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Abstract

:

Casting processes show some weaknesses. A particular problem is presented when the workpiece needs to be subjected to heat treatments to achieve a desired microstructure. This problem arises from the microsegregation phenomena typically present in cast parts. The effect of the microsegregation on the martensitic and bainitic transformations has been investigated in a high carbon-high silicon cast steel, with the approximate composition Fe-0.8C-2Si-1Mn-1Cr (in wt. %), which was poured into 25 mm keel block-shaped sand molds. The microsegregation maps of Cr, Si, and Mn characterized by electron probe microanalysis (EPMA) show that interdendritic regions are enriched while dendrites are impoverished in these elements, implying that their partition coefficients are lower that the unity (k < 1). As-quenched martensitic and austempered bainitic microstructures (at 230 °C) were obtained and analyzed after applying an austenitization heat treatment at 920 °C (holding for 60 min). The thermal etching method used to reveal the prior austenite grain size showed a bimodal grain size distribution, with larger grains in the dendritic regions (≈22.4 µm) than in the interdendritic ones (≈6.4 µm). This is likely due to both the microsegregation and the presence of small undissolved cementite precipitates. Electron Backscatter Diffraction (EBSD) analysis carried out on the martensitic microstructure do not unveil any differences in misorientation distribution frequency and block size between the dendritic and interdendritic zones related to the microsegregation and bimodality of the austenite grain size. On the contrary, the bainitic transformation starts earlier (incubation time of 80 min), proceeds faster and bainitic ferrite plates are longer in the dendritic zones, were prior austenite grains are larger and impoverish in solute. The presence of these microsegregation pattern leads to the non-uniform development of the bainitic reaction in cast parts, modifying its kinetics and the resulting microstructures, which would probably have a major impact on the mechanical properties.
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1. Introduction


Casting is a manufacturing process widely used to produce many steel parts in a wide range of applications. It is most often used for making complex or intricate shapes that would be otherwise difficult or uneconomical to make by other methods [1]. Cast products are found in a wide range of applications, including automotive components, aerospace parts, electronics, mechanical devices, and construction supplies. This process enjoys certain advantages in respect to other shaping processes such as forging, welding, stamping, rolling, extruding, etc. The reason for the success of the casting process is its flexibility to the requirements of mass production. Large numbers of a given casting can be produced quickly. For example, in the automotive industry there is massive production of cast engine blocks and transmission cases [2]. On the other hand, some metals can only be cast since they cannot be re-modeled into bars, rods, plates, or other shapes. In addition, certain high strength alloys can be produced only as castings [3].



However, casting processes show some weaknesses. During solidification, shrinkage porosity, cracks, or hot tearing may occur [1,2,3]. A particular problem is presented in cast parts when the workpiece needs to be subjected to heat treatments to achieve a desired microstructure. This problem arises from the microsegregation phenomena present typically in cast parts. Microsegregation is a fundamental phenomenon taking place during solidification at the scale of dendrites. When an alloy is solidifying, the liquid concentration follows the liquidus line in the phase (equilibrium) diagrams and solid concentration follows the solidus line. In steels, as the solidification process occurs, the melt composition is usually enriched in solute and the solid dendrite tip has a lower concentration, but it increases when the solidification continues. Ideally, under an infinite diffusion scenario, the concentration at the solidus is homogenous and the composition is equal to the nominal composition when all the melt has been solidified. In reality, the diffusion is not infinite and so some compositional gradients normally exist in the microstructure after the solidification [4]. If the microsegregation is prominent, it can lead to hot cracking and the formation of inclusions, etc. [5,6,7,8,9,10,11]. In addition, when castings are subjected to heat treatments in the presence of microsegregation, these chemical gradients could generate microstructures in which the matrix phases formed during cooling are distributed heterogeneously [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. For example, this microsegregation often promotes, in wrought steel parts, after rolling, microstructures displaying a banded appearance with the alternating bands consisting of planar arrays of two or more pairs of the main room temperature phases found in steels: ferrite, pearlite, bainite and/or martensite. [7,14,17,18,19]. There have been several studies concerned with the effect of banding on mechanical properties [13,15,17,20,21]. These studies have found that the banding has a significant effect on the anisotropy of tensile and fracture properties. The extent of banding, derived from the aligned residual interdendritic segregation, is very much alloy, section size, and mill processing dependent, and dramatic variations in the effects of banding can develop depending on banding severity and heat treatments conditions. The effects of banding may or may not be detrimental to finished steel products or to their production, and if questions arise, banding and its effects merit appropriate evaluation.



The above-mentioned introduction allow the suggestion that microsegregation can be an important limitation in the development of cast parts of high-carbon high-silicon steels (HC-HSi steel) with martensitic or bainitic microstructures. Microstructures, composed by a mixture of bainitic ferrite and retained austenite and obtained by applying an austempering thermal cycle at low temperature, provide the steel with excellent mechanical properties compared with other steels [22,23,24,25,26,27,28,29,30]. Their chemical composition includes the use of inexpensive alloying elements, such as Si (≈1.5–2.0 wt. %), that inhibits the precipitation of cementite from austenite during bainite reaction, and stabilizes the austenite at room temperature by increasing its carbon content. Several alloying elements such as Mn, Cr, and Ni are also present in the chemical composition of these steels. Typically, these elements are added in certain percentages (≤2 wt. %) to improve hardenability and mechanical properties.



In a previous research, the authors have investigated in detail the macro- and microsegregation patters obtained in a HC-HSi steel, which have been casted using different keel block sizes [31]. The presence of microsegregation, would alter the distribution of elements like Si, Mn, and Cr, influencing the formation of martensite after quenching as well as the nucleation and growth of the bainite during austempering treatments. Therefore, castings with heterogeneous microstructures in terms of the amount and morphology of bainitic ferrite/austenite and martensite, if present, would be obtained. These microstructural heterogeneities, which should be avoided, would surely deteriorate the mechanical properties and wear resistance. Thus, keeping the austenitization conditions constant, this research has focused on the influence of microsegregation on as-quenched martensitic and bainitic microstructures austempered up to 6 h, at 230 °C, in this type of HC-HSi steel.




2. Materials and Methods


2.1. Material and Casting Procedure


A Fe-0.8C-2Si-1Mn-1Cr (in wt. %) alloy has been selected based on its low transformation temperatures to bainite as reported in the literature [29,30,31,32,33,34,35,36,37,38]. The C content has been fixed near 0.8 wt. % to ensure bainite formation at low temperatures (220–250 °C) [29,30,33,34]. The Si content has been set to ≈2.2 wt. %, to avoid cementite precipitation from the austenite during the bainite reaction. Cr and Mn have been added to control the hardenability [26,27,28,29,30,32,33]. The steel has been manufactured in an industrial foundry using a high frequency induction furnace of 120 kg capacity. The melts were poured into the 25 mm keel block-shaped sand molds. The chemical composition of the manufactured steel was determined by spark emission spectrometry using a Baird DV6 spectrometer (Baird Corporation, Bedford, MA, USA), according to ASTM D350 standard. The complete chemical composition of the steel is shown in Table 1.




