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Abstract

:

The effect of different heat treatment processes (as-cast, annealing, forging, and annealing after forging) on the microstructure transition and mechanical property evolution of Fe50Mn30Co10Cr10 alloys with different carbon contents (0, 0.2, 0.5 wt.%) was investigated, and a potential strengthening–toughening mechanism was revealed. With 0.5 wt.% carbon added, the interstitial carbon atoms provided a great deal of strength and the highest hardness was obtained. Meanwhile, the high carbon content generated a large amount of stacking fault energy and inhibited the transition of a face-centered cubic (FCC) to a hexagonal close-packed phase (HCP); as such, the TRIP and TWIP effects were induced during deformation and a favorable ductility with the largest elongation to fracture (of 141%) was achieved. The forged-annealed specimen with 0.2 wt.% carbon obtained favorable comprehensive mechanical properties, with an ultimate tensile strength of 795 MPa and an elongation of 104%. After forging, the grains were refined and several dislocations were generated; as such, the yield strength was greatly improved. With subsequent annealing, a good phase distribution of FCC and HCP was achieved, inducing the TRIP and TWIP effects during deformation and producing favorable ductility.
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1. Introduction


Mechanical components are generally supposed to have high strength and favorable ductility, as well as being lightweight, for the purpose of eliminating energy consumption during service. However, as has been noted, the strength–ductility trade-off has been an issue for a long time, and an increase in strength is usually companied by a loss of ductility [1,2]; significant experimental and theoretical efforts have been devoted to this question.



Since its discovery by Robert Hadfield [3] in 1888, high-manganese TWIP steel has become one of the most attractive materials for industrial applications due to its combination of strength and ductility. High-manganese steel [4,5,6,7,8,9] has excellent wear resistance in the face of high pressure and strong impact conditions. It has been widely used in metallurgy, mining, building materials, railways, electric power, coal-mining, and other machinery and equipment for a long time. Mn plays an important role in expanding the austenite phase area, reducing the martensite point and improving austenite stability. Troiano and McGuire [10] proposed two transformation modes of austenite to martensite in Fe-Mn system alloys: ε-martensite and α’-martensite. According to Schmidt [4], a closely packed hexagonal ε phase will appear when Mn content is between 12–29 wt.% in Fe-Mn alloy [11]. However, the yield strength and elongation of the current high-manganese austenitic steel cannot meet the needs of actual production conditions and real applications. Therefore, adopting other methods to improve the yield strength of high-manganese steel and enhance its elongation is a direction to improve the applicability of high-manganese steel.



In 2016, Li [12,13] proposed a metastable engineering strategy to improve the strength and ductility of alloy, and this strategy increases two different strengthening mechanisms by decreasing the phase stability in the multi-element equiatomic ratio alloy system. On the basis of an equal atomic ratio Fe-Mn-Co-Cr alloy system [14,15,16,17], the content of Mn is adjusted to produce a dual-phase structure. Through the experiments, after cooling from a high-temperature single-phase region, part of the martensite transforms from the face-centered cubic phase to the close-packed hexagonal phase when the atomic ratio of Mn is about 30%. As a metastable phase, the FCC phase will induce martensitic transformation when subjected to an external load, and the phase transformation can induce plasticity, which is a TRIP effect [13,18]. While maintaining the TRIP effect, twinning-induced plasticity of high-manganese steel will occur, due to the higher Mn content, which is a TWIP effect [8,19,20,21,22]. The experimental results show that the tensile strength reaches 900 MPa and ductility is increased by about 60% compared with high-strength steel. Based on this metastable engineering strategy, Li et al [23,24] proposed a new interstitial alloy solid solution. They introduced atoms with smaller grain sizes, which can cause higher lattice distortions compared to the original bulk solid solution. In this way, all known metal-strengthening mechanisms and ductility-increasing mechanisms are combined into one material, which further improves the strain hardening ability of the alloy.



