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Abstract

:

The effects of ausforming in an Fe30Mn10Cr10Co high-entropy alloy on the microstructure, hardness, and plastic anisotropy were investigated. The alloy showed a dual-phase microstructure consisting of face-centered cubic (FCC) austenite and hexagonal close-packed (HCP) martensite in the as-solution-treated condition, and the finish temperature for the reverse transformation was below 200 °C. Therefore, low-temperature ausforming at 200 °C was achieved, which resulted in microstructure refinement and significantly increased the hardness. Furthermore, plasticity anisotropy, a common problem in HCP structures, was suppressed by the ausforming treatment. This, in turn, reduced the scatter of the hardness.
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1. Introduction


Increasing the strength of structural materials has been a long-standing issue in material engineering. The strength of Fe-based alloys has been improved through various thermal and mechanical processes. The variety of thermal and mechanical processes used for steels is due to the occurrence of martensitic transformation during cooling. Specifically, martensite in steels is hard, which results in extraordinary strengthening. When ductility is required, the combination of martensite and other phases realizes highly deformable and high-tensile strength steels (e.g., dual-phase steel [1]). Furthermore, ausforming, wherein the steel is deformed at the austenite (face-centered cubic (FCC) phase) state before the martensitic transformation, enables a drastic improvement in the strength of martensite due to the high dislocation density and microstructure refinement of martensite [2].



Ausforming treatment has primarily been utilized for body-centered cubic (BCC) martensite as the martensite morphology can be lath, which results in high strength, as mentioned above. In addition to the morphological viewpoint, the following conditions are preferred for maximizing the strengthening effect of ausforming. (1) The start temperature for thermally induced martensitic transformation (Ms) must be higher than room temperature. (2) The start and finish temperatures for the reverse transformation (As and Af) must be low to suppress the occurrence of recovery and recrystallization during the heat treatment. (3) The stacking fault energy of the FCC phase must be low at the ausforming temperature to suppress dynamic recovery. (4) Precipitation, which can deteriorate ductility (such as σ phase), must be suppressed during heat treatment. In this regard, the thermal hysteresis of the FCC−HCP forward and reverse transformations is generally small, which enables satisfying conditions (1) and (2). Furthermore, when the HCP martensite forms, the stacking fault energy is always low, which satisfies condition (3). In addition, most of alloy compositions that show FCC−HCP martensitic transformation do not show significant precipitation at a low temperature (e.g., around 200 °C)—that is, the four conditions can be more easily satisfied in HCP martensite than in BCC martensite. Therefore, attempts have been made to develop ausforming treatments for HCP martensite [3,4].



In this context, a metastable Fe30Mn10Cr10Co (at.%) high-entropy alloy (HEA) containing a considerable amount of solute atoms has recently been noted as a next generation high-strength alloy [5,6,7]. The metastable HEA shows thermal- and deformation-induced FCC−HCP martensitic transformation, which simultaneously improve the yield strength and tensile ductility via microstructure refinement and transformation-induced plasticity [8]. Herein, we consider the thermally induced HCP martensite, which results in an FCC/HCP dual microstructure in the as-solution-treated condition. Ausforming treatment in the metastable HEA is expected to result in further microstructure refinement and associated strengthening.



Notably, there exist certain disadvantages of HCP martensite. (1) HCP martensite can act as a crack initiation site [9,10]. (2) The plasticity of the HCP structure is anisotropic compared with that of the BCC and FCC structures. According to previous studies [11,12], metastable HEAs exhibit nonbasal plane slip more easily compared to conventional HCP alloys. The exceptional activity of nonbasal plane slip improves ductility and relaxes plasticity anisotropy. Hence, ausforming treatment in the metastable HEA may provide a new strategy to create a high-strength ductile alloy. In this paper, as the first step, we present the microstructure refinement by ausforming and the associated changes in hardness and plasticity anisotropy.




