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Abstract

:

The thermal stability of nanostructured microstructures consisting of a mixture of bainitic ferrite and carbon-enriched retained austenite has been studied in two steels containing 0.6 C (wt %) by tempering cycles of 1 h at temperatures ranging from 450 to 650 °C. Volume changes due to microstructural transformations during thermal treatments were measured by high-resolution dilatometry. The correlation of these results with the detailed microstructural characterization performed by X-ray diffraction and scanning electron microscope examination showed a sequence of different decomposition events beginning with the precipitation of very fine cementite particles. This precipitation, which starts in the austenite thin films and then continues in retained austenite blocks, decreases the carbon content in this phase so that fresh martensite can form from the low-carbon austenite on cooling to room temperature. In a subsequent tempering stage, the remaining austenite decomposes into ferrite and cementite, and due to carbide precipitation, the bainitic ferrite loses its tetragonality, its dislocation density is reduced, and the bainitic laths coarsen.
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1. Introduction


Bainitic transformation in high Si steels leads to microstructures consisting of bainitic ferrite and carbon-enriched retained austenite. When the chemical composition of the steels is adjusted so that this transformation occurs at low temperatures (150–350 °C), a structure is obtained that contains bainitic ferrite plates with a size of the order of a few tens of nm and retained austenite with two very distinctive morphologies, thin films and blocks, which also contain very different amounts of carbon in solid solution. This microstructure has been referred as superbainite, nanobain, or nanostructured bainite.



The presence of retained austenite in the microstructure can be a problem for dimensional stability in high-precision components, since it could transform to martensite in the finished item [1,2]. On the other hand, ductility and notch impact toughness are greatly influenced by carbon super-saturation in retained austenite. As reported by several studies, both the retained austenite and carbon supersaturated bainitic ferrite can be decomposed into a mixture of ferrite and cementite by a tempering process at a high enough temperature [3,4,5,6,7,8,9,10,11]. This process involves several reactions that often overlap and may be affected by alloying elements, which usually starts with the decomposition of C-rich austenite followed by that of the C-poor austenite and bainitic ferrite [10,12]. On the other hand, Podder and Bhadeshia [13,14] have demonstrated the existence of an intermediate stage of austenite destabilization in a medium C steel (0.22 wt %), where the precipitation of minute quantities of cementite within austenite precedes its decomposition into ferrite and cementite, so that fresh martensite can form from the low-carbon austenite on cooling to room temperature.



With all these scenarios in mind, in this work, we undertake a detailed examination of the decomposition sequence of bainitic microstructures developed in two new designed steels containing 0.6% C and 1.7% Si (wt %), but different quantities of Mo and V, by isothermal transformation at 250 °C after austenitizing at 1150 °C [15]. These alloys are circumscribed within the new developments that are being performed to evaluate the potential of a new class of steel combining nanostructured bainitic steels with secondary precipitation. Potential applications are subjected to elevated temperatures and require high fatigue performances at these temperatures (e.g., gas injection components, bearings, gears) [15].



As retained austenite is present in an amount higher than 20%, one of the key factors in determining the tempering resistance of the bainitic microstructure is the austenite thermal stability. For this reason, we have studied the sequence of the reactions occurring during the austenite decomposition by high-resolution dilatometry, and these results have been correlated with the detailed microstructural characterization performed on a very fine scale by X-ray diffraction and scanning electron microscope examination.




2. Materials and Methods


Two steels containing (in wt %) 0.6% C and 1.7% Si and different amounts of carbide-forming alloying elements such as Mo and V have been designed in the frame of a new development concept of including the secondary hardening reaction under certain tempering conditions in nanostructured bainitic steels [15,16,17,18]. As shown in Table 1, these steels also include 1.3% Mn and 1.7% Cr to ensure low bainite (Bs) and martensite (Ms) start temperatures [19,20,21], and the high Si content ensures the absence of cementite precipitation during bainitic transformation [22].



The materials used for this study were manufactured as laboratory cast and heat treated to obtain a nanobainitic microstructure. To achieve this microstructure, both steels were austenitized at 1150 °C and then isothermally held for 20 h at 250 °C in a molten salt bath. The starting bainitic structures were subjected to tempering treatments consisting in heating the sample at 5 °C/s up an annealing temperature ranging between 450 and 650 °C, holding for 1 h, and then cooling down to room temperature at 5 °C/s, as shown in Figure 1. Tempering heat treatments were performed in a High-Resolution Dilatometer, Bahr 805D (TA Instruments, Germany), which enables studying phase transformation by monitoring the changes in the sample length. This device uses an induction coil to heat the sample and helium flow to cool it down. Throughout the experiment, the temperature is controlled by a K-type thermocouple welded at the mid length of the sample surface. Dilatometry tests, on cylindrical samples of 4 mm diameter and 10 mm length, were performed using fused silica push-rods, and the longitudinal length changes were recorded using a linear variable differential transducer (LVDT) in contact with the pushrods.