This paper, inspired by the idea that carbon atoms regulate the metastable phase, TRIP steel, and TWIP steel with a high manganese content, we explored a new idea for strengthening and toughening, based on the combination of phase structure, TRIP, and TWIP by controlling carbon content to the regulate phase structure, and combining heat treatment and forging. The composition of the metastable phase in the Fe50Mn30Co10Cr10 alloy system was controlled by adjusting the carbon content to affect the solid solution of carbon atoms. The strength and toughness of the alloy system were studied by means of deformation heat treatment, and the microstructure of the alloy was also analyzed. The research content of this article starts from the composition of the control phase structure and gives full play to the effects of TRIP and TWIP, which have a positive significance in terms of optimizing the strong plastic complementary properties of non-equal atomic ratio alloys.




2. Materials and Methods


Fe50Mn30Co10Cr10 alloys with different carbon contents were prepared from pure metals and carbon by melting the carbon steel and casting it using a vacuum-induction melting furnace. The mass fractions of the three carbon contents were 0 wt.% (known as 0C), 0.2 wt.% (0.2C), and 0.5 wt.% (0.5C), respectively. The as-cast specimen (AC) was held at 1500 °C for 48 h in a high-purity argon atmosphere to carry out the purification treatment. The chemical compositions of the Fe50Mn30Co10Cr10 alloys systems are shown in Table 1. The dimensions of the specimens were 15 × 15 × 10 mm3. The specimens were then annealed at 900 °C for 2 h in an argon atmosphere, known as AN, and specimens were hot forged at 900 °C with a reduction of 30–40% in thickness, followed by water-cooling to room temperature, which were then called F. Subsequently, the hot forged specimens were annealed at 900 °C for 2 h in an argon atmosphere, named F-AN. A sketch of the heat treatment process of the specimens is shown in Figure 1. EDS and XRF were used to test the compositions of the specimens, and the test results were then averaged and normalized, as shown in Table 2. Specimens and corresponding treatment processes are shown in Table 3.



The microstructure of the Fe50Mn30Co10Cr10 alloy system was characterized by scanning electron microscopy (SEM). X-ray diffraction (XRD) analysis was used to analyze the phase compositions of the specimens with Cu Kα at 40 kV and 40 mA, between 35 and 105 deg (2θ). The 2θ scanning speed was 1°/min during the measurements. The specimens for optical microscopy (OM) and tensile tests were prepared using electric discharge wire-cutting. The specimens were all polished with 0.2 μm alumina polishing powder and etched with aqua regia (HNO3:HCl = 1:3), after which the surface of the specimens was cleaned with 75% ethanol solution. The tensile mechanical properties were tested on a UTM53305 universal testing machine with a displacement rate of 0.5 mm/min. The hardness of the specimens was measured using a Vickers hardness tester held at 1 kg for 10 s, and each specimen was tested 3–5 times with an average value taken to avoid errors.




3. Results and Discussion


3.1. Effect of Interstitial Carbon Atoms on the Microstructure and Properties of Fe50Mn30Co10Cr10 Alloy


As shown in Figure 2, a larger amount of HCP phase emerged in specimens 0C-AC and 0.2C-AC with low carbon contents, which were distributed with different orientations. Yet companying the carbon content increased to 0.5 wt.%, a small HCP phase but densely dispersed carbides could be observed in specimen 0.5C-AC (Figure 2c1). Transition from the FCC phase to the HCP phase tends to be promoted in low carbon content Fe-Mn alloys with low stacking fault energy (SFE) [25], while the addition of interstitial carbon atoms increased the SFE, causing the stabilization of the FCC phase and inhibiting its transformation into the HCP phase [7,23,24]. Meanwhile, the carbon element has a main effect on stabilizing austenite with the FCC phase and inhibiting the generation of martensitic transformation. Hence, an evident difference exists between the HCP phase of specimens 0.2C-AC and 0.5C-AC, due to the lower SFE. Additionally, accompanying the further increase in carbon content, excess interstitial carbon atoms can precipitate as carbides in the matrix, as shown in Figure 3, and the contents of C and Cr elements in the precipitated phase is higher than that in the matrix, which may well be Cr23C6 carbides with a patch morphology [26,27]. For specimen 0.5C-AC, carbides were precipitated in two forms, namely continuous network carbides and discontinuous aggregated carbides. The former mainly distributed along grain boundaries, and the latter distributed inside the grain and near the intersection of grain boundaries. The carbides with a network distribution gave rise to a partial decrease in stability of the matrix along with a decrease in the solid solubility in the grain, while the aggregated carbides could improve the hardness.



