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Abstract:



The hot deformation behavior of as-cast and homogenized Al0.5CoCrFeNi high entropy alloys (HEAs) during isothermal compression was investigated as a function of temperature and strain rate. Results indicated that flow stress in a homogenized state was always higher than that in an as-cast state under the same deformation conditions. Moreover, the optimum thermo-mechanical processing (TMP) conditions for the hot working of the homogenized state were identified as 945–965 °C and 10−1.7–10−1.1 s−1 and were easier to determine in practice. Constitutive equations, for both states, correlating the flow stress of Al0.5CoCrFeNi with strain rate and deformation temperature were also determined.
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1. Introduction


Multi-component high entropy alloys (HEAs), introduced by Yeh et al. as a new alloy exploration strategy, normally contain five or more principal alloying elements in equiatomic or a near-equiatomic ratios [1,2,3,4]. Research shows that a high mixing entropy caused by multiple principal components can inhibit the formation of intermetallic compounds and promote the formation of simple solid solution structures [3]. Moreover, through the composition optimization, HEAs possess high hardness, high strength, high temperature creep resistance, and other excellent properties [5,6,7,8], which have shown great potential both in theory research and application.



Previous research of HEAs has been focused on how element content influences the property and the microstructure evolution during different heat treatments. However, hot deformation behavior is less understood. As we all know, wrought alloys are more popular in engineering component production compared with cast alloys because of factors such as shrinkage porosity, coarse dendritic structure, chemical heterogeneity, and metastable eutectic at the grain boundaries [9]. A common metallurgical approach to solve these problems is thermo-mechanical processing (TMP) of the cast alloys.



AlxCoCrFeNi is a typical HEA system that possesses face centered cubic (FCC) (Al0–Al0.3), FCC + body centered cubic (BCC) (Al0.5–Al0.7), and BCC (Al0.9–Al1.8) structures with an increasing atom percent of Al [10,11,12]. Generally, the FCC-typed HEAs are soft and ductile [12,13,14,15,16], whereas the BCC-typed HEAs are hard and brittle [13,14,15,17]. As a two-phase alloy, the Al0.5CoCrFeNi HEA has high plasticity and high strength, which gives it a more brilliant prospect than pure FCC or BCC alloys. However, there lies a dendritic microstructure with some segregation in dendrite (DR) and interdendrite (ID) regions in as-cast AlxCoCrFeNi HEA ingots [18], resulting in a necessity of homogenizing before hot working. Therefore, in this paper, we select as-cast and homogenized Al0.5CoCrFeNi as a research subject and obtain constitutive equations and processing maps by means of isothermal compression testing. The objective of this investigation was to identify the optimum TMP conditions and explore the influence of homogenization on the hot working of this alloy.




2. Materials and Methods


High purity Al, Co, Cr, Fe, and Ni (≥99.9%) were used as the raw material. Before charging into the crucible, all the alloying elements were cleaned with acetone and dried. The multicomponent Al, Co, Cr, Fe, and Ni was synthesized via arc melting under ultra-high purity argon gas on a water-cooled copper crucible to obtain an arc melted alloy button, each weighing about 30 g. To ensure chemical homogeneity, each button was flipped over and re-melted at least 5 times. The actual chemical composition was measured as 6.07 wt % Al, 23.95 wt % Co, 20.75 wt % Cr, 23.15 wt % Fe, and 24.26 wt % Ni, agreeing quite well with the nominal composition (5.65 wt % Al, 24.66 wt % Co, 21.76 wt % Cr, 23.37 wt % Fe, 24.56 wt % Ni) of Al0.5CoCrFeNi. Subsequently, button ingots were suction-casted in a water-cooled split Cu mold and cut into cylindrical samples that were 12 mm in length and 8 mm in diameter. Half of the samples were homogenized at 1100 °C for 20 h in a vacuum heat treating furnace and furnace-cooled, referring to a regime used previously for CoCrFeNi and CoCrFeMnNi [19,20]. The phase identification of both state samples was examined via DX 2700 X-ray diffraction (XRD, Dandong Fangyuan Instrument Co., Ltd., Dandong, China) with Cu-Kα (λ = 0.154056 nm) radiation, operating at 40 kV and 30 mA. Microstructure and compositional analyses were studied with a Zeiss Super 55 scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with an energy-dispersive spectrometer (EDS). Samples were carefully mechanically polished and then electropolished in a mixture of 90% acetic and 10% perchloric acids at room temperature and an applied voltage of 25 V for 15 s. The micrographs were obtained in the backscattered electron (BSE) imaging mode to reveal the different phases in the microstructure due to the atomic number (Z) contrast.