Metallographic preparation was performed using a standard procedure that included grinding with SiC papers up to 1200 grit, and polishing in the final step with diamond paste of 3 and 1 μm. The different microstructures were revealed by etching the polished surfaces with a 2% Nital (2% nitric acid in ethanol) solution and observed in a FEG-SEM Hitachi S48000 microscope operating at an accelerating voltage of 7 kV. In the case of the samples used for X-Ray diffraction, additional polishing and etching cycles were introduced to avoid the presence of martensite transformed form austenite on the surface of the sample during the metallographic preparation. X-ray diffraction (XRD) patterns were recorded using a Bruker AXS D8 diffractometer equipped with a Co X-ray tube working at 40 KV and 30 mA, a Goebel mirror, and a LynxEye Linear Position Sensitive Detector (Bruker AXS, GmbH, Karlsruhe, Germany). Coupled θ–2θ scans were carried out over a 2θ range of 35–135° with a step size of 0.01°. The full diffraction patterns obtained were refined using the 4.2 version of Rietveld analysis program TOPAS (Bruker AXS) and the crystallographic information of the different phases (ferrite, austenite, and cementite) for quantitative phase analysis. In addition to global parameters such as background, zero displacement, and scale factors, the refinement protocol also included the unit-cell parameters by the double Voigt approach [23]. For this analysis, a corundum sample was used to remove the instrumental contribution to the width of the diffraction peaks.



Theoretical calculations by means of atomic volumes were performed in order to later assist on the interpretation and understanding of the changes detected on the dilatometric curves. It is known that changes in the volume fraction of individual phases during phase transformations can be determined through careful analysis of contractions and/or expansions in the dilatometric signal as a function of time or temperature [12,24]. On the other hand, the change in carbon content leads to a change in the atomic volume of austenite, which makes the austenite dilatometric curve deviate from linearity. As will be described later in this manuscript, during tempering, different scenarios can be simulated in which the initial bainitic microstructure, which is composed of bainitic ferrite (   α b   ) and retained austenite (   γ r   ), might evolve toward its equilibrium, ferrite ( α ) and cementite ( θ ).



The procedure used for the theoretical calculations is based on the determination of the volume variation (  Δ V  ) between the initial (   V  i n i    ) and final (   V  f i n    ) state of the microstructure, taking into account the unit cell volume of the different phases (   V i   ) and their corresponding fraction (   f i   ), where subscript i stands for the phase. All calculations were performed in this work under the assumption of isotropic dilatation behavior, where the relative change in volume (  Δ V /  V  i n i    ) is directly related to   Δ L /  L  i n i     by


  Δ V /  V  i n i     =    (  1   +   Δ L /  L 0   )  3   –   1   ≈   3 Δ L /  L  i n i   .  











The atomic volumes of the phases involved in these calculations are given in Table 2 as a function of their lattice parameter, while Table 3 gathers the composition dependence at room temperature of the different lattice parameters (note that in the case of cementite, the lattice parameters are considered unique). As the mentioned calculations are intended at a given tempering temperature, it is imperative to correlate the room temperature lattice parameters,    a 0   , with those expected at the tempering temperature,    a   i       ( T )   . Therefore, it was necessary to use the thermal expansion coefficients (   β i   ) shown in Table 2, in expressions of the type    a   i       ( T )    =      a 0   (  1 +    β i     (  T − 25  )   )    [25,26], where T is the tempering temperature.



In addition, Vickers hardness measurements of the different microstructures obtained with isothermal treatments applied were performed according to ASTM E92 [32] standard using a 30 kg load; reported values correspond to an average of at least three measurements. Finally, the experimental results on the evolution of the microstructure during tempering were compared with the theoretical calculations carried out using MTDATA (National Physical Laboratory, Teddington, UK) [33] commercial software together with the SGTE database for steels to determine the equilibrium phase distribution at different tempering temperatures.




3. Results


3.1. Initial Microstructure


Microstructural characterization of the as-received material confirmed the presence of a nanobainitic microstructure in both alloys consisting of a matrix of bainitic ferrite plates (   α b  )   and retained austenite. As shown in Figure 2, two austenite morphologies can be differentiated: thin films (   γ f  )   sandwiched between bainite ferrite plates and islands of untransformed residual austenite between the sheaves of bainite, which is blocky in nature (   γ b  )  . Although austenite will be enriched in C (   C γ  )   during austempering, experimental observations had shown that austenite films can be more so because of their geometrical isolation between plates of ferrite [34,35,36]; the relevance of such will become clear later in this manuscript.



