cr, Mn, and Fe in the matrix increase in size, and the Laves phase rich in Nb and Fe in the interdendritic region tends to aggregate.



Figure 4 and Table 4, respectively, show the SEM images and EDS results of the Nb0.4 HEA at different heat treatment temperatures. After heat treatment at 800 °C, the dendritic matrix of the alloy is composed of Cr, Fe, Cu, Mn, and Ni, and the interdendritic structure is composed of Cu, Mn, Fe, Ni, and Nb. The EDS and XRD results indicate that the dendritic matrix consists of a Cr-, Fe-, and Mn-rich BCC phase and a Cu-, Mn-, Ni-, and Fe-rich FCC phase. The interdendritic structure is a light-gray Nb- and Fe-rich Laves phase, in which the Cr-, Fe-, and Mn-rich BCC phase is dispersed in the matrix as fine particles. The Laves phase is distributed in the interdendritic region as short rods. After heat treatment at 900 °C, the BCC phase rich in Cr, Fe, and Mn is dispersed in short rod or granular form, whereas the Laves phase rich in Nb and Fe in the light-gray area is distributed in rod and granular form between dendrites. After heat treatment at 1000 °C, the matrix is composed of an FCC phase rich in Cr, Mn, Fe, Cu, and Ni, and the Laves phase rich in Nb and Fe is distributed in the matrix in the form of short rods or particles.



In the as-cast Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs, as the Nb content increases, the phase structure changes from a single FCC phase to an FCC main phase with a small amount of Laves phase [19]. After heat treatment at 800–1000 °C, the phase structure, microstructure, morphology, and element distribution of the alloys undergo considerable changes. Table 5 shows the binary mixing enthalpies between the elements in the Cu0.3Cr2Fe2Ni3Mn2Nbx alloy system. The binary mixing enthalpies of Cr-Fe and Cr-Mn are −1 kJ/mol and 2 kJ/mol, respectively. Under high-temperature conditions, the three elements dissolve with one another and form a BCC solid solution according to the crystal structure of Cr and Fe. The binary mixing enthalpies of Cu-Ni and Cu-Mn are both 4 kJ/mol, and Ni, Cu, and Mn are all cubic structures, which facilitates the formation of FCC phases rich in Cu, Ni, and Mn. The Ni and Mn content in this alloy system is relatively high, resulting in the formation of a phase structure dominated by the FCC solid solution. The binary mixing enthalpy of Nb-Fe is −16 kJ/mol, which is conducive to the formation of the Fe2Nb-type Laves phase, especially at high temperatures, where more Laves phases precipitate.




3.3. Microhardness


Figure 5 shows the microhardness of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures. Under casting conditions, the microhardness of the Nb0 alloy is approximately 127 HV. As the Nb content increases, the microhardness value of the alloys increases, and the microhardness of the Nb0.4 alloy increases to 203 HV. After heat treatment at 800 °C, the microhardness of the Nb0, Nb0.2, and Nb0.4 alloys increases to 190, 245, and 346 HV, respectively. After 900 °C heat treatment, the microhardness of the Nb0 alloy remains basically unchanged at 190 HV, whereas the microhardness of the Nb0.2 alloy increases to 280 HV, and the microhardness of the Nb0.4 alloy decreases to 300 HV. After heat treatment at 1000 °C, the microhardness of the Nb0 alloy decreases to 141 HV but is still higher than that of the as-cast hardness. The microhardness of the Nb0.2 alloy considerably decreases to 122 HV, whereas the microhardness of the Nb0.4 alloy decreases to 216 HV.



The as-cast hardness of the Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases with Nb content, and the increase in microhardness is mainly attributed to the precipitation strengthening of the Laves phase. The reason for the increase in microhardness of the Nb0 alloy after heat treatment at 800 and 900 °C is attributed to the formation of the Cr-, Fe-, and Mn-rich BCC phase. Owing to the higher strength of the BCC phase compared with the FCC phase, the formation or increase in the content of the BCC phase will increase the hardness of the alloy, increasing the microhardness of the 800 and 900 °C heat-treated alloys. After heat treatment at 1000 °C, a single FCC solid solution structure forms because of the decomposition of the BCC phase in the alloys, resulting in a considerable decrease in the hardness of the alloy. However, the hardness is still higher than that in the as-cast state. The main reason for the increase in the microhardness of the Nb0.2 alloy after 800 °C heat treatment is attributed to the formation of a Cr-, Fe-, and Mn-rich BCC phase and the precipitation of the Laves phase. The decrease in the microhardness of the alloy after 900 °C heat treatment is mainly attributed to the decomposition of the BCC phase. After heat treatment at 1000 °C, although the BCC phase forms again, the high-temperature coarsening of the BCC and Laves phases results in a decrease in alloy hardness. After heat treatment at 800 °C, the Nb0.4 alloy precipitates the Laves phase in its microstructure, and the BCC phase is dispersed in micrometer-sized particles, which considerably improves the microhardness of the alloy. The decrease in microhardness of the alloy after 900 °C heat treatment is mainly attributed to the partial decomposition and coarsening of the BCC phase. After heat treatment at 1000 °C, the BCC phase is completely decomposed, resulting in a decrease in the hardness of the alloy.