Isothermal hot compression tests were performed on cylindrical samples with dimensions of Φ8 × 12 mm using a Gleeble 3500 thermo-mechanical simulator (DSI, St. Paul, Poestenkill, NY, USA) at different deformation temperatures of 850, 900, 950, and 1000 °C with strain rates of 1, 10−1, 10−2, and 10−3 s−1. In order to ensure the reliability and repeatability of the experimental data, each test under the same deformation parameter was repeated at least three times. A graphite sheet was placed between the sample ends and anvil to ensure sufficient lubrication during each test. The samples were heated at a heating rate of 10 K/s from room temperature to the deformation temperature and kept for 180 s to eliminate the temperature gradient of the samples. Afterwards, they were deformed to a 60% reduction in height that corresponds to a true strain of ε ~ 0.9 and quenched with distilled water to freeze the microstructure. All tests were conducted in an argon atmosphere. During the process of compression, the temperature of the samples was measured by a thermocouple (nickel–chromium and nickel–silicon, Shanghai Feilong Meters & Electronics Co. Ltd, Shanghai, China) welded in the middle of the samples, and the flow stress was recorded as a function of the true strain for each strain rate and deformation temperature.




3. Results and Discussion


3.1. Microstructures


Figure 1 shows the XRD patterns of the as-cast and homogenized Al0.5CoCrFeNi HEAs. Both states exhibit a mixture of FCC and BCC crystalline structure, and the FCC phase is in majority according to the relative intensity of the diffraction peaks. After homogenization, the FCC peak intensity decreased while the BCC peak intensity increased, indicating that some FCC phases had transformed to a BCC phase. Figure 2 shows the microstructure of as-cast and homogenized specimens, and the chemical compositions of different phases are listed in Table 1. In Figure 2a, the as-cast alloy illustrates typical DR and ID regions, and the volume fraction of DR is 82%. Therefore, it is obvious that the DR corresponds to the FCC phases, whereas the ID corresponds to the BCC phases. Besides, Al and Ni segregate to the ID in the as-cast alloy. This can be explained by the fact that Al has a relatively larger atom radius and that Al–Ni has a higher negative mixing enthalpy than other atom pairs among the five elements [21]. After homogenization, some of the ID regions redissolved into the matrix since they transformed from a continuous net-shaped phase to a separated droplet-shaped phase. Moreover, a large amount of acicular precipitation (P) rich in Al and Ni separated from the matrix. The volume fraction of the DR, the ID, and the P is 76%, 15% and 9%, respectively.


Figure 1. X-ray diffraction (XRD) patterns of as-cast and homogenized Al0.5CoCrFe HEAs (AC stands for as-cast; H stands for homogenized).
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Figure 2. Initial microstructure of the (a) as-cast and (b) homogenized Al0.5CoCrFeNi HEAs. A, B, C, D and E correspond to different phases (A—DR, B—ID, C—DR, D—ID, E—P).



[image: Metals 06 00277 g002]






Table 1. The nominal composition and actual chemical compositions (in atom %) of different phases of the Al0.5CoCrFeNi HEAs.







	
Elements

	
Al

	
Co

	
Cr

	
Fe

	
Ni






	
Nominal

	
11.12

	
22.22

	
22.22

	
22.22

	
22.22




	
As-cast

	
DR(A)

	
12.35

	
22.38

	
23.03

	
22.48

	
19.76




	
ID(B)

	
22.24

	
17.52

	
18.02

	
18.01

	
24.21




	
Homogenized

	
DR(C)

	
8.95

	
21.74

	
25.77

	
24.62

	
18.92




	
ID(D)

	
14.50

	
22.97

	
19.81

	
22.08

	
20.64




	
P(E)