2.2. As-Cast Structures: Matrix Phases and Microsegregation Characterization by Electron Probe Micro-Analysis (EPMA)


Samples used in this work were machined from the keel block legs as shown in Figure 1. The as-cast microstructure and the microsegregation patterns have been characterized from a sample (named “M-Sample”) obtained from a region located in the second level of the keel block legs, approximately in the middle length (L/2). This region was selected following the criteria of the middle point of the leg, which is the point with a lower thermal influence exerted by the feeder, and the bottom and extreme of the legs. M-sample has a cubic geometry of about 5 mm per side.



To visualize the phases present in the as-cast microstructure, metallographic samples have been prepared by standard methods that included gridding and polishing, finishing with a 1 μm diamond paste. The microstructures have been revealed after etching with Nital 2%. Several micrographs, at different magnifications, have been taken using light optical (LOM) and field emission gun scanning electron microscopy (FEG-SEM) by means of a Nikon Epiphot 200 (Nikon Instrucments, Inc., Melville, NY, USA) and a Hitachi S 4800 microscope (15.0 Kv) (Hitachi Ltd., Chiyoda, Tokyo, Japan), respectively. To characterize the type of inclusions present in the microstructure of the steel, microanalysis have been carried out in M-sample using energy-dispersive X-ray spectroscopy (EDS) using a voltage of 15 Kv.



Microsegregation patterns of Cr, Si and Mn have been characterized by acquiring 2D maps using electron probe microanalysis (EPMA). This analysis was complemented by using micro X-Ray fluorescence spectrometry (µ-XRF) and color etching metallographic techniques. The methodology employed has been the following. First of all, the M-sample has been re-polished, using a 1 μm diamond paste. Then, the local chemical composition of the M-sample was determined. A semi-quantitative analysis of Si, Cr and Mn has been performed by µ-XRF using a FISCHERSCOPE X-ray extreme ultraviolet (model XUV 773) spectrometer (Helmut Fischer GmbH, Sindelfingen, Germany). Later, in the same region, color etching was applied on the re-polished sample surface, to reveal the solidification dendritic structure (size and distribution), trying to identify the dendritic and interdendritic regions. The color etchant was composed of 10 g NaOH, 40 g KOH, 10 g picric acid and 50 mL of distilled water. The etching process has been carried out at 120 °C for 40 s approximately. This reagent colors the steel surface according to the local Si concentration and is useful to reveal the solidification structure of high silicon cast steels [39]. After color etching, a square area of approximately 1.5 mm × 1.5 mm has been selected and delimited with micro-hardness indentations to be used afterwards as a reference. Subsequently, the surfaces were lightly re-polished using again 1 µm diamond paste to remove the oxide layers deposited after color etching but keeping the indentations intact. Finally, the area delimited by indentations has been analyzed by EPMA. This allowed comparing and linking the dendritic solidification structure obtained by color etching, with the segregation maps obtained by EPMA. Concentration maps of Si, Mn and Cr have been obtained using a JEOL JXA 8900 M (JEOL Ltd., Tokyo, Japan) microprobe with a wavelength dispersive spectrometer (WDS), which provides an error of 3% in the value of the measured composition. Two-dimensional (2D) EPMA intensity maps were recorded using a step size of 2 μm. The intensity recorded is related to the amount of each element at the location analyzed.




2.3. The Bainitic Transformation


To evaluate the influence of the microsegregation on the bainitic transformation, several isothermal heat treatments have been performed using high resolution dilatometry. The kinetics of the bainitic transformation has been characterized at the fixed transformation temperature of 230 °C for different holding times after an austenitization heat treatment at 920 °C for 60 min. An as-quenched sample austenitized under the same conditions has also been characterized. The microstructures obtained have been analyzed by LOM, FEG-SEM, X-ray diffraction, hardness and Electron Backscatter Diffraction (EBSD).



2.3.1. Determination of the Prior Austenite Grain Size by Thermal Etching


The prior austenite grain boundaries have been revealed by the thermal etching technique. Previous reports by some of the authors have demonstrated that this technique is a powerful tool to unveil the prior austenite grain boundaries [40,41,42,43]. In this method, the metallographic preparation of the samples has to be carried out prior to the application of the heat treatments. In this regard, cylindrical dilatometry samples of 4 mm diameter and 10 mm length (similar to those employed to study the bainitic transformation-see Section 2.3.2) obtained from P1 and P2 position of the keel block (Figure 1), were mounted in bakelite. Afterwards, a finely polished surface of 2–3 mm wide was prepared parallel to the main axis of the cylinder following the procedure described before, using standard metallographic techniques, finishing with 1 µm diamond paste. Then, the sample was carefully unmounted avoiding damaging the polished surface.



The samples were heat treated using the DIL Bahr 805A/D quenching dilatometer (TA Instruments, New Castle, DE, USA). The heat treatments were done under high vacuum conditions, ensuring an inert environment throughout the test to prevent the oxidation (darkening) of the polished surface. During heating up of the sample (5 °C/s), up to the austenitization temperature (920 °C, 60 min), grooves form at the intersection of the austenite grain boundaries with the polished surface by surface tension effects and matter transport mechanisms (evaporation–condensation, volume diffusion, and surface diffusion) [43,44,45,46]. After the austenitization has ended, samples were cooled down to room temperature under the high vacuum conditions at an average cooling rate of 15 °C/s. The grooves formed at high temperatures remain visible at room temperature.



The grain size was determined by manually tracing the grain boundaries on different micrographs using an image-editing software to create a skeleton outline. Approximately 90 prior austenite grains were analyzed for this condition using the software Image J (version 1.47s, NIH, Stapleton, NY, USA, 2013). The freeware program allows determining automatically the area and Feret diameter of the grains. With these results, the austenite grain size distribution has been represented.




2.3.2. High Resolution Dilatometry: Isothermal Austempering Heat Treatments


Cylindrical specimens of 4 mm diameter and 10 mm length have been used for the dilatometry experiments. These specimens were machined as it is showed in Figure 1, from P1 y P2 positions of the poured keel blocks. The heat treatments have been performed using the DIL Bahr 805A/D quenching dilatometer mentioned above. Heating was carried out using induction and cooling was assisted by controlling a helium gas flow. The thermal cycle consisted of a full austenitization at a temperature of 920 °C for 60 min (heating at a rate of 5 °C/s), followed by quenching (50 °C/s) down to the austempering temperature (230 °C), above the Ms temperature, at which samples were held for different times: 10, 30, 80, 160, 240 y 360 min. The Ms temperature was estimated using dilatometry after quenching at 50 °C/s to room temperature from the austenitization temperature. After the austempering step, the samples were quenched to room temperature. On the other hand, one sample (named Q-sample) was subjected to a conventional quenching heat treatment, after the austenitization (920 °C, 60 min), to obtain a fully martensitic microstructure. Figure 2 provides a scheme of the heat treatments carried out in this work.



