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Abstract

:

In this work, the microstructural evolution during the dynamic transformation of austenite to bainite was directly observed by in-situ high energy synchrotron X-ray diffraction measurements during warm uniaxial compression performed at the P07 beamline of PETRA III, DESY (Deutsches Elektronen-Synchrotron). Plastic deformation triggers the phase transformation, which is continuously stimulated by the introduction of dynamic dislocations into the austenite. This scenario accelerates the kinetics of bainite formation in comparison with conventional isothermal treatment. No mechanical stabilization of austenite was observed during dynamic transformation. Evidence of carbon partitioning between phases during plastic deformation was obtained. Further post-process investigations suggest that the bainitic microstructure developed during compression is oriented perpendicular to the loading direction. The findings open up new possibilities to design carbide-free bainitic microstructures directly via thermomechanical processing.
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1. Introduction


Although the thermomechanical processing of advanced bainitic steels has received considerable attention recently [1,2,3,4,5,6,7,8], knowledge on the dynamic transformation of austenite to bainite (in the present work referred as “DT(γ→αb)”) is limited. This non-conventional path for bainitic transformation was only evidenced by deviations in the stress-strain curves during ausforming experiments usually below 500 °C [3,4,8,9]. So far, the DT(γ→αb) understanding is unclear in terms of kinetics, changes in lattice parameter, partitioning behavior of alloying elements, and the attainable volume fraction of bainitic ferrite during the deformation cycle. Such lack of experimental data restricts the possibility of exploiting DT(γ→αb) in new thermomechanical routes concepts, as well as microstructural modeling.



The study of DT(γ→αb) by conventional methods like dilatometry makes a precise determination of the phase content evolution during deformation difficult due to the superimposed effects of transformation-induced length increase and the reduction of sample length. To date, although several in-situ diffraction experiments have been conducted to investigate the mechanisms of the bainitic transformation in steels (under isothermal [10,11,12,13,14] or continuous cooling treatments [1,15,16,17]), real-time data of the microstructural evolution during ongoing DT(γ→αb) were not reported elsewhere.



Since in-situ high energy X-Ray diffraction (HEXRD) experiments allow for obtaining time-resolved precise quantitative information about complex phase transformations [18,19], it is thus the only technique in which the microstructural evolution of the DT(γ→αb) can be accurately studied during plastic deformation. Therefore, in the present investigation, HEXRD experiments were employed to build a detailed understanding of the microstructural evolution during DT(γ→αb) in a carbide-free bainitic steel.




2. Materials and Methods


The thermomechanical processing route shown in Figure 1a was applied in a carbide-free bainitic steel (0.16C–1.48Mn–1.22Si–1.19Cr–0.27Mo–0.12Cu–0.01V (Mass.%)), in which the estimated bainite start temperature is 528 °C according to the empirical expression proposed by Bohemen [20]. The treatments were performed using a modified dilatometer (DIL805A/D—TA-Instruments Inc., New Castle, DE, USA) coupled to angle-dispersive synchrotron X-ray diffraction measurements in transmission geometry with an energy of 98.188 keV at beamline P07-EH3 of Petra III, DESY/HZG, Germany—Hamburg.



Cylindrical samples (5 mm diameter and 10 mm length) were heated up to 1050 °C, held for 120 s and then cooled down to 500 °C. An intermediate holding step was applied to produce a small volume fraction of bainitic ferrite (≈8 Mass.% in a total time of 32 s—see the inset of Figure 1a) before the deformation step. Subsequently, the decomposition kinetics of austenite to bainite was tracked as a function of strain during uniaxial compression. This thermomechanical schedule allows studying precisely the evolution of DT kinetics from elastic to plastic deformation. After deformation, the specimen was held at 500 °C for five seconds (without any load) and then cooled to room temperature. For comparison, an isothermal treatment at 500 °C (without deformation) was performed following the same time–temperature schedule presented in Figure 1a.



The deformation parameters (temperature, strain (ε) and strain rate (   ε ˙   )) were selected considering technical limitations of the dilatometer. A thin molybdenum foil was placed in between the holders and the sample to reduce the friction and the thermal gradient. The heating and controlled cooling procedures were conducted using an induction coil and blowing argon into the sample, respectively. The temperature was measured with a type S thermocouple welded to the central part of the specimen next to the position of the incident X-ray beam. The configuration of the in situ experiments is shown in Figure 1b. Full diffraction rings were collected (throughout the thermomechanical treatment) in transmission geometry by a XRD 1621 area detector (PerkinElmer Inc., Waltham, MA, USA) with a measuring frequency of 5 Hz. The distance from the sample to the detector was nominally 1384 mm, and the size of the incident X-ray beam was 1 mm × 1 mm. The detector calibration and the instrumental effects were obtained with a LaB6 standard powder sample with 6 mm thickness, which corresponds to the final sample thickness after deformation.



