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Abstract

:

Shear localization is one of the most important failure mechanisms subjected to high-strain-rate deformation and has significant effects on the process, plastic deformation, and catastrophic failure of a material. Shear localization was observed in serrated chips produced during the high-speed cutting of the CoCrFeMnNi high-entropy alloy. Electron backscatter diffraction was performed to systematically investigate microstructural evolution during shear banding. The elongation and subdivision of the narrow grains were observed in the areas adjacent to the shear band. The microstructure inside the shear band was found to be composed of equiaxed ultrafine grains. The results reveal that grain subdivision and dynamic recrystallization might have significant roles in the microstructural evolution of shear bands. These results offer key insights into our understanding of shear localization and high-speed machining behavior for high entropy alloys.
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1. Introduction


High speed cutting is a promising advanced manufacturing technique and has been widely used in the aerospace, die and mold fabrication, and automotive industries [1,2]. During the cutting process, a workpiece material is transformed into chips after undergoing severe plastic deformation. The role of chips is of central importance, because chips are witnesses to the whole physical and thermal phenomenon [3]. The emergence of serrated chip flow is a universal phenomenon during the high-speed cutting process [4,5,6,7]. Therefore, understanding the mechanism of serrated chip flow is critical for the development of high-speed machining techniques. During the past few decades, lots of studies have shown that these serrated chips are attributed to repeated thermoplastic shear banding instability which occurs within the primary shear zone (PSZ) [8,9,10,11,12,13]. The shear band is one of the most important failure mechanisms subjected to high-strain-rate deformation and is generally considered as the precursor to the catastrophic failure of a material [14,15,16,17,18]. It is noted that shear localization behavior during high-speed cutting is not only related to cutting conditions but is also sensitive to the workpiece material.



High-entropy alloys (HEAs) or complex concentrated alloys are a relatively interesting class of metal materials that contain multiple elements in equiatomic and near-equiatomic ratios. Due to their unique chemical complexity caused by the random distribution of elements in the lattice, HEAs display superior properties, including remarkable fracture toughness [19,20,21], an outstanding combination of strength and ductility [22,23,24], excellent resistance to hydrogen embrittlement [25,26], good damage tolerance [27,28,29], and exceptional dynamic mechanical performance [30,31,32]. Therefore, they have wide potential application prospects, such as aerospace, nuclear reactor, kinetic energy penetrators, and other engineering applications [33,34]. However, to date, the nature of the deformation behavior of HEAs during high-speed cutting remains unclear. Hence, understanding of the shear localization of HEAs in high-speed cutting is needed.



In this paper, we reported the design and results of high-speed cutting experiments for the CoCrFeMnNi high-entropy alloy for the first time. The microstructure evolution of shear localization in the obtained chips was investigated using electron backscatter diffraction (EBSD). The heterogeneous deformation gradient distribution in the chips leads to the formation of elongation grains in the areas adjacent to the shear band and equiaxed ultrafine grains in the core of shear band. Furthermore, a microstructure evolution model was proposed. The results advance our understanding of shear banding and high-speed machining behavior for high-entropy alloys.




2. Materials and Methods


The equiatomic Co20Cr20Fe20Mn20Ni20 (at%) HEA was synthesized by arc-melting high purity elements (at least 99.9% purity) under an argon atmosphere. The ingots were remelted at least five times to improve their chemical homogeneity. The as-cast ingots were cold rolled by a 45% reduction in thickness and subsequently annealed at 1073 K for 1 h in vacuum to eliminate the residual stress and fully recrystallize. The as-annealed sheets were cut into rectangular workpieces with dimensions of 40 mm × 40 mm × 2 mm via electric discharge machining.



High-speed cutting tests were conducted on a self-developed experimental device based on split Hopkinson pressure bar (SHPB) [35], schematically shown in Figure 1. In these sets of tests, uncoated tools made of P10 tungsten carbide material were designed with rake angles of 0° and clearance angles of 5°. The principal machining parameters were used in the orthogonal cutting for the cutting speed of 15 m/s and a constant cutting thickness of 200 μm. The serrated chips were collected for each experiment, mounted, and polished for further metallographic examinations. Microstructural characterizations were carried out on a field emission scanning electron microscope (SEM, JSM-7900F, JEOL Inc., Tokyo, Japan) equipped with electron backscatter diffraction (EBSD, EDAX Hikari Super, AMETEK Inc., Mahwah, NJ, USA) before and after high speed cutting. In the EBSD data analysis, the low-angle grain boundaries (LAGBs) with misorientations of 2–15° and the high-angle grain boundaries (HAGBs) with misorientations of above 15° were indicated with white and black lines, respectively.




