

  metals-08-00902




metals-08-00902







Metals 2018, 8(11), 902; doi:10.3390/met8110902




Article



Tensile Deformation Behavior of Medium Manganese Steels with High Carbon Concentrations and Austenitic Microstructures



Guoqing Luan, Olena Volkova and Javad Mola *,†





Institute of Iron and Steel Technology, Technische Universität Bergakademie Freiberg, Leipziger St. 34, 09599 Freiberg, Germany









*



Correspondence: j.mola@hs-osnabrueck.de; Tel.: +49-541-969-2188






†



Current address: Laboratory of Materials Design and Structural Integrity, Faculty of Engineering and Computer Sciences, Osnabrück University of Applied Sciences, 49076 Osnabrück, Germany.









Received: 28 September 2018 / Accepted: 1 November 2018 / Published: 4 November 2018



Abstract

:

Tensile properties of the Fe–1.44C–8Mn–1.9Al (mass %) steel with a fully austenitic microstructure, obtained by rapid quenching from the austenite range, was determined at room temperature. Tensile tests were performed using specimens prepared in two different routes involving an exchanged sequence of machining and heat treatment as the last processing steps prior to tensile tests. In spite of the occurrence of deformation twinning, total tensile elongations in both processing routes remained below 18%. Abrupt stress drops during tensile tests suggested the occurrence of discontinuities in tensile specimens. Detailed examination of the fracture surface indicated a mixed intergranular–transgranular fracture mode. Furthermore, a high density of surface cracks was observed near the outer surface in the gauge section of fractured tensile specimens. The origin of surface cracks could not be identified. The coincidence of surface cracks with the grain boundaries, especially those nearly perpendicular to the tensile direction, is thought to be responsible for the accelerated grain boundary decohesion and the premature fracture of tensile specimens.
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1. Introduction


Due to their outstanding work-hardening properties, high-Mn steels are used in a wide variety of applications [1,2,3]. The occurrence of the twinning-induced plasticity (TWIP) effect in high-Mn steels is responsible for their superior strength and ductility combination. High-Mn steels are capable of work hardening to flow stresses in the range 600–1100 MPa, while maintaining tensile elongations in the range 60–95%, thereby offering a high formability [4]. The high toughness of high-Mn steels allows them to be used in cryogenic temperature applications, for example, for the storage and transportation of liquefied natural gas (LNG) [5,6].



The presence of high Mn concentrations in TWIP steels impairs their weldability and galvanizability [7]. Therefore, many researchers have attempted to reduce the concentration of Mn without significant sacrifice of the strength and formability [8,9]. Reducing the Mn concentration of conventional high-Mn steels, such as Fe–22%Mn–C [10,11] to the range of medium-Mn steels—often also associated with a reduction in the C concentration—leads to the development of austenitic–ferritic microstructures [12,13]. Although ferrite raises the yield strength, it results in inferior work-hardening characteristics, compared to fully austenitic high-Mn TWIP steels [14]. Heo et al. [15] reported a tensile strength of 1100 MPa and a total elongation of 40% for an Fe–10.62Mn–2.84Al–0.177C steel (concentrations in mass %) with an austenite fraction of 34 vol %. Lee et al. [16] achieved a tensile strength of 1131 MPa and a total elongation of 58% with an Fe–6.15Mn–1.4Si–0.04Al–0.05C steel containing an austenite fraction of 50 vol %. Tensile strength and total elongation were 899 MPa and 70%, respectively, for an Fe−11Mn−3.8Al−0.18C steel with 66 vol % austenite in its microstructure [17]. The preceding examples of medium-Mn steels contain low C concentrations, leading to the formation of austenitic–ferritic microstructures. Mechanical properties of these steels are largely controlled by the amount and stability of austenite and the type of deformation-induced processes in the austenitic constituent. The stability of austenite is, in turn, controlled by the stacking fault energy (SFE) [18]. When the SFE is less than 15 mJm−2, martensitic transformation and the transformation-induced plasticity (TRIP) effect are expected in the austenite. As the SFE is raised to the range 15–45 mJm−2, the martensitic transformation is replaced by twinning, resulting in the TWIP effect [4,18]. Since C and Mn both increase the SFE [19], they can be added interchangeably to maintain a particular SFE. In other words, the TWIP effect should be retained if some of the Mn in high-Mn steels is replaced with C. Using an Fe−7.0Mn−1.2C medium-Mn high-C steel, Seo et al. [20] demonstrated that twinning was also a dominant deformation mechanism during micropillar compression of medium-Mn steels with high C concentrations. The present contribution discusses the tensile properties of a bulk medium-Mn high-C steel with special alloying additions to oppose the precipitation of cementite. In particular, it aims to justify the mechanical properties on the basis of crack nucleation and growth mechanisms. The reported mechanical properties enable a comparison with those of the well-known high-Mn and Hadfield steels.