Figure 4 shows the XRD patterns of Fe50Mn30Co10Cr10 alloys with three different carbon contents. Specimens without the addition of solute carbon atoms showed a dual-phase (DP) structure composed of FCC and HCP phases. With the increase in carbon content to 0.2 wt.%, the integral intensity of the HCP phase decreased. However, with only a slight number of interstitial carbon atoms added, the phase transition could not be completely inhibited, and thus the specimen still had two phase peaks. When the carbon content increased to 0.5 wt.%, HCP completely disappeared and the FCC matrix phase remained. Combined with the above theory, we concluded that due to the saturation of the solid solubility of interstitial carbon atoms, lattice distortion and SFE were significantly increased, and the FCC phase transition was completely suppressed, so no HCP phase remained in the FCC matrix. Furthermore, in terms of the XRD patterns for 0.5C-AC, the peaks corresponding to carbides could not be clearly observed due to the scarcity of carbides.



The inset in Figure 5 shows the hardness diagram of the Fe50Mn30Co10Cr10 alloy system with different carbon contents. Specimen 0.2C-AC had a slight decrease in hardness compared with 0C-AC, while a highest hardness was achieved by specimen 0.5C-AC. Specimens 0C-AC and 0.2C-AC both had a DP structure. The FCC phase had more slip systems among these two phases, which meant a favorable plasticity and poor hardness [27,28]. Therefore, despite having a solid solution strengthening effect, 0.2C-AC, which had more FCC phases, had a lower hardness. For 0.5C-AC, two factors evidently affected the hardness, the solid solution strengthening effect and the precipitated carbides. Thus, the hardness was improved greatly, reaching 211.7 HV.



Figure 5 shows the engineering stress–strain curve and the mechanical properties of the Fe50Mn30Co10Cr10 alloy system with different carbon contents. As shown in Figure 5, the largest yield strength of 349.4 MPa was obtained by specimen 0.5C-AC, while specimen 0.2C-AC has a lowest value of 210.3 MPa. We know that an important factor affecting the yield strength of a material is the solute element in the metal. This method of increasing strength is solid solution strengthening. In the Fe50Mn30Co10Cr10 alloy system, carbon atoms are introduced as interstitial-solution atoms. Due to the addition of carbon atoms, the original matrix lattice can be distorted and interact with the stress concentration area generated by the dislocations that pile up and form the Cottrell. When subjected to tensile stress, additional stress is required for dislocation migration, thus causing an increase in yield strength. With the increase in interstitial carbon atoms, the solid solution strengthening effect becomes more obvious.



Comparing 0C-AC and 0.2C-AC, although it has a higher solid solution strengthening effect, the greater slip systems decease the yield strength of 0.2C-AC. In terms of 0.5C-AC, a highest yield strength was obtained and originated from the greater number of interstitial carbon atoms. In the meantime, large amounts of carbides precipitated as the second phase, which introduced a favorable dispersion strengthening effect, improving the strength.



It can be clearly seen that with the increase in interstitial carbon atoms, the elongation of the alloy system increased significantly. The addition of carbon atoms weakens the phase transition ability of the FCC phase. Plasticity improved, accompanying the increase in the FCC phase. According to the study of Otto [6], the microstructure and metastable stacking fault formed by 1/6<112> partial dislocation slipping in the FCC phase could provide nucleation sites for the HCP phase. In addition, the FCC phase has more slip systems, which could greatly contribute to ductility [27]. Therefore, the fracture elongation of 0.5C-AC, with a greater FCC phase, reaches the greatest value of 141%.