The collected 2D data were converted to conventional 1D diffraction patterns in the software pyFAI version 0.19.0 of ESRF [21]. Full azimuthal integration of the diffraction rings was carried out to get the best possible statistics to calculate the phase fractions, while the average lattice parameter of each phase was determined considering cake portions of 20° in two azimuthal directions according to the schematic representation in Figure 1b. The phase fraction and the lattice parameters were quantified by the convolution-based Rietveld refinement implemented in TOPAS version 4.2 (Bruker AXS, Karlsruhe, Germany), taking into account the first ten {hkl} reflections in the 2θ range from 2° to 8.4°.



A single peak fit procedure (applying a Pseudo-Voigt function) was implemented for the extraction of the 2θ positions and the full width at half maximum (FWHM) of the {220}γ and {211}α reflections. The reason for this choice is to avoid any possible overlap with other peaks in the diffraction pattern. Besides, these reflections are often chosen to provide additional information about the microstructure evolution (e.g., [1,15,22,23]). The lattice strains (εi{hkl}) in each phase were calculated during the deformation step using the same angular range as described earlier for the lattice parameters, according to:


   ε  i   h k l     =    d  i   h k l     −  d  0   h k l        d  0   h k l        



(1)




where di is the measured d-spacing during the strain evolution, and d0 is the reference lattice spacing before deformation.



After the in situ experiments, the specimens were sectioned in the longitudinal cross-section and prepared by standard metallographic procedures (grinding, polishing, and etching using Nital 3% solution). The microstructure was examined under a VEGA II XLH scanning field-emission electron microscope–SEM (TESCAN, Brno, Czech Republic) in the region corresponding to the incident area of the X-ray beam (i.e., in the central part of the sample), where the absolute gradient of strain and temperature is assumed to be negligible. Vickers hardness measurements were carried out using a HMV-G20DT microhardness tester (Shimadzu, Kyoto, Japan) with a load of 9.8 N for 15 s. The obtained values correspond to an average at least 5 different indentations measured in the center of the polished sample.




3. Results and Discussion


3.1. Kinetics of Dynamic Transformation


3.1.1. Phase Content during Deformation


Figure 2 presents a compilation of diagrams illustrating the overall microstructural evolution of DT(γ→αb) as a function of strain. Data displayed in this way allow comprehensive analysis of the phase transformation kinetics during and after the compression. The values displayed at ε = 0 refer to microstructure formed after the intermediate holding step. The grey shaded area denotes the elastic regime of austenite at 500 °C, which was determined using a yield strength of 132 MPa, calculated according to the model proposed by Bohemen [24].



In the elastic regime, after the peak, the continuously decreasing of the strain hardening rate (dσ/dε curve in Figure 2a) primarily comprises a dynamic recovery regime [25], subsequently reaching a steady state with the imposed strain. The occurrence of the dynamic recovery is seemingly not responsible for the initiation of the DT since the amount of bainite given in Figure 2b does not evolve significantly in the elastic regime. After the onset of the predicted yielding point, it becomes evident that the plastic deformation triggers the DT(γ→αb) (Figure 2b). The volume fraction of the bainite produced by deformation increases continuously from 8% to about 54%. The transformation rate (curve dfαb/dε) displays a monotonic trend from ε ~ 0.015 up to about ε ~ 0.16, thus evidencing different kinetics over this range. The linear increase of the macroscopic stress up to 690 MPa strongly suggests that austenite was transformed into a phase with higher strength (bainitic ferrite) over the course of deformation. Otherwise, even at a strain rate of 0.05 s−1 the deformation of a fully austenitic sample at 500 °C would reach ~ 460 MPa (see Figure S1 of Supplementary Material). The obtained volume fraction of bainite during the deformation cycle was not reported in the few available studies on the topic [3,4,9]. Therefore, a direct comparison with the present results is not possible. On the other hand, there is a reasonable agreement regarding the dynamic transformation starting right after the yield point has been achieved [4], but at a much lower temperature than 500 °C. Also, no other investigation reports evidence of DT(γ→αb) at or close to 500 °C.