The cooling rate was always 50 °C/s, as this was shown to be sufficient to avoid pearlite formation during cooling after the austenitization step. On the other hand, during the isothermal holding corresponding to the austenitizing or austempering steps, the dilatometer chamber was kept under high vacuum (10−4 mbar) conditions.




2.3.3. Microstructural Characterization by Light Optical and Electron Microscopy


The metallographic preparation and microstructural observation of as-quenched and austempered samples has been performed using the same methodology as for as-cast microstructures (please read Section 2.2). However, in this case, the martensitic microstructures have been revealed with Vilella’s regent in addition to Nital 2% prior to their observation using LOM and FEG-SEM.




2.3.4. X-Ray Diffraction


X-ray diffraction (XRD) analyses were used to estimate the amount of retained austenite present in the microstructures of quenched and austempered samples. For these experiments, samples were ground and polished with 1 µm diamond paste, and then subjected to several cycles of etching and polishing to minimize the amount of deformation introduced in the surface by mechanical polishing. Then, the final polishing of the samples was carried out with a colloidal silica solution. XRD measurements were carried out with a Bruker AXS D8 Discover diffractometer (Bruker AXDS GmbH, Karlsruhe, Germany) equipped with a Co X-ray tube, Goebel mirror optics and a LynxEye Linear Position Sensitive detector (Bruker AXS GmbH, Karlsruhe, Germany). XRD data were collected over a 2θ range of 35 to 135° with a step size of 0.015°. For the Rietveld refinement of the diffractograms, the program DIFFRACplus Topas Version 4.2 (Bruker AXS GmbH, Karlsruhe, Germany, 2009) has been used and the crystallographic information of the phase was obtained from Pearson´s Crystal Structure Database for Inorganic Compounds.




2.3.5. Hardness Tests


Hardness measurements were carried out using Vickers indentation under 5 kg load, according to the standard ASTM E10. The values reported for each microstructure correspond to the average of five independent measurements.




2.3.6. Electron Backscatter Diffraction (EBSD) Analysis


In addition to the characterization of the bainitic microstructures, the influence of the microsegregation on the martensitic microstructure of the as-quenched sample (Q-sample) has been analyzed by EBSD. After etching with Nital 2%, two square regions of 40 × 40 µm2 corresponding to dendritic and interdendritic areas (with low and high percentages of alloying elements Cr, Mn, and Si), were selected. These regions were delimited with hardness indentations. Later, the surfaces were lightly re-polished to remove the etched superficial layers with a 1 µm diamond cloth, but preserving the indentations. Finally, the sample was carefully polished with 50 nm colloidal silica suspension in the final stage of metallographic preparation.



EBSD analyses were performed using a FEG-SEM JEOL JSM 6500F (JEOL Ltd., Tokyo, Japan) coupled to a Channel 5 detector (HKL Technology-JEOL Ltd., Tokyo, Japan), operating at 15 kV. The indexation of the Kikuchi lines and the determination of the orientations were done with software also developed by HKL Technology. The maps were acquired using a step size of 0.15 μm.






3. Results and Discussion


3.1. As-Cast Microstructure


3.1.1. Matrix Phases


Figure 3 shows representative LOM micrographs (Figure 3a,b) and secondary electron microscopy images (Figure 3c,d) of the as-cast microstructures (M-Sample) after etching with Nital 2%. The microstructure is composed of a fully pearlitic structure. The presence of some non-metallic inclusions has been labeled and highlighted by arrows in Figure 3d. Microanalysis carried out using energy-dispersive X-ray spectroscopy (EDS) in the M-sample indicate that these are of the type: SiO2, CaO, and MnS.




3.1.2. Microsegregation Analysis


Figure 4 shows a color LOM Figure 4a and EPMA solute concentration maps (b-c-d) for Si, Mn, and Cr. In Figure 4a color etching is able to display already the dendritic solidification structure. For this type of steels, having an average carbon content of ≈0.8 wt. %, the peritectic transformation does not occur and the solidification process starts with the formation of austenite (γ) with a dendritic morphology. In Figure 4a, dendrites of the prior austenite can be clearly observed. Dendrite arms, corresponding to first to freeze zones (or FTF zones), appear as yellow areas, while interdendritic or last to freeze (LTF) zones are the areas with a mix of red, green and blue colors. Figure 4b–d show EPMA maps for Si, Mn, and Cr, respectively. [X] is the average concentration value obtained from EPMA maps for each element “X” (=Si, Mn or Cr).



Comparing the color micrograph with the EPMA maps, it is clear that for all the elements, areas with the highest concentration values (darker color) match with interdendritic ones (or LTF zones), while areas with lowest concentration values match with dendritic ones (or FTF zones-yellow color). This means that Si, Mn, and Cr are rejected to the liquid remaining during the solidification, which determines that the last solidifying liquid is richer in these elements.



As it was mentioned above, microsegregation must be taken into account when the aim is to produce parts with bainitic structures. The chemical heterogeneities (Figure 4) may affect the distribution of phases (bainitic ferrite/retained austenite/cementite/martensite) in the microstructure of bainitic steels through the modification of the amount and its morphology. Cementite precipitation from austenite can be suppressed during bainite reaction for Si concentrations higher than approximately 1.5 wt. %, and the hardenability depends on the content of alloying elements, such as Mn and Cr. Therefore, it is important to determine the maximum and minimum concentration values for the main alloying elements (Si, Mn, Cr) in the dendritic and interdendritic zones. The maximum and minimum concentration values have been determined by analyzing the frequency at which every concentration value appears in the EPMA chemical maps. In this way, frequency histograms were represented for each chemical element. In these histograms, [X] −σ has been considered as the minimum value, where [X] is the average value obtained from the EPMA maps, and σ is the dispersion value obtained after fitting the frequency histogram to a normal distribution. Similarly, [X] + σ has been considered as the maximum value. Table 2 shows these values for each element, and the content determined by X-ray fluorescence (XRF) spectrometry. The experimental error in the reported values is approximately ±3%. It is also noteworthy that the values reported agree reasonably well with the average chemical composition of the steel obtained by spark emission spectrometry (Table 1) and the average value obtained from EPMA maps.



For the elements under study, the Si concentration varies between 1.6 and 2.6 wt. % (which corresponds to a variation of ± 24% in the nominal value). Mn concentration varies from 0.8 to 1.6 wt. % approximately (a variation of ± 33% in the nominal value), and Cr concentration varies from 0.7 to 1.3 wt. % (which corresponds to a variation of ± 30% in the nominal value).