2. Materials and Methods


A 5 kg ingot of Fe30Mn10Cr10Co alloy was prepared by vacuum induction melting. The chemical composition is listed in Table 1. The ingot was hot-rolled at 1000 °C. The hot-rolled bar was solution-treated at 900 °C for 30 min and subsequently water-quenched. As mentioned in the Introduction, the as-solution-treated microstructure consisted of the FCC/HCP dual phase microstructure (Figure 1). The phase map was obtained by electron backscatter diffraction (EBSD) measurement, and the measurement conditions are explained later in this section. The Ms, As, and Af temperatures were determined to be 55, 133, and 152 °C, respectively, as shown in Figure 2, by differential scanning calorimetry (DSC, Shimadzu) at heating and cooling rates of 20 °C min−1. The Ms temperature was measured by heating from 21 (room temperature) to 200 °C and subsequent cooling to −40 °C. The As and Af temperatures were measured by subsequent heating from −40 to 200 °C. The specific critical temperatures for the transformations were determined as the intersection points of two tangential lines on the DSC curves, as shown in Figure 2.



A tensile specimen with the geometry shown in Figure 3a was taken from the solution-treated bar by spark machining. The specimen geometry was selected to fix our experimental setup for the high-temperature tensile testing with a thermostatic chamber. The tensile test was carried out by using an Instron type tensile machine (Shimadzu, Autograph, maximum load = 10 KN). The specimen was deformed until fracture at an initial strain rate of 10−4 s−1 and temperature of 200 °C, which was higher than the Af temperature. The stress–strain curve obtained from the HEA tensile specimen showed approximately 30% uniform elongation (Figure 3b). The fractured specimen contained deformed and undeformed portions, as shown schematically in Figure 4. Specifically, the grip section and uniformly deformed region highlighted in red in the schematics of the specimens show 0% and approximately 30% strains, respectively. Therefore, the portions of the undeformed and uniformly deformed regions of the fractured specimen underwent annealing at 200 °C without deformation (low-temperature annealing) and ausforming at 200 °C, respectively. As the deformation temperature of 200 °C is much lower than the recrystallization temperature of FCC-based HEAs, which is above 500 °C [13,14], the present ausforming treatment can be considered as a low-temperature ausforming treatment.



In this study, the hardness and microstructure of the as-solution-treated, low-temperature-annealed, and ausformed specimens were characterized by Vickers hardness testing, EBSD analysis, and electron channeling contrast imaging (ECCI) using a field emission scanning electron microscope (Zeiss, Merlin). The specimens for the hardness tests and microstructure observations were mechanically polished by emery papers, diamond suspensions, and colloidal silica with a particle size of 60 nm. The Vickers hardness tests were conducted twelve times for each condition at a maximum load of 0.3 kgf with a holding time of 30 s. The minimum and maximum values were excluded to calculate the average values of hardness. The EBSD measurements were performed at an acceleration voltage of 20 kV with a beam step size of 50 nm, and ECCI was performed at an acceleration voltage of 30 kV.




3. Results and Discussion


Figure 5a1–c1 show the microstructures of the as-solution-treated, low-temperature-annealed, and ausformed specimens. Ausforming resulted in microstructure refinement, which was achieved by the formation of fine HCP martensite (Figure 5a2–c2). The HCP martensite exhibited multiple crystallographic orientations with a specific orientation relationship: {111}FCC//(0002)HCP (Figure 5a3–c3).



Figure 6 shows the ECCI images displaying the dislocation microstructure of the specimens. The microstructures of the as-solution-treated and low-temperature-annealed specimens had low dislocation density and homogeneous contrast gradient (Figure 6a,b). In contrast, the ausformed specimen showed a distinct dislocation microstructure evolution and heterogeneous contrast distribution (Figure 6c). The contrast heterogeneity was observed in both the FCC austenite and HCP martensite. Furthermore, in the ausformed microstructure, thin HCP martensite plates or stacking faults were observed, and their tips were located at the FCC/HCP interface or dislocation substructure of the austenite region, as shown in Figure 7. These results indicate the following: (1) a large residual stress associated with lattice distortion exists; (2) the FCC/HCP interface and dislocation substructure act as barriers against growth of thermally induced HCP martensite in the present metastable HEA. Hence, the residual stress and dislocation substructure caused by ausforming prevent the growth of HCP martensite and instead increase the probability of martensite nucleation, which results in microstructure refinement.