	
18.89

	
20.07

	
16.81

	
19.23

	
25.00











3.2. Flow Stress Behavior


The thermal expansion curve and its differential curve of the as-cast Al0.5CoCrFeNi HEA are listed in Figure S1 in Supplementary Materials. Minimum points at 580 and 840 °C in the differential curve indicate the presence of a solid phase transformation. In other words, no solid state phase transformation took place at the deformation temperature (850–1000 °C) in this work. Figure 3 shows the true stress (σ)–true strain (ε) curves of the as-cast and homogenized Al0.5CoCrFeNi HEAs at 900 and 1000 °C with strain rates of 10−3–1∙s−1. At a fixed strain, flow stress increased with a decrease in deformation temperature and an increase in strain rate. It is evident from Figure 3 that the flow stress increased dramatically to a peak value with a relatively slight strain at an early stage followed by a softening until to the maximum strain. This is because hot deformation is a competing process between working hardening and dynamic softening [22,23]. Increasing deformation temperature will speed up the thermal activation process; however, increasing strain rate will accelerate the generation and multiplication of dislocation and make it more difficult to increase deformation.


Figure 3. True stress–true strain plots at different strain rates and deformation temperature of (a) 900 °C and (b) 1000 °C for the as-cast state and (c) 900 °C and (d) 1000 °C for the homogenized state Al0.5CoCrFeNi HEAs.
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In consideration of the influence of homogenization, it is important to note that, in this study, both the peak stress and the steady stress at the homogenized state are higher compared with the as-cast state under the same deformation conditions. However, the increase in flow stress is not very significant since it was almost limited within 30 MPa, as shown in Table 2. This phenomenon can be explained by the following three factors. Firstly, as mentioned above, a large amount of precipitation separated from the matrix during homogenization. They locked the dislocation and grain boundary during deformation. Secondly, some of the ID regions redissolved to the matrix. On the one hand, this led to a higher degree of solid solution. Since HEAs are considered solid solution alloys and each element can be considered solute atoms [24], the effect of the solid solution strengthening plays a part in the increase in flow stress. On the other hand, the dissolution of ID regions reduced the volume fraction of the BCC phase, which weakened the strength of the samples to some extent. Lastly, the matrix became soft at an elevated temperature and offset the strength effect of the precipitation. This feature is consistent with the findings of a previous study [13]. From the above, it is not difficult to understand the minor increase in flow stress after homogenization.



Table 2. The steady state flow stress σss (ε = 0.8) of the as-cast and homogenized alloys at 900 and 1000 °C with strain rates of 10−3–1 s−1.







	
Temperature (°C)

	
900

	
1000






	
[image: there is no content] (s−1)

	
10−3

	
10−2

	
10−1

	
1

	
10−3

	
10−2

	
10−1

	
1




	
As-cast (MPa)

	
94

	
152

	
247

	
397

	
55

	
95

	
146

	
246




	
Homogenized (MPa)

	
115

	
168

	
254

	
404

	
63

	
102

	
175

	
263











3.3. Constitutive Modeling


The interrelation of flow stress (σ), strain (ε), strain rate ([image: there is no content]), and temperature (T) has been illustrated using constitutive equations derived by several models [25,26,27]. The Arrhenius model is mostly used because the effect of strain rate and temperature are well considered [28]. In this section, we take the homogenized Al0.5CoCrFeNi HEA as an example. The flow stress and deformation parameters can be expressed as


[image: there is no content]



(1)




where Q is activation energy, n is the stress exponent, A and α are experimentally determined constants, R is gas constant (8.3145 J/(K·mol)), and T is temperature in Kelvin. Taking the logarithm of both sides of Equation (1) yields


[image: there is no content]



(2)







[sinh(ασ)]n can be expressed as follows:


[image: there is no content]



(3)




where α, β, and n are all material constants and


[image: there is no content]



(4)







Combining Equations (1), (3), and (4), we get Equations (5) and (6):


[image: there is no content]



(5)
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(6)







Taking the logarithm of both sides of Equations (5) and (6) yields


[image: there is no content]



(7)






[image: there is no content]



(8)







The value of β and n can be obtained from Equations (7) and (8) when the flow stress (σ) and corresponding strain rate ([image: there is no content]) are known. Figure 4 shows the relationship of lnσ–ln [image: there is no content] and σ–ln [image: there is no content] at different deformation temperature, and the lines are obtained by linear fitted through the discrete points. It is important to note, from Figure 3, σ is the symbol for the flow stress at ε = 0.8, which is in the steady stage of the flow curve. In order to improve the accuracy of the constitutive equation, the curve of [image: there is no content] = 1 s−1 is not taken in consideration in this section. From the above analysis, the reciprocal of the slope of the lines in Figure 4a,b gives the values of n and β at particular T. By using average values of n and β at different T values, α for ε = 0.8 is calculated as 0.006615.