2. Experimental


Chemical composition of the medium-Mn high-C steel studied in the present work (denoted 2Al) is given in Table 1. The ingot was produced using a VIM-12 vacuum induction melting and casting facility (ALD Vacuum Technologies GmbH, Hanau, Germany). The cast ingot was homogenized at 1250 °C for 2 h under a vacuum of better than 10−2 mbar. Tensile specimens were obtained by two different routes involving exchanged sequences of heat treatment and machining. For each route, two tensile specimens were prepared and tested. The tensile specimens HM—H and M denoting heat treatment and machining, respectively—were obtained by austenitization at 1150 °C for 30 min (under Ar protective atmosphere without prior evacuation of the furnace chamber), quenching in brine (10% NaCl in water), followed by final machining. Conducting machining as the last processing step before tensile tests ensured the complete elimination of the decarburized surface layer in the gauge section of tensile specimens. By contrast, the tensile specimens MH were heat-treated after machining. The heat treatment resembled the one used for the HM specimens. Therefore, the possible decarburization/oxidation in the gauge section of the tensile specimens persisted during tensile testing of MH specimens. Dimension of round tensile specimens was in accordance with the DIN 50125 standard. The gauge diameter and gauge length of tensile specimens were 6 mm and 30 mm, respectively. A Zeiss Ultra 55 (Zeiss NTS GmbH, Oberkochen, Germany) field emission gun scanning electron microscope (SEM), equipped with electron energy-dispersive X-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD) detectors, was used for the microstructural analyses. EBSD measurements were performed using as-polished specimens at an accelerating voltage of 20 kV.




3. Results and Discussion


3.1. Microstructure Prior to Tensile Tests


In order to obtain fully austenitic microstructures in medium-Mn steels containing high C concentrations, the formation of martensite, ferrite/pearlite, and cementite must be inhibited by proper alloying and thermal processing. Requirements to obtain fully austenitic microstructures in medium-Mn steels are discussed in detail elsewhere [21]. In summary, Mn is required to ensure sufficient hardenability and the absence of ferrite and pearlite. To suppress the spontaneous martensite formation and adjust the austenite stability, C is required in quantities well above those of the conventional high-Mn steels. The presence of high carbon concentrations, in turn, facilitates the precipitation of cementite. The kinetics of cementite formation can be decelerated by the addition of alloying elements, such as Al and Si [22,23].



The austenitic microstructure shown in Figure 1 was obtained by following the preceding design considerations, and brine quenching after solution annealing. Due to the absence of thermomechanical deformation, the microstructure is characterized by a coarse grain size (about 1 mm) originating from the solidification step (Figure 1a). As shown in Figure 1b, inclusions also exist in the austenitic matrix. With the aid of SEM-EDS analysis (Figure 1c), the inclusions were found to contain high concentrations of Se (15.5 mass %), S (28.9 mass %), and Mn (55.6 mass %), indicating that they were sulfides. No cementite could be detected during the SEM examination of the grain boundaries.




3.2. Tensile Properties and Work-Hardening Behavior


Tensile stress–strain curves for one of the specimens in each route are shown in Figure 2. A characteristic feature of the stress–strain curves is the occurrence of stress drops, as marked by vertical arrows in Figure 2. These stress drops imply the formation of discontinuities in tensile specimens, leading to an abrupt decrease in their effective cross-section. Accordingly, the low total elongation of the present steel compared to conventional high-Mn steels [24] might be related to the formation of discontinuities of supercritical size during tensile tests, leading to the premature fracture of tensile specimens.



In spite of the presence of a high C concentration, the yield strength of the present steel remains below 371 MPa, which is comparable or somewhat lower than that of the conventional and Al-added high-Mn steels containing C concentrations up to only 0.7 mass % [25]. Due to the significant influence of grain size on the yield strength of austenitic steels [26], the relatively low yield strength of the present steel can be justified by its coarse grain size. Average tensile elongations until fracture in HM and MH conditions were 14.9% and 14.6%, respectively. The similarity of the total elongation for HM and MH specimens indicates that the mechanism responsible for the premature fracture of tensile specimens is operative regardless of the sequence of machining and heat treatment steps. Since the work-hardening rate is largely controlled by texture [27], the difference in the work-hardening rate of specimens might be related to the coarse grain size of specimens, and accompanied textural differences. Furthermore, reduction in the work-hardening rate of polycrystalline tensile specimens can also arise if the cross-section is compromised by the formation of discontinuities, for instance, surface cracks [28]. The likelihood of this mechanism is discussed in Section 3.3.