3.4. Compression Performance


The compressive stress–strain curves of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures are shown in Figure 6. No fracture appears in the alloys during compression, and the compression test was stopped when a 25% strain occurred. The yield strength of these alloys is shown in Figure 7. The yield strength of the Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases with Nb content and shows a trend of first increasing and then decreasing with increasing heat treatment temperature. Under casting conditions, the yield strength of the Nb0 alloy is approximately 192 MPa. As the Nb content increases, the yield strength of the alloys increases, and the yield strength of the Nb0.4 alloy increases to 383 MPa. After heat treatment at 800 °C, the yield strength of the Nb0, Nb0.2, and Nb0.4 alloys increased to 331, 743, and 1103 MPa, respectively. After 900 °C heat treatment, the yield strength of the Nb0 alloy slightly increases to 344 MPa, whereas the yield strength of the Nb0.2 and Nb0.4 alloys decreases to 624 and 558 MPa, respectively. After heat treatment at 1000 °C, the yield strength of the Nb0, Nb0.2, and Nb0.4 alloys decreases to 204, 395, and 461 MPa, respectively, and the last two alloys have yield strengths higher than the as-cast yield strength. The mechanism underlying the improvement in the compressive yield strength of the Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs is the same as that underlying the enhancement of hardness and is attributed to the second-phase strengthening of the Laves phase and the solid solution strengthening of the BCC phase. The decrease in yield strength at high temperatures is mainly related to the decomposition of the BCC phase and the coarsening of the Laves phase.





4. Conclusions


	
(1) In the as-cast state, the Nb0 alloy is composed of a single FCC solid solution phase. As the Nb content increases, the Laves phase gradually forms, which increases in content as the Nb content further increases. After heat treatment at 800 °C, all three alloys form BCC solid solution phases rich in Cr, Fe, and Mn. The BCC phases in the Nb0.2 and Nb0.4 alloys decompose after heat treatment at 900 and 1000 °C, respectively.



	
(2) The microstructure of the Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs is basically dendritic matrix and interdendritic morphology. After heat treatment, the Laves phase is distributed in the interdendritic region in the form of rods or particles, whereas the Cr-, Fe-, and Mn-rich BCC phase and Cu-, Mn-, Ni-, and Fe-rich FCC phase are distributed in the matrix. As the heat treatment temperature increases, the Laves phase aggregates and grows, whereas the BCC phase coarsens or decomposes.



	
(3) As the Nb content increases, the microhardness of the as-cast Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases from 127 to 203 HV. After heat treatment, the microhardness of the alloys substantially improves, with the Nb0.4 alloy having the highest microhardness after 800 °C heat treatment, approximately 346 HV. After heat treatment at 900 and 1000 °C, the microhardness of the three alloys decreases. The increase in Nb content in the as-cast hardness is mainly attributed to the precipitation strengthening of the Laves phase. After heat treatment, the hardness of the alloys first increases and then decreases mainly due to the formation and decomposition of the BCC phase and the coarsening of the Laves phase.



	
(4) The yield strength of the as-cast Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs increases with Nb content and first increases and then decreases with increasing heat treatment temperature. When cast, the yield strength of the Nb0.4 alloy is the highest (approximately 383 MPa). After heat treatment at 800 °C, its yield strength increases to 1103 MPa. The mechanism underlying the improvement in the compressive yield strength of these alloys is the same as the hardness-enhancing mechanism owing to the second-phase strengthening of the Laves phase and the solid solution strengthening of the BCC phase.
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Figure 1. XRD results of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures: (a,a1) Nb0; (b,b1) Nb0.2; (c,c1) Nb0.4. 
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Figure 2. SEM images of the Nb0 HEA at different heat treatment temperatures: (a0–a5) 800 °C, (b0–b5) 900 °C, (c0–c5) 1000 °C. 
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Figure 3. SEM images of the Nb0.2 HEA at different heat treatment temperatures: (a0–a6) 800 °C, (b0–b6) 900 °C, (c0–c6) 1000 °C. 
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Figure 4. SEM images of the Nb0.4 HEA at different heat treatment temperatures: (a0–a6) 800 °C, (b0–b6) 900 °C, (c0–c6) 1000 °C. 
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Figure 5. Microhardness of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures. 
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Figure 6. Compressive stress–strain curves of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures: (a) Nb0, (b) Nb0.2, (c) Nb0.4. 
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Figure 7. Yield strength of Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs at different heat treatment temperatures. 
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Table 1. Composition of the Cu0.3Cr2Fe2Ni3Mn2Nbx HEAs (mol).
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	Alloy
	Cu
	Cr
	Fe
	Ni
	Mn
	Nb





