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    Abstract


    The purpose of this work is to create mixed phased advanced high strength microstructures based on an ultra-fast heat treatment. The current work focuses on a hot rolled 42CrMn6 steel with medium-carbon and chromium - manganese additions. In order to better understand the microstructure evolution and the phenomena that take place during rapid heating, an ultra-fast heated sample was analyzed and compared with a conventionally treated sample. The methods employed for the microstructure characterization included Scanning Electron Microscopy (SEM) with Electron Back-Scatter Diffraction (EBSD), Transmission Electron Microscopy (TEM) and hardness testing. The initial microstructure of both samples consisted of ferrite and spheroidized cementite. The conventional heat treatment resulted in a fully martensitic microstructure as expected. On the other hand, the ultra-fast heated sample showed greater heterogeneity in its final microstructure. This was the result of the lack of time necessary for carbon diffusion, cementite dissolution and chemical composition homogenization at the austenitic range. Its final microstructure consisted of undissolved spheroidized cementite, nano-carbides and martensite laths on a ferritic matrix. Based on the TEM analysis, traces of bainitic ferrite are indicated. The grains and lath size observed in SEM - TEM and as derived from the EBSD analysis, offer proof that a diffusionless, massive transformation takes place for the austenite formation and growth instead of a diffusion-controlled transformation that occurs on a conventional heat treatment.
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    Introduction


    In order to improve the major steel properties, such as strength and ductility, two basic principles are used: (a) Alloying steel with proper elements (e.g. nickel - Ni, manganese - Mn, chromium - Cr, molybdenum - Mo etc.), which dramatically increase the material cost and adversely affect the viability of the raw materials; and (b) Excessive refining of the grains, as applied in thin sheets/plates obtained with fully controlled thermo-mechanical rolling (e.g. Thermo-mechanical controlled processing - TMCP), which offers a uniform distribution of grain boundaries. Thus, the combination of the grain refinement effect with a specific and desirable distribution of micro-constituents (ferrite, bainitic ferrite, martensite, residual austenite and carbides) in the final microstructure is considered to positively affect both the strength and ductility of advanced high strength steels without the need for alloying with high concentrations of costly alloy additives (e.g. Ni, Mn, Mo, Cr).


    Therefore, the need for new, cost-efficient methods to produce AHSS with good combination of strength and ductility is very important and hence, the ultra-fast heat treatment was introduced by Cola, et al. [1,2]. This treatment has been widely used before in the case-hardening of medium carbon steels [3]. However, its application to low carbon sheet steels is relatively new. A yield stress of 1.2-1.5 GPa has been reported for a 0.2% C steel subjected to the 'Flash Bainite process'. These values are much higher than the yield stress obtained for the same material subjected to conventional heating rates. Furthermore, a 200 MPa improvement in the yield stress has been reported for quenched and partitioned (Q&P) and dual-phase (DP) steel grades subjected to ultra-fast heat treatment. This treatment affects the microstructure during recrystallization and phase transformation and affects their interaction to obtain better mechanical properties [4]. Several conditions need to be met in order to have a strong refinement and hence better properties. It has been shown that very high heating rates above 2000 ℃/s are practically inapplicable while initial studies show that the effect of significant grain refinement and increase in strength and elongation can already be achieved at more realistic rates between 200-1000 ℃/s [1,3,5-8]. In addition, the complex interactions between recrystallization, phase transformations and dissolution of carbides are not well described or controlled. The balance between these interactions will be the key to achieving an excellent combination of properties.


    The influence of heating rates on the microstructure can be discussed in two main contexts. On the one hand is the effect of the heating rate on the recrystallization of a cold and hot rolled steel; while on the other hand is the effect of heating rate on phase transformations [1,3,6,9,10]. It is well documented [11] that the interaction between the two processes occurs when heating rates exceed certain limits, which depend to a large extent on the chemical composition of the steel and the degree of hot or cold deformation. Some of the basic theoretical aspects of the ultra-fast heating of carbon steel were summarized by Meshkov and Pereloma [12]. Specifically, they elaborated on the effect of the initial microstructure on the austenite formation mechanism and concluded that the nucleation step can be achieved either by diffusion or diffusionless mechanisms and the growth stage can be controlled by either diffusion or interfaces (massive transformation). This is in accordance to Cerda, et al. [13]. As for the diffusionless mechanisms, Kaluba, et al. [14-16] supported a so-called bainitic transformation mechanism to form austenite when very high heating rates are applied. It is known that the initial microstructure, determined by the composition of steel and its hot/cold deformation during rolling, significantly affects recrystallization and overall behavior during phase transformations. This applies even more for the conditions of ultra-fast heating.