3.2. Effect of Heat Treatment on the Microstructure and Properties of Fe50Mn30Co10Cr10 Alloy


Figure 6 shows SEM images of the specimen surface of the Fe50Mn30Co10Cr10 alloy under different heat treatment states with three carbon contents. Despite being annealed, the FCC phase and the HCP phase remained in specimens 0C-AC-AN and 0.2C-AC-AN, while specimen 0.5C-AC-AN mainly comprised an FCC phase and precipitated carbides, which were concentrated at the grain boundary with a small number of carbides distributed inside the grain. After hot forging, the surface morphology of the specimens changed significantly, and the large blocky HCP phase increased in number but were smaller in specimens 0C-AC-F and 0.2C-AC-F. In terms of 0.5C-AC-F, the number of carbides greatly reduced, mainly distributing at the intersection of the grain boundaries. Specimens 0C-AC-F-AN and 0.2C-AC-F-AN had a large increase in HCP phase. The 0.5C-AC-F-AN has more carbide than 0.5C-AC-F, concentrated at the grain boundaries.



As for specimen 0.5C-AC-AN, a large amount of carbon atoms diffused and segregated to the grain boundaries, as a result of high temperature annealing, around which quite a few carbides precipitated [27,29]. Hot forging broke the bulk grains, inducing a large number of stacking faults (SFs) and inhibiting phase transition, due to which the HCP phase became finer and there were fewer cases. After annealing twice, large amounts of dislocations, produced by hot forging, were rearranged and offset due to the high temperature. Hence the stability of the FCC phase decreased, and more HCP phases could be observed in 0C-AC-F-AN and 0.2C-AC-F-AN. In terms of 0.5C-AC-F-AN, large amounts of solid-solute carbon atoms in the matrix precipitated after annealing at a high temperature.



Figure 7 shows the XRD patterns of the four states with different carbon contents. The diffraction patterns of the specimens of three kinds of carbon content did not change significantly after annealing. For 0C-AC-F and 0C-AC-F-AN, the HCP phase diffraction peaks of the specimens after hot forging were greatly reduced, and increased after annealing again. In terms of the specimens with a carbon content of 0.2 wt.%, the volume fraction of the HCP phase increased from 9.73% as-cast to 14.77% after hot forging, as obtained by X-ray diffraction analysis. However, in terms of 0.5C-AC-F-AN, the peak of the HCP phase appeared for the first time.



The HCP phase of the annealed specimens increased greatly, due to the segregation of carbon atoms during the high-temperature process. The carbon concentration in the matrix decreased, and there was not enough SFE to inhibit the generation of phase transitions. The hot forging process generated a large amount of SFE and dislocations, while during the annealing process after hot forging, the diffusion of atoms and the dislocation migrations, redisplaying, and recombining occurred. The metastable stacking dislocation caused by a partial dislocation slip moved in the direction of low energy, which enabled the HCP phase to nucleate and grow. Hence, the HCP phase was greatly improved. The electron backscatter diffraction (EBSD) phase diagrams in Figure 8 visually show that the phase volume fractions (the red areas represent the HCP phase and the blue areas represent the FCC phase) of the two interstitial carbon atom concentration alloys and the hot forged specimens have a large number of small-angle grain boundaries (white lines) due to external forces. It is worth noting that specimens with a carbon content of 0.5 wt.% obtained the HCP phase after annealing treatment after hot forging. This is because the 0.5 wt.% carbon content in the initial as-cast specimen reached saturation. As for specimen 0.2C-AC-F-AN, annealing twins appeared after annealing, which may well have produced the TWIP effect during deformation. As shown in Figure 8a,e, it can be observed that both the high-angle grain boundaries and the low-angle grain boundaries were dense and fine. After annealing, hot forging with high loading notably refines the grains, as shown in Figure 8c,g. Comparing the EBSD diagrams of specimens after annealing, hot forging with a high load destroyed and refined the grains. After annealing, with a large-scale precipitation of carbides, the amount of solid-solution carbon atoms dropped below the concentration limit. Subsequently, the concentration of the solid-solution carbon atoms could no longer stabilize the FCC phase, so the HCP phase appeared.



