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Abstract

:

Al0.5CoCrFeNi high-entropy alloy (HEA) was prepared by spark plasma sintering (SPS) using Al0.5CoCrFeNi gas atomized powder and was treated with different cooling rates (furnace cooling, air cooling, water quenching). The phase composition, microstructure, tensile properties, Vickers hardness, compactness, and fracture morphology of the alloy were systematically studied. The results show that the cooling rate can change the phase composition and phase shape of Al0.5CoCrFeNi HEA from BCC + FCC phase to BCC + FCC + B2 phase, and the BCC phase coarsens. The ultimate tensile strength and yield strength of the heat-treated Al0.5CoCrFeNi HEA decreased with increasing cooling rate, but elongation and Vickers hardness increased with increasing cooling rate. The ultimate tensile strength and yield strength of the furnace cooling (FC) samples reached the maximum value of 985.2 MPa and 524.1 MPa, respectively. The elongation and hardness of the water quenching (WQ) samples reached a maximum value of 43.1% and 547.3 HV, respectively, and the compactness of the alloy is higher than 98.8%. Therefore, the properties of Al0.5CoCrFeNi HEAs can be greatly improved by treatment with different cooling rates.
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1. Introduction


As a new type of special metal material, high-entropy alloys (HEAs) have five or more elements in near-equiatomic concentrations [1], and their mixed configuration entropy is large [2], thus forming a simple, solid solution structure of face-centered cubic (FCC), body-centered cubic (BCC), or hexagonal dense reactor (HCP) [3,4,5]. These alloys have many excellent properties and have attracted extensive attention in recent years [6,7,8,9,10,11,12,13,14,15].



Compared with other HEAs (CoCrFeNiMn, etc.), AlCoCrFeNi HEA has good mechanical properties, oxidation resistance, and corrosion resistance [16,17,18,19,20,21]. At present, AlCoCrFeNi HEA is usually prepared by arc melting or casting [22], and its microstructure consists of an FCC phase rich in Co and Fe elements, BCC phase rich in Cr elements, and ordered B2 phase rich in Al and Ni elements [23]. However, during the solidification of the alloy, the formation of compositional segregation can lead to a decrease in its mechanical properties [18,24,25]. At the same time, the preparation of HEA by vacuum arc melting technology requires higher energy, and the cost is high, and the shape and size of the product are limited [26,27]. However, samples prepared by powder metallurgy (PM) methods, such as spark plasma sintering (SPS), have more uniform compositions, high densities, and finer grain sizes, and their properties are also better, avoiding or reducing metalworking and removal processes, thereby greatly reducing damage to the synthesized AlCoCrFeNi HEA [28,29,30,31,32,33,34,35].



Vikas et al. [36] prepared AlCoCrFeNi HEA pre-alloyed powder by high-energy ball milling (HEBM) mixed element raw powder. The ball milling time is long (up to 30 h or even longer), and the ball-milled pre-alloyed powder will be subjected to grinding media and environmental pollution, and the order of addition of metal elements can also affect the formation of HEA phase [35,37]. The AlCoCrFeNi HEA powder prepared by Kunce et al. [38] by gas atomization has higher purity and more uniform alloying element composition, which is a more ideal pre-alloyed powder for preparing HEA bulk [39].



AlxCoCrFeNi, as a typical HEA system, can obtain a single-phase or multi-phase structure by controlling the atomic percentage of Al [40]. Among them, the sintering temperature of Al0.5CoCrFeNi HEA is higher than 800 °C [41], which presents a BCC + FCC two-phase structure alloy, which has high plasticity and high strength and has a broader prospect than single-phase alloys. At present, most studies only focus on the properties of Al0.5CoCrFeNi as cast or sintered alloys. It is known that the energy barrier of phase transformation can be overcome by heat treatment, and the cooling rate of the alloy can change its microstructure [42]. Thus, it is of great significance to study the effect of heat treatment, especially the cooling rate, on the microstructure and mechanical properties of Al0.5CoCrFeNi. Therefore, the effect of cooling rate on the microstructure and mechanical properties of Al0.5CoCrFeNi HEA was systematically studied in this paper.




