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    Abstract


    Austempered ductile cast iron (ADI) has emerged as a major engineering material in recent years. It has a unique microstructure consisting of bainitic ferrite and high carbon austenite. In this investigation, nanostructured austempered ductile cast iron (ADI) consisting of bainitic ferrite and high carbon austenite was developed by applying a unique process consisting of austenitization and simultaneous high temperature plastic deformation at the same austenitizing temperature followed by austempering. It was theorized by these authors that further refinement of this of ADI in the nanoscale region could possibly further enhance the mechanical properties of ADI and nanostructured ADI can be potentially a useful structured material. The influence of plastic deformation, single step and two-step austempering process on the resultant microstructure and mechanical properties of nanostructured ADI has been examined. Test results indicate that the application of high temperature plastic deformation together with austempering can result in nanostructured ADI. The extensive transmission electron microscopic investigation further confirmed the presence of nanostructured ausferritic structure in ADI as a result of the application of the unique heat treatment process.
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    Introduction


    In recent years, austempered ductile cast iron (ADI) has emerged as a major engineering material for structural applications. This is due to its exceptional combination of mechanical properties such as high strength, good fracture toughness, good fatigue strength and excellent wear resistance, and good ductility. Other advantages of ADI are that, it has low production costs due to its good castability, excellent machinability and shorter heat treatment processing cycles [1,2]. ADI compares favorably with steel and aluminum castings and has been extensively used as structural components in wide range of industrial applications such as automotive, defense, agricultural, railways, mining, and construction industries.


    Typical microstructure of ADI processed by conventional austempering process [3], consists of bainitic ferrite, transformed austenite enriched with carbon along with the graphite nodules. The temperature and time of austempering determines the volume fraction of these phases as well as the carbon content of the austenite. As for example in ADI, lower austempering temperatures (near 260 ℃) produce fine acicular ferritic structure (lower ausferrite) along with a smaller volume fraction of bainitic ferrite. This results in high tensile strength and hardness with lower ductility and poor machinability. Higher austempering temperatures (near 400 ℃) produce coarser carbide free ferrite and higher volume fraction of austenite. This structure is often referred to as ausferritic structure and provides substantial improvement in ductility (with elongation of up to 14%) and good machinability. At the same time, higher austempering temperature results in relatively lower hardness and lower strength [4].


    Two-step austempering process, detailed in earlier publications [5,6] involves quenching the material from the austenitizing temperature to a lower austempering temperature (to create larger supercooling to facilitate more ferrite nucleation) and heating up to a higher temperature to facilitate faster growth of carbon in austenite. Previous studies [5,6] have shown that two-step austempering process reduces the overall time for the processing of ADI and results in very fine/grain bainitic ferrite and austenitic structure and simultaneously results in significant improvement the strength and toughness of ADI compared to those processed by single step (conventional) austempering process.


    While ADI has good combination of strength and toughness, refining of the micro-structures in the nanoscale range can further improve the mechanical properties and nano ADI can be a potential substitute material, in many critical structural applications, where forged or wrought high strength steels are being used.


    While a significant number of nanostructured materials have been developed in recent years, the application of nanotechnology in bulk structural materials like iron and steel has been rather limited. Nano-structured grain size has been obtained in various metals and alloys by severe plastic deformation processes such as equal channel angular pressing, torsion straining, multiple forging, alloying, repetitive corrugation and straightening [7,8]. These techniques have several disadvantages because it results in defects such as microporosity, contamination and brittleness in the material. While some existing literature is available on the development of nanostructured steel and nonferrous alloys [9], only limited investigations have been carried out to produce nanostructured ADI. Myszka, et al. [10,11] recently tried to produce Nano-structured ADI by austempering at lower bainitic transformation temperature range for a prolonged period and achieved a significant refinement of ferrite plates in less than 100 nm range. Azevedo, et al. [12] achieved refinement in austenite grain boundary by a process of rapid austenitization of prior martensitic structures. Previous studies have also detailed that the refinement of grains by transformation rather than deformation will result in improved strength and toughness. However, the characteristics of ADI including non-homogenous chemical composition, casting defects such as eutectic dendrites and porosity as well as the presence of graphite nodules makes it difficult to produce refined structure in the nanoscale range by applying only the phase transformation technique. It was theorized by these investigators that simultaneous plastic deformation of austenite grains and austempering could possibly produce grain size of ADI in the nanoscale range. During austempering process, ferrite grains nucleate at the prior austenitic grain boundaries. It was therefore hypothesized to produce nanostructured grains by elevated temperature plastic deformation of the austenite grains. As the austenite grains deform, austenite grain boundaries will provide more heterogeneous nucleation sites for the growth of ferrite as shown in Figure 1. This deformed austenite, when austempered will result in extremely fine scale ferrite and austenite micro-structure in the material. This could possibly result in very fine scale ferrite and austenite most likely in the nanoscale range. Furthermore, deformation energy imparted in the material can accelerate the phase transformation reaction and thus will reduce overall process cycles for ADI.