The results of the Rietveld refinement performed on XRD patterns obtained for as-received conditions and their Vickers hardness values are summarized in Table 4. This table shows that the greatest difference observed between both materials lies in a greater volume fraction of retained austenite (   f γ  )   for the 06C1MoV steel, while the carbon content in bainitic ferrite (   C  α b    ) and austenite (   C γ   ) and the Vickers hardness (HV) are almost identical for both steels.



It should be noted that a carbon content as high as 0.2 wt % in solid solution in bainitic ferrite has been previously reported in high C and high Si bainitic steels, resulting in the appearance of a tetragonal distortion in the ferritic lattice [37,38,39,40]. Finally, the formation of cementite from austenite during bainitic transformation has not been detected in any of the two steels studied (with the characterization techniques used in this work), even after many hours at the isothermal transformation temperature [41,42,43]. This absence of cementite formation is expected due to the presence of an Si content higher than 1.5 wt %.




3.2. Selection of Tempering Conditions


Dilatometric tests were performed to record the relative change in length (RCL) and its derivative (DRCL) during the continuous heating of the bainitic microstructures from room temperature to the fully austenitic field. As can be seen in Figure 3, RCL vs. temperature dilatometric data show clearly a linear thermal expansion characteristic in the two temperature ranges where no phase transformation occurred, which correspond to the regions of      α b    +    γ r    and single austenitic phase, respectively. Moreover, two main change stages were identified in the DRCL curve (more sensitive to microstructural changes than the RCL curve) at around 550 and 800 °C, which correspond with decomposition of the bainitic microstructure and the austenitization of the tempered microstructure, respectively. These peaks are negative, which means that a contraction of the matrix occurred during both processes. Finally, it was noteworthy that before starting the second transformation, we observed an inflection in the RCL at about 745 °C, which is marked by a red arrow in Figure 3a. This change was associated to the Curie temperature, because in Figure 3b, there is an observed a change in the DRCL that corresponds to the spontaneous magnetostriction that occurs below the Curie temperature.



As the key factor in determining the tempering resistance of a bainitic microstructure is the austenite thermal stability, it is expected that steel 06C1MoV containing a higher amount of retained austenite in its microstructure presents a higher deviation from the baseline in the DRCL curve in the peak at lower temperature region. However, Figure 3b shows that the peak corresponding to the austenite decomposition (around 500 °C) presents a higher area for the 06CV steel. The peak temperature of this reaction for this steel occurs at a lower temperature than for the 06C1MoV steel. As the major difference among the studied steels is their Mo content, it was concluded that a high Mo addition has improved the strong effect of V on the temper resistance of steels by slowing down the tempering reactions and the size of carbides that precipitate during tempering [44,45,46]. In order to separate the reactions occurring during the retained austenite decomposition, tempering experiments were constrained in the range between 450 and 650 °C in steps of 50 °C.




3.3. Dilatometric Study of the Microstructural Evolution during Tempering


In this section, the dilatometry results obtained during the isothermal tempering treatments performed are analyzed in detail, and an attempt to establish the sequence by which the microstructure decomposes is made. For this, a first set of generic theoretical calculations based on atomic volumes was carried out to later help in the interpretation of the RCL curves. Considering the previous knowledge about the tempering behavior of martensite and bainite [3,6,7,8,9,10,47,48,49,50,51,52,53,54,55,56,57], and the fact that the initial microstructure is composed of carbon-rich ferrite and austenite, which both will tend to equilibrium during the tempering process, the following possible scenarios, as schematically presented in Table 5, are studied:




	
Retained austenite decomposes into a mixture of ferrite and cementite,   γ    (  f c c  )  →   α    (  b c c  )  + θ  . These calculations took into account the fact that the austenite retained in the bainitic microstructure has two distinctive morphologies that are characterized by containing very different levels of C in solid solution [34,35,36]. Therefore,    C γ    was varied between that of the bulk (no C enrichment) and 2.5 wt %, which is a typical C enrichment detected for thin films of retained austenite [34,35,36].



	
Before the decomposition described above, it could occur that part of the austenite goes through an intermediate state where it releases part of its C saturation due to the precipitation of the cementite particles [13,14], which are mostly rich in Fe but also with a certain amount of Cr and Mo:   γ    (  f c c  )  →    γ −     (  f c c  )  + θ  . The calculations for this scenario are made from the XRD results shown in Table 4 for the 06C1MoV alloy.



	
The excess of C in bainitic ferrite can be released as cementite precipitates, leading to the progressive loss of tetragonality of the bainitic ferrite and finally reaching its equilibrium as a bcc phase,    α b     (  b c t  )  →   α    (  b c c / b c t  )    +   θ  . The initial C content of bainitic ferrite,    C  α b    , is assumed to be 0.2 wt %, which is in accordance with both the XRD results presented in Table 4 and previous experiences with similar microstructures [37,38,39,40].