2. Materials and Methods


2.1. Al0.5CoCrFeNi High-Entropy Alloy Powder


In this work, powder of Al0.5CoCrFeNi HEA was prepared by gas atomization under argon atmosphere with high-purity Al, Co, Cr, Fe, and Ni (purities higher than 99.9 wt.%). The powder particle size is 10~25 μm and was purchased from Jiangsu Vilory Advanced Materials Technology Co., Ltd. (Jiangsu, China). Figure 1 shows the microstructure of Al0.5CoCrFeNi HEA powder. It can be seen from Figure 1 that the majority of powders were spherical, and the surface of the atomized powders was relatively smooth. A small amount of non-spherical particles with small particles (satellites) attached were also found in Figure 1 [43]. Due to the small size and fast solidification speed of satellite particles, the solidified satellite particles will splash out under the action of atomized gas. Since larger particles take more time to solidify than finer particles (satellites), spattering satellite particles collide with larger powder particles. Thus, satellite particles will combine with large powders to form irregular particles [44]. Satellite particles will reduce powder bluntness and increase particle size; this is also a significant factor affecting the property of the powder, especially powder flowability [45].




2.2. Al0.5CoCrFeNi High-Entropy Alloy Prepared by Spark Plasma Sintering


The Al0.5CoCrFeNi HEA gas-atomized powder was consolidated with a LABOX-350 spark plasma sintering machine (SPS, SINTER LAND INC., Chiyo, Japan) under a constant axial pressure of 30 MPa and then heated to 1050 °C at a certain heating rate (below 900 °C, the heating rate is 50 °C/min; above 900 °C, the heating rate is 25 °C/min), and the temperature was kept for 10 min to prepare a cylindrical sample with a diameter of 30 mm and a thickness of about 10 mm.




2.3. Heat Treatments


The sintered samples were heated in a KSL-1400-A3 high-temperature furnace (Hefei Kejing Material Technology Co., Ltd., Hefei, China) at 1100 °C. (The σ phase of AlCoCrFeNi alloy can be formed at around 600 °C. The transformation from BCC phase to σ phase will occur at around 650 °C, and it will be transformed back to BCC phase at around 950 °C [46]. The homogenization effect is achieved at 1100 °C [47]) The initial temperature of samples is 30 °C, and the heating rate is 10 °C/min, and the holding time is 3 h at 1100 °C. (According to the study of Munitz et al. [46], 3 h is enough for the sample to be homogenized) The samples were then cooled by the different methods of furnace cooling (FC), air cooling (AC), and water quenching (WQ). The cooling rates of the three different cooling methods are: 0.02~0.03 °C/s (FC), 0.9~1.8 °C/s (AC), and >75 °C/s (WQ).




2.4. Microstructural and Mechanical Property Characterization


Tensile specimens and damping specimens were prepared by a DK7735 CNC wire-cutting machine (Taizhou Weihai CNC Machine Tool Co., Ltd., Taizhou, China). The sample phase analysis was carried out using the DX-2500 X-ray diffraction (XRD, Dandong Haoyuan Instrument Co. Ltd., Dandong, China). Test conditions: Cu target Kα ray, tube voltage of 40 kV, tube current of 40 mA, scanning angle range of 20~90°, step angle of 0.06°/s, and sampling time of 0.5 s. The surface micro-morphology was determined by the Quanta 450 FEG field emission scanning electron microscope (FEI Company, Hillsboro, OR, USA). The room temperature tensile test was carried out by using ETM-105D universal testing machine (Shenzhen Wance Test Equipment Co., Ltd., Shenzhen, China). Test conditions: the original gauge length of the tensile specimen was 5 mm, the cross-sectional area was 1.5 mm × 1 mm, and the tensile rate was 0.2 mm/min. To avoid errors, five samples were tested for each alloy. The hardness of the samples was measured by MHVD-50AP Vickers hardness tester (Shanghai Jujing Precision Instrument Co., Ltd., Shanghai, China); the fixed load was 5 kg, the holding time was 15 s, and the average value of 7 points was measured for each sample. Compactness of alloys was determined as the ratio of density to theoretical density, and density of alloys was measured based on the Archimedes method.