    
      Figure 1: Deformation of austenite grain. View Figure 1

    


    The primary objective of this investigation was to explore the validity of this hypothesis and to examine whether nanostructured ADI can be produced by applying simultaneous plastic deformation and austempering process. The secondary objective was to characterize the microstructures and mechanical properties of nano-structured ADI.


    Materials and Methods


    A low alloyed ductile cast iron was used in this investigation. The chemical composition of the material is reported in Table 1. The material was cast in the form of KEEL blocks and from these cast blocks cylindrical tensile samples were prepared as per ASTM standards E-8 [13].


    
      Table 1: Chemical composition of ductile cast iron used in this study. View Table 1

    


    After fabrication, the cylindrical tensile samples were divided into 2 sets. The first set of samples was subjected to conventional single step austempering process. These were austenitized at 927 ℃ for 3 hours in a furnace attached to the Instron Universal Testing Machine. The samples were then plastically deformed at 927 ℃ (beyond its yield strength) at a strain rate of 5 mm/min, with a plastic strain of 5% by applying load prior to austempering. After deformation, the samples were transferred to a salt bath maintained at different austempering temperatures such as 288 ℃, 316 ℃, 360 ℃ and 385 ℃. The samples were maintained at the specific austempering temperature for 3 hours and then air cooled to room temperature.


    The second set of samples was subjected to two-step austempering process. These samples were also austenitized at 927 ℃ for 3 hours and then plastically deformed. The samples were then first quenched in a salt bath maintained at 260 ℃, and while being kept in the salt bath for 15 minutes, the temperature of the salt bath was raised quickly to the second austempering temperatures, i.e., 288 ℃, 316 ℃, 360 ℃ and 385 ℃. The samples were austempered at these temperatures for 3 hours before air cooling to room temperature.


    Microstructures of the samples were examined by optical microscopy and JEOL JSM 6510 LV LGS Scanning Electron Microscopy (SEM) after polishing and etching with 3% nital solution.


    Transmission Electron Microscopy analysis was carried out to confirm the presence of nanostructure in ADI and to identify the phases by indexing the diffraction patterns. Thin specimens were cut from the gauge length of the heat treated cylindrical tensile samples using a precision diamond wafering cutter. These samples were then mechanically polished to 0.1 mm thickness using a 180-grit silicon carbide paper. Final polishing was done using a cloth and 0.05 μm alumina powder solution and thickness of the samples were reduced to about 70 μm. Discs of 3 mm diameter samples were then punched from these sections. The 3 mm discs were then ion beam thinned using a dual gun ion beam milling machine, initially under 9° inclination angle and ion gun voltage of 5 kV until perforation is visible for time ranging from 3 to 5 hours depending on the initial thickness of the sample. After perforation, the ion gun voltage is reduced to 3 kV and the inclination angle is set to 6° for about 20 minutes. These samples were then examined near the perforated area using a JEOL 2010 (LaB6 Filament Gun) transmission electron microscope at an accelerating voltage of 200 kV.


    X-ray diffraction (XRD) analysis was conducted using monochromatic copper Kα radiation at 30 kV and 10 mA with the Bruker Phaser II diffractometer, to estimate the volume fraction of retained austenite and its carbon content. The ferric cell sizes (d) were also determined using the well-known Scherer equation [14].


    d= 0.9λ βcosθ


    where λ is the wavelength, β is the breadth of ferrite peak at half height in radians and θ is the Bragg angle.


