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Abstract

:

Carbide-free bainitic (CFB) steels with a matrix of bainitic ferrite and thin layers of retained austenite, to reduce the manufacturing costs, usually do not contain alloying elements. However, a few reports were presented regarding the effect of alloying elements on the properties of these steels. Thus, this study evaluates the effects of vanadium and rare earth (Ce-La) microalloying elements on the structure, phase transformation kinetics, and mechanical properties of carbide-free bainite steel containing silicon fabricated by the casting and austempering procedure. Optical and scanning electron microscopy (OM and SEM), electron backscatter diffraction (EBSD), and X-ray diffraction (XRD) were used to study the microstructure and phase structure. The transformation kinetics were examined by a dilatometry test. Hardness, tensile, and impact tests evaluated the mechanical properties. Due to adding alloying elements, the fracture toughness and change in matrix phases relation was studied by the crack tip opening displacement (CTOD) test and SEM fractography. The microstructure of the silicon added sample was completely carbide-free bainite. The test results showed vanadium helped CFB formation, even in continuous cooling. The primary austenite grain (PAG) size grew by vanadium addition. The EBSD phase map illustrates an increment in the percentage of retained austenite by vanadium. In contrast, the addition of 0.03 wt% rare earth reduced the primary austenite grain size and reduced the retained austenite content. The results of the dilatometry test confirmed that vanadium and rare earth addition both reduced the critical cooling rate of the bainite transformation. Vanadium leads to an earlier cessation of bainite transformation, while rare earth elements postpone this transformation. Mechanical tests showed that the tensile strength of carbide-free bainite steels was strongly influenced by the morphology and volume fraction of austenite. Retained austenite, when transformed to martensite during the transformation-induced plasticity (TRIP) phenomenon, leads to increased tensile strength and fracture toughness, or retained austenite with a film-like shape prevents the growth of cracks by blinding the crack tip. The result of the CTOD test exhibited that retained austenite plays the leading role in increasing crack resistance when TRIP occurs.
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1. Introduction


Much research has been done since the late 1980s, when a new class of bainite steels with a matrix including bainite ferrite and retained austenite was introduced as nanostructured bainite steels or carbide-free bainite (CFB) steels. These research studies can be divided into several categories: First, the studies recognizing this phase, among which the most important are those conducted by Sandvik and Nevalainen [1], Caballero and Bhadeshia [2], and Garcia-Mateo and Edmonds [3,4,5,6]. The next category includes focusing on the fundamental factors affecting the formation of the carbide-free bainite phase. This category can also be referred to as the joint work of Behadshia and Edmunds. The last category focuses on the behaviors of the CFB phase in different working conditions, such as wear and fatigue [7,8,9].



Garcia-Mateo et al. [4] exhibited that CFB steels were extended because of their cheap production procedure and good properties. Their result depicted that CFB steels were produced only by adding about 2 wt% of silicon or aluminum via the casting procedure followed by isothermal heat treatment in the low bainite temperature range without the need for thermomechanical work. Adding alloying elements increases the final price of the steel, so studies on the effect of adding alloying elements on the mechanical and structural properties of steel are limited. In this respect, it was exhibited [10] that vanadium could affect the bainitic transformation rate in two ways: the effect on grain size and solute drag. In another study, Sourmail et al. [11] investigated the effect of vanadium on the direct and indirect decomposition of retained austenite. Their result depicted that the addition of vanadium slowed down the austenite decomposition process. In a study by Yu et al. [12], the effect of niobium (Nb) microalloy elements on the thermal stability of carbide-free bainite steel was evaluated. Their result revealed that niobium leads to the higher thermal and mechanical stability of residual austenite films. Niobium improves the morphology of bainite, leading to thinner retained austenite layers.