It is important to point out that the uniaxial compression was carried out in the non-recrystallization region, thus austenite grain size remains unchanged during deformation. Furthermore, αb subunits (formed during the intermediate holding step) are expected to nucleate at γ grain boundaries [26,27]. During the subsequent compression, the presence of such subunits could inhibit or delay a modification in the austenite grain boundary area via pinning the grain boundaries. Therefore, in the present investigation it will be assumed that possible changes in austenite grain boundaries have a negligible effect during the dynamic transformation.



The growth of bainite during deformation is in contrast to what is generally documented in the literature, which reports that plastic deformation hinders the progress of transformation due to mechanical stabilization of austenite [1,6,28,29]. Besides, the driving force for bainite nucleation close to 500 °C under isothermal condition is very low, which would generally result in a relatively small volume fraction (as will be discussed later). In the present study, the growth of bainite under plastic deformation regime can be ascribed to the generation of dynamic dislocations, where the term “dynamic” is used to describe a scenario of continuous change in mobility and density of dislocations within the austenite during DT. In the mentioned scenario, it is expected that mobile dislocations increase the ability of plastic- and self-accommodation of the αb/γ interfaces during the growth of bainite laths, besides preventing the local accumulation of the microstructural defects against the bainitic substructures, and thus assisting the dynamic transformation. The argument on the role of dislocations in DT is strengthened by the fact that previous investigations on a bainitic steel suggest that the dislocation substructures introduced in austenite before phase transformation strongly influence bainite kinetics under isothermal conditions [14,30].



It seems reasonable to argue that interactions between αb subunits and dislocations during deformation reflect the monotonic increase observed in the transformation rate (dfαb/dε) up to ε ~ 0.16 in Figure 2b. Furthermore, when the bainite fraction exceeds a critical value during DT, the local mobility of dislocations in the remaining austenite becomes more difficult due to the geometrical constraint effect of the bainitic matrix and the work hardening effect on the surrounding austenite, explaining the observable decrease in the transformation rate above ε ~ 0.17. This decrease also suggests the possibility that the transformation is reaching its end. However, it is not clear if the transformation stasis occurs under deformation, since no additional strain could be applied due to the technical limitations of the dilatometer. Immediately after the deformation step, the volume fraction fαb does not change significantly with time, possibly because no further dislocations are induced in austenite.




3.1.2. Peak Broadening


Figure 2c shows the FWHM evolution of the austenite and bainitic ferrite diffraction peaks during the macroscopic deformation. Firstly, in order to understand the studied phenomena, the diffraction peak broadening during the bainitic reaction was evaluated under an isothermal condition at 430 °C without deformation (in situ HEXRD experiment is reported in the Supplementary Material). The reason for such an experiment is because of the relatively sluggish kinetics of the bainitic reaction in the reference condition (isothermal treatment at 500 °C (ε = 0), which will be discussed later). The broadening evolution of the {211}α peak is almost constant after the onset of bainite formation at 430 °C (fαb ≈ 9 Mass.%), whereas the broadening in the {220}γ reflection increases significantly after fαb ˃ 39 Mass.% (see Supplementary Material Figure S2). Such increase in the {220}γ peak reflects the generation of dislocations in the parent austenite induced by the progress of the bainitic transformation itself.



In Figure 2c, the increase in the FWHM during macroscopic strain points out changes in the dislocation structure and density in both bainitic ferrite and austenite during DT. Comparing the rate of broadening between the studied reflections, the higher rate observed in the {220}γ family grains suggests that the lattice defects are accumulated in the austenite during deformation. Such defects are generate by the superimposed effect of plastic deformation and the bainitic transformation itself. In this scenario, the resulting dislocation debris introduced into the austenite can be inherited by any bainite that forms subsequently [31], which would explain the unexpected constant increase in the FWHM of {211}α during the progress of the transformation. Furthermore, as austenite is continuously plastically deformed, the generation of inhomogeneous elastic strains in the already formed αb subunits might be an additional contribution to the broadening of the {211}α reflection during DT.