    The effect of heating rate on phase composition and volume fraction of individual microconstituents was also studied [17]. Ultra-fast heating of a low-carbon steel to intercritical peak temperature leads to a complex microstructure of the ferritic matrix, which consists of recrystallized and recovered grains [10]. Therefore, the local mechanical behavior of the ferritic matrix might dramatically vary depending on the local dislocation density.


    According to Puype [18], ultra-fast heat treatment offers the ability of microstructure refinement by suppressing the recrystallization. The reason is that this treatment influences the bifurcation of the recovery processes and reduces the driving force for recrystallization together with the limitation of growth by carbides and the interaction of solute elements with dislocations. The recrystallization hence starts at higher temperatures where the number of nuclei will be higher resulting in fine recrystallized grains. As phase transformation starts before the end of recrystallization, more nucleation sites for austenitization are available leading to a finer non-equilibrium transformed product. The growth of these fine recrystallized grains will be limited as dislocations are pinned by solutes such as precipitated carbides in the grain boundaries. Therefore, the phase transformation is enabled to occur in a partial recrystallized matrix, providing more nucleation sites for the transformation to austenite. Due to the increased number of nucleation sites for phase transformation, the grain size will be decreased after the double α→γ→ α transformation.


    Recently, Papaefthymiou, et al. [19,20] showed the effect of the heating rate on the evolution of the microstructure of a slightly annealed medium carbon steel which rationalized the kinetics of the dissolution of cementite and the formation of austenite. The experimental results were compared with calculations in Dictra and the potential effects on the austenite-controlled diffusion kinetics were also evaluated. The application of a conventional heat treatment (20 ℃/s) and an ultra-fast (300 ℃/s) to a steel with an initial microstructure consisting of ferrite and spheroidized carbides showed a remarkable difference in the obtained microstructures. After the conventional treatment the microstructure consists of martensite with fine carbides [21]. Following the ultra-fast treatment, the microstructure consists of nanostructured martensitic laths, large spherical carbides and M7C3. The fine carbides are located between BCC laths, which may indicate presence of bainite. In addition, Papaefthymiou and Goulas [19,22] concluded that the mixed microstructure product of ultra-fast heat treatment constitutes indirect evidence of the presence of carbon gradients in austenite and a contrast rim is produced, which is attributed to the heterogeneous distribution of alloying elements in austenite during cementite dissolution.


    The purpose of the present work is therefore the characterization of the microstructure evolution during an ultra-fast heat treatment on a medium carbon steel. In order to understand the transformation and diffusion phenomena that take place during the heating process, a conventional heat treatment was used as reference. According to the state of art, the lack of heating time leads to a diffusionless transformation mechanism and prevents the dissolution of carbides and other solutes. These are expected to act as nucleation sites resulting in a very fine microstructure, with increased dislocation density. Also, the undissolved carbides and lack of heating time might impede the recovery and recrystallization of some very fine ferrite grains thus preventing their transformation to austenite and being present in the final microstructure. In order to confirm these, SEM and TEM were used to observe the micro-constituents and STEM/EDS for their chemical analysis while EBSD was used to study the dislocation density and the grain sizes. An initial effort is also made to correlate the microstructure with the mechanical properties of the steel and especially its hardness.