Conventionally, vanadium, niobium, and titanium alloying elements are used to improve the mechanical properties of steels by precipitation hardening. Vanadium usually results in fine-grained steels by forming carbide in the high-temperature range of Ac3 and preventing the movement of grain boundaries (pinning). However, this phenomenon occurs only in perlite and ferrite steels [13,14,15,16] and in bainite and martensite steels; carbide deposition does not appear in them until they are tempered [17,18]. The introduction of vanadium leads to less solute drag than other alloying elements [19,20]. It also seems to affect the deposition of other carbide-producing elements [21]. In other studies, rare earth elements have been mentioned as modifiers to enhance mechanical properties via melting purification and grain size optimization [21]. Rare earth elements perform the pinning process of the grain boundary instead of carbides by oxides and sulfides. The oxides and sulfides of these elements are formed in the early stages of casting and do not require secondary heat treatment for formation. Besides the mechanism of grain boundary pinning by oxides and sulfides, rare earth elements have a larger atomic radius than iron and can create extraordinary solute drag when placed in a chemical composition [22]. Finally, oxides such as Ce2O3 form during solidification, acting as heterogeneous nucleation sites. Rare earth elements are expected to play a desirable role in optimizing the properties of bainite steels. It is demonstrated that a modifier, including titanium, vanadium, and rare earth elements, significantly affects the mechanical properties, which is affected by the dendritic structure and segregation of the carbon and alloying elements, and by the austenite grains. However, from the few reports in the literature, most have focused on studying the influence of microalloying elements such as vanadium and rare earth on the microstructure and mechanical properties of carbide-free bainitic steels. Therefore, the purpose of the present investigation is to examine the effect of vanadium and rare earth on the structure, phase transformation kinetics, and mechanical properties of carbide-free bainitic steel containing silicon for obtaining a combination of strength and ductility along with low manufacturing costs.




2. Materials and Methods


All samples in this study were prepared by the casting and austempering process. Melts preparation was conducted using a carbon steel scrap, alloying elements and ferroalloys in an Inductotherm network frequency induction furnace with a capacity of 800 kg. The optimal content of 0.1 wt% for vanadium was selected based on the research conducted by Ollilainen et al. [23], Kim et al. [24], and Yang et al. [25]. However, optimal content of 0.03 wt.% for rare earth was selected according to the studies of Adabavazeh et al. [26] and Ji et al. [27]. The chemical composition of the studied samples is listed in Table 1. The chemical composition of the samples was measured by a FOUNDRY-MASTER Pro2 optical emission spectrometer (OES). The casting procedure for all 1.6511, 1.6511Si2, 1.6511Si2M, and 1.6511Si2V specimens was conducted in sand molds prepared according to ASTM A781-05 style keel blocks (Figure 1a). A CFB matrix in the as-casted sample was achieved by using isothermal heat treatment in the lower bainite temperature range and adding 2 wt.% silicon to the matrix. The austempering process was carried out at 300 °C for 5 h in a KNO3 salt bath and NaNO3 with 50% of each salt. The heat treatment process cycle is shown in Figure 1b. For further studies, samples were machined from the tensile zone of the austempered keel blocks based on ASTM A781-05.



