

  metals-11-00375




metals-11-00375







Metals 2021, 11(2), 375; doi:10.3390/met11020375




Article



Temperature Effects on Tensile Deformation Behavior of a Medium Manganese TRIP Steel and a Quenched and Partitioned Steel



Whitney A. Poling 1,*, Emmanuel De Moor 2, John G. Speer 2 and Kip O. Findley 2





1



General Motors Global R&D, 30470 Harley Earl Blvd, Warren, MI 48092, USA






2



Advanced Steel Processing and Products Research Center, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA









*



Correspondence: whitney.poling@gm.com; Tel.: +1-586-246-1486







Academic Editor: Heung Nam Han



Received: 17 January 2021 / Accepted: 17 February 2021 / Published: 23 February 2021



Abstract

:

Third-generation advanced high-strength steels (AHSS) containing metastable retained austenite are being developed for the structural components of vehicles to reduce vehicle weight and improve crash performance. The goal of this work was to compare the effect of temperature on austenite stability and tensile mechanical properties of two steels, a quenched and partitioned (Q&P) steel with a martensite and retained austenite microstructure, and a medium manganese transformation-induced plasticity (TRIP) steel with a ferrite and retained austenite microstructure. Quasi-static tensile tests were performed at temperatures between −10 and 85 °C for the Q&P steel (0.28C-2.56Mn-1.56Si in wt.%), and between −10 and 115 °C for the medium manganese TRIP steel (0.14C-7.14Mn-0.23Si in wt.%). X-ray diffraction measurements as a function of strain were performed from interrupted tensile tests at all test temperatures. For the medium manganese TRIP steel, austenite stability increased significantly, serrated flow behavior changed, and tensile strength and elongation changed significantly with increasing temperature. For the Q&P steel, flow stress was mostly insensitive to temperature, uniform elongation decreased with increasing temperature, and austenite stability increased with increasing temperature. The Olson–Cohen model for the austenite-to-martensite transformation as a function of strain showed good agreement for the medium manganese TRIP steel data and fit most of the Q&P steel data above 1% strain.
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1. Introduction


Advanced high-strength steels (AHSS) are being incorporated into vehicles for weight reduction and improved crash performance [1,2,3]. With some of the more recently introduced third-generation AHSS, there are new issues encountered in automotive manufacturing and service, e.g., the wide variation in tensile behavior with respect to temperature and negative strain-rate sensitivity of medium manganese transformation-induced plasticity (TRIP) steel [4]. The goal of this study is to gain a better understanding of temperature effects on tensile behavior and austenite stability of two types of third-generation AHSS. The enhanced combination of strength and ductility of third-generation AHSS comes from multiconstituent microstructures, and retained austenite is a key microstructural constituent that undergoes a strain-induced transformation to martensite [5]. Under forming operations and crash conditions, steel components are subjected to deformation at a wide range of strain rates (0.01–1000 s−1), and adiabatic heating can occur at higher rates [6,7]. For example, temperature increases up to 82 °C at the ultimate tensile strength (UTS) were observed during high-rate tensile testing of the 1.4 mm thick medium Mn steel in this study [8]. Adiabatic heating during high strain rate deformation may increase austenite stability and thus impact mechanical behavior [9,10,11]. The effect of temperature on flow stress in the range of −40 to 100 °C is also an important performance metric for sheet steels considered for use in vehicles [4].



Studies on single-phase metastable austenitic stainless steels have shown that the strain-induced austenite-to-martensite transformation rate decreases as test temperature increases [12,13], and this increasing austenite stability is associated with a decrease in elongation along with changes in work hardening rates that contribute to lower flow stresses and the flattening of the sigmoidal-shaped stress–strain curve [14,15,16,17]. Similar observations were made for an 8 wt.% Ni steel alloy [18] and a duplex stainless steel [19] that both contained over 50 vol.% metastable austenite. Low-alloy multiphase TRIP steels containing lower austenite fractions (<20 vol.%) in addition to ferrite, bainite, and/or martensite also exhibit an increase in austenite stability with increasing temperature [20,21], but the effect of higher austenite stability on the tensile mechanical behavior is more subtle due to the lower initial austenite content (e.g., smaller decreases in elongation and work hardening were observed) [22,23,24]. For both metastable austenitic stainless steels and multiphase TRIP steels, the austenite-to-martensite transformation can be fit by the Olson–Cohen relationship describing austenite transformation kinetics with strain [14,17,21,25]. However, there are significant differences in the microstructures, compositions, and deformation behavior of third-generation AHSS that require further characterization. In this study, a quenched and partitioned (Q&P) steel and a medium manganese TRIP steel were investigated. The microstructure of the Q&P steel consisted of a martensitic matrix with blocky and thin film retained austenite, while the microstructure of the medium manganese TRIP steel contained fine equiaxed ferrite and austenite grains. Austenite also has multiple morphologies in first-generation multiphase TRIP steels but can be surrounded by softer ferrite grains, bainite, and in some cases, martensite [26,27,28,29]. The retained austenite has an equiaxed morphology in the medium manganese steel and is also surrounded by ferrite like much of the austenite in previous-generation intercritically annealed multiphase TRIP steels, but the amount of retained austenite is much greater, and the ferrite grain size is much finer in the medium manganese steel. Additionally, the austenite in medium manganese TRIP steels is stabilized by substantial manganese partitioning [30,31].