	
Finally, the possibility is considered that some of the C from the supersaturated bainitic ferrite could be transferred to the retained austenite in a similar way to what happens during Q&P or Q + T processes. The calculations for this scenario are made from the XRD results shown in Table 4 for the 06C1MoV alloy. In this case, it must be considered that there are no changes in the fractions of the phases involved:   γ +  α  b c t  +  →  γ +  +  α  b c t  −   .








On tempering at temperatures higher than 550 °C, precipitation of VC and M7C3, and also M6C in the steel containing Mo, carbides may occur simultaneously due to secondary hardening and carbide precipitation from austenite. Although the precipitation of these types of carbides during tempering can have a strong influence on the kinetics and the temperature range of the tempering reactions, its effect on the volume changes that occur during tempering can be neglected due to the relatively small content of these carbides that should be present in the microstructure compared to cementite. Figure 4 shows the equilibrium mass fraction of carbides as a function of the tempering temperature calculated using the MTDATA (National Physical Laboratory, Teddington, UK) together with the SGTE database for the chemical composition of the steel used for this study. As the mass fraction expected for these carbides is about 0.01%, they would not be easy to detect by XRD. On the other hand, due to the depletion of carbon content by carbide precipitation, the Ms of any retained austenite remaining in the material increases, so that it can transform into martensite on cooling.



Table 5 presents a summary of the different conditions used in the described scenarios. In accordance with the procedures described in the previous sections, the chemical compositions of the 06C1MoV steel and a tempering temperature of 550 °C were selected for the atomic volume calculations. The constraints given in Equation (1) were applied for scenarios 1, 2, and 3, while those of Equation (2) were applied for scenario 4. In both equations, the subscript i indicates the phase and    f i    and    C i    indicate its fraction and C content respectively, and the term ini and fin refers to the initial and the final state, as indicated in Table 5.


      1   =      (   ∑   f i   )    f i n            (   C i   )    i n i     =      (   ∑   f i   C i   )    f i n        



(1)






        (   f i   )    i n i     =      (   f i   )    f i n          (   ∑   f i   C i   )    i n i     =      (   ∑   f i   C i   )    f i n       



(2)







A summary of the results thus obtained is given in Figure 5, where values of the RCL > 0 and RCL < 0 correspond to expansions and contractions, respectively. It should be noted according to the calculations shown in Figure 5a that the decomposition of austenite would produce for scenario 1 an expansion for a C content less than 1.1 wt %, while a contraction is expected for higher values of    C γ   , which agrees with previous observations [58,59,60]. This, in principle, would allow establishing a distinction in the decomposition behavior of the C-rich thin films (   γ f  )   and C-poor blocks (   γ b  )   of retained austenite present in the initial microstructure; see Figure 2. The fractions of   α   and  θ  resulting from the decomposition of retained austenite estimated from these calculations are shown in Figure 5a. Then, it is clear that a maximum fraction of 0.10 of θ could be expected from the initial fraction of retained austenite if its complete decomposition is assumed.



In scenario 2, as shown in Figure 5b, the partial release of saturated austenite C in the form of cementite precipitates leads to an expansion of the system. However, the amount of cementite that is formed in this scenario is always very small.



As shown in Figure 5c, it is expected for scenario 3 that tetragonal bainitic ferrite decomposes realizing the C supersaturation as  θ  precipitates:    α b     (  b c t  )    →   α    (  b c c  )    +   θ  . Since the majority of the carbon atoms in solid solution within bainite is at dislocation sites, before precipitation can occur, some dislocations must be removed by recovery, but the presence of carbon strongly inhibits recovery [57,61,62].  θ  carbide precipitation from bainite is very sluggish and occurs gradually as the tempering temperature is increased. This process is accompanied by a progressive loss of its tetragonal character, and the final structure consists of cementite and a “defect-free” bcc ferrite matrix. In Figure 5c, the red dotted line exemplifies the transition between the bct toward the bcc line.



Finally, the result of the calculations made for scenario 4 is represented in Figure 5d. This figure shows how a partial enrichment of the retained austenite with C from the supersaturated bainitic ferrite results in system shrinkage, but its order of magnitude is too small compared to the other scenarios. Therefore, it can be assumed that if this mechanism were to occur, it would be overshadowed by any of the other scenarios or that it is not detectable by dilatometry. Figure 6 shows the dilatometry curve obtained during isothermal tempering at 350 °C. It can be observed a length increase of about 0.01% after 1 h of tempering, but as changes in the microstructure were neither expected nor detected by XRD and HV measurements, it can be attributed to the relaxation of compressive stresses built up during quenching from the austenitizing treatment to the austempering temperature or even to the uncertainty in the RCL measurement. In any case, this scenario has been considered highly unlikely, at least at tempering temperatures up to 450 °C, since no such enrichment of carbon, from ferrite to austenite, was detected by 3D atom probe tomography [57].