3.2. Austenitization of As-Cast Microstructures. Prior Austenitic Grain Size (PAGS)


To obtain bainitic or martensitic structures, pearlite in the as-cast structure (Figure 3) has to be austenized prior to the austempering heat treatment or the quenching to room temperature. During the austenitization process, pearlite transforms to austenite. It is well-known that the prior austenite grain size (PAGS) has a significant influence on the microstructure-property relationships in steels. The PAGS plays an important role in defining the type, size and distribution of the low-temperature phases formed during cooling/austempering/quenching and the resultant mechanical properties (e.g., strength, ductility, fracture toughness, etc.) of steels in the final product [26,27,28,34,35,36]. Moreover, several investigations carried out on fracture surfaces have unveiled that cracks may propagate along the prior austenite grain boundaries (PAGBs) when brittle fracture takes place [47,48,49,50]. For these reasons, the accurate determination of the PAGS of materials becomes of the greatest importance in metallurgical studies.



Figure 5a–e, show LOM micrographs of the prior austenite grain boundaries revealed by thermal etching after austenizing at 920 °C for 60 min and cooling to room temperature. Figure 5b is a micrograph corresponding to the red square drawn in the optical image shown in Figure 5a, which has been taken using Nomarski microscopy (also known as Differential interference contrast, DIC, microscopy; Nikon Epiphot 200 microscope, Nikon Instrucments, Inc., Melville, NY, USA). In this image, three additional square areas, identified as (c), (d) and (e) have been highlighted. Area (c) and (d) contain non-metallic inclusions and microshrinkages, which are associated to the LTF or interdendritic zones; while image (e) corresponds to an area free of these defects, and it is associated with a dendritic region. It is clear the difference in the PAGS in the microstructure. Images in Figure 5c,d display smaller grains located in the interdendritic zones (richer in solute), while Figure 5e displays a detail of a dendritic zone (poor in solute) showing the presence of bigger grains in these zones. These images have also been captured using Nomarski microscopy to reveal more clearly the micro-topography (grooves) of the microstructure.



Figure 6 shows the prior austenite grain size distribution of the microstructure shown in Figure 5. As it would be expected, the results depict a clear bi-modal distribution due to the different grain sizes observed in the interdendritic and dendritic regions. According to these results, the approximate average PAGS measured in the dendritic region was 22.4 ± 8.1 µm, while a PAGS of 6.4 ± 2.6 µm was observed in the interdendritic zones.



The origin of the smaller grains present close to the non-metallic inclusions and microshrinkage regions is not clear, but it seems to be linked to the microsegregation patterns, as these small grains are only present in the interdendritic zones. Similar results have been reported in the literature [7,13,51]. To explain this phenomenon, the evolution of the phases ferrite (α), cementite (θ) and austenite (γ) as a function of the temperature in the range 700–920 °C was simulated using ThermoCalc® software (based on CALPHAD-Computer Coupling of Phase Diagrams and Thermo-chemistry- and using the TCFE9 database, version 9). These simulations have been performed for the three different compositions estimated using EPMA: (1) the maximum value corresponding to the interdendritic zone, (2) the minimum one corresponding to the dendritic zone, and (3) the average value corresponding to the nominal composition of the steel (Table 2).



It is important to emphasize that, for the three compositions, the C content was considered as constant and equal to 0.8 wt. %. To support this assumption, the expected variation in the C concentration in the austenite phase ∆Cc was calculated as a result of the Mn, Si, and Cr segregation using the method developed by Brown and Kirkaldy [52] and the microsegregation concentration values measured in this work (see Table 2). The differences between the maximum and minimum in Mn-∆CMn−, Si-∆CSi-, and Cr-∆CCr- concentration (in wt. %) result in:


∆Cc ≈ 0.061∆CMn − 0.138 ∆CSi + 0.156 ∆CCr



(1)







For this case, ∆Cc ≈ 0.0068 wt. %, being this value negligible with respect to the nominal C concentration. The influence of the Mn and Cr segregation on the variation of the C concentration in the austenite is partially cancelled by the opposite effect of Si segregation for the given composition. The segregation of carbon is influenced by its diffusion coefficient in the austenite. It is well known that the diffusion of carbon in the austenite lattice is affected by the presence of other alloying elements in solid solution [53,54,55,56]. In this regard, Lee et al. [53] and Babu&Bhadeshia [56] have proposed empirical equations that give accurate predictions for carbon diffusion in alloyed steels, accounting for the influence of elements such as Mn, Cr, Mo, Si, or Ni. Existing surveys on the matter have concluded that Si and Ni increase carbon diffusivity [55] while Cr, Mn, and Mo, which are carbide forming elements, attract C and decrease its diffusivity [54,56]. These studies support the role predicted by Equation (1) for Si in the sense that this element reduces carbon segregation by increasing is diffusion rate while Mn and Cr exert an opposite effect, anticipating an overall negligible carbon segregation pattern.



Figure 7 shows the temperature evolution of the mass fraction of the ferrite (α), cementite (θ) and austenite (γ) phases for the nominal composition. In this figure, A1-lower and A1-upper are the critical temperatures that delimit the three-phase region α + θ + γ. Assuming quasi-equilibrium heating, these two temperatures set the start and end of the ferrite into austenite phase transformation in alloyed hypereutectoid steels. ACM sets the temperature at which cementite dissolution is complete and a fully austenitic microstructure is obtained. The inset in this figure highlights the location of the A1-lower, A1-upper, and ACM temperatures for the three compositions.



The inset in Figure 7 shows that the critical temperature A1-lower (start temperature for austenite formation during quasi-equilibrium heating) remains practically constant with small variations. Therefore, austenite nucleation is expected to occur in the entire microstructure almost simultaneously regardless of the microsegregation. However, there is a difference of approximately 15 °C among the A1-upper temperatures corresponding to the solute rich zones (780 °C) with respect to the solute poor zones (765 °C). Thus, for the selected austenitizing temperature (920 °C in this study), the austenite that has nucleated and grown in the solute-rich zones (last austenite to be formed) has a smaller grain size due to having a smaller ΔT (= Tγ-A1-upper; with Tγ = 920 °C). In zones with a smaller ΔT, austenite grains would have less heating time to grow and would remain smaller. This hypothesis would explain the experimental results obtained.



Regarding temperature ACM, it increases progressively (833 °C → 854 °C → 873 °C) as the local composition of the microstructure enriches in solute. Thus, there is a difference of 40 °C in the ACM value between the interdendritic and dendritic regions. This suggests that cementite is more stable in the interdendritic zones. The higher stability of the cementite could be attributed to this phase having higher levels of Cr and Mn in the composition. Moreover, when present in solid solution, both elements increase the ACM temperature in hypereutectoid steels, especially Cr, expanding the phase field at which this phase is stable [57]. In this work, based on these thermodynamic calculations, the austenization temperature was selected to obtain a fully austenitic microstructure. However, despite not being predicted by the ThermoCalc®, LOM, and FEG-SEM micrographs in Figure 8 show the presence of undissolved cementite in the interdendritic regions (see small black dots in white circle of Figure 8a). To reveal the presence of undissolved cementite precipitates more effectively, the as-quenched martensitic microstructures were etched with Vilella reagent. This is a popular etchant in martensitic stainless steels and tool steels to reveal the presence of carbides. It is also used to reveal the prior austenite grain boundaries and carbides in low alloyed martensitic and bainitic steels [58,59]. According to the ThermoCalc® the austenitization temperature (920 °C) is almost 50 °C above the ACM, which is high enough to dissolve all cementite particles after holding for 60 min. Therefore, thermodynamic simulations do not correlate well with the experimental observations and the reason is unclear. Nevertheless, the presence of these cementite precipitates, all of which have a submicron or nanometer size (white/light grey spherical particles in Figure 8b) could inhibit or delay the austenite grain growth via pinning the grain boundaries.