With respect to the influence of temperature on overall deformation behavior, the Q&P and medium manganese TRIP steels also present unique characteristics compared with single-phase austenitic steels and first-generation multiphase TRIP steels. The martensite in Q&P steel has a high dislocation density and many high-angle boundaries [32], and thus has a large athermal strengthening component compared with first-generation multiphase TRIP steels. A large athermal strengthening component is expected to result in low flow stress temperature sensitivity [33]. In contrast, the ferrite in medium manganese TRIP steel has a relatively low dislocation density and athermal strengthening component, likely leading to a higher temperature sensitivity of flow stress [33,34]. Medium manganese TRIP steels often exhibit a distinct upper yield point followed by Lüders band behavior and then work hardening characterized by serrations and Portevin–Le Châtelier (PLC) bands [35,36]. The serrated flow behavior may be indicative of dynamic strain aging (DSA) potentially due to C-Mn point defect complexes interacting with stacking faults in the austenite [35,37,38], although in some cases, serrated flow has been attributed to the austenite-to-martensite transformation [39,40]. Studies on the Lüders and PLC bands exhibited by medium manganese TRIP steels show that strain-induced austenite-to-martensite transformation occurs within the bands where there is high localized plastic deformation [36,40,41]. A study by Field and Van Aken examined DSA in experimental medium manganese (10–14 wt.%) TRIP steels and reported activation energies for DSA that support the following mechanisms that will be considered in this paper: interaction of C-Mn defect complexes with dislocations in austenite and nitrogen pinning of dislocations in ferrite [35]. Overall, the temperature sensitivity of deformation behavior is impacted by multiple mechanisms beyond just the retained austenite-to-martensite transformation.



In this paper, tensile test data from tests at −10 to 85 °C for a Q&P steel and −10 to 115 °C for a medium manganese TRIP steel are presented and compared with respect to temperature sensitivity of flow stress, austenite stability, and deformation mechanisms. Based on the preceding review of the field, this work contributes new information on austenite stability and tensile deformation behavior of third-generation AHSS within a temperature range of importance for the automotive industry.




2. Materials and Methods


The chemical compositions of the Q&P steel, designated QP3Mn, and the medium manganese TRIP steel, designated TRIP7Mn, are provided in Table 1. The QP3Mn steel was obtained as a laboratory heat that was cold-rolled 50% to a thickness of 1.1 mm. The prior processing before the cold-rolling step is described elsewhere [8]. The QP3Mn machined tensile specimens were subjected to quenching and partitioning heat treatments based on the work of De Moor et al. on an alloy with similar amounts of carbon, manganese, and silicon [42]. The samples were held at an austenitizing temperature of 830 °C for 120 s, quenched to 180 °C (it took 10 s to reach 180 °C), and held at a partitioning temperature of 400 °C for 10 s. Salt pots were used for all three processing steps, and three tensile specimens were heat-treated at a time. The TRIP7Mn material came from an industrial trial, and the processing steps that can be described are provided in more detail elsewhere [43]. The alloy was hot-rolled, batch-annealed, cold-rolled to a final thickness of 1.4 mm, and finally intercritically batch-annealed. The TRIP7Mn steel was tested in the as-received condition.



The electron backscatter diffraction (EBSD) specimens were polished through various standard grinding and polishing steps; final polishing was performed using a 1 μm diamond slurry and then 0.02 μm colloidal silica on a vibratory polisher for 4 h. EBSD patterns were collected with TSL OIMTM Data Collection 7 software using a 0.03–0.05 μm step size at a 20 keV operating voltage, and TSL OIMTM Analysis 7 software was used to analyze the patterns. A JEOL JSM-7000F FE-SEM and a FEI Helios NanoLab 600i FIB-SEM were used for EBSD. For the TRIP7Mn grain size measurements, the data set was analyzed using neighbor phase correlation with a 0.1 minimum confidence index.



X-ray diffraction (XRD) was performed on as-heat-treated specimens and on tensile specimens interrupted at various strain levels. A separate tensile test was performed for each plastic strain level, and the XRD sample consisted of the deformed gage section. The specimens were lightly ground with 400 and 600 SiC paper to remove the surface oxide layer. Samples were thinned in 10 parts deionized water, 10 parts 30% hydrogen peroxide, and 1 part 48% hydrofluoric acid for 15 to 20 min. The XRD scans were performed with a Philips X’pert X-ray diffractometer using nickel-filtered copper Kα radiation with a one-degree incident beam slit, operating at 45 kV and 40 mA, and using an X’celerator detector. Samples oriented with the rolling direction parallel to the X-ray beam were scanned over a 2-theta range of 40°–105° with a 200 s dwell time and 0.05° step size. PANalytical X’Pert HighScore Plus software was used to analyze the raw XRD data. The Kα2 peaks were removed, and the remaining Kα1 peaks were fit using the peak fitting routine called Profit. From the peak fits, the software calculated the integrated intensity (neglecting the background radiation) and position for each peak. The integrated intensities and peak positions were used to calculate the austenite volume fraction with the recommended multipeak comparison method from Jatczak et al. [44]. Four ferrite peaks, {110}, {200}, {211}, and {220}, and four austenite peaks, {111}, {200}, {220}, and {311}, were used for the calculation.