Additional information on the evolution of the microstructure during the entire tempering treatment can be obtained by analyzing in detail the dilatometry curves obtained. Illustrative examples of these curves as a function of the tempering temperature and the treatment time are given in Figure 7 only for the 06C1MoV steel, since the behavior of both steels is equivalent. Although Figure 3 showed that no changes occur during heating at temperatures below 500 °C, Figure 7a and b illustrate a contraction in the RCL during isothermal holding at 450 and 500 °C, respectively. In the case of the sample held at 450 °C, the RCL decreased progressively up to −0.03%, but for the sample held at 500 °C, the RCL decreased −0.06% after 1300 s and then reached a plateau. It is likely that the microstructural changes associated with this shrinkage of the samples are related to the partial decomposition of the C-enriched austenite films according to scenario 1, since its higher content of C gives them a greater driving force for carbide precipitation [6,7,8,10,13,14].



During tempering at 550 and 600 °C, an RCL decrease occurred, which was followed by a length increase that is more pronounced at 600 °C, as shown in Figure 7c,d. Austenite films begin to decompose during heating to these holding temperatures, so once isothermal holding begins, the carbide precipitation process triggered in scenario 1 is quickly over. Comparing the RCL curves of Figure 7c,d, it can be concluded that an increase of 50 °C in the tempering temperature leads to a significantly lower reduction in length and a decrease in the time required for carbide precipitation.



The increase in length observed in the RCL curve after the initial contraction is compatible with the decomposition of the remaining retained austenite depleted in C by both scenarios 2 and 1. However, the RCL curve recorded during cooling to room temperature after the isothermal treatment at 500 and 600 °C shows that some austenite transformed to fresh martensite. The appearance of a martensitic transformation during cooling means that the amount of carbon in austenite has been reduced continuously during isothermal tempering by the precipitation of carbides (scenario 2). As shown in Figure 7 and Figure 8, the measured Ms temperature decreases as the tempering temperature is increased, indicating that martensite is produced from an austenite with a lower C content.



The hypothesis that the austenite decomposition sequence begins with scenario 2 and ends with scenario 1 is reinforced by the dilatometric results shown in Figure 9 for the tempering treatment at 650 °C. It can be observed that RCL curves increases during isothermal holding at this temperature, revealing that scenario 1 for C-rich films and the possible loss of the tetragonality of the ferrite (scenario 3) have already occurred during heating. For the 06CV steel, the appearance of a plateau in the RCL curve after 0.08% expansion and the absence of any length change related to the martensitic transformation during cooling to room temperature would indicate that the austenite decomposition has been completed during isothermal tempering. On the contrary, the austenite decomposition of the 06C1MoV steel is not completed after 1 h at 650 °C, since the RCL curve does not reach a plateau, and there is some C impoverished austenite available to transform to martensite during cooling. These results would indicate that the addition of Mo delays the kinetics of the reactions that take place during tempering.




3.4. Microstructural Characterization of Tempered Microstructures by XRD and SEM


The results of the above dilatometry tests were correlated with a detailed microstructural characterization to evaluate the influence of the tempering temperature on the thermal stability of the nanostructured microstructures present in both steels. FEG-SEM micrographs of the microstructure developed after isothermal holding for 1 h showed a very similar tendency for both steels. Thus, only representative microstructures are given in Figure 10 for the 06CV steel after tempering at temperatures ranging from 450 to 650 °C. Figure 11 gathers the XRD results for the tempered microstructures. As anticipated by dilatometry results, Figure 10a (450 °C tempering) shows the same microstructure to that found in Figure 2. On the other hand, the XRD parameters deduced from the Rietveld refinement for both as received and tempered materials are basically the same as deduced from Figure 11. Tempering at 450 °C does not introduce perceptible changes in the microstructure, and retained austenite with both thin-film and blocky island morphologies remains basically unchanged, indicating that this temperature is not high enough for its transformation.



The behavior of the steels differs during tempering at 50 °C. As shown in Figure 11, while 06C1MoV steel still does not present any appreciable changes in their microstructure, the 06CV steel already exhibits signs of austenite decomposition, as its fraction decreases by 0.12 as compared to the initial microstructure and the previous treatment at 450 °C. The decomposition of the austenite is accompanied by the precipitation of carbide particles, but the XRD pattern of this sample did not show any diffraction peak of cementite. The low symmetry of cementite causes a greater number of reflections in the diffraction pattern. The distribution of the scattered X-rays in many directions decreases the intensity of a single peak, and the nanometric sizes, microstrain, and faulting of the carbide particles broadens the reflections. The combination of both effects strongly affects the limit of detection (LoD) of the cementite present in a sample, which decreases to a value ranging from 3 to 5 wt %. As a reference, the LoD for retained austenite for same measurement conditions is about 1 wt % in a low alloyed steel. Although the bainitic ferrite plates and the retained austenite blocks remain unchanged after tempering for 1 h at 500 °C, Figure 10b evidences by red arrows the precipitation of fine cementite particles in the location where retained austenite films were originally present. This microstructural evolution during tempering would agree with the decomposition of austenite films described for scenario 1. The remaining austenite is still sufficiently C-enriched to remain stable at room T, and no fresh martensite formation was detected during cooling in the RCL curve of Figure 7.