A third factor that may be favoring having a bimodal distribution is the so-called solute drag effect [60,61,62]. It is well-known that solute atoms (impurities or alloying elements) segregated to the austenite grain boundaries can reduce their mobility and exert a drag force that retards the kinetics. In this case, the higher levels of alloying elements (Cr, Mn, and Si) present in interdendritic regions could be favoring the solute drag effect in these regions.



Therefore, in summary, the difference in the austenite grain size between interdendritic and dendritic regions and the origin of the bimodal distribution (Figure 5 and Figure 6) could be due to three interrelated factors. Solute (interdendritic) rich zones, with higher Si, Mn, and Cr concentration, would possess a smaller ΔT (less thermal energy to grow), promote solute drag effect and contain a greater amount of submicrometer size cementite undissolved precipitates, that would pin the grain boundaries, factors contributing to having a smaller austenite grain size. As both the composition and austenite grain size may influence the bainitic and martensitic transformations [26,27,28,34,35,36,63,64,65], it should be expected that the microsegregation and the inhomogeneous grain size distribution will affect these transformations.




3.3. Martensitic Transformation


3.3.1. Determination of Ms Temperature


Prior to the selection of the austempering temperature, the determination of the Ms temperature of the steel (corresponding to the start of the austenite, α, to martensite, α’, phase transformation) becomes essential. Figure 9 provides a characteristic high-resolution dilatometry plot obtained during quenching at 50 °C/s after austenitizing at 920 °C (for 60 min). The temperature evolution of the relative change in length during quenching was recorded. The Ms temperature can be defined as the temperature where, due to the formation of the martensite, the length change of the sample deviates (expands) from that expected quasi-linear austenite contraction behavior [66]. The martensite phase has a specific volume which is larger than that of austenite, reason why an expansion is observed [37,38,66]. In this work, an offset corresponding to a strain of 0.02% generated by the formation of martensite was adopted. Following this methodology, the overage Ms temperature was estimated to be 138 ± 10 °C after performing three independent experiments.



According to the seminal work of Andrews [67] and many others that have followed afterwards [68,69,70,71] different local Ms temperatures could be expected as a result of the microsegregation and this could also affect the kinetics of this transformation. In steels having an inhomogeneous distribution of alloying elements in the matrix, a splitting in the Ms or a gradual instead of sudden change in the slope below the Ms has been observed [63,64,65,72]. It is also well-known that the austenite grain size affects the stability of the austenite and its transformation to martensite as discussed by several authors [37,73,74] and this could also affect the onset and progress of the transformation. However, despite having microsegregation and a dual prior austenite grain size distribution in the microstructure, no clear effect was observed in the dilatometry signal (Figure 9) contrary to previous works. Finally, this dilatometry plot shows that the austenite does not fully transform to martensite (an asymptotic behavior is not reached) and some retained austenite should be expected in the microstructure.




3.3.2. As-Quenched Microstructure


Figure 10 shows representative LOM micrographs of the martensitic microstructure, obtained after the austenitization (920 °C) followed by quenching (50 °C/s), at two different magnifications and disclosed using Nital 2% etching solution. The XRD measurements confirm that the microstructure is composed of austenite and martensite. The volume fraction retained austenite content measured with this technique is 0.23 ± 0.02 (the amount of martensite ~0.77 ± 0.02). The hardness value of this microstructure is 930 ± 10 HV5.



The etching with Nital 2% is also able to reveal the dendritic solidification pattern; the lighter zones in Figure 10 correspond to the interdendritic zones (richer in solute) while the darker/grey regions correspond to the dendritic zone (poorer in solute). As can be observed, larger non-metallic inclusions and voids (black dots) are located mainly in the interdendritic regions, which are the last zones to solidify.



Contrary to what was observed in other publications, and as discussed in the previous section, the expansion of the sample recorded by dilatometry during the martensitic transformation was no influenced by the microstructural inhomogeneities present in the microstructure. In this section, the influence of the microsegregation (Figure 4) on the as-quenched martensitic microstructure has been analyzed using the EBSD technique, considering only FCC (austenite) and BCC (martensite) for automated phase indexing. Two areas of 39.7 μm × 29.92 μm were scanned using a step size of 0.15 μm and an acceleration voltage of 15 kV.



The area fractions of each of those phases, in addition to the fraction of non-indexed pixels, for dendritic and interdendritic regions can be found in Table 3. As it can be observed, a poor indexation rate, i.e., the fraction of indexed points, has been reached, as only 78% and 73% of the pixels were indexed in the dendritic and the interdendritic areas, respectively. In order to test the reliability of the indexation, the prior austenite was reconstructed using the software developed by Nyyssönen et al. [75]. It has been observed that many points were wrongly indexed as austenite, as their indexed orientation was highly misoriented, i.e., more than 30°, with respect to the orientation obtained by the reconstruction. Moreover, those wrongly indexed points are not homogeneously distributed along the EBSD area, but are located only along some of the ferrite blocks (defined as the smallest areas with misorientations below 7.5°, as later explained), which suggests that the similarity of the Kikuchi patterns along those blocks has led the equipment not to be successful at identifying the phase and, in turn, the crystallographic orientation of those points.



A post-processing in which those pixels were removed was carried out and the recalculated area fractions can be found in Table 3. Note that the mentioned pixels have been assumed to be martensitic when calculating the area fractions, although they will not be considered in latter analyses as their orientation is wrong. It can be seen that, after post processing, the martensite area fractions (0.73–0.76) are closer to the volume fractions estimated by XRD (0.77), although still lower, most likely because of the poor indexation rate surrounding the ferrite boundaries, where patterns from two BCC blocks or from two BCC blocks and one FCC thin film overlap [76]. Regarding the austenite area fractions, they are far from the values estimated by XRD, behavior that was previously observed in EBSD analyses performed to similar microstructures by Thomas et al. [77]. In the mentioned work, a quenched and partitioned microstructure was scanned by EBSD, also only allowing austenite and ferrite to be considered; although, in that case, the selected step size was far lower than the one selected for this work, i.e., 10–50 nm. Differences were found by these authors between the austenite area fraction detected by EBSD (0.09) and the austenite volume fraction detected by XRD (0.13) and those differences were explained by the following arguments, also shared by the current study: (a) the area might have not been representative of the bulk; (b) the step size has not been low enough to reveal the thin films of austenite and, in our study, probably also some of the smallest austenite blocks; and (c) the sample preparation could have not been good enough and some fractions of austenite could have transformed to martensite by the transformation induced plasticity (TRIP) effect during the polishing.