Figure 9 shows the hardness of the Fe50Mn30Co10Cr10 alloy after different heat treatments. The hardness evolution of the three carbon-containing specimens after different heat treatments was almost the same. The hardness of the specimen after hot forging was the lowest, and the hardness of the as-cast and annealed specimens was almost the same. After hot forging, the hardness of the annealed specimens dropped significantly, but were still higher than that of the as-cast specimens. After hot forging, large amounts of dislocations were generated, and grains were broken at the same time, so that the grains were refined, inducing grain refinement strengthening; as such, 0.5C-AC-F obtained the greatest hardness. After annealing, most of the dislocations with different signs were offset from each other, and the hardness was slightly reduced due to the influence of recovery and recrystallization.



From the perspective of the yield strength of the alloy, it can be seen in Figure 10 that the yield strength of the as-cast alloy system with 0.2 wt.% carbon content decreased slightly after being annealed, and the yield strength of the hot-forged specimen was the highest, the yield strength of the specimen decreased after further annealing. A positive correspondence could be found between the yield strength alteration with the fraction evolution of the FCC phase in the specimens. In addition, in terms of the strengthening mechanism, solid-solution strengthening played a critical role in the as-cast specimens. As the interstitial carbon atoms diffused after annealing, the solid-solution strengthening effect was weakened. After hot forging, combined with solid-solution strengthening, grain refinement strengthening was introduced and a large quantity of dislocations was generated; as such, a highest yield strength was achieved. After annealing, partial dislocations and stacking faults were eliminated, and the yield strength decreased accordingly. Figure 10c shows that the yield strength of 0.5 C-AC-F-AN showed the same trend as that of 0.2C-AC-F-AN. However, since this specimen only had an FCC single phase, it can be explained by the theory of strengthening mechanisms, as mentioned above.



As for the elongation, a great many dislocations disappeared in the annealed specimens, and strain hardening was reduced, so the elongation of the annealed specimens decreased. In terms of specimen 0.5C-AC-AN, the carbon atoms precipitated to form hard carbide particles. When deformation occurred, these hard phases reduced the elongation of the specimen. Similarly, a large number of carbides precipitated after hot forging, but a great many dislocations and mechanical twins were produced, inducing the TWIP effect. The integrated intensity of the HCP phase was also quantitatively analyzed relative to the XRD test results. Comparing the specimens with two carbon contents, 0.2 wt.% and 0.5 wt.%, both forging and annealing at a low carbon content increased the HCP phase, and the TRIP effect played an important role. A high carbon content, except for 0.5C-AC-F-AN, FCC acts as the single phase, and the TWIP effects were mainly plastic enhancement mechanisms. The TRIP effect occurs only after the appearance of the HCP phase. As carbon content increases, the TWIP effect plays a greater role and the TRIP effect decreases slightly [30]. However, dislocations gradually disappeared, and carbides precipitated during annealing after hot forging, causing a decrease in elongation.




3.3. Fe50Mn30Co10Cr10 Alloy Strengthening and Toughening Mechanism


Combined with the microstructure and mechanical properties of Fe50Mn30Co10Cr10 alloy, the dual-phase structure and strengthening and toughening mechanisms of specimens with different carbon contents were analyzed and summarized. Figure 11 shows a schematic diagram of the strengthening–toughening mechanism of specimens with different carbon contents under different heat treatment states. As the solid solubility of interstitial carbon atoms increases, the degree of lattice distortion increases, which leads to an increase in stacking fault energy and the inhibition for the transformation from γ (FCC) to ε (HCP) [31]. With the increase in the carbon element, the FCC phase is stabilized. For 0.5 wt.% alloy, the interstitial carbon atoms reached the limit of solid solubility, and the excess carbon atoms precipitated to form carbides, which obtained a combination phase of FCC and carbide. Single-phase FCC structures, during the entire tensile procedure, showed changes in the deformation mechanism from dislocation slip to twinning under higher strains.