	Cu0.3Cr2Fe2Ni3Mn2 (Nb0)
	0.3
	2
	2
	3
	2
	0



	Cu0.3Cr2Fe2Ni3Mn2Nb0.2 (Nb0.2)
	0.3
	2
	2
	3
	2
	0.2



	Cu0.3Cr2Fe2Ni3Mn2Nb0.4 (Nb0.4)
	0.3
	2
	2
	3
	2
	0.4










 





Table 2. EDS results of the microstructure of the Nb0 HEA at different heat treatment temperatures.
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Temperature

	
Spot

	
Cu

	
Cr

	
Fe

	
Ni

	
Mn






	
800 °C

	
Nominal

	
3.2

	
21.5

	
21.5

	
32.3

	
21.5




	
1

	
2.7

	
36.0

	
11.2

	
20.2

	
29.9




	
2

	
3.7

	
25.1

	
25.8

	
28.8

	
16.7




	
900 °C

	
Nominal

	
3.2

	
21.5

	
21.5

	
32.3

	
21.5




	
1

	
3.3

	
56.6

	
16.3

	
11.2

	
12.5




	
2

	
5.8

	
19.6

	
22.2

	
31.4

	
21.1




	
1000 °C

	
Nominal

	
3.2

	
21.5

	
21.5

	
32.3

	
21.5




	
1

	
1.4

	
37.8

	
21.4

	
1.8

	
37.5




	
2

	
6.6

	
24.1

	
26.8

	
35.3

	
7.3











 





Table 3. EDS results of the microstructure of the Nb0.2 HEA at different heat treatment temperatures.
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Temperature

	
Spot

	
Cu

	
Cr

	
Fe

	
Ni

	
Mn

	
Nb






	
800 °C

	
Nominal

	
3.2

	
21.1

	
21.1

	
31.6

	
21.1

	
2.1




	
1

	
1.9

	
17.2

	
23.7

	
20.9

	
12.2

	
24.1




	
2

	
7.2

	
16.8

	
19.8

	
32.9

	
22.3

	
0.9




	
900 °C

	
Nominal

	
3.2

	
21.1

	
21.1

	
31.6

	
21.1

	
2.1




	
1

	
0.6

	
17.3

	
15.9

	
14.0

	
5.8

	
46.4




	
2

	
6.6

	
22.0

	
22.6

	
33.6

	
14.3

	
0.9




	
1000 °C

	
Nominal

	
3.2

	
21.1

	
21.1

	
31.6

	
21.1

	
2.1




	
1

	
1.8

	
14.7

	
23.3

	
24.1

	
14.5

	
21.5




	
2

	
4.7

	
23.4

	
25.7

	
27.8

	
17.7

	
0.7











 





Table 4. EDS results of the microstructure of the Nb0.4 HEA at different heat treatment temperatures.
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Temperature

	
Spot

	
Cu

	
Cr

	
Fe

	
Ni

	
Mn

	
Nb






	
800 °C

	
Nominal

	
3.1

	
20.6

	
20.6

	
30.9

	
20.6

	
4.1




	
1

	
1.9

	
14.9

	
24.0

	
23.8

	
13.2

	
22.3




	
2

	
9.0

	
11.3

	
16.4

	
35.6

	
25.5

	
2.2




	
900 °C

	
Nominal

	
3.1

	
20.6

	
20.6

	
30.9

	
20.6

	
4.1




	
1

	
1.6

	
17.9

	
23.8

	
21.2

	
11.8

	
23.6




	
2

	
6.6

	
18.0

	
20.7

	
32.5

	
21.2

	
0.9




	
1000 °C

	
Nominal

	
3.1

	
20.6

	
20.6

	
30.9

	
20.6

	
4.1




	
1

	
2.0

	
18.4

	
22.1

	
24.4

	
8.7

	
24.4




	
2

	
6.7

	
20.3

	
20.7

	
33.9

	
17.1

	
1.3











 





Table 5. Binary mixing enthalpies between the elements in the Cu0.3Cr2Fe2Ni3Mn2Nbx HEA system (KJ/mol) [28].
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	Element
	Cr
	Fe
	Cu
	Ni
	Mn
	Nb





	Cr
	-
	−1
	12
	−7
	2
	−7



	Fe
	
	-
	13
	−2
	0
	−16



	Cu
	
	
	-
	4
	4
	3



	Ni
	
	
	
	-
	−8
	−30



	Mn
	
	
	
	
	-
	−4



	Nb
	
	
	
	
	
	-
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