Therefore, as the austenite area fractions were shown not to be reliable, the subsequent study was focused on finding differences between the martensitic microstructure in the dendritic and interdendritic regions. First, the regions were compared in terms of the PAGS, which were estimated from the reconstructed austenite. With that aim, the prior austenite grains were defined as the smallest areas with misorientations below 10 °. All boundaries whose misorientations lie between 58 and 61° have not been considered as prior austenite grain boundaries because they correspond to annealing twins, characterized by a 60° misorientation about the <1 1 1> axis, as first reported by Carpenter and Tamura [78]. Figure 11a,b shows the bcc (martensite) IPFZ map, for dendritic and the interdendritic regions, respectively. In the figures, two types of boundaries were drawn. Prior austenite grain boundaries are represented by black lines, whereas the red lines are the twin boundaries. The PAGS estimated from the dendritic and the interdendritic regions are 14.3 ± 7.7 and 10.9 ± 6.0 μm, respectively. The trend in the results is the same that one found measured by Thermal Etching, nevertheless the difference in the PAGS measured by EBSD between both zones is lower. On the one hand, it is important to keep in mind that the evaluated regions were much larger in the previous studies (thermal etching, Section 3.2) and that those statistics are thus more reliable than the ones obtained from the analyzed EBSD area.



Finally, the regions were compared in terms of the martensitic boundary misorientations frequency and ferrite (martensite) block sizes. To do so, it has been assumed that the OR remains constant along the steel of study, i.e., <0.14 0.17 0.98> 44.08° using the axis/angle pair convention. This OR is intermediate between Nishiyama–Wassermann’s (N-W), i.e., < 0.2 0.08 0.98> 45.98° [79] and Kurdjumov-Sachs’, i.e., < 0.18 0.18 0.97> 42.85° [80], differing form them by 3.4 and 2.1°, respectively, in good agreement with OR of similar composition steels [81,82]. For this given OR, the ideal misorientation angles set of the martensitic boundaries can be calculated and the misorientation ranges characteristic of the martensitic features, i.e., sub-blocks, blocks and packets, can be defined according to them. Lower misorientations than 3.5° were not considered as they correspond to local misorientations, i.e., small misorientations due to deformation within the same crystallographic sub-block. In this manner, all misorientations in between 3.5 and 7.5° will be considered to be to sub-block boundaries, the ones higher than 52.5° will be assumed to belong to blocks and the ones in the ranges 7.5–22.5° and 47.5–52.5° will be considered to be low and high angle packets boundaries, respectively. These misorientation ranges are in concordance with other ones assumed or reported in the literature [82,83,84,85,86]. Figure 11c,d show the misorientation maps for dendritic and interdendritic regions, respectively, while Figure 11e shows the frequency of the three type of defined boundaries for both regions. The equivalent diameters of the ferrite blocks, defined as the smallest areas with misorientations always below 7.5°, as already anticipated, were calculated and their histogram can be found in Figure 11f. Subfigures indicate that there are no significant changes between the dendritic and the interdendritic regions, both in terms of misorientation boundaries frequency and block size. Based in results reported in the literature, it should be expected that different PAGS and variation in the chemical composition led to different block sizes [85,86,87]. It is possible that the mapped areas have not been large enough to capture such an effect, as a larger amount of data would be required to have reliable statistics.





3.4. Bainitic Transformation


Figure 12 shows a representative plot of the time evolution of the relative change in length recorded after austempering at 230 °C for 360 min after the austenitization heat treatment (920 °C-60 min). It can be observed in this figure that the relative length of the samples increases after about 80–90 min. Since the specific volume of bainitic ferrite is larger than of austenite, this dilatation was attributed to the nucleation and growth of this phase. The bainitic reaction evolution with the holding time follows a characteristic sinusoidal behavior [88,89,90,91,92], but this transformation has not ended after 360 min. Although the relative change in length curve usually shows an asymptotic behavior at the end of the transformation, a fully bainitic microstructure is not always obtained, and the maximum amount of bainitic ferrite that can be present in the microstructure depends on the alloy composition and the isothermal temperature used [93].



The progress of the bainite reaction was followed by interrupted austempering treatments after holding for 10, 30, 80, 160, 240, and 360 min at 230 °C followed by quenching to room temperature. During the progress of the transformation, the untransformed austenite enriches in carbon, increasing its thermal stability. The longer the time, the higher the enrichment and the more stable the untransformed austenite will be. On the contrary, atom probe experiments have confirmed that in high C, high Si steels, there is no appreciable redistribution of substitutional alloying elements such as Mn, Cr or Si during this transformation [94]. Additional parameters that may influence the austenite stability are the grain size and morphology. Small grains with a film like morphology are expected to be more stable compared with coarse blocky ones. Thus, depending on the stability of the untransformed austenite the microstructure after quenching to room temperature will be a mixture of bainitic ferrite and possibly martensite and/or retained austenite.



Figure 13 shows LOM and FEG-SEM images corresponding to a sample austempered for 80 min and then quenched to room temperature. Figure 13a has been taken at low magnification to show the microsegregation pattern. Figure 13b–d are higher magnification images showing, in Figure 13b: dual dendritic/interdendritic zones and, in Figure 13c,d: only dendritic zones. Finally, Figure 13e,f are high magnification FEG-SEM images where the nucleation of bainitic ferrite on inclusions was observed.



Although the initiation of the bainite nucleation was undoubtedly not detected with high-resolution dilatometry after holding for 80 min (Figure 12), the nucleation and growth of the first plates of bainitic ferrite could be clearly observed in these micrographs (symbol αb stands for bainitic ferrite). After quenching, the microstructure is mainly composed of martensite, some retained austenite and a few plates of bainite (highlighted by arrows). Differentiating between martensite and bainite is not always easy. However, Vilella etching solution (c–d) seems to provide a better contrast than Nital 2%.



The images in Figure 13 show that the bainitic transformation starts preferentially in the dendritic zones (darker regions in Figure 13a), which are poorer in substitutional solutes (Cr, Si and Mn) and possess the lowest hardenability (see Figure 13a,b). Other reports focused on the influence of microsegregation of phase transformations have shown that in medium carbon steels with banded ferrite/pearlite structures, low Mn/Cr regions promoted the formation of ferrite [14], while in banded austenite/martensite structures of metastable stainless steels, low Ni/Cu combined with high Cr regions promoted the earlier nucleation of martensite plates [95].