The alloys that did not reach the limit of solid solubility had a dual-phase structure of FCC and HCP. Due to the solid solution of some carbon atoms, a lattice distortion is induced, resulting in solid solution strengthening, which significantly improves the yield strength of the alloy. The matrix FCC phase was stabilized due to the solid solution of the interstitial carbon atoms. After annealing, accompanying the precipitation of partial carbon atoms, the degree of lattice distortions was reduced and dislocations and stacking faults were mutually offset, with the FCC phase transformed into the HCP phase, and the yield strength and elongation decreased [32]. After hot forging, phase transformation and large amounts of mechanical twins were generated and the grains were refined. In favor of the TRIP–TWIP-coupled effect [5,31,33,34] and grain refinement strengthening, the annealed specimens obtained a higher yield strength and elongation. During subsequent annealing, accompanying the formation of annealing twins, the FCC phase continued to transform, with the TRIP–TWIP coupled effect being exerted [35,36,37,38].



To explore the relationship between the strengthening mechanism and the microstructure evolution of the alloy in different states, quantitative calculations were implemented for the strengthening approaches, including solid-solution strengthening, grain refinement strengthening, and precipitation strengthening, as discussed in what follows. Since the carbon content was the main variable in the present work, here, we only take the strengthening effect of solid-solute carbon atoms into consideration.


   σ  s s   =  K γ   C γ   



(1)




where    σ  s s     represents the strengthening effect caused due to solid solution,    K γ    is the factor of the modulus corresponding to the carbon element, of which the value is equal to 187 MPa·(wt.%)−1 [39,40], and    C γ    is the mass fraction of carbon. In comparison with the specimens with no added carbon, the specimens with a carbon content of 0.2 wt.% had a contribution of 37.4 MPa to strength, and the specimens containing 0.5 wt.% carbon generated a larger devotion of 93.5 MPa, which indicated that the solid-solution strengthening effect of carbon played a great role in the overall strengthening mechanism.



The grain sizes of specimens 0.2C-AC-F and 0.2C-AC-F-AN were quantitatively analyzed, and the average sizes were 0.4584 μm and 0.6542 μm, respectively. The effect of grain size on strength was quantified using the Hall–Petch relationship.


   σ  g b   =  σ 0  +  K y   D  − 0.5    



(2)







Here,    σ  g b     represents strengthening due to grain boundaries,    σ 0    is the friction stress of pure iron,    K y    is gain size strengthening factor, and  D  is average grain size. The value    K y    = 370 MPa μm1/2 was taken here [41]. The results show that strengthening due to grain boundaries after hot forging was 89.17 Mpa higher than that after hot forging and annealing. This indicated that fine grains bring about a higher strength.



Precipitation strengthening also plays an important role in alloys with carbon contents of 0.5 wt.%. The Orowan mechanism [42] was introduced to quantify the strengthening effect of precipitation.


   σ p  = 0.538   G b    D p     f p  1 / 2   ln    D p    2 b    



(3)




where    σ p    represents strengthening due to second phase precipitates.  G  is the shear modulus (MPa),  b  is the Burgers vector (mm),    f p    is the volume fraction of particles, and    D p    is the diameter of the particles (mm). Precipitation strengthening analyses were carried out for different heat treatment states of specimens with a carbon content of 0.5 wt.%, the volume fraction of the carbides in the as-cast specimen was only 1%, and evolved into 4.3% and 2.4% after annealing and hot forging, respectively. The content of the precipitated carbides in the specimen annealed after hot forging peaked at 7.9%. According to the Orowan mechanism, precipitation strengthening s was calculated to be 26.7, 175.3, 130.9, and 237.6 MPa, respectively. The contribution of the precipitation strengthening effect increased with the increase in precipitated carbides.