    Materials and Experimental Procedure


    In order to examine the microstructure evolution under ultra-fast heat treatment a hot-rolled, medium carbon, chromium manganese enriched steel (42CrMn6) was selected. The chemical composition can be seen in Table 1. The initial microstructure of both samples consisted of ferrite and spheroidized cementite as seen in Figure 1. Controlled-heating experiments were performed in a Bähr 805A Quench dilatometer. Dilatometric plate and round samples (plate sizes length 10 mm with width 2 mm; round sizes: Length 10 mm with diameter of 3 mm) derived from cross sections cut out of hot rolled bars with dimensions 95 Ö 49 Ö 5500 mm3 (width Ö thickness Ö length) were used for the dilatometric experiments. The temperature was controlled by an S-type thermocouple spot welded to the midsection of each test sample [23]. The thermal cycle that was used for the ultra-fast heat-treated sample (UFHS) and the conventional heat-treated sample (CHS) is shown in Figure 2.


    
      Figure 1: LOM image of the initial microstructure of the steel used before heat treatment. The microstructure was obtained by thermomechanical treatment and consists of ferrite and spheroidized cementite. A TiN is also observed in the initial microstructure. View Figure 1

    

    

    
      Figure 2: Time-Temperature diagram of the two heat treatments that were conducted. The ultra-fast heat treatment has a much smaller duration than the conventional heat treatment. View Figure 2

    

    

    
      Table 1: The chemical composition of the researched steel. It is a medium carbon 42CrMn6 hot rolled steel. View Table 1

    


    A very fast heating rate of 300 ℃/s was selected for the UFHS, in order to prevent carbide dissolution and diffusion while the short soaking time of 2 s does not allow the growth of the austenite grains. The peak Temperature (Tp) of 1080 ℃ is higher than the A3 and therefore a fully austenitic microstructure is expected in this temperature. Helium was used for quenching to ensure very fast cooling rates until room temperature (bellow Ms) is reached. For comparison reasons, another sample, with the same initial microstructure, was examined and was subjected to a conventional heat treatment. This treatment included a heating rate of 10 ℃/s, which ensures enough time for ferrite recrystallization and for Carbon diffusion. The Tp was 900 ℃, which is slightly higher than the A3, so a fully austenitic microstructure is also expected. The soaking time of 360 s (6 min) is enough for the austenite grains to grow. Helium quenching was also used to ensure the martensitic transformation.


    Samples taken from each tested specimen were prepared, in accordance with standard procedure, by grinding at 280, 400, 800, 1200, 2000 grid papers and polishing to a mirror-like finish using 6 μm and 1 μm diamond pastes and etching in a solution of 2% v/v HNO3 in ethanol (Nital 2%) for 5 s to reveal the microstructure. For TEM analysis disk specimens were cut from the dilatometry samples, manually ground to a thickness of 20 μm and then the final thinning was carried out with Precision Ion Polishing System (PIPS).


    For SEM analysis a JEOL6380LV SEM with mounted EDS and EBSD cameras was used while a Jeol 2100 HR, 200 kV ΤEM mounted with EDS and STEM detectors was used for the TEM analysis.


    For the hardness tests, Vickers Hardness (HV) test was selected with a diamond indent (136° angle) and a load of 196 N.


    Results and Discussion


    Thermocalc results


    Thermocalc simulation software was used to produce the phase diagram of the material according to the chemical composition (Figure 3). According to the phase diagram, the A1 temperature is above 700 ℃ while the A3 is below 800 ℃. The UFHS had a Tp of 1080 ℃ which is much higher than the A3 and from the diagram can be expected that all of ferrite has transformed to austenite and MnS should exist in the microstructure. The transformation temperatures generated from the diagram are used as reference because the simulation software calculates the temperatures in equilibrium while the transformations that take place in the selected heat treatments are in para-equilibrium because of the ultra-fast heating rates.