As already mentioned, the volume fraction of bainite is not expected to have a large influence in the broadening of {220}γ reflection until a significant progress of the phase transformation occurs under pure isothermal conditions (e.g., fαb ˃ 39 Mass.% at 430 °C—see Supplementary Material Figure S2). If such behavior is assumed during DT, the observed diffraction peak broadening in Figure 2c below ε ~ 0.17 (fαb < 39 Mass.%) is mainly associated with the plastic deformation of austenite rather than the bainitic transformation itself. Taking into account that the occurrence of plastic deformation can be resolved by observing diffraction peak broadening [32], the higher rate observed in the austenite suggests that plastic strain concentrates on the austenite and not on the surrounding bainitic ferrite formed during the first stages of DT. Besides, the significant decrease in peak broadening rate in the {211}α reflection after ε ~ 0.05 is a further indication that lattice defects are accumulated in the austenite.



After DT(γ→αb), the FWHM of the peaks recovers, meaning that the dislocation network progressively built in both phases during the DT is not permanent. This result can be explained in the context of the thermally activated recovery mechanisms [33] considering the relative high transformation temperature. The magnitude of decrease observed in the {220}γ is significantly lower than of bainite, providing further evidence of the strain accumulation in austenite after DT(γ→αb).




3.1.3. Lattice Parameter


The evolution of the average lattice parameter of austenite (aγ) and bainitic ferrite (aαb) during and after the DT(γ→αb) is given in Figure 2d,e, respectively. The lattice of both phases at the axial position decreases continuously after passing the yield strength until ε ~ 0.15. As the deformation increases, the austenite lattice parameter starts to deviate from the linearity (straight dashed lines) in all azimuthal directions. By comparing Figure 2d,e, it is possible to conclude that no deviation from linearity occurs during the evolution of aαb. The main factors that may influence aγ are—carbon content, stress state, temperature, and carbides formation. As demonstrated in Figure 3a, carbides peaks cannot be distinguished from the background in the diffraction patterns during the deformation cycle, otherwise carbon atoms would be consumed by the carbides leading to a significant decrease in the lattice parameter of austenite [16,34]. Although no clear evidence of carbides was identified, cluster formation or transition carbides with fractions below 1 Mass.% cannot be excluded.



Figure 3b shows the changes in the temperature measured by the thermocouple during deformation. At the beginning of compression, the maximum temperature variation is about 2.5 °C. This slight fluctuation is probably associated with a small heat loss between the sample/sample holders due to the applied force. This experimental artifact has negligible influence in the microstructural evolution and, therefore, is not responsible for the non-linearity of the aγ observed in Figure 2d.



The changes in austenite lattice parameters during DT originate from two contributions—the lattice strain induced by the macroscopic deformation and a change in austenite mean carbon content. Since Figure 2b shows a continuous increase in fαb during DT(γ→αb), carbon partitioning from αb to γ is expected. Considering that carbon causes a lattice expansion [34], such contribution may act as an opposite effect to the lattice strain imposed by macroscopic deformation, implying that the observed non-linearity of aγ is due to carbon enrichment of austenite. The latter has an isotropic effect in the γ lattice parameter (e.g., carbon expands equally the lattice in the axial and radial directions), whereas the lattice strain induced by the macroscopic deformation is essentially anisotropic. Both contributions can be separated using the approach given in [35], which is based on the relation between axial to radial lattice parameters considering Poisson’s ratio (v). For the present case at 500 °C, the ratio of axial to radial slopes gives a Poisson’s ratio of 0.281 for austenite. For bainitic ferrite, a value of 0.274 at 500 °C was adopted from [36].



As illustrated in Figure 2d, a significant increase of v (aγ) from ε ~ 0.13 (fαb ~ 25 Mass.%) corroborates the carbon partitioning from αb to γ during DT, and thus explains the deviation from linearity of aγ. It is important to note that v (aγ) is indirect evidence of the increase in the mean carbon concentration in austenite, not accounting for the local variations in composition, which explains why v (aγ) does not vary significantly during the initial stages of DT. In Figure 2d, during the subsequent unloading, the axial and radial a reach stable values, substantially higher than those at the beginning of DT. It should be noted that the value of v (aγ) does not decrease during the unloading, indicating that the remaining austenite was carbon-enriched during deformation.



In contrast to the aγ behavior, the observed trends in the axial and radial aαb in Figure 2e are probably a consequence of the constraint effect from surrounding austenite during the compressive deformation, since the value of v (aαb) does not increase or decrease significantly during and after DT(γ→αb). Such behavior suggests indirect evidence that no significant change in partitioning behavior of alloying elements occurs during DT(γ→αb). Otherwise, a noticeable change from para (only carbon partitioning) to orthoequilibrium (partitioning of all alloying elements) would be followed by a permanent decrease in the aαb (axial) after deformation, due to the diffusion of substitutional elements from αb→γ. This explanation is analogous to that reported by Shibata et al. [37] in the dynamic ferrite transformation, in which deformation accelerates the manganese diffusion from ferrite to austenite, leading to a permanent decrease in lattice constant of DT-ferrite after compression. As already mentioned, the experimental results in Figure 2e suggest that the constraint effect from surrounding austenite is the main mechanism that affects the αb lattice parameter during DT.