The higher tempering resistance at 500 °C of the 06C1MoV microstructure compared to 06CV is also evident for the other tempering conditions. As previously shown in the dilatometry results, increasing tempering temperatures leads to greater decomposition of the bainitic microstructures. Although no austenite was detected in their XRD patterns, Figure 7 and Figure 8 show for the 06CV steel the transformation to martensite of a certain amount of austenite during cooling to room temperature after tempering at 550 and 600 °C, which indicates that the decomposition of austenite was not complete. When Figure 10a is compared with Figure 10c,d, it is observed that the number and size of the blocky features decrease as the tempering temperature increases. On the other hand, fresh martensite within the block structures can also be observed in a closer look at these figures as a result of the transformation of the retained austenite during cooling. Although martensitic transformation is also detected during cooling after tempering at 550 and 600 °C for 06C1MoV in Figure 7 and Figure 8, Figure 11b shows the presence of 5% and 3% austenite retained at room temperature. Note that the XRD measurements were done after cooling to room temperature, and therefore, the microstructure already contains fresh transformed martensite.



For 06C1MoV steel, Figure 8 and Figure 9 show the formation of martensite during cooling after tempering at 650 °C and Figure 11b shows the absence of retained austenite in the microstructure, indicating that austenite was depleted in C to levels that make it unstable at room temperature. On the other hand, the full decomposition of the retained austenite for the 06CV steel during tempering at this temperature is concluded by the lack of martensitic transformation in Figure 8 and Figure 9 and austenite in Figure 11b. The decomposition of retained austenite and the precipitation of carbides in this case are evident in the profuse precipitation observed in Figure 10e, so that the presence of cementite was detected in the XRD patterns only in this case, but it was below their limit of quantification (LoQ).



Although the XRD reflections of the ferritic phase   ( α  ) may include the contribution of bainitic ferrite    (   α b   )   , ferrite    ( α )   , and martensite    (   α −   )   , the largest information obtained from these reflections corresponds to bainitic ferrite, since this phase represents around 70% of the initial microstructure. Bainitic ferrite decomposition follows scenario 3, and therefore, increases in tempering temperature should lead to a progressive decrease in the average    C α   . As shown in Figure 11c, the C content of this phase is very similar and remains almost constant after tempering up to 550 and 600 °C for the 06CV and 06C1MoV steels, respectively. These results agree with those of Jang et al., who, based on the first principles calculations, suggests that ferrite in equilibrium with austenite has much higher carbon solubility if it displays tetragonal crystalline symmetry instead of cubic [40]. As the maximum solubility is achieved at about 400 °C and extends over a long temperature range, carbon excess will have a high resistance due to being released from bainitic ferrite during tempering in this temperature range. It has been experimentally proved that up to 0.2 wt % can be in solid solution within ferrite and trapped at dislocations sites and bainite lath boundaries [1], since the dislocations density near these boundaries are usually much higher than in the lath interior [63]. The complete decarburization of supersaturated ferrite [57,61] requires the precipitation of carbide from C trapped in dislocations [62], but for this some dislocations must be removed by recovering during tempering. As carbon is more stable while segregated to dislocations than in transition carbides or cementite [62], the high dislocation density is then stabilized by carbon pinning, causing the recovery of the dislocation network to be strongly inhibited. Thus, the tetragonal structure of bainitic ferrite will be stable up to high tempering temperatures [8,10], as shown in Figure 11.



The evolution of the hardness values as a function of the tempering temperature has been correlated with the microstructural evolution described previously. Figure 12 shows that up to 450 °C, hardness remains unchanged, within an error margin of ±10 HV30, for both steels, as expected from the microstructural stability observed in this temperature range. As soon as the decomposition of the austenite thin films and the precipitation of the cementite begin, a progressive increase in the hardness curve is observed until reaching a maximum between 500–550 and 550 °C for the 06CV and 06C1MoV steels, respectively. An additional contribution to this maximum value comes from the martensite that transforms from austenite after tempering during cooling to room temperature, as observed in Figure 7 and Figure 8.