Figure 1 shows a schematic of the employed tensile specimen geometry [45]. The tensile specimens were machined by wire electrical discharge machining (EDM) with the tensile axis parallel to the rolling direction. To reduce slipping in the grips, 80 grit SiC paper was used to grind a crosshatch pattern into the grip portions of the tensile specimen prior to testing. Tensile specimens deformed at elevated temperature in an oil bath required a pin hole in one of the grip sections.



Tensile testing was performed at room temperature and at −10 °C in air on a screw-driven MTS Alliance RT/100 test system at a displacement rate of 0.0127 mm/s. Three tests were performed to fracture at each temperature. The interrupted tensile tests were performed at each temperature by stopping the tensile test at a selected level of displacement and unloading the specimen. One interrupted tensile test was performed for each reported plastic strain level, and the partially deformed specimen was used for XRD measurements. An MTS 25.4 mm + 12.7 mm/−2.5 mm extensometer was used for the room temperature tests, and a Shepic 25.4 mm + 12.7 mm extensometer was used for the tests at −10 °C. A compressed air EXAIR® Adjustable Spot Cooler with two 25.4 mm flat nozzles was used to obtain a test temperature of −10 °C. The actual test temperatures at the center of the gage section were within ±2 °C of −10 °C, and the temperature at either end of the gage section (near the fillets) was measured to be 3 °C higher than the temperature in the center of the gage section.



Isothermal elevated temperature tensile tests were performed in Paratherm oil on a screw-driven Instru-Met test system with a Shepic 25.4 mm + 12.7 mm extensometer and a displacement rate of 0.0127 mm/s. The specimens were submerged for at least 3 min prior to testing. Duplicate specimens were tested to fracture at test temperatures of 40, 55, 70, and 85 °C. Two tensile tests were also conducted to fracture at 100 and 115 °C for the TRIP7Mn steel. The interrupted tensile tests were performed in the same manner described previously for the tests at room temperature and at −10 °C. The actual test temperatures were within ±1 °C of the target temperature, except for 40 °C for which the actual test temperatures were within ±3 °C of the target temperature.




3. Results and Discussion


3.1. Microstructure


The QP3Mn and TRIP7Mn microstructures are shown in the EBSD phase maps combined with image quality maps in Figure 2. The QP3Mn microstructure shown in Figure 2a is mostly martensitic with interspersed filmlike austenite and blocky austenite. The observed morphology of the martensite phase is consistent with a lath martensite microstructure expected for this alloy and processing condition. The austenite content measured from the EBSD phase map is 9 vol.%, while the average and corresponding standard deviation of the austenite content measured by XRD from four separate samples is 14 ± 1 vol.%. The austenite content from XRD may be higher than the amount measured using EBSD because the austenite films are poorly resolved with EBSD due to their small thickness dimension. Further, XRD was performed on multiple samples and had a larger sample area than EBSD. The TRIP7Mn microstructure shown in Figure 2b contains equiaxed and interspersed ferrite and austenite grains. Annealing twins are visible in some of the austenite grains. The ferrite grain size is 1.2 ± 0.5 μm, and the austenite grain size is 0.8 ± 0.3 μm. The austenite content measured from the EBSD phase map is 43 vol.%, and the average and corresponding standard deviation of the austenite content measured by XRD from four separate samples is 39 ± 2 vol.%. The greater amount of austenite and the larger equiaxed grains are contributing factors to the better agreement between EBSD and XRD for the medium Mn TRIP steel microstructure versus the Q&P microstructure.




3.2. Tensile Deformation Behavior and Properties


Figure 3a shows example engineering tensile stress–strain curves for QP3Mn at temperatures between −10 and 85 °C. All of the flow curves exhibit continuous yielding, UTS values between 1500 and 1650 MPa, and total elongation (TE) between 10% and 15%. The flow curves are very similar in terms of yielding and work hardening behavior. The results at higher temperature exhibit somewhat less uniform elongation (UE). During necking at 70 and 85 °C, there are possible serrations in the flow curve that appear low in magnitude and frequency, as shown by the zoomed-in stress–strain plot in Figure 3a. Figure 3b shows work hardening rate (dσ/dε) calculated from true stress and strain as a function of true plastic strain for the same test conditions shown in Figure 3a. Most of the work hardening in the QP3Mn occurs at low strains near yielding. The martensitic matrix likely dominates the low strain work hardening behavior as the observed work hardening behavior is similar to that exhibited by an as-quenched or lightly tempered lath martensitic alloy [46,47,48]. The TRIP effect likely contributes to the work hardening behavior at higher strains, as discussed later. The work hardening rate at −10 °C is distinctly higher than the work hardening rates observed at elevated test temperatures, which results in higher flow stress values at larger strains. Up to approximately 4% strain, the work hardening rates are similar for tests at 22 to 85 °C, but above 4% strain, the work hardening rate decreases more rapidly with increasing strain for the 70 and 85 °C tests compared with the tests at lower temperatures, which results in lower UE at 70 and 85 °C. This change in work hardening behavior is discussed further in the section relating tensile properties to microstructure.