    The tensile testing of these samples was carried out on a servo-hydraulic MTS test machine as per ASTM standards E-8. Tests were carried out at constant engineering strain rate of 4 Ö 10-4 s-1. Three to four identical test samples were tested and the yield and tensile strength were calculated from the load vs. displacement plots on a x-y recorder. The average values together with standard deviations from these samples are reported in Table 2 and Table 3.


    
      Table 2: Ferritic cell size of ADI with respect to temperature and heat treatment process. View Table 2

    

    

    
      Table 3: The mechanical properties of plastically deformed ADI with respect to heat treatment. (ADI samples austenitized at 927 ℃, plastically deformed, followed by either single step/two - step austempering). View Table 3

    


    Results and Discussion


    Microstructure


    The optical microstructure of the as cast ductile cast iron is reported in the Figure 2. The microstructure consisted of matrix of fine ferrite and pearlite along with dispersed graphite nodules. Characteristic bull's eye structure of ferrite surrounding the graphite nodules is observed. The graphite in the as-cast structure appears well rounded with 85% nodularity. Figure 3 shows the some of the optical and the high magnification SEM micrograph of the ADI samples which were austenitized, plastically deformed at 927 ℃ and processed by single step austempering process. The microstructure of the ADI (plastically deformed and austempered) consists of bainitic ferrite, retained austenite along with graphite nodules dispersed in the matrix. Since nucleation depends on super cooling and at lower austempering temperatures, growth rate of ferrite grains is low and it resulted finer bainitic ferrite and austenite structures at lower austempering temperatures. Thus, the lower austempering temperature of 288 ℃ and 316 ℃ resulted in finer bainitic structures than those austempered at higher austempering temperatures of 360 ℃ and 385 ℃. The coarseness of the bainitic ferrite increased with the increase in austempering temperature. The austenite was also observed in bulky or coarse at higher austempering temperatures. It was also observed that the high temperature plastic deformation did not affect the nodularity of the graphite nodule.


    
      Figure 2: As-cast microstructure of ductile cast iron. a) Optical microscope image (Mag 200x); b) Optical microscope image (Mag 1000x). View Figure 2

    

    

    
      Figure 3: Typical optical and high magnification SEM micrograph of plastically deformed single step austempered ADI. a & b) Tγ = 927 ℃, TPD = 927 ℃, TA = 385 ℃; c & d) Tγ = 927 ℃, TPD = 927 ℃, TA = 288 ℃. View Figure 3

    


    Figure 4 shows some of the optical and the high magnification SEM micrograph of the plastically deformed and two-step austempered samples. During plastic deformation at austenitizing temperature, the distorted austenite grain boundaries provide more heterogeneous nucleation sites for the growth of ferrite. The transformation of austenite to ferrite by the isothermal treatment occurs by nucleation and growth process. Nucleation depends on super-cooling and the high carbon content in austenite can be achieved by faster diffusion of carbon at higher austempering temperatures. Thus, once the nucleation is complete, if the ADI is heated to a higher austempering temperature, it will enable faster diffusion of carbon and thus increasing the carbon content of austenite rather quickly. During the two-step austempering process, the ductile cast iron samples were initially quenched to a lower temperature of 260 ℃ which facilitates higher super cooling and hence greater ferrite nucleation. As the austempering temperature was raised to the second austempering temperature, the faster growth of the already nucleated ferrite occurs alongside faster diffusion of carbon to austenite. Lower austempering temperature of 288 ℃ and 316 ℃ resulted in finer ferritic structures than those austempered at higher austempering temperatures of 360 ℃ and 385 ℃. The nodularity of the graphite was also not affected by in two step process.


    
      Figure 4: Typical optical and high magnification SEM micrograph of plastically deformed, two step austempered ADI. a & b) Tγ = 927 ℃, TPD = 927 ℃, TA1 = 260 ℃, TA2 = 385 ℃; c & d) Tγ = 927 ℃, TPD = 927 ℃, TA1 = 260 ℃, TA2 = 288 ℃. View Figure 4

    