3. Results and Discussion


3.1. Microstructure


Figure 2 is the XRD pattern of Al0.5CoCrFeNi HEA. As shown in Figure 1a, Al0.5CoCrFeNi powder has a dual-phase structure of BCC + FCC. After SPS, it can be clearly found that the BCC phase transitions to the FCC phase. The formation of the FCC phase is related to the critical condition of the non-equilibrium process of fast sintering in the SPS process, and the large pulse current of the SPS may also lead to the uncertain transition of the phase [48]. B2, BCC, and FCC phases appear in the alloys after heat treatment, which are different from the microstructure of sintered Al0.5CoCrFeNi HEA, in which FCC and BCC phases coexist [49]. Compared with the sintered state, the FCC diffraction peak intensity of the heat-treated samples decreased, and the BCC and B2 diffraction peak intensities increased, indicating that the heat treatment caused part of the FCC phase to transform into the BCC and B2 phases [50]. Figure 2b is an enlarged XRD pattern near 44°. It can be seen that compared with the sintered state (SS), the diffraction peak of the (111) crystal plane of the heat-treated sample shifted to a high angle, resulting in a decrease in the interplanar spacing [51], which is the exclusion of Al atoms with larger atomic radii from the matrix, thereby releasing the distortion energy, indicating that heat treatment can reduce lattice distortion [1].



Figure 3 depicts SEM images of Al0.5CoCrFeNi HEA as sintered and treated with different cooling rates. It can be seen that some very small voids (black dots in Figure 3) can be observed on the surface of the sample, which is due to the inhomogeneity of the current during the SPS sintering process, which makes the local current density at the sintering neck large, the temperature too high, and the powder volatile, thus forming micropores at higher sintering temperatures [19]. The SS consists of FCC and BCC phases, while the heat-treated samples consist of FCC, BCC, and B2 phases. The B2 phase of the FC sample is needle-like. With the increase of cooling rate, the volume of the B2 phase of the AC and WQ samples increases obviously, and it is strip-shaped [52]. Compared with the sintered state, the FCC phase of the heat-treated sample was reduced, and the BCC was obviously aggregated and coarsened, and the volume of the BCC phase of the water-cooled sample was the largest. It shows that the increase of cooling rate can accelerate the transformation of FCC phase to BCC phase and B2 phase.



Table 1 shows the element content results of different phases. Combined with the SEM image in Figure 3 and the EDS analysis results in Table 1, it shows that the FCC phase is rich in Fe, Co, and Ni elements; the BCC phase is rich in Cr elements, and the Cr content of the BCC phase in the sintered sample is 43%, and the BCC phase in the heat-treated sample is 43%; the content of Cr element increased significantly: all higher than 55%. The B2 phase is rich in Al and Ni elements, which is consistent with previous reports [53].



The surface scan results of the AC samples in Figure 4 further prove the element segregation effect of the FCC phase, BCC phase, and B2 phase. This phase segregation effect occurs because the Al-Ni-rich phase and the Al-(Ni, Co, Cr, Fe) phases have a higher negative mixing enthalpy than the other atom pairs of the five principal elements in the alloy system, and apparently, heat treatment exacerbates this phenomenon [54]. Therefore, the cooling rate affects not only the phase content and morphology but also the type of microstructure [55].




3.2. Mechanical Properties of Alloys


Figure 5 shows the engineering stress–strain curve of the Al0.5CoCrFeNi HEA at room temperature. It can be seen that all the samples undergo plastic deformation, and the tensile strength and yield strength of the samples after heat treatment are significantly increased, and the elongation is decreased. The tensile properties, hardness, and compactness of the alloys are shown in Table 2. The ultimate tensile strength and yield strength of the SS alloy are the lowest, which are 813.8 MPa and 439.5 MPa, respectively, and the elongation is the best, which is 45.7%. The ultimate tensile strength and yield strength of the FC alloy are the highest at 985.2 MPa and 524.1 MPa, and the elongation is the lowest at 36.8%. Compared with the FC and AC alloys, the elongation of the WQ alloy is 43.1% (the least decrease), and the yield strength and ultimate tensile strength (477.5 MPa, 922.2 MPa) are higher than those of the SS alloy (439.5 MPa, 813.8 MPa), so the WQ alloy is a good combination of strength and plasticity. Armin et al. [50] prepared Al0.5CoCrFeNi HEA samples with ultimate tensile strength and yield strength of 1143 MPa and 707 MPa, respectively. However, the elongation is only 21.5%, which is lower than that of our prepared Al0.5CoCrFeNi HEA. Compared with other Al0.5CoCrFeNi HEA literature reports, the mechanical properties of our prepared samples are superior to them [56,57,58].