Example engineering stress–strain curves for TRIP7Mn at temperatures between −10 and 115 °C are shown in Figure 3c. All of the curves exhibit distinct upper and lower yield points with yield point elongation (YPE) greater than 5% strain. TEM observations during YPE of a similar 7 wt.% Mn TRIP steel showed that the ferrite has a very low initial dislocation density after annealing, and it is likely that the ferrite experiences static strain aging at room temperature, which both contribute to yield point elongation by the nucleation and propagation of Lüders bands [34]. Additionally, fine grain size (around 1 µm) is associated with a high Lüders strain in steel alloys with ferrite–cementite, ferrite–austenite, and fully austenitic microstructures [49,50,51]. Stress-induced austenite-to-martensite transformation can also contribute to a distinct yield point and stress plateau [18]. Factors contributing to YPE in TRIP7Mn are discussed in more detail later.



In the temperature range of 22 to 100 °C, TRIP7Mn undergoes discontinuous plastic deformation beyond YPE, giving the appearance of serrations in the flow curve. The flow curve is also characterized by distinct steplike segments, which likely correspond to the motion of PLC bands from one end of the gage length to the other end [52,53]. The serrations increase in prominence at 40 and 55 °C. The fine serrations decrease in intensity, and the steplike appearance is reduced as the flow curves become flatter and smoother as temperature increases through 70 and 85 °C. By 100 °C, the fine serrations disappear, but the curve still contains distinct nearly linear segments that are bound by abrupt load increases and drops. At 115 °C, there are no serrations or excursions in the flow curve, and there is very little work hardening compared with the lower test temperatures. The flow curve also does not exhibit serrations at −10 °C. The trend of the serrations increasing and then decreasing in magnitude and frequency with increasing temperature was similarly observed for austenitic Hadfield steel in the temperature range of −10 to 200 °C [37].



The serrated flow behavior may be due to DSA caused by C-Mn point defect complexes in the austenite that reorient within a stacking fault and pin the partial dislocations [37,38]. The critical strain at which the serrations begin increases with increasing temperature for TRIP7Mn. The serrations begin immediately following YPE at 22 °C but do not begin until 30% strain at 100 °C. The increase in the critical strain with increasing temperature for TRIP7Mn may be due to an increase in stacking fault energy (SFE) with increasing temperature, as previously reported for the onset of DSA in austenitic twinning-induced plasticity (TWIP) steel due to C-Mn point defect complexes in the austenite [38]. As noted in the introduction, nitrogen pinning of dislocations in ferrite is another potential mechanism for DSA in medium manganese TRIP steel [35] and may be a plausible mechanism for TRIP7Mn. Most of the as-processed TRIP7Mn microstructure is ferrite (57% by EBSD or 61% by XRD), and bulk nitrogen was measured at 120 ppm. However, the partitioning of the nitrogen between ferrite and austenite is not known.



Overall, Figure 3c shows that with increasing test temperature, there are decreases in the lower yield strength (YS), flow stress between the YPE region and up to UTS, work hardening rate, and UTS. The UE and TE correspondingly increase with increasing temperature, except at the highest temperature of 115 °C. The trends in serrated flow behavior and mechanical behavior with respect to test temperature for TRIP7Mn are similar to the trends observed for a steel with the same chemical composition that was intercritically annealed for various times to achieve different ferrite and austenite grain sizes [43]. Comparing TRIP7Mn with QP3Mn, increasing temperature causes a greater decrease in work hardening rates and UTS for TRIP7Mn than for QP3Mn. The two alloys also exhibit opposite behaviors with respect to the change in elongation values with increasing temperature.



The TRIP7Mn work hardening rates (dσ/dε) were calculated as a function of true plastic strain from smoothed stress–strain curves (meaning that serrations in the stress–strain curve were not considered) for all test temperatures. Curve smoothing was accomplished by fitting a sixth-order polynomial to the true stress and strain data in the region of plastic deformation from the end of YPE up to the onset of necking. The work hardening rate versus true plastic strain data in Figure 3d show that test temperature has a major impact on work hardening behavior for the TRIP7Mn steel. With increasing true plastic strain beyond about 10% strain, the work hardening rate increases to a maximum for all test temperatures except 115 °C. This behavior is largely due to the introduction of martensite into the ferrite–austenite microstructure during straining [54]. The peak in work hardening rate occurs at 12% strain at −10 °C and occurs at greater values of true plastic strain as temperature increases with the work hardening rate peak occurring at 36% strain at 100 °C. The prolonged work hardening at higher strains with increasing test temperature contributes to the increase in UE with increasing test temperature. The maximum in the work hardening rate (beyond 10% true plastic strain) also generally decreases with increasing temperature with the peak at −10 °C near 5000 MPa and the peak at 100 °C below 1500 MPa. At 115 °C, the work hardening rate decreases monotonically with increasing true plastic strain, consistent with the lower UE and ductility at this temperature.