    
      Figure 3: The phase transformation diagram of the materials used, as calculated from Thermocalc. The carbon content of both samples and the Tp temperatures for the CHS and UFHS are also shown. View Figure 3

    


    Dilatometry results


    Dilatometry results show the temperatures of the transformations that take place during the ultra-fast heating. According to Valdes-Tabernero, et al. [24,25], with increasing heating rates to the ultrafast range, there is a shift in the Ac1 and Ac3 temperatures to higher values, so it is expected that the temperatures of 810 ℃ and 900 ℃ that are calculated from the dilatometry are higher than those expected from a conventional heat treatment. Specifically, as shown in Figure 4 the austenite transformation indeed starts at 810 ℃ (Ac1) and ends at 900 ℃ (Ac3) which are higher than these calculated from the simulation phase diagram. Also, the martensite transformation during quenching starts at 290 ℃ (Ms) and ends at 110 ℃ (Mf). The change in dilatation during the transformation can be explained crystallographically. During the austenite transformation, ferrite which has BCC lattice transforms to austenite with FCC lattice. The atomic packing factor (APF) of these lattices is 0.68 and 0.74 respectively. Therefore, this can explain the decrease in the dilatation during austenite transformation. On the other hand, during martensite transformation, austenite (FCC) transforms to martensite or bainite (BCT atomic packing factor: 0.687) [26], thus there is a reduction in the APF and therefore an increase in the dilatation. Also, the presence of substitutional alloying elements (Cr, Mn, Mo), as seen in Table 1, leads to the retardation of the bainitic transformation to temperatures lower than the Ms [27]. Therefore, the bainitic transformation cannot be observed in the dilatation diagrams, as it takes place alongside the martensitic transformation. Finally, Castro Cerda, et al. reported that above the Ac3 temperature, the carbon diffusion-controlled austenite formation during conventional heat treatment is replaced by a massive mechanism of austenite growth upon ultra-fast heat treatment [28].


    
      Figure 4: Temperature-Dilatation diagram derived from the dilatometry treatment. The transformation temperatures (Ac1, Ac3, Ms, Mf) can be calculated from this diagram. View Figure 4

    


    SEM results


    The microstructure of the conventional heat-treated steel is shown in Figure 5a, Figure 5c and Figure 5e. It is a fully martensitic microstructure with no evidence of cementite or undissolved carbides. The martensite lath size shows no deviations and it is larger than the average lath size of the ultra-fast heated steel. On the other hand, the SEM results of the ultra-fast heated sample show complex microstructures with great heterogeneity concerning the grain size and the microstructure components. It can be clearly seen that the spheroidized cementite that existed in the initial microstructure has not been dissolved because of the lack of time for diffusion. Some Prior Austenite Grain Boundaries (PAGBs) can be seen that indicate that the austenite grains before quenching had very dissimilar sizes (Figure 5b). The difference in the local chemical composition [25] because of the short heating time and the difference of austenite grain size prior to quenching are important factors that lead to different results after quenching. As seen in Figure 5d and Figures 5f, the martensite laths are very diverse concerning the lath size. Most importantly, in the SEM images, some morphologies were observed that seem similar to the representations of bainite of Takahashi and Bhadeshia [28] with carbides parallel to each other intercepting the lath (Figure 5d and Figure 5f). To confirm these morphologies, TEM analysis had to be conducted.


    
      Figure 5: SEM images of the CHS (a, c, e) and the UFHS (b, d, f). The CHS consists of a fully martensitic microstructure while the UFHS microstructure indicates the existence of martensite (M), undissolved cementite (UC) and bainite (B). View Figure 5

    


    EBSD results


    EBSD analysis was conducted on the ultra-fast heat-treated specimen. The Image Quality (IQ) map (Figure 6a) shows the microstructure of a specific area of the UFHS. In this area, there is a great variety in the martensite lath size. The misorientation map (Figure 6b) of the same area indicates that most of the coarser martensite laths have formed after the heat treatment as they are surrounded by High Angle Grain Boundaries (HAGB > 15°). Low Angle Grain Boundaries are also present in a low scale. Red color indicates misorientation angles lower than 2°. TEM analysis showed that nano-sized, non-recrystallized ferrite grains were not able to transform during the heating because of the local microstructural constituents (Figure 7c). The GND map (Figure 6c) shows the effect of the presence of dislocations. The green color indicates higher density of dislocations while the blue color indicates lower density. The dislocation density is higher near the grain and lath boundaries while inside the grains/laths the density is lower. The density of GNDs is very high for the ultra-fast heat-treated steel. This is the result of the shift of the onset of recrystallization to higher temperatures [25] with ultra-fast heating. A shorter time at elevated temperatures during the ultra-fast heat treatment results in a less pronounced recovery of non-recrystallized ferritic grains and, thus, in a higher GND density compared to the conventional heat-treated condition [27]. Also, the martensite lath size contributes to higher concentration of dislocation. Finer laths translate to higher volume fraction of grain boundaries and therefore higher concentration sites with increased GND density. Comparing the EBSD results of the CHS sample, the average lath size is larger than that of the UFHS, as seen in Figure 6d. The misorientation map (Figure 6e) of the same area shows fewer grain boundaries with orientation angle lower than 2°. Finally, the GND map of Figure 6f indicates that the dislocation density is higher around the lath boundaries and much lower inside the laths.