On the other hand, it was observed that the nucleation of the bainitic ferrite plates occurs preferentially at the PAGBs (Figure 13c,d) and non-metallic inclusions (Figure 13e,f), because these regions are high-energy sites. In these micrographs, some bainitic ferrite plates (αb) have been marked with arrows. The length of the initially formed bainitic ferrite plates matches the characteristic size of the prior austenitic grains located in dendritic regions. These first plates seem to cross the whole austenite grain from: (i) grain boundary to grain boundary or (ii) from inclusion to the nearest grain boundary depending on the growth direction followed by the bainitic ferrite plate.



Figure 14 shows, at different magnifications, the microstructures corresponding to 160 (Figure 14a,b), 240 (Figure 14c,d) and 360 (Figure 14e,f) minutes of austempering times, at 230 °C. It can be seen how the bainitic transformation progresses first in the dendritic zones, while the interdendritic zones have a slower transformation kinetics (lower volume fraction of bainite is observed) due to the higher content of alloying elements, mainly Mn, which is an austenite stabilizing element. For samples austempered for 360 min, it has been observed that the bainitic transformation has also begun in the interdendritic zones, as shown in Figure 14e,f. However, it is possible to appreciate that the length of the bainitic ferrite plates is smaller due to the smaller prior austenite grain size of these regions compared to the dendritic ones (see Figure 5). It has been reported that a smaller PAGS would accelerate the transformation compared to a coarser one [33,36,96,97]. However, in this case, the microsegregation pattern present in the microstructure has overcome the influence of the grain size and reverted this tendency.



To complement the results shown in Figure 14, Figure 15 shows micrographs obtained by FEG-SEM(a) and LOM (b), where a clear difference in the spatial distribution and sizes of bainitic ferrite plates between dendritic (larger PAGS) and interdendritic zones (smaller PAGS) was observed; in the latter region plates are shorter in length. Figure 15b also shows that the length of bainitic ferrite plates around a microshrinkage, in the interdendritic zone, is smaller. On the other hand, for this austempering time, the presence of martensite in dendritic zones was not observed (see Figure 16a), while in interdendritic zones, where the kinetics of bainitic transformation is slower, high percentages of martensite (formed upon quenching to room temperature) were observed (see Figure 16b). As it was explained before, austenite enriches in carbon during the transformation due to the rejection of carbon from the low carbon bainitic ferrite to the austenite. Thus, the more bainitic ferrite present in the microstructure, the higher the carbon content of austenite and the smaller its average size is, which contributes to enhancing its stability. These micrographs prove the difference in the kinetics of the bainitic transformation for different segregation levels present in the microstructure.



The volume fraction of retained austenite as measured with X-ray diffraction and hardness values for samples austempered for 80, 160, 240, and 360 min are shown in Table 4. These results can be explained by understanding the sequence of the bainitic transformation in high silicon steels [26,27,28,89,91,96], which was mentioned previously. As the transformation progresses, the carbon rejected by the ferrite enriches the austenite, decreases its local Ms temperature and stabilizes this phase at room temperature. As the austempering time increases, the formation of bainitic ferrite will promote the increase of the amount of austenite retained in the microstructure after quenching to room temperature, decreasing the fraction of martensite (harder phase). For this reason, the hardness values decrease with an increase in austempering time.



Table 4 shows the lattice parameter values for BCC/BCT and FCC structures. It can be observed that the tetragonality of the ferritic structure has a tendency to decrease with the formation of bainitic ferrite (as increase the austempering time). As mentioned, the formation of new bainitic ferrite plates generates a rejection of carbon towards the austenite, lowering its c/a lattice parameter values. On the other hand, the austenite is enriched in carbon, which produces an increase in the austenite lattice parameter, as illustrated in Table 4.



The results reported in this work allow concluding that the presence of the microsegregation patterns affects both the prior austenite grain size distribution during the austenitization and phase transformations during the subsequent austempering and quenching heat treatments (type, morphology, and distribution of phases), anticipating that it will also have a profound impact on the mechanical behavior of cast parts. Contrary to the dendritic regions, interdendritic ones show smaller prior austenite grain sizes, smaller bainitic plates, and coarser blocky austenite islands in between bainitic units. These areas also show a larger fraction of martensite transformed after quenching. The presence of fresh untempered martensite after quenching will make the microstructure very brittle. Further, the coarse blocky austenite islands, contrary to smaller thin retained austenite ones, will be more unstable and transform easily to martensite during straining. This will reduce the work-hardening, lower the UTS and provide additional fresh and brittle martensite islands that will likely result in having a poor ductility and premature fracture of the sample. Other properties like the fatigue limit or fracture toughness will also deteriorate abruptly. In summary, microsegregation will have a profound detrimental impact on the mechanical properties and should be minimized as much as possible in cast parts.





4. Conclusions


The effect of the microsegregation on the martensitic and bainitic transformation in Fe-0.8C-2.25Si-1.05Mn-1.1Cr (in wt. %) cast steel has been investigated.



	
Segregation of Cr, Si, and Mn during solidification causes the dendritic areas to have a lower concentration of alloying elements.



	
Prior austenitic grain size shows a bimodal distribution associate to segregation of alloying elements. Dendritic regions, which have the lower concentration in solute, showed a larger average prior grain size than interdendritic areas (22.4 ± 8.1 µm and 6.4 ± 2.6 µm, respectively). This difference in grain size is attributed to the combined influence of the following. (1) The presence of undissolved cementite observed in segregated areas would pin the grain boundaries, inhibiting grain growth. (2) The Si, Mn, and Cr rich zones are the regions where the last austenite grains are formed during the heating cycle. This generates a smaller austenite grain size in the areas rich in solute with respect to areas poor in solute. (3) Moreover, in the enriched regions, solute drag could be lowering the mobility of the austenite grain boundaries, hampering their movement and refining the grain size.



	
The microstructural inhomogeneities (microsegregation, bimodal grain size distribution) do not affect the nucleation and progress of the martensitic transformation as recorded by dilatometry contrary to other investigations. The EBSD analysis of the as-quenched microstructure shows a small difference in the PAGS measured in dendritic and interdendritic regions contrary to the thermal etching results. Further, no difference in the misorientation boundaries frequency and block size was observed between these two regions.



	
Metallographic observations showed that the bainitic transformation from the austenite at 230°C starts after about 80 min, in reasonable correlation with dilatometric results. Differences in transformation rate between dendritic and interdendritic areas were related to the relationship between segregation and the influence of alloying elements on the transformation. In the interdendritic areas, the high Mn content reduced the transformation rate, and thus bainitic ferrite nucleates first, and grows faster in the dendritic zones. Further, it is possible to appreciate that the length of the bainitic ferrite plates is smaller in interdendritic regions, likely due to the presence of smaller austenite grains in these regions of the microstructure compared to dendritic ones.
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Figure 1. Drawing of a poured keel block. Dilatometry cylindrical samples have been obtained from second level of the keel block legs (P1 and P2 positions). The location of the M-Sample used to characterize the microsegregation and solidification structure has been pinpointed by an arrow. 
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Figure 2. Schematic view of the heat treatments schedules (temperature vs time) used in this work. 
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Figure 3. (a,b) LOM and (c,d) FEG-SEM micrographs of the as-cast microstructures obtained at different magnifications, showing a fully pearlitic structure. Black areas in (d), pinpointed by arrows are non-metallic inclusions. Microstructure etched with Nital 2%. 
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Figure 4. Solidification structure. Image (a) is a color micrograph corresponding to the zone under study; (b), (c) and (d) are the EPMA maps of the same zone for Si, Mn and Cr, respectively. 