3.3. Retained Austenite-to-Martensite Transformation Behavior


The retained austenite volume fraction versus plastic engineering strain from tensile tests performed from −10 to 85 °C for QP3Mn is shown in Figure 4a. For all test temperatures, the retained austenite fraction decreases with increasing strain. As expected, the austenite-to-martensite transformation rate decreases with increasing test temperature (i.e., austenite becomes more stable with increasing test temperature). The greatest amount of austenite transformation occurs at −10 °C, which may contribute to the higher work hardening rate observed at −10 °C compared with the higher test temperatures. However, increased austenite stability at higher temperatures appears to have a much smaller impact on work hardening rates. The austenite-to-martensite transformation behavior is similar at 70 and 85 °C with high austenite stability up to 4% strain and more than half of the austenite remaining at the onset of necking. As previously noted, there is a significant drop in work hardening rate at 70 and 85 °C above 4% strain that is not observed in the lower temperature conditions until higher strains. This decrease in work hardening rate is attributed to the higher austenite stability at these temperatures.



Retained austenite volume fraction versus plastic engineering strain from tensile tests at temperatures in the range of −10 to 115 °C for TRIP7Mn is shown in Figure 4b. All of the austenite measurements were performed beyond YPE. At 22 °C, the retained austenite amount drops from 40 vol.% in the as-received material to 22 vol.% post-YPE at 8% plastic strain. Lüders band deformation behavior has been linked to a stress-assisted transformation in other alloy systems, such as NiTi [55,56], and there is a significant amount of transformation during this regime for the TRIP7Mn steel. However, it has also been suggested that local plastic deformation in a Lüders band can lead to strain-induced transformation to martensite in ultrafine grain medium Mn TRIP steel [57]. As temperature increases, the amount of austenite that transforms during YPE decreases, which is consistent with the expected thermal stability of austenite for either a strain-induced or stress-assisted transformation. The possibility of stress-assisted transformation is considered further in the section linking microstructure and tensile behavior.



The strain-induced transformation of austenite to martensite beyond YPE contributes to a high work hardening rate and high ductility [58]. The TRIP7Mn retained austenite stability is very temperature sensitive in the examined temperature range with austenite becoming more stable with increasing temperature. For example, the amount of austenite remaining at approximately 30% plastic strain is 2 vol.% at −10 °C and 29 vol.% at 115 °C. In the context of the work hardening rate curves in Figure 3d, the observed peak in work hardening rate (beyond 10% plastic strain) decreases in magnitude and shifts to higher strain with increasing temperature as the austenite-to-martensite transformation rate decreases. Therefore, the decrease in the austenite-to-martensite transformation rate with increasing temperature contributes to a reduction in work hardening rate and UTS.



Olson and Cohen developed a mechanism-based model for the strain-induced austenite-to-martensite transformation based on the concept that shear band intersections are the dominant nucleation sites for martensite [25]. The model is expressed by Equation (1), where fα’ is the volume fraction of transformed martensite, ε is true plastic strain, α is a parameter that reflects the rate of shear band formation, β is a parameter related to the probability of forming martensite nuclei at a shear band intersection, and n is a fixed exponent term that relates to the number of intersections in the austenite. Both α and β depend on composition and temperature. The use of macroscopic true strain in the model for steels containing ferrite or martensite ignores potential strain partitioning effects in multiphase microstructures. While this is an important consideration for applying the model to the transformation behavior of austenite-containing multiphase microstructures, the model fits experimental data for first-generation TRIP steels as well as for some medium Mn TRIP and Q&P steels [43,58,59,60,61].
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Nonlinear least squares regression was used to fit the Olson–Cohen model, given in Equation (1), to the fraction of transformed martensite (calculated from the retained austenite phase fraction measurements) at various amounts of plastic true strain for each test temperature. A value of n equal to 2 provided the closest fit between the Olson–Cohen model and the experimental data (among n values greater than or equal to 2) for both steels. The value of n equal to 2 is taken to be a lower bound based on Olson and Cohen’s derivation using the assumption that the shear bands are randomly oriented with a length equal to the austenite grain size [25]. The experimental data and fitted model curves are shown in Figure 5a for QP3Mn and Figure 5c for TRIP7Mn. The model curves agree well with the experimental data for TRIP7Mn, while the QP3Mn curve fits are somewhat poorer for some of the data.