The decrease in the hardness value observed in Figure 12 for higher tempering temperatures is accompanied by two simultaneous processes: the continuation of the decomposition of austenite, which leads to the precipitation of carbide and the decrease of the C content in the remaining retained austenite, and the recovery of bainite plates, which leads to a reduction in the carbon content in solid solution by carbide precipitation and a reduction of the dislocation density of the bainitic ferrite and a coarsening of the bainitic laths. As austenite is dispersed in the bainitic ferrite matrix and the bainite represents more than 70% of the microstructure, hardness should be principally associated with the contribution of this phase. On the other hand, the strengthening associated to carbide precipitation from the austenite and the transformation to martensite of the austenite during cooling should increase the hardness value. Thus, it was concluded that in this tempering temperature range, the contribution of austenite decomposition to the hardness value is rather limited, and the microstructural evolution of the bainite during the thermal treatment described before would explain the hardness value achieved.





4. Conclusions


The complementary use of high-resolution dilatometry, XRD analysis, microstructural observations, and hardness measurements allowed obtaining a clear picture on the different events that occurs in a bainitic microstructure composed of fine bainitic ferrite plates and thin films and blocks of retained austenite during tempering at temperatures ranging from 450 to 650 °C. This study shows that all processes occurring during tempering are related to the carbide precipitation, austenite decomposition, and dislocation density evolution in bainitic ferrite as well as coarsening of the bainitic laths. The scenario proposed describes the microstructural evolution as the tempering temperature is increased, which starts with the retained austenite thin films decomposing to very fine cementite particles, followed by fine precipitation of cementite within the blocks of retained austenite, while the remaining C-depleted austenite eventually decomposes into ferrite and cementite at a later stage. This particular sequence of events, where tempering resulted in a reduction in the carbon content of austenite, resulted in its partial transformation to fresh martensite on cooling to room temperature, which is unambiguously identified using high-resolution dilatometry, at temperatures as high as 600 °C.



This later stage is coupled with the decomposition of the tetragonal bainitic ferrite by carbide precipitation, which is accompanied by the reduction of the dislocation density by a recovering process and the coarsening of the bainitic laths.
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Figure 1. Scheme of the tempering heat treatments applied in this work. 
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Figure 2. SEM micrographs of bainitic microstructures obtained after isothermal transformation at 250 °C for 20 h in (a) 06CV and (b) 06C1MoV steels, where    α b    stands for bainitic ferrite and  γ  stands for retained austenite with film (f) and block (b) morphology. 
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Figure 3. Dilatometry results of (a) relative change in length and (b) first derivate during a continuous heating up to austenitization temperature for all steels. 
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Figure 4. Calculated equilibrium mass fractions of carbides as a function of tempering temperature. 






Figure 4. Calculated equilibrium mass fractions of carbides as a function of tempering temperature.



[image: Applsci 10 08901 g004]







[image: Applsci 10 08901 g005 550] 





Figure 5. Theoretically calculated relative change in length (RCL) and volume fraction of relevant phases involved in the different scenarios described in the main text and detailed in Table 5, (a) scenario 1, (b) scenario 2, (c) scenario 3, and (d) scenario 4. The slope of the RCL as function of carbon content is reported as m. 
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Figure 6. Relative change in length (RCL) as a function of time for 06CV steel tempered at 350 °C. 
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Figure 7. Relative change in length (RCL) as a function of time and temperature for 06C1MoV steel tempered at (a) 450 °C, (b) 500 °C, (c) 550 °C, and (d) 600 °C. 
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Figure 8. Measured Ms temperatures on cooling after tempering at the indicated temperature. 
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Figure 9. Relative change in length (RCL) as a function of time and temperature for (a) 06CV and (b) 06C1MoV steel tempered at 650 °C. 
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Figure 10. SEM micrographs after tempering for 1 h at (a) 450 °C, (b) 500 °C, (c) 550 °C, (d) 600 °C, and (e) 650 °C in the case of 06CV steel. 
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Figure 11. Summary of XRD results as a function of tempering temperature for (a) 06CV and (b) 06C1MoV steel. 
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Figure 12. HV (±10) results as a function of tempering temperature. 
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Table 1. Chemical analysis (in wt %) of the steels used for this study.
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	C
	Si
	Mn
	Cr
	Ni
	Mo
	Cu
	V





	06CV
	0.6
	1.7
	1.3
	1.7
	0.2
	0.2
	0.2
	0.5



	06C1MoV
	0.6
	1.7
	1.3
	1.7
	0.2
	1.0
	0.2
	0.5
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Table 2. Atomic volume and thermal expansion coefficients of the different phases used in this work where    a i   ,    b i   , and    c i    are the lattice parameters and    β i    represents the thermal expansion coefficients.
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	Crystal Structure
	Unit Cell Atomic Volume
	     β  i      (  °  C  − 1    )     
	Ref.