    The volume fraction of the austenite, determined from the X-ray diffraction analysis is shown in the Figure 5. The average volume fraction of austenite was observed to increase as the austempering temperature is increased. It is also evident from the Figure 5 that the high temperature plastic deformation along with two-step austempering process has resulted in a higher volume fraction of austenite than the single step austempering process. During the two-step austempering process, the ductile cast iron samples were initially quenched to a lower temperature of 260 ℃ which facilitates higher super cooling and hence greater ferrite nucleation. More ferrite particles are nucleated in this case but the growth rate of ferrite was low because of lower average temperature in these samples. Therefore, two step austempered ADI had higher volume fraction of austenite, at the same time finer ausferritic structure. Thus, it appears that nucleation process is more dominant than the growth process in ADI. Comparatively, the volume fraction of ferrite the high temperature plastically deformed ADI samples is significantly lower than the conventional single step austempered ADI detailed in our previous investigation [4]. Thus, this unique process will result in finer ferrite and austenite together with larger volume fraction of austenite in the material. This is expected to result in further improvement in mechanical properties in ADI as compared to conventionally austempered samples by single step process.


    
      Figure 5: Influence of high temperature plastic deformation on the volume fraction of transformed austenite with respect to single step and two step austempering. View Figure 5

    


    The ferritic cell size (d) was determined for all the heat treated ADI samples using the well-known Scherer equation [14]. It is the average size of the crystallite or ferritic laths, which is smaller than the grain size. Average ferritic cell size is also the measure of the mean free path for the dislocation motion in the material. Table 2 reports the effect of austempering temperatures on the ferritic cell sizes of the plastically deformed ADI samples. The average ferritic cell size of the ADI increases with the increase in austempering temperature. Statistically, no significant difference was observed in the ferritic cell sizes between the single step and two step processing in the plastically deformed ADI. Plastic deformation has significantly reduced the ferritic cell size when compared with in conventional ADI as reported in our previous investigation [15]. These data from Figure 6 confirms that nanostructured ADI can be produced by our unique process.


    
      Figure 6: TEM micrographs of ductile cast iron conventionally austempered at 385 �C. a) Dark field image from α (110) bainitic ferrite reflection; b) X-ray diffraction profile; c) SAED pattern for bainitic ferrite phase; d) SAED pattern for austenite. View Figure 6

    


    The carbon content of austenite (Cγ) at the austenizing temperature is given by equation [16]:


    C o = Tγ 420 -0.17×(%Si)-0.95


    Using the above equation, for our present material Co comes to be around 0.65. This carbon will be distributed in the transformed ferrite (α) and transformed austenitic in the material. Thus, we can express Co as:


    C o = X α . C α + X γ . C γ


    Where Cα is the carbon content of ferrite and Cγ is the carbon content of austenite, Xα and Xγ are the volume fraction of austenite respectively. Since, ferrite dissolves very little carbon Cα ~ very small. Therefore, the term Xα.Cα can be ignored and Co can be approximated to Xγ.Cγ. This equation indicates as volume fraction of austenite increases the carbon content should decrease. Since, the two step austempered samples had lower volume fraction of austenite, the carbon content was higher in these samples.


    The typical dark field image TEM micrograph of the conventionally austempered ductile cast iron without plastic deformation is shown in Figure 6a. The dark field image obtained from the α (110) bainitic ferrite reflection shows the coarse bainitic ferrites and retained austenite present in between the bainitic ferrite laths. This is in good agreement with the X-ray diffraction profile of the conventionally austempered ductile cast iron (ADI) showing the presence of both the ferrite and austenite phases as shown in the Figure 6b. The SAED pattern obtained shows the typical spot diffraction pattern with well-defined spacing and angles in the Figure 6c and Figure 6d and confirms the presence of bainitic ferrite and austenite phases respectively. Figure 7a shows the TEM bright field of the ADI sample, austenitized and plastically deformed at 927 ℃ and processed by single step austempering at 385 ℃. The dark field image as shown in Figure 7b obtained using the bainitic ferrite reflection α (110) shows the bainitic ferrite structure which occurs as tiny subunits. Similar observation is obtained for the austenite reflection. The corresponding X-ray diffraction pattern shown in the Figure 7d confirms the presence of austenite and ferrite phases in the plastically deformed ADI. In the X-ray diffraction profile, the γ (111) is not prominent and the γ (220) peak is not present indicating the lower volume fraction of austenite in these plastically deformed samples. Figure 8 shows TEM bright field and dark field images of the ADI samples, austenitized and plastically deformed at 927 ℃ and processed by two-step austempering process. The bright field image in Figure 8a shows the bainitic ferrite subunits with austenite laths in between them in the nanoscale range. The bainitic ferrite appears as very fine subunits with the films of austenite between them. The X-ray diffraction profile in Figure 8d of the plastically deformed, two step austempered ADI show faint austenite peaks, indicating the lesser volume fraction of austenite in these samples, when compared to conventional ADI. Only γ (220) peak is not present in these samples.