3.2. Lattice Strains during Dynamic Transformation


The microstructure response during the DT(γ→αb) and the subsequent unloading from the viewpoint of the lattice strains is summarized in Figure 4. This data provide additional evidence for the lattice parameter results of both phases, previously discussed. The non-linearity in the {220}γ lattice strain is perceived in both axial and radial directions during the DT(γ→αb). The peak shift produced by alloy element partitioning was separated from the mechanical strain using the same approach described earlier for the lattice parameter. In Figure 4a,b, the evolution of v (εγ) is congruent with the tendency shown by the lattice parameter—v (aγ) in Figure 2d during and after the deformation. This further evidence from the individual {hkl} supports that the non-linearity in the austenite lattice is attributed to the increase in carbon content in solution in austenite during the DT(γ→αb). From Figure 4c, the value of v (εαb) does not evolve substantially during the compression. Upon unloading, lattice strains of the {211}α family grains are almost entirely reversible in the axial and parallel directions, while v (εαb) remains constant (Figure 4d). These observations confirm the already described behavior from the lattice parameter—v (aαb), suggesting no significant change in partitioning behavior of alloying elements during DT(γ→αb).




3.3. Kinetics of Phase Transformation during DT and Isothermal Transformation


Figure 5 shows the volume fraction of bainitic ferrite (fαb) as a function of time during DT(γ→αb) in comparison with a reference sample (without deformation). The results show that the austenite decomposition is accelerated (about 11 times faster) during the deformation when compared with the reference condition (without deformation at 500 °C). Additional evidence of the faster bainite formation kinetics during the DT is presented in Figure 6, which compares the microstructural evolution without and with deformation at 500 °C (left and right diagrams, respectively). It can be observed that no significant variation occurs in both FWHM of the peaks (Figure 6a) and lattice parameters (Figure 6b,c) in the undeformed condition. Therefore, it can be concluded that the observed tendencies during deformation in Figure 6d–f are direct consequences of the mechanisms that rule the dynamic transformation of austenite to bainite.



The relatively slow bainite formation kinetics during the treatment without the deformation is explained by the low driving force for nucleation close to 500 °C, since the isothermal bainite formation kinetics mainly depend on the rate of bainite nucleation [27,38]. Therefore, increasing nucleation sites for bainite formation due to deformation is expected to be the main reason for the acceleration effect from DT. As previously discussed in Figure 2c, the applied strain concentrates on austenite during plastic deformation. Thus, it is expected that numerous microstructural defects, such as dislocations, are progressively introduced into austenite as the strain increases. In this scenario, the kinetics of the bainitic transformation is accelerated by increasing the initial number density of potential nucleation sites for bainite [6,14], besides increasing the local carbon diffusivity in austenite [39]. Increased nucleation rate is also suggested as the main mechanism which boosts dynamic transformations (e.g., [37,39,40,41,42]). According to the literature, when the stress exceeds the yield strength of austenite, the defects introduced by deformation enhance the nucleation rate, and hence the overall rate of bainite reaction increases [43]. It is obvious that the experimental results in Figure 2 confirm the statement above—plastic deformation induces defects in austenite (affecting austenite peak broadening in Figure 2c), which in turn triggers the bainite formation (Figure 2b). Therefore, it is suggested that the acceleration effect of DT is due to increased nucleation rate in austenite, rather than solely the accelerated growth of the previous nuclei formed during the intermediate holding step.



Based on the real-time evidence, it is proposed that the DT(γ→αb) is governed by the preferential introduction of dynamic dislocations in austenite (e.g., dislocations simultaneously provide additional nucleation sites for bainite as well as assist the progress of the dynamic transformation).