Figure 4. Plot of (a) lnσ–ln [image: there is no content] and (b) σ–ln [image: there is no content] for calculating β and n at different deformation temperatures. It is important to note that flow stress is taken at ε = 0.8.
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In order to get the activation energy Q, which indicates plastic deformability, the partial differential equation of Equation (2) is obtained:


[image: there is no content]



(9)







Figure 5 shows the relationship of ln[sinh(ασ)]–ln [image: there is no content] at different deformation temperatures and ln[sinh(ασ)]–1/T at different strain rates. The first term on the right side of Equation (9) refers to the reciprocal of slopes of the lines in Figure 5a, whereas the second term refers to the slopes of the lines in Figure 5b. By calculation, the average value of Q of the homogenized Al0.5CoCrFeNi HEA at ε = 0.8 is around 300.99 kJ/mol. As is known, Q is an important physical parameter indicating the deformation difficulty degree during plastic deformation. The activation energy calculated in this paper is similar to CoCuFeNiTi (~316 kJ/mol) [24] and AlCrCuNiFeCo (~306 kJ/mol) [28] HEAs reported previously. The influence of temperature and strain rate on hot deformation behavior can be described by Zener-Holloman parameter, Z [29]:


[image: there is no content]



(10)






Figure 5. Plot of (a) ln[sinh(ασ)]–ln [image: there is no content] at different deformation temperatures and (b) ln[sinh(ασ)]–1/T at different strain rates. It is important to note that the flow stress is taken at ε = 0.8.
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By introducing Equations (10) into (1), another form of the Zener-Holloman parameter is yielded:


[image: there is no content]



(11)







Taking the logarithm of both sides of Equation (10) yields


[image: there is no content]



(12)







Figure 6 is ln[sinh(ασ)] plot versus lnZ. The slope and the Y-intercept give the values of n and lnA, relatively. At ε = 0.8, lnA = 24.5059 and n = 6.0530. Based on the analysis above, a constitutive equation that describes the flow stress of the homogenized Al0.5CoCrFeNi HEA as a function of [image: there is no content] and T at ε = 0.8 can be written as


[image: there is no content]



(13)






Figure 6. Plot of lnZ–ln[sinh(ασ)].
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Following the similar way, the constitutive equation of as-cast Al0.5CoCrFeNi HEA is derived as Equation (14):


[image: there is no content]



(14)








3.4. Generation of Processing Maps


The hot deformation processing map for the Al0.5CoCrFeNi HEA can be developed on the basis of the dynamic material model (DDM) proposed by Prasad et al [30]. This model assumes that the plastic flow during hot working is a dynamic, nonlinear, and irreversible phenomenon [31]. It considers hot working as a dissipater of power, and the instantaneous power dissipates at a given strain rate ([image: there is no content]) consists of two complementary parts: temperature rise and microstructural transition. The former is called dissipater content G, and the latter is called dissipater co-content J. Moreover, the strain rate sensitivity (m) is used to partition G and J [32]:


[image: there is no content]



(15)







For an ideal liner power dissipater, m = 1 and Jmax = σ [image: there is no content]/2. The efficiency of power dissipation is given by the dimensionless parameter, η [33], as


[image: there is no content]



(16)







The power dissipation map can be obtained by plotting the iso-efficiency contour lines of η on the temperature–strain rate filed. The value of η represents the way in which material dissipates power through different metallurgical processes such as dynamic recovery, dynamic recrystallization, flow localization, and superplasticity. The higher the η value is, the more the amount of power dissipated by the microstructure changes increases. Generally, in many of the metallic alloys, it has been reported that a higher peak η leads to a better workability of the materials [34]. However, flow localization such as shear band can also have higher efficiency, which is not ideal for thermo-mechanical processing. Therefore, the condition for instability should be taken into account [30].


[image: there is no content]



(17)




where ξ([image: there is no content]) is a dimensionless instability parameter, and the variation of ξ([image: there is no content]) with temperature and strain rate constitutes an instability map. In this map, domains with negative values of ξ([image: there is no content]) indicate flow instability. Combining the instability map with the power dissipation map, we can obtain the processing map.