    
      Figure 6: a) IQ map with the microstructure of the UFHS. Different martensite lath sizes can be easily observed; b) Misorientation map of the same area of the sample. Blue color indicates HAGB; c) GND map of the same area. Higher density of dislocations is observed near the grain/laths boundaries while the density decreases in the inner part of the grains/laths; d) IQ map of the microstructure of the CHS. It can be observed that the average lath size is larger than that of the UFHS; e) The misorientation map of the CHS shows smaller amount of red grain boundaries while the; f) GND map of the CHS indicates lower dislocation density inside the martensite laths. View Figure 6

    


    EBSD results also confirm the diversity in lath size, mentioned in the SEM analysis. Figure 8 shows that almost the 50% of martensite laths have an average size of 0.25 μm, 30% have a size of 0.75 μm and the rest 20% of the laths are larger than 1 μm. The average lath size was calculated from the EBSD analysis equal to 0.69 μm.


    
      Figure 8: The chart shows the intercept length of the martensite laths as a function of the number fraction %. The majority of the laths has a size between 0.25 and 0.75 μm indicating a very fine microstructure. View Figure 8

    


    TEM results


    The TEM analysis helps to better understand the microstructure evolution and the transformation phenomena that take place during ultra-fast heating. Figure 7a and Figure 7b show the initial microstructure of the steel before the ultra-fast heat treatment. A ferritic matrix is clearly visible and there is a great number of spheroidized cementite. Concerning the UFHS, in Figure 7c and Figure 7d, the varying grain and lath size can be seen. As reported earlier, this is the result of the lack of annealing time as some austenite grains cannot grow as much as others. This depends on the topical composition and the existence of undissolved carbides which do not provide enough space for austenite grains to grow [18] according to the massive transformation that takes place. The very fine grains are a result of the lack of heating time as there is no time for austenite to grow. The microstructure seen in these two figures consists of non-recrystallized ferrite grains that could not transform into austenite and martensite laths. Figure 7e and Figure 7f indicate the existence of the aforementioned undissolved M7C3 carbides [20,29] (Figure 7e) and Titanium nitrides (TiN) (Figure 7f). TEM analysis also showed increased density of dislocations. As seen in Figure 7g, most of these dislocations have been pinned (cannot move inside the material) because of the presence of nano-carbides. This phenomenon is called the pinning effect and has a positive impact on the tensile strength of the material [30]. The dislocation density is also reported from EBSD analysis that was performed. As was observed in the SEM images, the undissolved spheroidized cementite from the initial microstructure was observed as well during TEM analysis. In addition, much finer carbides were observed that have precipitated on the lath boundaries (Figure 7h, Figure 7i and Figure 7j). These carbides do not originate from the initial microstructure and were precipitated during the ultra-fast thermal cycle. Also, some carbide-like morphologies were observed, parallel to each other intercepting the laths (Figure 7j). As mentioned earlier, there are indications for the existence of bainitic ferrite in the microstructure. These TEM observations offer even more indications for the existence of bainitic ferrite. These bainitic morphologies can be seen in Figure 7i and Figure 7j, where some laths are observed with small aligned precipitations intercepting them and even more nano-precipitates stacked on the laths boundaries. Laths with increased dislocation density that appear darker in the micrographs are characterized as martensitic laths whereas laths that appear brighter are characterized as bainitic [27].