3.4. Ex-Situ Microstructure


Figure 7 shows representative SEM micrographs of the investigated samples in the undeformed condition (Figure 7a—isothermally formed at 500 °C followed by continuous cooling to room temperature) and deformed (Figure 7b—dynamic transformation at 500 °C followed by continuous cooling to room temperature). The obtained microstructures are granular bainite with a considerable amount of retained austenite (undeformed and deformed samples with 15.5 and 12 Mass.%, respectively). Since bainitic ferrite is more attacked by the etchant, the network of structures that appear to be elevated in the micrographs are attributed to the retained austenite or martensite–austenite (M/A) constituents [1,15,44]. The hardness of the undeformed sample is 368 ± 12 (HV1), while that of deformed one (dynamically formed) reaches 420 ± 10 (HV1). Considering that both micrographs contain only bainitic microstructures, the hardness increase in the deformed sample can be associated with its finer microstructure (Figure 7b) due to the increased number of nucleation sites promoted by plastic deformation. Besides, considering that austenite is simultaneously strengthened and decomposed into bainite, it is expected that a structural refinement takes place in the bainite coming from dynamic transformation. This argument is supported by the fact that strength of the parent austenite is one of the most important factors that control the scale of the bainitic microstructures [45,46]. The hardness results seem to be in contradiction with the ones from [4], which reports that the presence of phases formed during the compression step reduces the hardness value of the bainitic microstructures in comparison with the pure isothermal condition.



In Figure 7, although both microstructures share similar features of the granular bainite (e.g., discontinuous network of retained austenite and M/A constituents), it is possible to conclude that the microstructure in the reference sample (undeformed condition at 500 °C—Figure 7a) appears to be more randomly oriented. In contrast, the network of structures in the deformed sample seems to be more preferentially oriented perpendicularly to the loading direction (as indicated by dashed rectangles). Considering that a significant amount of bainitic ferrite (46 Mass.%) was induced by strain, combined with the fact that plastic deformation during phase transformation alters the average scale of the microstructure [4,8], it seems plausible to suggest that the microstructure develops perpendicular to the compression during DT(γ→αb).





4. Conclusions


In summary, this work reveals for the first time the microstructural evolution of DT of austenite to bainite employing in situ HEXRD measurements during uniaxial compression at 500 °C. The main conclusions, for the studied conditions in the investigated steel, are:




	
The kinetics of bainite is accelerated through DT(γ→αb) at 500 °C in comparison with pure isothermal treatment;



	
Plastic deformation triggers the DT(γ→αb), which is continuously stimulated because lattice defects are introduced preferentially in the austenite;



	
Based on real-time evidence, it was proposed that the DT(γ→αb) is ruled by the dynamic introduction of dislocations, which enable the progress of the transformation without mechanical stabilization of austenite;



	
The partitioning of alloying elements during DT is suggested to occur under paraequilibrium conditions (i.e., only carbon partitioning);



	
The bainitic microstructure in the sample subjected to DT(γ→αb) is preferentially orientated perpendicular to the compression direction. Furthermore, both microstructural refinement and hardness increase were obtained in comparison with the reference microstructure; and



	
It is important to emphasize that even though the strain rate employed in the present investigation does not necessarily reflect typical values applied in the industrial warm forgings and/or controlled rolling processes, the DT(γ→αb) may represent a potential strategy aiming at energy-efficient manufacturing processes, since phase transformation and plastic deformation are taking place simultaneously. Besides, DT(γ→αb) sheds new insights into design carbide-free bainitic microstructures via thermomechanical processing.
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Figure 1. (a) Scheme of the thermomechanical cycle. The inset of (a) shows the intermediate holding step at 500 °C (with the resulting volume fraction of bainite determined from the synchrotron diffraction patterns), and deformation parameters; (b) experimental setup for the in-situ X-ray diffraction experiments. 
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Figure 2. Microstructural evolution of DT(γ→αb) at 500 °C as a function of strain and after unloading as a function of time—(a) macroscopic stress; (b) transformed volume fraction of bainitic ferrite-fαb, (c) full width at half maximum (FWHM) of the {220}γ and {211}α diffraction peaks, (d) austenite lattice parameter-aγ, and (e) bainitic ferrite lattice parameter-aαb. “v (aγ)” and “v (aαb)” denote the lattice parameter of austenite and bainite considering the Poisson’s ratio, respectively. (Color figure online). 
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Figure 3. (a) Sequence of the integrated diffraction patterns as a function of strain during the dynamic transformation of bainite at 500 °C. The scale was enlarged in the X-axis in the 2θ range where carbides are expected to appear. The diffraction peaks of manganese sulfide (MnS) are indicated by the arrow. (b) Temperature evolution of the sample during deformation. For reference, the true stress curve is also displayed in this figure. The grey shaded area represents the elastic regime of the austenite at 500 °C. 
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Figure 4. Lattice strains during DT in austenite (a,b) and bainitic ferrite (c,d) as a function of strain and after unloading as a function of time at 500 °C. “v (εγ)” and “v (εαb)” denote the lattice strains of austenite and bainite considering the Poisson’s ratio, respectively. (Color figure online). 
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Figure 5. Changes in volume fraction of bainitic ferrite during DT(γ→αb) at 500 °C (squares) in contrast with a reference sample without deformation at 500 °C (triangles). Note that volume fractions are displayed as “Δ” from the starting point t = 0 s, which is counted after the intermediate holding step (see the inset of Figure 1a). Deformation stages (0, 10 and 20%) for DT are indicated in this figure. 
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Figure 6. Evolution of the microstructural parameters at 500 °C during bainitic transformation without compression (left diagrams) and during dynamic transformation (right diagrams)—(a,d) FWHM of the {220}γ and {211}α diffraction peaks; (b,e) austenite lattice parameter; (c,f) bainitic ferrite lattice parameter. Note that all datasets are displayed as “Δ” from the starting point t = 0 s, which is counted after the intermediate holding step (see the inset of Figure 1a). 
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Figure 7. SEM micrographs of the processed samples—(a) undeformed condition (isothermally formed at 500 °C followed by continuous cooling to room temperature). (b) Deformed condition (dynamic transformation at 500 °C followed by continuous cooling to room temperature). CA stands for the compression axis. 