For QP3Mn, there is a fraction of austenite that immediately transforms, by 1% plastic strain, followed by more gradual austenite transformation with increasing strain. The substantial amount of martensite formed, relative to the trend for the other tensile strains, caused a poor fit of the model to the data, especially at 70 and 85 °C. Therefore, the model is fit to the data at 2% and greater strains for all temperatures, and the resulting model curve fits, shown in Figure 5a, agree with most of the data for temperatures in the range of −10 to 70 °C. The relatively large fraction of austenite that transforms by 1% plastic strain may indicate two different populations of retained austenite with different stabilities. For example, blocky austenite has been shown to be less stable than film austenite [26,28,29,62], and in a study on a QP980 grade, the extent of austenite-to-martensite transformation differed between blocky and film austenite as test temperature increased [63]. In the QP3Mn steel, the low strain transformation behavior may be dominated by the less stable blocky retained austenite, while the higher strain behavior may be more indicative of thin film austenite. Alternatively, the high rate of initial transformation could potentially be due to stress-assisted austenite transformation at low strains, which could cause a poor fit of the Olson–Cohen model that was developed for strain-induced austenite transformation.



The model parameters α and β are plotted as functions of temperature in Figure 5b for QP3Mn and Figure 5d for TRIP7Mn. The values of α and β generally decrease with increasing temperature for both steels. The parameter α depends on stacking fault energy, and the parameter β depends on the chemical driving force for the austenite-to-martensite transformation; both parameters are expected to decrease with increasing temperature as the strain-induced austenite-to-martensite transformation rate decreases [25]. The calculated QP3Mn α and β parameters at room temperature are similar to those determined by De Moor et al. for a 0.17C-1.65Mn-0.38Si-1.11Al-0.08P (wt.%) steel that was subjected to Q&P heat treatments with different partitioning temperatures (PT) to produce different amounts of austenite in the final microstructure [61]. The TRIP7Mn α and β parameters are also consistent with values obtained at room and elevated temperatures in other studies of 7 wt.% Mn TRIP steels with similar initial microstructures [43,58]. In the temperature range of −10 to 85 °C, α is greater for QP3Mn and β is greater for TRIP7Mn. These model results suggest that QP3Mn exhibits a greater rate of shear band formation and a lower probability of forming martensite nuclei. These results may imply differences in relative stacking fault energy and chemical driving force for transformation between the two alloys. Alternatively, there could be austenite morphology effects on the probability of forming martensite at shear band intersections.




3.4. Correlation of Tensile Mechanical Properties with Microstructure


The dependence of UTS and 0.2% offset YS on test temperature for QP3Mn, plotted in Figure 6a, shows that there is no significant effect of temperature on the YS or UTS for temperatures between 22 and 85 °C. There is also no significant difference in YS between −10 and 22 °C within the scatter of the data, but there is a small decrease in UTS between −10 and 22 °C, which arises due to the differences in work hardening behavior as shown in Figure 3b. The yielding behavior may reflect martensite with very low temperature sensitivity, since the initial microstructure is approximately 86% martensite. Any effect of temperature on yielding of the austenite appears to have a negligible contribution to the overall flow stress. At UTS, a fraction of the retained austenite has transformed to martensite at all temperatures, but the increase in austenite stability with increasing temperature (see Figure 4a) does not have a clear impact on UTS. Thus, the flow stress of QP3Mn is dominated by the mostly martensitic initial microstructure. Although the martensite has undergone a short partitioning heat treatment, which would reduce the carbon content and likely result in some recovery, the martensite deformation behavior is expected to be dominated by long-range dislocation interactions, which can include packet boundaries, precipitates, and dislocation tangles [64]. Long-range dislocation interactions contribute to the athermal component of flow stress, while the thermal component of flow stress arises from short-range dislocation obstacles, such as the Peierls–Nabarro stress and dislocation forests [7,33]. Wang et al. recently quantified the athermal and thermal components of flow stress in quenched and tempered steels [65]. For a steel similar in chemical composition (0.25C-2.42Mn-1.44Si-0.01Al mass%) to the current work that was quenched and then tempered at 400 °C for 5 min, the athermal component accounted for approximately 75% of flow stress [65]. For QP3Mn, temperature-sensitive short-range dislocation barriers do not appear to have a significant impact on flow stress for two reasons: (1) their contribution to flow stress is very small compared with long-range barriers, and (2) the test temperature range is small (i.e., approximately 95 °C), which amounts to a small increase in the thermally dependent component of flow stress. The magnitudes of the contributions of the athermal and thermal components of flow stress are different between QP3Mn, with a martensite matrix, and TRIP7Mn, with an equiaxed ferrite matrix. This difference is a factor contributing to the differences in temperature sensitivity of tensile properties, which will be discussed further in the context of the TRIP7Mn tensile behavior.



The dependence of UE and TE on test temperature for QP3Mn is shown in Figure 6b. The UE decreases slightly with increasing temperature for a total average decrease of 3% strain from −10 to 85 °C. Most of the UE decline occurs between −10 and 55 °C, and the UE is similar at 70 and 85 °C. Austenite stability increases with increasing temperature up to 70 °C (see Figure 4a), and correspondingly, UE decreases. The austenite-to-martensite transformation rates are nearly the same at 70 and 85 °C, and the elongation data are also very close between 70 and 85 °C. The TE also declines on average by 3% strain from −10 to 55 °C. The decreases in UE and TE with increasing temperature are consistent with previously published behavior of a QP980 grade [24]. For QP3Mn, the TE appears to increase at temperatures above 55 °C for some of the test specimens, implying an increase in post-uniform elongation. The increase in TE at higher temperatures coincides with the appearance of serrations in the flow curves. The association of the serrations with enhanced post-uniform elongation suggests a mechanism that increases plasticity, but the mechanism is unknown.