Figure 4. Solidification structure. Image (a) is a color micrograph corresponding to the zone under study; (b), (c) and (d) are the EPMA maps of the same zone for Si, Mn and Cr, respectively.



[image: Metals 10 00574 g004]







[image: Metals 10 00574 g005 550] 





Figure 5. LOM micrographs of the prior austenite grain boundaries revealed by thermal etching. (a) Bright field image of the microstructure at a low magnification; (b) Micrograph corresponding to the red-square in image (a), using Nomarski microscopy (DIC); (c,d) images of interdendritic zones (richer in solute) where non-metallic inclusions and microshrinkage are present and smaller grains can be observed. (e) Image of a dendritic zone (poorer in solute) showing bigger grains. 
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Figure 6. Prior austenite grain size (PAGS) distribution. 






Figure 6. Prior austenite grain size (PAGS) distribution.



[image: Metals 10 00574 g006]







[image: Metals 10 00574 g007 550] 





Figure 7. Temperature evolution of the mass fraction of the ferrite (α), austenite (γ) and cementite (θ) phases for the nominal composition. Simulations performed using the Thermocalc® software. Assuming quasi-equilibrium heating conditions A1-lower and A1-upper would set the start and end of ferrite into austenite transformation. ACM sets the temperature at which cementite dissolution is complete and a fully austenitic microstructure is obtained. The inset provides a table with the transformation temperatures for the three EMPA compositions (Table 2). 
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Figure 8. Micrographs of the as-quenched microstructure: (a) LOM and (b) FEG-SEM. Microstructures have been etched with Vilella reagent. The presence of undissolved cementite in the interdendritic regions (small black points in white circle in Figure 8a and light white/grey ellipsoidal particles in Figure 8b) can be observed. 
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Figure 9. Characteristic dilatometry plot showing the temperature evolution of the relative change in length, during quenching at 50 °C/s, for the steel under investigation. The approximate location of the Ms temperature (138 °C) has been pinpointed by an arrow. In this plot symbols α and α’ stand for austenite and martensite, respectively. 
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Figure 10. (a) Representative LOM micrographs of the as-quenched microstructure etched with Nital 2%; (b) higher magnification micrograph showing the dendritic (dark) and the interdendritic (lighter) zones. Non-metallic inclusions appear as dark round spots. 
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Figure 11. (a,b) Ferrite IPFZ maps for dendritic and interdendritic regions, respectively, where the prior austenite grains boundaries (PAGB) are represented by black lines, and the red lines are the twin boundaries. Note that all pixels seem to be ferritic as the data has been subjected to noise reduction techniques for a cleaner representation. (c,d) EBSD misorientation maps for dendritic and interdendritic regions, respectively; (e) Frequency chart showing the frequency of the different types of boundaries characteristic of sub-blocks, blocks and packets; (f) Frequency histogram showing the ferrite block equivalent diameter frequency for both dendritic and interdendritic areas. 
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Figure 12. Time dependent evolution of the relative change in length during an austempering treatment at 230 °C for 360 min. 
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Figure 13. LOM and FEG-SEM micrographs corresponding to a sample austempered at 230 °C for 80 min. (a), (b), (e), (f): etched with Nital 2%. (c), (d): corresponding to dendritic regions, etched with Vilella’s regent. Symbol αb stands for bainitic ferrite. A few plates of bainite, martensite and retained austenite compose the microstructure. 
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Figure 14. LOM micrographs corresponding to a sample austempered at 230 °C for 160 (a,b), 240 (c,d) and 360 (e,f) min. Microstructures etched with Nital 2%. 
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Figure 15. (a) FEG-SEM and (b) LOM micrographs corresponding to a sample austempered at 230 °C for 360 min. Etched with Nital 2% showing bainitic ferrite plates with different lengths. 
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Figure 16. FEG-SEM micrographs corresponding to sample austempered at 230 °C for 360 min. (a) Dendritic region, (b)Interdendritic region. M symbol stands for the martensitic phase. Microstructure etched with Nital 2%. 
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Table 1. Chemical composition of the manufactured steel (wt. %).
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	C
	Si
	Mn
	Cr
	S
	P
	Fe





	0.8
	2.25
	1.05
	1.1
	0.01
	0.013
	Balance
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Table 2. Maximum and minimum concentration values (wt. %) of each element obtained from EPMA maps.
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Element

	
Si

	
Mn

	
Cr




	
Concentration (wt. %)

	






	
Minimum value (Dendritic/FTF region)-Poor zone

	
1.6

	
0.8

	
0.7




	
Maximum value (Interdendritic/LTF region)-Rich zone

	
2.6

	
1.6

	
1.3




	
[X] (average or nominal value-EPMA)

	
2.1

	
1.2

	
1.0




	
Variation regarding average value

	
±24%

	
±33%

	
±30%




	
Overall value measured by X-Ray Fluorescence spectrometry

	
2.2

	
1.2

	
1.0
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Table 3. Area fractions obtained for dendritic and interdendritic regions by EBSD analysis. Area fractions obtained after data post-processing (by removing data points which had been wrongly indexed), is added.
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EBSD Area Fractions

	
Non-Indexed

	
Austenite

	
Martensite






	
Dendritic region

	
As-scanned

	
0.22

	
0.08

	
0.70




	
After post-processing

	
0.22

	
0.02

	
0.76




	
Interdendritic region

	
As-scanned

	
0.26

	
0.07

	
0.67




	
After post-processing

	
0.26

	
0.02

	
0.73
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Table 4. Contents of retained austenite, c/a ratio and lattice parameter values for BCC/BCT and FCC structures, and hardness values for samples austempered for 80, 160, 240 and 360 min.
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	Austempering Time (min)
	80
	160
	240
	360





	Retained austenite content
	0.29 ± 0.02
	0.30 ± 0.02
	0.29 ± 0.02
	0.40 ± 0.02



	a lattice parameter for BCC/BCT (nm)
	0.286123
	0.285755
	0.286275
	0.285096



	c lattice parameter for BCT (nm)
	0.289692
	0.288465
	0.288757
	0.287541



	c/a ratio for BCC/BCT structure
	1.012473
	1.009483
	1.008669
	1.008576



	a lattice parameter for FCC (nm)
	0.359859
	0.359927
	0.360173
	0.360072



	Hardness (HV5)
	830 ± 8
	815 ± 8
	807 ± 8
	627 ± 6
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