Figure 7. SEM micrographs of the processed samples—(a) undeformed condition (isothermally formed at 500 °C followed by continuous cooling to room temperature). (b) Deformed condition (dynamic transformation at 500 °C followed by continuous cooling to room temperature). CA stands for the compression axis.



[image: Metals 11 00467 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
800

§ ~| —=— True stress (a)
S 600 F Il| —— do/de |
% 400 [
7 - \ .
g 200 —O]
= ] g ; o e
0 "l')'gl ] T I E— "
60 TR i ( )
Tl ) o, 4_5’559()‘ o
Q & I
c\(’; 40 1 i S df(xb/da: :,5 |
175 o) :
3 P ;
2 55 |
ts-r: 20 F A,Vmccdﬁ :
= o S E
0 T TR FRR TR FER 'i e e
0.060 — , ©)
0.055 k£ :‘W
o . ! %0000000000000000000000¢
% 0.050 - §
= 0.045 ;
3 i {220}y
» ' ' |
0.035 | ' I ‘ T ‘ T T T 1 1
0.3630 ' G
G5 i Radial /’M
- Y - _T:'_'_—_T.
£ 0.3620 |- ¢, v (ay) '
& i :
0.3615 | : E
i Axial esese pse
0.3610 — ' — T ' T — T:l N B —
0.2895 _ ©)
[ ™™™ Radial ®
0.2890 pale — ymamteresestesssnsssen
€ "% v (aa,) |
° | guettesesesesesssstetee:
E 02885 F ¢ :
3 " |
< 0.2880 's
i Axial i
0.2875 & | . = . ]

I I I |
000 005 010 01> 020 0 1 2 3 4 5

True strain, € Time (s)





nav.xhtml


  metals-11-00467


  
    		
      metals-11-00467
    


  




  





media/file2.png
Temperature

(b)

Intermediate holding step

o0

Bainite (Mass.%)
S

$20%:

.
e
------
-
ans

"ren
-
.......
Teay

1050 °C

A 120s

»f \©

9% q
w

Y A W \
...... 0-50
Time
Radial (90°)






media/file5.jpg
®)
500 5050

so2s.

400§ 5000

Intensity (a.u)
True stress (MPa)

200

a97.5

Truestress
o c

2 950
20 25 30 000 005 010 015 020

20(°) True strain, &

Temperature (°C)





media/file3.jpg
True sress (MPa)

™ ®

fo OMass %)

0060
o0ss
0050
oois
o0u
o0ss
0360

FWHM ()

03625

0360

ar (om)

03610
02895

0280
o285

aat, (om)

078
000 005 010 ois 030013345

Troe stin, & Time ()





media/file1.jpg
Intermediate holding step

(@) 1050°C ) * -
. 38
o 3 S
g £ oo
g & 0 T|5 30‘ indth?
ime (s)
é
Time
(b) _ Radial 90°)

xial (0°)
|+— 2D detector

AL ot

4— Incident beam






media/file7.jpg
Compression @

oas —
= e s A L L
S 00000 {hroemet AL TR0 I
8 % . * Axial
o015 | e, | )
Reenecessioseisiasans « Radal
~0.0030- +
0.0015 © @
R
o | st 4451 1041200004200004000
—oooisf %, : -
oomef | - D
~00045| e — + Radial
[ Y " PR PR Ve S A S S