Based on the above theory, the processing maps of the as-cast and homogenized Al0.5CoCrFeNi HEAs at the true strain of 0.8 are shown in Figure 7. The isolines represent the constant efficiency of power dissipation, while the red areas (Domain A) represent the instability domains (ξ([image: there is no content]) < 0). From Figure 7, we can obtain an obvious tendency that the efficiency of power dissipation increases with increasing deformation temperatures and decreasing strain rate, which is to say that the value of η keeps increasing from the upper-left corner to the lower-right corner, as the blue dashed line indicates if we temporarily ignore Domain C in Figure 7b. The climbing of the edge dislocation and the crossing sliding of the screw dislocation accelerate at a higher temperature, and a lower strain rate can provide more time to accumulate the dislocation density. Therefore, a higher temperature and a lower strain are beneficial for a microstructure transition, such as dynamic recovery and recrystallization, during hot deformation, which can enlarge the value of η [35]. On the contrary, a lower temperature and a higher strain rate usually lead to flow instabilities because of the formation of adiabatic shear bands, dynamic strain aging, mechanical twining, and flow rotations [36]. Therefore, the instability domain is found in the upper-left corner of the maps, which is 850–870 °C and 10−1.3–10−0.2 s−1 for the as-cast state and 850–865 °C and 10−1.3–10−0.3 s−1 for the homogenized state.


Figure 7. Processing maps of the (a) as-cast and (b) homogenized state Al0.5CoCrFeNi high entropy alloys (HEAs) at a true strain state of 0.8. A, B and C correspond to different regions. (A—instability regions, B—optimum thermo-mechanical processing regions, C—high temperature and low strain rate region of (b)).
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The difference in Figure 7a,b can be explained by the fact that the peak value of η is 0.4 and appears in the region of 990–1000 °C and 10−3–10−2.4 s−1 for the as-cast state while it is 0.42 and appears in the region of 945–965 °C and 10−1.7–10−1.1 s−1 for the homogenized state. It should be emphasized that a relatively lower deformation temperature and a higher strain rate is easier to be achieved in practice. Some previous reports about aluminium alloys have confirmed that the homogenized state has a higher degree of dynamic recrystallization when compared with the as-cast state under the same hot deformation [37,38]. This may be explained by the migration of the peak region of η in Figure 7b. As we all know, the microstructure evolution of alloys after a certain degree of plastic deformation consists of three stages: dynamic recovery, dynamic recrystallization, and grain growth. A rising holding time and an increasing temperature can accelerate the growth of recrystallized grain and even generate coarse grains, which would worsen the processability. Therefore, coarse grains may be generated in Domain C of Figure 7b and prevent any increase in the value of η. However, it should be noted that research about microstructure evolution during hot deformation is vital in the future in order to clarify the mechanism of the dynamic recrystallization of Al0.5CoCrFeNi HEAs.





4. Conclusions


The hot working characteristics of the Al0.5CoCrFeNi HEA were investigated through compression testing in a Gleeble-3500 thermo-mechanical simulator in the temperature range of 850–1000 °C with a strain rate range of 10−3–1 s−1. Based on the results and discussion above, the following conclusions can be drawn:

	(1)

	
The flow behavior of Al0.5CoCrFeNi HEA is sensitive to deformation temperature and strain rate. The flow stress increases with the increase in strain rate and the decrease in deformation temperature. Moreover, the homogenized alloy shows a higher flow stress compared with the as-cast alloy under the same deformation condition.




	(2)

	
The average activation energy of the as-cast and homogenized Al0.5CoCrFeNi alloys is calculated to be 293.83 and 300.99 kJ/mol, respectively. The constitutive equation that describes the flow stress of the homogenized Al0.5CoCrFeNi alloy as a function of strain rate and deformation temperature at a true strain of 0.8 was determined to be


[image: there is no content]












	(3)

	
Processing maps show that the homogenized alloy has a better hot workability than as-cast alloy because the optimum thermo-mechanical processing parameters are relatively easier to determine. The optimum processing parameters of the homogenized Al0.5CoCrFeNi HEA are T = 945–965 °C and strain rate [image: there is no content] = 10−1.7–10−1.1 s−1.














Supplementary Materials


The following are available online at www.mdpi.com/2075-4701/6/11/277/s1. Figure S1: (a) The thermal expansivity curve with temperature (black color) and its differential curve (blue color) of as-cast Al0.5CoCrFeNi HEA at a heating rate of 5 °C/min. (b) Partial enlargement drawing of the thermal expansivity curve at T = 810–870 °C.
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