3. Results and Discussion


The initial workpiece had equiaxed grains with a mean grain size of 32 μm, as shown in the EBSD in Figure 2a. Annealing twins were formed in the grain interior. In addition, the EBSD inverse pole figure (IPF) orientation map indicated that the equiaxed grains were randomly orientated (Figure 2b). With regard to the chip after high-speed cutting, Figure 3 shows the serrated chip morphology from SEM and the characteristics of the shear band from EBSD. From Figure 3b, the shear bands with highly localized deformation were observed between the saw-teeth-like chips. The propagated direction of the band was the maximum shear deformation direction. In the bulk of the segment, grains adjacent to the shear band were deformed and elongated toward the shear direction. It was evident that the shear deformation away from the shear band was relatively low, since the microstructures of grains within this region basically kept their original features. It is important to note that the information regarding the grains indicated the severe deformation gradient in the direction perpendicular to the shear band from near to far away, as shown in Figure 3b. This methodology has been exploited as a means for investigating the microstructure evolution of shear bands.



Figure 4 contains the EBSD micrographs of shear localization zone. The shear bands with widths of about 20 μm are distinguished with black dotted lines. In Figure 4a, the microstructure within the shear localization zone mainly consists of partial equiaxed grains and narrow elongated grains. With the shear deformation, the grains on both sides of the shear band were elongated, while the directions were opposite. Figure 4b shows a detailed microstructure outside the shear band (marked with black rectangle in Figure 4a). The grains adjacent to the shear band were severely elongated and partially fragmented. Meanwhile, the grains far away from shear band were slightly elongated and maintained their original microstructure characteristic. Figure 4c presents a kernel average misorientation (KAM) map investigated outside the shear band. In general, KAM values represent the density of the geometrically necessary dislocation (GND) [36]. According to the color bar, the color changed from blue through yellow to red, indicating an increase in local strain and dislocation density. The black dash line marks the boundary position between shear and matrix. The matrix region outside the shear band is mainly presented in green and yellow, while the shear band is mainly shown in blue, indicating that the dislocation density in the matrix region is higher than that in the shear band. The relatively low dislocation density within the shear band indicates dynamic recrystallization (DRX) in the shear band formation process. DRX can be identified based on the low internal misorientation level resulting from a lower dislocation density as compared to the deformed grains [37]. The grain orientation spread (GOS) is considered to be a successful tool in measuring intragranular orientation gradient [38]. The GOS is calculated by averaging the deviation between the orientation of each point in a given grain and the average orientation of that grain [38,39,40]. The GOS approach, which is based on the principle that the GOS values of recrystallized grains are lower than those of deformed grains, can be used to determine DRX structures. A threshold value of 2° was chosen for the GOS tolerance to distinguish a recrystallized grain from a deformed one [40,41]. Figure 4d shows a GOS map obtained outside the shear band. As illustrated in Figure 4d, the area outside the shear band consisted mostly of elongated (sub)grains and deformed grains (marked with orange and red colors), together with some small equiaxed grains (expressed by green or blue colors). The shear band region consisted of recrystallized grains with very low dislocation densities.



Figure 5a displays the EBSD micrographs of the shear band (marked with a blue dotted rectangle in Figure 4a) to reveal the microstructure details. As shown in Figure 5a,b, the microstructure within the shear band was mainly composed of many equiaxed ultrafine grains bounded by HAGBs and some elongated large grains. It is generally accepted that these equiaxed ultrafine grains are the result of grain fragmentation and even dynamic recrystallization during the shear banding process [32,42,43,44,45]. Figure 5c shows that the grain size was refined to about 267 nm inside the shear band that broke into ultrafine and nanocrystalline regimes. The misorientation angle distribution reveals that a significant fraction of HAGBs were well developed (Figure 5d), which also indicates the occurrence of dynamic recrystallization. To further understand the dislocation distribution in the shear band, a detailed KAM map superimposed by HAGBs is shown in Figure 5e. High-density dislocations were concentrated in areas close to (sub)grain boundaries, and there was less dislocation in (sub)grain interiors. The low-density dislocations inside the most equiaxed grains clearly indicate that dynamic recrystallization occurred in the shear band. This is also evidenced by the fact that almost all grains were equiaxed recrystallized grains surrounded by well-defined HAGBs, as shown in Figure 5f.