The strength and elongation are related to the phase composition, as shown in Figure 3; after heat treatment, the Cr-rich BCC and Al- and Ni-rich B2 phases increase, while the Co-, Cr-, and Fe-rich FCC phases decrease; the BCC phase structure helps to increase the hardness and strength of the alloy and reduce the ductility of the alloy, while the FCC phase structure is conducive to the development of the alloy with high ductility and low strength [47]. The slip along the (110) plane in the BCC structure is higher than that along the (111) plane in the FCC structure. Slip is much more difficult, so the appearance of B2 phase makes it more difficult to slip, and at the same time, the resistance of dislocation movement increases [59]. Therefore, heat treatment increases the strength of the alloy and reduces the elongation of the alloy.



The hardness of the heat-treated samples is generally higher than that of the SS samples, and with the increase of the cooling rate, the hardness value increases, and the hardness of the WQ alloy reaches 547.3 HV (increased by 280.2 HV compared with the SS alloy). With the acceleration of the cooling rate, the volume of the BCC phase in the alloy becomes larger, resulting in a significant increase in the hardness of the alloy. At the same time, the densities of the alloys in the sintered state and after heat treatment are not much different: both are higher than 98.8%. The BCC and B2 phase structures are precipitated in the FCC matrix of the alloy after heat treatment, thereby increasing the strength of the alloy and reducing the elongation. Further, different cooling rates after heat treatment resulted in different contents of FCC phase, BCC phase, and B2 phase in the alloy, which led to different mechanical properties of alloys with different cooling rates.



Figure 6 shows the tensile fracture morphology of Al0.5CoCrFeNi high-entropy alloy. Typical dimple characteristics are observed in all samples, indicating that all alloys have undergone considerable plastic deformation and failed in ductile fracture mode, with an elongation scope from 36.8% to 43.1%, as demonstrated in Table 2. In addition, obvious secondary cracks and micro-cavities can be observed in all the states. The dimples in SS state of Figure 6a are small, and their number density is the largest, which is consistent with the maximum elongation (45.7%). Compared with the SS state in Figure 6a, the dimples of FC and AC in Figure 6b,c are larger, and their number density is smaller, and intergranular fracture can be found in the local region of Figure 6b,c. Moreover, second-phase particles can be seen in the FC and AC alloys in Figure 6b,c respectively, around which voids can form when sufficient stress is applied to break the interfacial bonds between the particle and the matrix, leading to the final fracture [60]. Accordingly, the above two alloys exhibit the worst plasticity: 36.8% and 40%.





4. Conclusions


In this study, Al0.5CoCrFeNi HEA was prepared by SPS technique. The effect of heat-treatment cooling rate on the microstructure and mechanical properties of the alloy was systematically studied, and the results are as follows:




	
The spark plasma sintered sample is composed of BCC + FCC phase, and the sample after heat treatment is composed of B2 + BCC + FCC phase. Heat treatment leads to the transformation of FCC to B2 + BCC phase and, with increasing cooling rate, further coarsening of BCC and B2 phases.



	
The cooling rate has a significant effect on the tensile properties of the samples. The yield strength and ultimate tensile strength of the FC samples reached the highest values of 524.1 MP and 985.2 MPa, and the elongation was 36.8% (8.9% lower than that of the SS samples). The yield strength and ultimate tensile strength of the WQ samples are 477.5 MP and 922.2 MPa, respectively, and the elongation is 43.1% (only 2.6% lower than that of the sintered sample).