    
      Figure 7: Bright field TEM images of the UFHS. a, b) The microstructure of the initial steel consisted of ferrite (F) and spheroidized cementite (SC); c, d) The microstructure consists of very fine non-recrystallized ferrite (NRF) grains as a result of the short heating time; e, f) Undissolved carbides (UC) and TiN are present in the microstructure as well due to lack of time for diffusion; g, h) Nano-carbides have been precipitated (PC) during the treatment. These carbides contribute on the pinning effect of the dislocations (PD); i, j) The precipitation of oriented nano-carbides inside the laths and on the lath boundaries is an indication for the existence of bainitic ferrite (B) in the microstructure. View Figure 7

    


    EDS results


    Composition analysis was conducted using STEM and EDS detectors mounted on the TEM microscope. Three points were chosen for the analysis (Figure 9). These points represent carbides that have not dissolved during the thermal treatment. The undissolved carbides act as nucleation sites, thus, leading to an exceptionally refined microstructure. Bouzouni and Papaefthymiou have studied thoroughly the kinetics of carbides dissolution during ultra-fast heating using Dictra and Thermocalc calculations [20]. Their simulation results indicate that the limited heating time prevents diffusion and the alloying elements segregate at carbide interfaces impeding their dissolution and leading to the formation of austenite with varying sizes and different carbon contents, which in some cases reach 1% wt. This means that it is possible to retain austenite at room temperature during quenching which has not been observed yet. This high carbon content in the carbides can also be seen in Spectrum 25 in which it reaches 0.86% wt. Moreover, the undissolved carbides as well as the segregation of alloying elements at grain boundaries affects phase transformations such as bainitic ferrite and martensite. The concentration of Cr and Mn is very high as expected from the steel's chemical composition. The low amount of Silicon (Si) content is responsible for carbide precipitation according to Li, et al. [31].


    
      Figure 9: STEM image of the microstructure of the UFHS. The chemical analysis and spectrums of three different carbides are shown. View Figure 9

    


    Micro-hardness results


    Micro-hardness tests were also conducted on both samples. In order to obtain better results, the measurements with very high deviations were excluded. As seen in Figure 10, both steels have very high hardness values. Specifically, the ultra-fast heat-treated sample has an even higher average hardness value than the conventional heat-treated sample. The very high hardness of the CHS is expected because of the fully martensitic microstructure. Concerning the UFHS, even though the microstructure has a lower volume fraction of martensite, the hardness is even higher. This can be the result of the undissolved carbides and pinned dislocations that affect positively the hardness of the sample, even though the microstructural constituents of this sample, such as non-recrystallized ferrite and bainite, have a lower hardness than martensite [32].


    
      Figure 10: Micro-hardness results for the CHS and UFHS. Both steels have very high hardness values while the UFHS has a higher average hardness than the CHS. View Figure 10

    


    Conclusions


    From the current research, it has been observed that the ultra-fast heating paves the way for a different microstructure evolution that results in a very refined mixed microstructure that improves strength and can also enhance ductility if austenite could be retained Dilatometry results have shown that there is an increase in the A1 and A3 transformation temperatures due to the increased heating rates. From the EBSD results, it can be statistically concluded that the ultra-fast heat-treated microstructure contains finer martensite and bainitic ferrite laths in comparison to the martensite laths present in the conventional heat-treated sample. The refinement of the microstructural components leads to an increase in the hardness of the UFH-treated material which is at the similar level to the CH-treated material. Furthermore, the presence of undissolved carbides proves that there is no time for diffusion during the treatment and therefore the diffusion-controlled austenite formation and growth mechanism has been replaced by a massive transformation mechanism. EBSD and TEM results indicate the existence of dislocations in a large scale, which have a positive effect on the hardness of the steel via the pinning effect due to the undissolved carbides. Last but not least, TEM results provide strong evidence for the existence of bainitic ferrite as some bainitic morphologies have been observed. Bainitic ferrite occurs in the microstructure as a result of para-equilibrium transformations that take place in different areas of the specimen. It is important to understand that ultra-fast heat treatment results in a great heterogeneity within the microstructure and in variations of the local chemical composition.
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