	 γ  (fcc)
	    a i 3  / 4   
	   2.065 ·   10   − 5     
	[13]



	   α b    (bct)
	    a i 2   c i  / 2   
	   1.490 ·   10   − 5     
	[27]



	 α  (bcc)
	    a i 3  / 2   
	   1.244 ·   10   − 5     
	[13]



	   θ      (Orthorhombic)
	    a i   b i   c i  / 12   
	   6 ·   10   − 6   + 3 ·   10   − 9      T  +   10   − 11      T 2    
	[28,29]
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Table 3. Theoretical lattice parameters of the different phases at room temperature, where  w  is the concentration in weight%,  x  in mole fraction and    a  F e     =   2.88664   is the lattice parameter of pure ferrite.
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	Lattice Parameter (Å) at Room T
	Ref.





	 γ 

(fcc)
	       a    = 3.578 + 0.033      w   C  + 0.00095      w    Mn   − 0.0002      w    Ni   + 0.0006      w    Cr               + 0.022      w   N  + 0.0056      w    Al   − 0.0004      w    Co   + 0.0015      w    Cu               + 0.0031      w    Mo   + 0.0051  w  Nb   + 0.0039      w    Ti   + 0.0018      w   V              + 0.0018      w   W       
	[30]



	   α b    or    α ′   

(bct)
	    a    = 2.8664 − 0.01303 ·   w C  α    

    c    = 2.8664 + 0.1162 ·  w   C α      
	[31]



	 α 

(bcc)
	       a  Fe   +      (   a  Fe   − 0.279      x   C   )   2   (   a  Fe   + 2.496      x   C   )  −  a  Fe  3    3 ·  a  Fe  2    − 0.03      x    Si   + 0.06      x    Mn       + 0.07      x    Ni   + 0.31      x    Mo   + 0.05      x    Cr   + 0.096      x   V       
	[26]



	 θ  (Orthorhombic)
	    a    = 4.5246   

    b    = 5.0885   

    c    = 6.7423   
	[28,29]
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Table 4. Fraction and carbon content of retained austenite (fγ, Cγ) and bainitic ferrite (f¦Á, C¦Áb) obtained from XRD, and hardness results for the initial bainitic microstructures.
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	Steel
	    f γ    

(±0.03)
	    C γ    

(±0.06 wt %)
	    f α    

(±0.03)
	    C  α b     

(±0.03 wt %)
	HV30





	06CV
	0.23
	0.90
	0.77
	0.18
	596 ± 3



	06C1MoV
	0.32
	0.91
	0.68
	0.20
	601 ± 2
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Table 5. Conditions used to calculate by atomic volumes the relative change in length (RCL) and the fraction of the phases involved in the mentioned scenarios occurring during a tempering treatment. The signs – and + denotes more or less C as compared to the initial state, respectively.






Table 5. Conditions used to calculate by atomic volumes the relative change in length (RCL) and the fraction of the phases involved in the mentioned scenarios occurring during a tempering treatment. The signs – and + denotes more or less C as compared to the initial state, respectively.





	
State

	
Phases

	
    Conditions   (  C i    ( wt   % ) )    






	
Scenario 1

  γ    (  f c c  )  →   α    (  b c c  )  + θ  




	
Initial

	
  γ  

	
   C γ    = 0.6–2.5




	
Final

	
   α    (  b c c  )    

	
   C α    = 0.03




	
  θ  

	
   C θ    = 6.67




	
Scenario 2

  γ    (  f c c  )  →    γ −     (  f c c  )  + θ  




	
Initial

	
  γ  

	
   C γ    = 0.91




	
Final

	
    γ −    

	
   C   γ −      = 0.9–0.7




	
  θ  

	
   C θ    = 6.67




	
Scenario 3

   α b     (  b c t  )    →   α    (  b c t / b c c  )    +   θ  




	
Initial

	
    α b     (  b c t  )    

	
   C  α b     = 0.2




	
Final

	
   α    (  b c t / b c c  )    

	
   C α    = 0.03




	
  θ  

	
   C θ    = 6.67




	
Scenario 4

   (  γ +  α b  →  γ +  +  α b −   )   




	
Initial

	
  γ  

	
   C γ    = 0.91

   f γ    = 0.32




	
    α b     (  b c t  )    

	
   C   α b      = 0.2

   f   α b      = 1 −    f γ    = 0.68




	
Final

	
    γ +    

	
   C   γ +      =      [   f γ   (   C γ  −  C   α b    +  C   α b −     )  +  (   C   α b    −  C   α b −     )   ]  /  f γ   

   f   γ +      =    f γ   




	
    α b −     (  b c t  )    

	
   C   α b −      = 0.2–0.1

   f   α b −      =    f   α b     
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