	
The hardness of heat-treated samples is higher than that of SS samples, and the hardness value increases with the increase of cooling rate. The hardness of the WQ sample is 547.3 HV (280.2 HV higher than that of SS sample). The compactness of the samples after heat treatment is above 98.8%.



	
Typical dimple features can be observed in the alloys after heat treatment, indicating that the alloys still have good plastic deformation ability, and their fracture mechanisms are typical plastic fractures.
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Figure 1. SEM of Al0.5CoCrFeNi HEA powder. (a) 20 μm, (b) 50 μm. 
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Figure 2. XRD patterns of the samples: (a) XRD patterns of Al0.5CoCrFeNi HEA (powder, SS, FC, AC, WQ); (b) XRD patterns of amplified peaks near 44°. 
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Figure 3. SEM images of Al0.5CoCrFeNi HEA as-sintered and treated with different cooling rates: (a) SS; (b) FC; (c) AC; (d) WQ. 
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Figure 4. SEM scan results of AC samples. (Al and Ni map, B2 phase; Co, Fe, and Ni map, FCC phase; Cr map, BCC phase). 
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Figure 5. Room-temperature engineering stress–strain curves of Al0.5CoCrFeNi HEA as sintered and treated with different cooling rates. 
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Figure 6. SEM images of tensile fractures of the as-sintered alloys. (a) SS and alloys treated with different cooling rates: (b) FC; (c) AC; (d) WQ. 
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Table 1. EDS analysis results (in at%) of Al0.5CoCrFeNi HEA micro-domains in the sintered state and treated with different cooling rates; see Figure 3 for the specific phases.
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Al0.5CoCrFeNi

	
Phase

	
Chemical Composition/at.%




	
Al

	
Co

	
Cr

	
Fe

	
Ni






	
Sintered state

	
FCC

	
9.39

	
24.01

	
20.73

	
23.77

	
22.09




	
BCC

	
12.56

	
12.77

	
43.20

	
13.04

	
18.43




	
Furnace cooling

	
FCC

	
6.92

	
22.90

	
20.19

	
26.08

	
23.91




	
BCC

	
2.72

	
11.72

	
61.98

	
17.50

	
6.08




	
B2

	
29.12

	
16.38

	
9.98

	
12.01

	
32.51




	
Air cooling

	
FCC

	
9.26

	
26.52

	
13.17

	
26.94

	
24.11




	
BCC

	
2.66

	
5.63

	
78.71

	
9.38

	
3.63




	
B2

	
28.12

	
19.28

	
5.12

	
15.31

	
32.16




	
Water quenching

	
FCC

	
10.03

	
29.90

	
5.42

	
28.94

	
25.71




	
BCC

	
2.42

	
13.93

	
54.39

	
24.23

	
5.03




	
B2

	
31.27

	
5.31

	
10.41

	
16.41

	
36.60
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Table 2. Mechanical properties of Al0.5CoCrFeNi HEA as sintered and treated with different cooling rates.
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	Al0.5CoCrFeNi
	Yield Strength (MPa)
	Ultimate Tensile Strength (MPa)
	Elongation (%)
	Hardness (HV)
	Density (%)





	Sintered state
	439.5 ± 3
	813.8 ± 9
	45.7 ± 0.6
	267.1 ± 3
	99.1 ± 0.6



	Furnace cooling
	524.1 ± 5
	985.2 ± 6
	36.8 ± 0.8
	393.4 ± 5
	99.2 ± 0.8



	Air cooling
	507.4 ± 3
	955.7 ± 8
	40.0 ± 1
	402.1 ± 9
	98.8 ± 1



	Water quenched
	477.5 ± 2
	922.2 ± 4
	43.1 ± 0.5
	547.3 ± 8
	99.3 ± 0.5



	Armin et al. [50]
	319 ± 10
	468 ± 11
	30
	230 ± 12
	-



	Jun et al. [56]
	707
	1143
	21.5
	-
	-



	Tong et al. [57]
	403
	762
	37.79
	-
	-



	Niu et al. [58]
	360
	720
	33
	-
	-
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