Table 2 lists the results of the hardness tests. The ausformed specimen showed a remarkable increase in hardness, which was attributed to the dislocation hardening and microstructure refinement, as shown in Figure 5, Figure 6 and Figure 7. Interestingly, the ausforming treatment decreased the scatter of the hardness. In addition, the surface relief formations by indentation in the ausformed specimen were relatively homogeneous compared to those in the other two specimens (Figure 8a–c). The homogeneous surface relief formation in the ausformed specimen was commonly observed in all the indented regions. Since the shape and topography of indentation marks have a correspondence with anisotropic plastic deformation [15] and associated dislocation behavior [16], the present results indicate that plasticity anisotropy of the HCP structure was reduced by the ausforming treatment. A plausible reason for the reduced anisotropy is the introduction of lattice distortion. The activity of the nonbasal plane slip, which is crucial for overcoming the anisotropy problem, is associated with the c/a ratio of the HCP martensite lattice [12]. The lattice distortion, which was observed as electron channeling contrast heterogeneity within each grain shown in Figure 6c and Figure 7, implies that the lattice constant of the HCP martensite locally changed owing to the presence of the dislocation substructure that evolved during ausforming. The local change in the lattice constant may assist the activation of the nonbasal plane slip. In addition, the microstructure refinement achieved by the formation of thermally induced HCP martensite with different crystallographic orientations is another factor that can reduce the plasticity anisotropy and the associated scatter of hardness. As mentioned in the introduction section, when HCP martensite is used for strengthening, plastic anisotropy and associated crack initiation are problematic. In this context, the present study demonstrated that the ausforming treatment in the metastable HEA simultaneously improves the strength and suppresses plasticity anisotropy.




4. Conclusions


In the present study, an ausforming treatment was performed for the metastable HEA that showed thermally induced FCC−HCP martensitic transformation. The treatment resulted in microstructure refinement and a high dislocation density, which improved the strength. In terms of microstructure evolution, dislocation substructures, which evolved during ausforming, prevented subsequent growth of thermally induced HCP martensite, which caused formation of numerous fine HCP martensites with multiple crystallographic orientations. In addition, the scatter of hardness and plastic anisotropy during indentation were reduced by the ausforming treatment, which indicates that the ausforming treatment suppressed plasticity anisotropy of the microstructure containing HCP martensite. The suppression of plasticity anisotropy is perhaps due to the presence of residual stress and microstructure refinement associated with the thermally induced FCC−HCP martensitic transformation.
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Figure 1. Phase map showing an overview of the as-solution-treated microstructure. 
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Figure 2. DSC curves of (a) cooling and (b) heating processes. 
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Figure 3. (a) Tensile specimen geometry and (b) engineering stress–strain curve of the specimen. 
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Figure 4. Schematic diagrams of the heat treatment history and expected microstructures for (a) low-temperature annealing and (b) ausforming. Highlighted regions in the schematic illustration of the fractured specimens indicate the targets of the present observations. 
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Figure 5. ECCI images, phase map, and ND-IPF maps of the (a1–a3) as-solution-treated, (b1–b3) low-temperature-annealed, and (c1–c3) ausformed specimens. The black lines in (c1–c3) indicate examples of traces along the (111)FCC or (0002)HCP planes. 
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Figure 6. High-magnification ECCI images of (a) the as-solution-treated, (b) the low-temperature-annealed, and (c) the ausformed specimens. 
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Figure 7. Further magnified ECCI image of the ausformed specimen. The black arrows indicate tips of the stacking faults or HCP martensite plates. 
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Figure 8. Indents after the Vickers hardness tests in (a) as-solution-treated, (b) low-temperature-annealed, and (c) ausformed specimens. 
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Table 1. Chemical composition of the HEA used (mass%).
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	C
	Mn
	P
	S
	N
	O
	Al
	Cr
	Co
	Ni
	Fe





	0.009
	29.84
	0.004
	0.007
	0.010
	0.013
	0.002
	9.55
	10.69
	<0.01
	Bal.
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Table 2. Vickers hardness test results and their standard deviations.






Table 2. Vickers hardness test results and their standard deviations.











	
	As-Solution-Treated
	Low-Temp. Annealed
	Ausformed





	Hardness
	191 ± 12 HV
	173 ± 11 HV
	252 ± 5 HV
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