3.3. Macro- and Microstructural Examination of Fractured Tensile Specimens


Fracture surface of the tensile specimen HM is shown in Figure 3a. Two regions with distinct contrasts can be identified on the fracture surface. In the regions marked T, the fracture surface appears matt. The regions with a matt appearance are separated by a shiny region, marked I in Figure 3a. Smaller regions with a shiny contrast also exist near some of the edges of tensile specimens. The difference in the light reflection characteristics of the fracture surface can be correlated with the roughness of the fracture surface. The better-reflecting shiny regions are expected to be smoother than regions with a matt appearance. To confirm this, the opposite side of the fracture surface in Figure 3a was mounted according to the schematic in Figure 3b. The contour shown in Figure 3c corresponds approximately to the solid line superimposed on the fracture surface in Figure 3a. The dashed lines extending from Figure 3a–c mark the approximate correspondence between the fracture surface and its contour. The areas demarcated by two rectangles in Figure 3c are magnified in Figure 3d,e. According to Figure 3d, the fracture surface is rough in the regions marked T. The roughness of the fracture surface in Figure 3d indicates the occurrence of noticeable plastic deformation prior to fracture. By contrast, the fracture surface is smooth in the regions marked I (Figure 3e). The results support that the regions marked T and I represent transgranular and intergranular types of fracture, respectively.



An electron channeling contrast imaging (ECCI) micrograph pertaining to the region of fracture mode transition from intergranular to transgranular is shown in Figure 4a. In the upper region of the ECCI micrograph, where the fracture mode is transgranular, the ECCI contrast is poor, and resembles that of highly deformed austenitic steels [29,30,31]. In the lower regions with an intergranular fracture mode, the contrast resembles that of austenitic steels having undergone a smaller degree of plastic deformation [30]. This suggests that fracture has been initiated by decohesion along the grain boundaries, leading to the formation of the central region marked I in Figure 3a. The growth of the intergranular crack has been suppressed at the point marked by an arrow on the ECCI micrograph. The suppression of the intergranular fracture is likely related to the gradual change in the orientation of the grain boundary with respect to the loading axis. In other words, the gradual deviation of the normal to the grain boundary from the tensile loading axis (horizontal in the ECCI micrograph) decreases the effective stress on the grain boundary, leading to the initiation of transgranular fracture. In this case, the crack grows in such a manner that the fracture plane remains more or less perpendicular to the tensile direction. Referring to the stress–strain curve of the specimen HM (Figure 2), the abrupt stress decrease marked by a vertical arrow arises from the occurrence of intergranular decohesion and its rapid propagation. The associated decrease in the cross-sectional area in regions of intergranular decohesion, in turn, increases the stress carried by the rest of the cross-section, thereby triggering the void formation and the transgranular mode of fracture. The occurrence of localized deformation also leads to local strain rates much higher than the global strain rate. The EBSD inverse pole figure (IPF) map in Figure 4b, pertaining to the region demarcated by a rectangle in the ECCI micrograph of Figure 4a, indicates the presence of bands with large misorientations with respect to the surrounding matrix. The bands have also propagated into apparently stress-free cross-sectional regions having experienced grain boundary decohesion. They resemble the shear bands that are normally triggered at high deformation rates [32]. Since intergranular decohesion relieves the stress on the separated grain boundaries, strain compatibility with regions above the nearly horizontal segment of the grain boundary—regions that continue to deform subsequent to intergranular decohesion—must be responsible for the occurrence of bands with large misorientations.



Further ECCI and EBSD examinations of the fractured HM specimen revealed the occurrence of deformation twins during tensile deformation (Figure 5). This indicates the ability of the present alloy system to exhibit the TWIP effect. Nevertheless, tensile elongations until fracture for the present medium-Mn high-C steel remain below 18%, significantly smaller than those for conventional high-Mn TWIP steels [24]. To identify the origin of poor tensile ductility in the present TWIP steel, the outer surface in the gauge section of the fractured tensile specimen HM was examined. As exemplified in Figure 6, a high density of surface cracks was detected on the surface of tensile specimen. All of the surface cracks in the polished section, shown in Figure 6a, are transgranular. This interpretation is also compatible with the small spacing of the surface cracks in Figure 6b compared to the grain size of the present steel. In other words, surface cracks do not necessarily form at grain boundaries. The formation of surface cracks in the case of both HM and MH specimens suggests that the observed difference in their work-hardening rate might be partly due to the difference in the occurrence frequency and depth of cracks on their outer surface.