The upper and lower YS for TRIP7Mn are plotted versus temperature in Figure 6c. There is a slight decrease in both the upper and lower YS from 22 to −10 °C. These observations are consistent with the possibility of stress-assisted austenite transformation associated with YPE, as stress-assisted austenite transformation is favored at lower temperature and causes a decrease in YS [18,66,67]. While there is evidence of stress-induced transformation at −10 °C, it is not entirely clear whether the austenite transformation is stress-assisted or strain-induced at all test temperatures.



Both the upper and lower YS decrease with increasing temperature above 22 °C. Increasing temperature provides an increased thermal contribution that lowers the stress necessary for dislocations to overcome short-range barriers, thereby decreasing flow stress [33]. The thermal contribution to flow stress is smaller in austenite with a face-centered cubic lattice than ferrite with a body-centered cubic lattice, and ferrite is the majority of the microstructure. Thus, it is interpreted that ferrite has greater influence on the decrease in YS with increasing temperature above 22 °C. The upper and lower YS of TRIP7Mn exhibit substantial temperature sensitivity in contrast to QP3Mn. This difference in behavior is due to the large amount of ferrite in the TRIP7Mn microstructure compared with the mostly martensitic QP3Mn microstructure. There are significantly fewer long-range dislocation interactions in ferrite than martensite, enhancing the influence of temperature-sensitive short-range barriers on the flow stress in ferrite.



There is a much greater effect of temperature on UTS than YS in TRIP7Mn between 10 and 115 °C, as shown by the UTS versus temperature data in Figure 6c. The average UTS decreases with increasing temperature by 290 MPa over the entire temperature range, largely due to a decrease in work hardening. Multiple factors affect the work hardening and UTS behavior. There is a small contribution from the addition of thermal energy that assists dislocations in overcoming short-range barriers. However, the change in serrated flow behavior and the stabilization of austenite with increasing temperature have the biggest influence. As shown in Figure 4b, temperature strongly affects austenite stability in the examined temperature range, which in turn contributes to a decrease in work hardening with increasing temperature. While DSA would be expected to cause a peak in UTS in the range of conditions where serrated flow is observed [37], this effect is overwhelmed by the influence of austenite stability. For example, no serrations occur at −10 °C and serrations are present at 22 °C, but the increase in austenite stability with increasing temperature leads to a slight decrease in average UTS of 16 MPa between −10 and 22 °C. At higher temperatures, a decrease in DSA combined with an increase in austenite stability contributes to larger UTS decreases (e.g., the average UTS drops by 62 MPa between 85 and 100 °C). Temperature-dependent austenite stability has a greater effect on TRIP7Mn compared with QP3Mn because there is substantially more deformation-induced transformation that occurs in the TRIP7Mn alloy.



Temperature has a small effect on the YPE of TRIP7Mn, as shown in Figure 6d. The YPE decreases by 3% strain between −10 and 55 °C and increases by less than 2% strain between 55 and 115 °C. A greater amount of austenite transformation at low temperatures could be a factor contributing to the decrease in YPE with increasing temperature up to 55 °C. For example, the room temperature test was interrupted immediately at the end of YPE at which point 17 vol.% austenite had transformed. According to a theoretical calculation of elongation due to the austenite-to-martensite transformation alone, transformation of 17 vol.% austenite-to-martensite could produce a maximum of about 2.6% elongation [68]. Austenite phase fraction was not measured immediately at the end of YPE at the other test temperatures, but there was a 14 vol.% difference in austenite at 10% plastic strain between −10 and 55 °C, suggesting that differences in low strain austenite stability could affect YPE. However, YPE increases above 55 °C despite the higher austenite stability, indicating that other factors aside from austenite stability affect YPE behavior. At room temperature, austenite transformation would only account for roughly one-third of the YPE, according to theoretical calculation, and grain size likely has a greater effect on the extent of YPE. In a study by Gibbs et al. on a 7 wt.% Mn TRIP steel, YPE decreased substantially with increasing annealing temperature due to increasing grain size even though the amount of austenite transformation during YPE increased significantly [58]. A similar observation was also made by Zhang et al. on a 7 wt.% Mn TRIP steel [43]. In a fine grain low-carbon steel with no austenite-to-martensite transformation, YPE decreased by more than 50% between −44 and 118 °C (decrease was gradual with increasing temperature) at 0.0003 s−1 [69]. Therefore, changes in austenite stability are not necessary to explain the decrease in YPE as temperature increases. However, the slight increase in YPE above 55 °C observed for TRIP7Mn indicates that other factors besides fine grain size and austenite stability can affect YPE.