True strain, & Time (s)





media/file10.png
Afa, (Mass.%)

50

40

| —m®— 500 °C - During DT (&g = 20%)

—/A— 500 °C - Isothermal treatment (& = 0%)

(=)
S m
< ]
o ]
I ]
& ]
]
.l
. ]
o~ .l
o n
n
I -
W

Time (s)

29





media/file12.png
Without deformation Dynamic transformation (500 °C)

(500 °C) B Compressive deformation ol
0.025 0.025
oo ° 22N o o020l ° 120 B
~ =0 e llla G {211}a '....-*"
E 0.015 4 0.015 F
a» T ;
= 0.010 0.010 |
& & - B
< 0.005- 0.005 |
0.000 00000000000000000000000000000000000¢ | () () |
-M’ I 1 I ] I 1 I 1 MI I 1 I 1 I 1 1
0.0006 0.0006
- (b) : (c)
0.0003 - 0.0003
'E 0.0000 oo ee000000000000e | 00000
= 0.0003 0.0003 - ® £
== — . 1 — VU, DT -
2 - ® Axial B ® Radial
-0.0006 - e Radial ~0.0006 |
~0.0009 ~0.0009 |
T I T l T ] T ] T
0.0005 0.0005 —
(c) | o (f)
_ 0.0000 0.0000 pe®
£ . o :
< 00005 0.0005 | ® 2 e
tSL_ ; 7 20000, ° e Radial
g . ® Axial i
-0.0010 1 e Radial ~0.0010 |
_0.0015 1 I I I I I 1 I I _00015 T I | I 1 I 1 | 1
0 5 10 15 20 25 0 5 10 15 20 25

Time (s) Time (s)





media/file9.jpg
40

w
8
1

N
8
!

A, (Mass.%)

104

—=—500 °C - During DT (¢ = 20%)
—£4—500 °C - Isothermal treatment (& = 0%)

L]
£=20%

VWA

25





media/file0.png





media/file14.png





media/file8.png
g 1220}y

3
-
fa—
o

e

Compression (a) Unloadin (b)
g
0.0015 1 .." ...000000000000000000001
1]
- e e R R R IR SRR RIERRRERRLE
0 0000-»M%%%.'.’.'-m_ee!_'?_'_'_’f ________ i SE
. ' Axial
1 e b X1a
" : ¢ V()
" -0.0015- oo, , ;
p LT YR, . o e Radial
e |
_00030 | | I | 'i | | | | .
00b1s () (d)
et AAAAAAAAAAAAAAAAMALAAAAALAAMAAAAAAALAL |
A )
O.OOOO.WAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL A‘ A A‘ A “ AdAA AA ’ A f ﬁ ﬁ ﬁ’ ’ f ’1
\ aAAAAAAAAAAAAAL
A [
~0.0015- . : .
A
~0.0030 i, = L vy
Adsa
By Y VYW ' 4 Radial
A““ )
—0.0045- et
| | ' | | i | I | I
0.00 0.05 0.10 0.15 020 O | 2 3 4 5

True strain, €

Time (s)





media/file11.jpg
Without deformation Dynamic transformation (500

(500°C) Compressive deformation
0025 | o0 = Ll @
o 0y S ol e 20
0007 o pina 000 o e
S oos o0s
H
2 oo o010
< oos. 0.005.
ek T T T 000 T T T
00006 00
o) o)
o000 o3
R e — )
S -00003 00003
3 o ma
~00006 o Rdal o006
000 000
00005 00003
©
00000 133399000088 pecsensesssmagescpesssessees | (0000
£
H o Al
= 00008 -ooms| o
" o Radil
E o Al
~00010 o Radl 00010
~oo01s S e —
o 5 w0 a2 a3 0 5 w0 s 2 s

Time (5) Time (5)





media/file6.png
Intensity (a.u)

(a)

2.0 2.5 3.0

True stress (MPa)

(b)
800
600
400
200 -
—m— True stress L
u =0 G
0 I T I T I T I T
0.00 0.05 0.10 0.15 0.20

True strain, €

505.0

495.0

Temperature (°C)