In the Fe50Mn30Co10Cr10 alloy system, after the interstitial carbon atom content reached the solid solubility limit, the phase transition of the FCC phase is suppressed due to the high stacking faults, and the excessive carbon precipitate carbides and is distributed in the FCC matrix, which acts as a hard phase to provide the effect of dispersion and strengthening. With hot forging and annealing, the grain refinement and carbide gradually precipitate, the concentration of carbon atoms in the matrix decreases below the saturation point, the stability of the FCC phase decreases, and it begins to change into an HCP phase. Due to there being too many interstitial carbon atoms, although the precipitated carbides have a greater increase in the yield strength of the alloy, they also severely weaken plastic properties.



In comparison, specimen 0.2C-AC-F-AN obtained the best comprehensive mechanical properties, in which a favorable phase distribution was generated. High strength was provided by the HCP phase, while a good plasticity was achieved from the TWIP effect of the FCC phase induced under a large strain. Moreover, a probable carbon content provided the FCC phase with favorable stability, due to which a better TRIP effect was induced. Additionally, a slight quantity of dislocations and stacking faults maintained the yield strength after the forging with subsequent annealing process. In other words, the TRIP–TWIP effect contributed significantly to the strength and plasticity.





4. Conclusions


In this work, we systematically investigated the effects of variable interstitial carbon atoms and different heat treatment processes on the deformation behavior of Fe50Mn30Co10Cr10 alloy systems. The main conclusions are:



(1) The Fe50Mn30Co10Cr10 alloy is an FCC+HCP dual-phase structure, when the carbon content below 0.2 wt.%. In the alloy with a carbon content of 0.5 wt.%, large amounts of interstitial carbon atoms are solidly dissolved in the matrix and cause lattice distortion, the metastable FCC phase is stabilized and the phase transition is inhibited. Excess carbon atoms precipitate as carbides, and a multi-phase of the FCC and carbide are obtained.



(2) Due to the DP structure, the Fe50Mn30Co10Cr10 system alloy will undergo stress-induced phase transformation due to the applied load during the uniaxial stretching process, triggering the TRIP effect. Twinning occurs in the later stage of deformation, and the TWIP effect occurs. Plasticity is improved with the synergistic effects of TRIP and TWIP. The addition of interstitial carbon atoms has the effect of solid-solution strengthening, and an appropriate amount of carbon can stabilize the DP structure, which can better exert the TRIP and TWIP effects, so that as the carbon content increases and the yield strength, tensile strength, and elongation of the dual-phase alloy in the as-cast state are all obviously higher. In alloys with added interstitial carbon, especially the 0.5 wt.% Fe50Mn30Co10Cr10 alloy, carbides would precipitate during hot forging and annealing, which can increase the hardness and yield strength, but decrease the plasticity.