The UE and TE of TRIP7Mn increase in tandem with increasing temperature up to 100 °C, as shown in Figure 6d. This increase in ductility is attributed to the decrease in both yield strength and low strain work hardening rate (between approximately 0.1 and 0.2 true plastic strain) as temperature increases. Both the yield strength and low strain work hardening rate are critical factors influencing UE [70,71]. Since the formation of martensite is delayed to higher strains with increasing temperature, the resulting work hardening rate at higher strains helps delay instability. However, between 100 and 115 °C, the UE and TE both decrease by over 15% strain, which is consistent with the continuous drop in work hardening rate with strain at 115 °C, as opposed to the increases at intermediate strains observed in the other conditions. Low work hardening is associated with highly stable austenite in ferrite–austenite steels [49,58]. Aside from austenite stability differences, there is a transition from serrated plastic flow at 100 °C to continuous plastic flow at 115 °C. The disappearance of the serrations in the flow curve coincides with the substantial decrease in elongation between 100 and 115 °C. It is interpreted that the decrease in UE at 115 °C is due to the loss of DSA contributions to work hardening, thus resulting in instability at a lower strain.





4. Conclusions


The effects of temperature on the strain-induced austenite-to-martensite transformation rate and the tensile mechanical properties of a medium Mn TRIP and a high strength Q&P steel were examined. For TRIP7Mn, increasing test temperature (−10 to 115 °C) results in major changes in work hardening, UTS, and elongation that are associated with a significant increase in austenite stability and the occurrence of serrated plastic flow in the range of 22 to 100 °C. For QP3Mn, increasing test temperature (−10 to 85 °C) results in very little change in YS and UTS, while the UE and TE decrease slightly. Austenite stability increases by a small amount with increasing temperature in the Q&P steel impacting ductility. The conclusions from this work are as follows:




	
The effects of temperature on austenite stability and tensile deformation behavior are greater in medium Mn TRIP steel than Q&P steel due to the larger initial volume fraction of austenite, temperature-sensitive DSA, and equiaxed ferrite in the microstructure (due to the contribution of short-range thermal dislocation barriers to flow behavior). The tensile mechanical properties of Q&P steel have low temperature sensitivity due to the mostly martensitic microstructure (more long-range athermal dislocation interactions controlling flow behavior).



	
Increasing temperature causes a substantial decrease in the low strain work hardening rate of medium Mn TRIP, which, combined with decreasing yield strength, contributes to a large increase in UE. In contrast, increasing temperature above room temperature has little or no effect on the work hardening rate of quenched and partitioned steel at most strains. The combination of low temperature sensitivity of YS and work hardening rate leads to the smaller influence of temperature on UE in QP3Mn.



	
The strain-induced austenite-to-martensite transformation kinetics are highly temperature sensitive for both medium Mn TRIP and quenched and partitioned steels. The Olson–Cohen model is a good fit to the medium Mn TRIP steel data at all test temperatures, but the Olson–Cohen model does not represent the Q&P steel behavior well at 1% strain for all test temperatures.
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Figure 1. Schematic of tensile specimen geometry. 
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Figure 2. Combined EBSD phase map and image quality map showing the as-processed microstructures of (a) QP3Mn and (b) TRIP7Mn. Red indicates ferrite/martensite and green indicates austenite. 
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Figure 3. Representative engineering stress–strain curves from tests at 0.0005 s−1 and various temperatures for (a) QP3Mn and (c) TRIP7Mn. Serrated flow behavior during necking is shown by the zoomed-in stress–strain plot for QP3Mn. Work hardening rate (dσ/dε) as a function of strain from tests at 0.0005 s−1 and various temperatures for (b) QP3Mn and (d) TRIP7Mn. Work hardening rate was calculated from a smoothed true stress–strain curve obtained by a polynomial fit to the plastic deformation region between yield point elongation (YPE)/yielding and necking. 
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Figure 4. Austenite volume fraction versus plastic strain from tests at 0.0005 s−1 and various temperatures for (a) QP3Mn and (b) TRIP7Mn. 
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Figure 5. Fraction of transformed martensite versus plastic strain at various test temperatures (0.0005 s−1 strain rate) for (a) QP3Mn and (c) TRIP7Mn. The points are experimental data, and the curves are the Olson–Cohen model fits. For QP3Mn, data at 2% and greater strain were used for model fits. Olson–Cohen model parameters α and β versus temperature with n equal to 2 for (b) QP3Mn and (d) TRIP7Mn. 
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Figure 6. Tensile mechanical properties versus temperature from replicate tests at 0.0005 s−1. (a) QP3Mn 0.2% YS and UTS; (b) QP3Mn UE and TE; (c) TRIP7Mn lower YS, upper YS, and UTS; and (d) TRIP7Mn YPE, UE, and TE. 
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Table 1. Sheet steel chemical compositions (wt.%).
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	Alloy
	C
	Mn
	Si
	Al
	N
	S
	P





	QP3Mn
	0.28
	2.56
	1.56
	0.049
	0.0037
	0.002
	0.01



	TRIP7Mn
	0.14
	7.14
	0.23
	0.056
	0.012
	0.002
	0.007
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