    
      Figure 7: TEM micrographs of ADI sample austenitized and plastically deformed at 927 ℃ and austempered at 385 ℃. a) Bright filed image; b) Dark field image from α (110) bainitic ferrite reflection; c) Ring SAED pattern for bainitic ferrite phase; d) X-ray diffraction profile. View Figure 7

    


    The selected area electron diffraction (SAED) pattern of these samples in Figure 7c and Figure 8c showed continuous rings for bainitic ferrite and austenite. This continuous ring arises from the ultra-fine grain structures. The diffraction pattern changes from spot to rings (example: Figure 6c and Figure 7c) when the refinement of the grains occurs [17] as shown in the Figure 9. The refinement of the grain has resulted in the refinement of the crystallites inside the grains. Thus, the plastic deformation of the ADI resulted in ultra-fine nanocrystalline bainitic ferrite and austenite as evident from the TEM micrograph and SAED pattern.


    
      Figure 8: TEM micrographs of ADI sample austenitized and plastically deformed at 927 ℃ and two-step austempered at TA1 = 260 ℃, TA2 = 385 ℃. a) Bright filed image; b) Dark field image from α (110) bainitic ferrite reflection; c) Ring SAED pattern for bainitic ferrite phase; d) X-ray diffraction profile. View Figure 8

    

    

    
      Figure 9: Changes in diffraction pattern with respect to grain size [17]. View Figure 9

    


    Table 3 reports the mechanical properties of the (plastically deformed) ADI and austempered by single step and two step austempering processes. Plastic deformation was performed at the strain rate of 5 mm/min. The samples underwent plastic strain of 5% at the austenitizing temperature prior to austempering. These results show that the ADI samples austempered at lower austempering temperatures had higher strength and hardness. A difference of 39% in the yield strength and approximately 22% for the ultimate tensile strength was observed between the upper and lower austempering temperatures for the samples austempered by single step austempering process. This can be attributed to the presence of finer nanostructured bainitic ferrite and austenitic structure in the samples austempered at lower austempering temperatures. As mentioned earlier, at higher austempering temperatures of 360 ℃ and 385 ℃ coarser and feathery ferrite along with higher volume fraction of islands of austenite was observed. This micro-structural feature is responsible for the lower strength in these ADI samples. Two step austempered samples had higher strength than the single step austempered samples even though the average bainitic ferrite grains were larger in these samples. However, no significant difference in the hardness value was observed. In two-step austempered samples, larger volume fraction of carbon stabilized austenite resulted in higher strength than the ADI samples processed by single step austempering process.


    Conclusions


    1. In this investigation, nanostructured ADI was produced by a unique heat treatment process conceived by these investigators. This process involves high temperature plastic deformation during austenitization followed by either single or two-step austempering process.


    2. High temperature plastic deformation and austempering in the lower bainitic temperature range resulted in ultra-fine laths of bainitic ferrite and retained austenite in ADI.


    3. The width of the bainitic ferrite increased with the increase in austempering temperature. High temperature plastic deformation greatly reduced the width of bainitic ferrite in the ADI samples austempered in the upper bainitic temperatures when compared to conventionally processed ADI.


    4. Plastic deformation resulted in the grain refinement in the nanoscale range which is evident from the ring SAED pattern obtained from the plastically deformed ADI samples.


    5. The proposed unique heat treatment process involving a combination of high temperature plastic deformation and subsequent austempering has resulted in a robust process window that makes nano ADI with better mechanical properties, practically possible from production standpoint.


    6. While these investigators were successful to produce Nano-structured ADI, we have not been able to optimize the process parameters. Further investigations are necessary to find the optimum percentage of typo-Delete optimum plastic deformation, austenitizing temperature, austempering time and temperature so that nano ADI with exceptional combination of strength, toughness and ductility can be produced.
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