As mentioned above, in addition to ultrafine equiaxed grains, there were some elongated large grains in the shear zone. Figure 6a gives an enlarged view of the elongated grains (marked with a black dotted rectangle in Figure 5b) inside the shear band. The elongated grain was bounded by HAGBs (black line) and separated by LAGBs (white line), which is a typical microstructure characteristic of subgrains. From Figure 6b, it can be seen that there were relatively high-density dislocations concentrated at LAGBs, implying that LAGBs are formed by the pileup of dislocations. The LAGBs would further transform into HAGBs with further shear deformation. Actually, some parts of LAGBs, as indicated by red arrows in Figure 6a, evolved into HAGBs. The gradual transformation process is the subgrain rotation nucleation stage in dynamic recrystallization [46,47], which results in a high fraction of HAGBs within the shear band, as shown in Figure 5d. To further understand the grain refinement process in the elongated (sub)grain within the shear band, the micorientation profile within individual elongated (sub)grain was measured. Figure 6c presents the point-to-point and point-to-original misorientation profiles along the path “L” and “T” drawn in an elongated (sub)grain in Figure 6a. Four misorientation jumps below 15° on the point-to-point curve along “L” indicate the existence of four LAGBs, which resulted from the dislocation pileup. There was little misorientation accumulation within these subgrains, which is consistent with the KAM map in Figure 5e and Figure 6b. The point-to-point curve along “T” illustrates the misorientation change below 2°, indicating low local strain along the transverse axis in the elongated grain. These observations elucidate that with further shear deformation, LAGBs would convert gradually into HAGBs, and the elongated grains were broken up into equiaxed ultrafine grains via the fragment of longitudinal axis. Figure 7 illustrates the whole process of the microstructure evolution in the shear band, which is based on the EBSD observations. At the beginning of deformation, the matrix material still retained a large grain size, and the dislocations multiplied rapidly (Figure 7a). As the strain increased, the dislocations rearranged into elongated dislocation cells (Figure 7b). With a further increase in strain, the accumulation and rearrangement of dislocations led to the formation of elongated subgrains (Figure 7c). The elongated dislocation cells subdivided into equiaxed parts to accommodate further strain (Figure 7d). As misorientation increased, fragmentized subgrains rotated, leading to the formation of equiaxed ultrafine grains with HAGBs (Figure 7e). Similar behavior has been observed in the shear band of high-strain-rate deformation [17,48].




4. Conclusions


The chip morphology and microstructure evolution in the shear band, formed during the high-speed cutting of the high-entropy alloy CoCrFeMnNi, were investigated using EBSD. The deformation gradient distribution was found to be heterogeneous in a chip sample, leading to complicated microstructure characteristics and shear band behavior. It was shown that large grains basically kept the original features in the lightly strained areas in the serrated chip. The subsequently elongation and subdivision of the narrow grains were observed in the areas adjacent to the shear band. The microstructure inside the shear band was found to be composed of equiaxed ultrafine grains, with the presence of some elongated ultrafine grains. A microstructure evolution model was proposed, and the related microstructure was attributed to dynamic recrystallization. The present study provides a direct observation inside the shear band for the high-speed cutting of HEA and a fundamental understanding of the serrated chip formation mechanism for high-entropy alloys.
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Figure 1. Diagram of high-speed cutting experimental device based on a split Hopkinson pressure bar (SHPB). The insert shows the schematic diagram of the cutting process. 
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Figure 2. (a) Grain size distributions of initial CoCrFeMnNi workpiece; (b) a typical EBSD IPF orientation map of the initial workpiece (the inset is the IPF color code). 
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Figure 3. The microstructure of serrated chip formation at cutting speed of 15 m/s: (a) the morphology of chip from SEM; (b) EBSD image quality (IQ) map of shear band in the serrated chip. 
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Figure 4. EBSD micrographs of the shear localization zone (step size: 150 nm): (a) IPF orientation map; (b) IPF orientation map of areas adjacent to the shear band; (c) KAM map of areas adjacent to the shear band; (d) GOS map of areas adjacent to the shear band. 
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Figure 5. EBSD micrographs of the shear band (step size: 35 nm): (a) IPF orientation map; (b) IPF orientation map in center of shear band; (c) grain size distributions inside shear band; (d) grains’ misorientation angle distributions inside shear band; (e) KAM map superimposed by HAGBs; (f) GOS map superimposed by HAGBs. 
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Figure 6. Detailed EBSD micrographs of elongated large grain inside the shear band (step size: 35 nm): (a) a typical IPF orientation map in the shear band superimposed by LAGBs and HAGBs; (b) KAM map superimposed by LAGBs and HAGBs; (c) the point-to-point and point-to-original misorientation profile along the path “L” and “T” drawn in an elongated grain in (a). 
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Figure 7. The schematic illustration showing the microstructure evolution in the shear band: (a) original equiaxed grain with uniform dislocation distribution; (b) formation of dislocation cells; (c) formation of elongated subgrains; (d) division of elongated sub-grains; (e) fragmentized subgrains’ rotation and formation of equiaxed ultrafine grains. 
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