(3) The cyclic transformation of the FCC phase and the HCP phase is achieved by adding interstitial carbon atoms and using different heat treatments. The alloy continues to undergo phase transformation and twinning-induced plasticity under stress due to deformation behavior. Through different strengthening effects, the yield strength of the alloy is improved. Phase transformation, twins, and dislocations increase the plasticity during deformation process.
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Figure 1. Sketch of the heat treatment process of the specimens. (a) heat treatment process of the as-cast (AC) and annealed as-cast specimen (AN); (b) Heat treatment process of the forged as-cast specimen (F) and the forged-annealed as-cast specimen (F-AN). 
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Figure 2. SEM images of the as-cast Fe50Mn30Co10Cr10 alloys with different carbon contents: (a) 0C-AC, (b) 0.2C-AC, (c) 0.5C-AC; (a2,b2,c2) are magnified maps of the selected region in (a1,b1,c1). 
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Figure 3. EDS diagram of the 0.5C-AC specimen. The table in the figure represents the mass fraction and atomic ratio of the test point, respectively. 
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Figure 4. XRD patterns of the as-cast Fe50Mn30Co10Cr10 alloys with different carbon contents. 
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Figure 5. Engineering stress–strain curves and hardness distribution of the as-cast Fe50Mn30Co10Cr10 alloys with different carbon contents. 
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Figure 6. SEM images of the specimens with different carbon contents under different heat treatment states. (a) the annealed as-cast specimen (AN); (b) the forged as-cast specimen (F); (c) the forged-annealed as-cast specimen (F-AN). 
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Figure 7. XRD patterns of the specimens with different carbon contents under different heat-treatment states. (a) with 0% carbon content; (b) with 0.2% carbon content; (c) with 0.5% carbon content. 
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Figure 8. EBSD diagrams of the specimens with different carbon contents under different heat treatment states; (a,c,e,g) are phase maps of specimens 0.2C-AC-F, 0.2C-AC-F-AN, 0.5C-AC-F and 0.5C-AC-F-AN, respectively, red represents the HCP phase and blue represents the FCC phase; (b,d,f,h) are IPF maps of specimens 0.2C-AC-F, 0.2C-AC-F-AN, 0.5C-AC-F and 0.5C-AC-F-AN, respectively. 
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Figure 9. Hardness distribution of the specimens with different carbon contents under different heat treatment states. 
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Figure 10. Engineering stress–strain curves of the specimens with different carbon contents under different heat treatment states; (a) with 0% carbon content; (b) with 0.2% carbon content; (c) with 0.5% carbon content. 
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Figure 11. Schematic diagram of strengthening–toughening mechanism of the specimens with different carbon contents under different heat treatment states. 
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Table 1. Chemical compositions of the alloys.
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Alloy

	
Fe

	
Mn

	
Co

	
Cr

	
C






	
Fe50Mn30Co10Cr10

	
50.00

	
30.00

	
10.00

	
10.00

	
0.00 (at.%)




	
50.32

	
29.70

	
10.62

	
9.37

	
0.00 (wt.%)




	
(Fe50Mn30Co10Cr10)99.08C0.92

	
49.54

	
29.73

	
9.91

	
9.91

	
0.92 (at.%)




	
50.21

	
29.64

	
10.60

	
9.35

	
0.20 (wt.%)




	
(Fe50Mn30Co10Cr10)95.74C2.26

	
45.87

	
29.33

	
9.78

	
9.78

	
2.20 (at.%)




	
48.48

	
30.49

	
10.91

	
9.62

	
0.50 (wt.%)











[image: Table] 





Table 2. Measured chemical compositions after melting (wt.%).
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	Alloy
	Fe
	Mn
	Co
	Cr
	C
	N
	Si





	Fe50Mn30Co10Cr10
	49.23
	29.14
	10.86
	10.39
	0.02
	<0.01
	0.36



	(Fe50Mn30Co10Cr10) C0.2
	48.34
	28.94
	11.43
	10.56
	0.24
	<0.01
	0.49



	(Fe50Mn30Co10Cr10) C0.5
	47.55
	28.53
	11.51
	11.26
	0.57
	<0.01
	0.58
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Table 3. Specimens and corresponding treatment processes (C wt.%).
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Alloy

	
Process

	
Specimen Name






	
Fe50Mn30Co10Cr10

	
As-Cast

	
0C-AC




	
Cast + Annealing

	
0C-AC-AN




	
Cast + Forging

	
0C-AC-F




	
Cast + Forging + Annealing

	
0C-AC-F-AN




	
(Fe50Mn30Co10Cr10) C0.2

	
As-Cast

	
0.2C-AC




	
Cast + Annealing

	
0.2C-AC-AN




	
Cast + Forging

	
0C-AC-F




	
Cast + Forging + Annealing

	
0.2C-AC-F-AN




	
(Fe50Mn30Co10Cr10) C0.5

	
As-Cast

	
0.5C-AC




	
Cast + Annealing

	
0.5C-AC-AN




	
Cast + Forging

	
0C-AC-F




	
Cast + Forging + Annealing

	
0.5C-AC-F-AN
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