The ECCI micrographs in Figure 7 provide a magnified view of the surface cracks in the tensile-tested specimen HM. The cracks with rough edges in Figure 7a are not associated with grain boundaries. Figure 7b, on the other hand, is an example of an intergranular surface crack with smooth edges that has evolved into a transgranular crack with rough edges during its growth into the inner sections of the tensile specimen. The preceding transition can be justified by the deviation of the grain boundary plane normal from the tensile direction, and an associated decrease in the stress applied to the deflected grain boundary. This scenario is very similar to the transition from intergranular to transgranular fracture on the fracture surface (Figure 4a). A possible reason for the occurrence of surface cracks is the existence of pre-existing defects at the surface of tensile specimens. The uniform surface layer with an average thickness of 8 μm in Figure 7c,d is expected to have been induced during the machining of tensile specimens. Nevertheless, machining effects also exist at the surface of austenitic steels exhibiting significantly higher tensile elongations compared to the present steel [33]. Furthermore, cracks were also observed on the outer surface of the tensile-tested MH specimen (not shown), where the damage due to machining had been eliminated by the subsequent heat treatment.



Based on the previous discussions, the occurrence of a high frequency of surface cracks might be due to the activation of an embrittlement mechanism, particular to high-C austenitic steels. Due to the high proportion in the fracture surface of regions exhibiting intergranular fracture mode, surface cracks are particularly detrimental when they coincide with grain boundaries perpendicular to the tensile direction. In such cases, rapid crack growth along the grain boundaries leads to a significant decrease in the cross-section of tensile specimens, and localized deformation of regions with a compromised cross-sectional area. In the absence of grain boundaries with a proper orientation for crack propagation, the fracture mode would be transgranular.





4. Conclusions


Tensile properties of the Fe–1.44C–8Mn–1.9Al (mass %) steel with a fully austenitic microstructure, obtained by rapid quenching from the austenite range to suppress the precipitation of cementite, was determined at room temperature. Tensile tests were performed using specimens prepared in two different routes involving an exchanged sequence of machining and heat treatment as the last processing steps prior to tensile tests. In spite of the occurrence of deformation twinning, total tensile elongations in both processing routes remained below 18%, much smaller than those for conventional high-Mn TWIP steels. Abrupt stress drops during tensile tests suggested the occurrence of discontinuities in tensile specimens. Detailed examination of the fracture surface indicated a mixed intergranular–transgranular fracture mode. Furthermore, a high density of surface cracks was observed near the outer surface in the gauge section of fractured tensile specimens. The origin of surface cracks could not be identified. The coincidence of surface cracks with the grain boundaries, especially those nearly perpendicular to the tensile direction, is thought to be responsible for the accelerated grain boundary decohesion and the premature fracture of tensile specimens.
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Figure 1. Microstructure after brine quenching from 1150 °C; (a,b) optical micrographs; (c) SEM micrograph of an inclusion and its SEM-EDS analysis result. 
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Figure 2. Engineering tensile stress–strain curves for the HM and MH specimens. 
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Figure 3. (a) Entire fracture surface (front view) of the tensile specimen HM from stereomicroscope; (b) schematic showing how the polish plane in (c) was obtained; (c) light optical micrograph (lateral view) showing the fracture surface contour; (d,e) magnified view (lateral view) of the regions marked by rectangles in (c). 






Figure 3. (a) Entire fracture surface (front view) of the tensile specimen HM from stereomicroscope; (b) schematic showing how the polish plane in (c) was obtained; (c) light optical micrograph (lateral view) showing the fracture surface contour; (d,e) magnified view (lateral view) of the regions marked by rectangles in (c).
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Figure 4. (a) ECCI micrograph of the region of fracture mode transition from intergranular to transgranular; (b) EBSD inverse pole figure (IPF) map of the region marked by a rectangle in the ECCI micrograph of (a). In (b), colors denote crystal directions normal to the polish plane. Misorientations in the range 7–15° and above 15°, are highlighted using gray and black lines, respectively. 
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Figure 5. (a) ECCI and (b) EBSD examination of the deformation twins after tensile testing. In (b), ∑3 twin boundaries are highlighted in green. In the EBSD IPF map of (b), colors denote crystal directions normal to the polish plane. 
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Figure 6. Surface cracks in the gauge section of the tensile-tested HM specimen: (a) cracks as seen on the polish plane; (b) cracks as seen on the outer surface. 
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Figure 7. ECCI micrographs taken from regions near the surface of the tensile-tested HM specimen; (a) transgranular cracks; (b) crack mode transition from intergranular to transgranular; (c) magnified view of the machining-induced surface layer; (d) magnified view of a transgranular crack in the machining-induced surface layer. 






Figure 7. ECCI micrographs taken from regions near the surface of the tensile-tested HM specimen; (a) transgranular cracks; (b) crack mode transition from intergranular to transgranular; (c) magnified view of the machining-induced surface layer; (d) magnified view of a transgranular crack in the machining-induced surface layer.
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Table 1. Chemical composition of the steel used in the present study (mass %).
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	Steel ID
	C
	Mn
	Al
	Si
	Fe + Impurities





	2Al (HM, MH)
	1.44
	8.0
	1.9
	0.005
	Balance
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