To investigate the effect of alloying elements on the transformation kinetics, isothermal dilatometry was conducted on the as-cast samples using BAHR 805A/D dilatometry in cycles similar to Figure 1b. Continued cooling dilatometry was also performed to check the effect of alloying elements on the critical temperatures of all samples. An Olympus PME3 light microscope and TESCAN-LMU 30 kV electron microscope equipped with energy-dispersive X-ray spectroscopy (EDS) were used to study the microstructure, and working distances were 4–5 mm. The ASTM E3-11(2017) standard was used for the preparation of metallographic specimens. Sample preparation was started by a mechanically wet grounding with 80–2500 SiC grit paper; subsequently, a 0.05 microns diamond polishing paste was employed for final preparation. The specimens were etched in 4% Nital solution (4% nitric acid + 96% ethanol) for 5 s. Phase composition of the matrix characterization was performed using X-ray diffraction (XRD) and electron backscatter diffraction (EBSD). A Philips PW 1710 diffractometer, with its tube anode being Cu with Kα = 1.54242 Å, was used for the XRD analysis. The angle of the goniometer was selected from 20 to 120 degrees to include all the main steel peaks. XRD results were also analyzed by Xpert high score software. The EBSD was performed with an EDAX EBSD detector. Hardness tests were performed by Koppa Brinell (Universal), the tensile tests by GOTECH The AI-7000-LAU TESTING MACHINES at a 2 mm/min elongation rate at ambient temperature, and the Charpy impact at ambient temperature, according to the ASTM E23-2a standard, to evaluate the mechanical properties of the samples. Each test was repeated three times to examine the reproducibility of the results. CTOD sample preparation was performed according to the BS 7448-1 standard with a square cross-section. The groove shape profile was also prepared using a wire-cut according to Figure 1c, and the tip radius was considered to be 0.1 mm. The groove length was considered equal to 0.47 of the sample width. The Instron universal testing machine created the initial fatigue crack in the form of a three-point flexural.




3. Results and Discussion


3.1. Microstructural Evolution and Transformation Kinetics


Figure 2 shows the SEM metallography of 1.6511 steel in two-state, optimized states by adding 2 wt% silicon and the standard composition. The optimized silicon sample has a carbide-free bainite structure.



XRD results (Figure 3) show that in the pattern of the standard WN 1.6511 sample a cementite peak presents, but due to the small dimensions of the carbides, the peak intensity is low and wide (indicated by the circle in Figure 3). In contrast, this peak is removed in the optimized sample. Matching these patterns by the SEM images (Figure 2), it can be concluded that the structure of the optimized sample consists only of bainitic ferrite and austenite, or in other words, carbide-free bainite. In the following, the effects of adding alloying elements to this CFB matrix are examined.



Figure 4 presents the dilatometric test results of samples with different chemical compositions, including the silicon-modified alloy (1.6511Si2) and silicon-modified alloy after adding 0.1 wt% of vanadium (1.6511Si2V), as well as the silicon-modified alloy after adding 0.03 wt% of rare earth alloy (1.6511Si2M) at a continuous cooling rate of 4 °C/s. In the 1.6511Si2 sample, three transformations peaks are observed at temperatures of 556.55, 437.9, and 282.4 °C, which are related to the transformation of austenite to perlite (or ferrite), bainite, and martensite, respectively, according to the temperature range. After adding vanadium to the chemical composition, the transformation of austenite to perlite (or ferrite) did not occur, and the temperatures of the bainite and martensitic transformations were transferred to lower temperatures. A similar behavior is observed after the addition of cerium to the chemical composition. The peak associated with the perlite (or ferrite) transformation was removed; in other words, due to the addition of both microalloy elements, the critical cooling rate for the formation of diffusionless transformations was reduced. However, unlike vanadium, cerium and lanthanum have increased the initiation temperature of the martensitic transformation (Ms in the 1.6511Si2 sample is 282.4 °C, in the 1.6511Si2V sample it is 230 °C, and in the sample containing the rare earth element it is 290 °C). In other words, with the addition of rare earth elements (cerium and lanthanum), the process length for the bainite formation becomes shorter. Microscopic studies (Figure 5) show that the microstructure after adding vanadium and rare earth elements is in the form of granular bainite. However, in samples containing vanadium, this granular bainite is carbide-free; however, in the sample containing rare earth elements, the formation of carbide phases in the microstructure was not prevented. No perlite formation in the structure of samples containing microalloying elements led to carbon retained in the chemical composition of the parent phase (austenite), and it could be more thermodynamic stable at lower temperatures. The shifting of the bainite transformation temperature to lower temperatures in both samples can be due to this issue, along with increasing the strength of the matrix phase due to the solid solution strengthening effect. However, because of the formation of carbide in the sample containing cerium and lanthanum in the bainite transformation, the carbon content of the parent phase has decreased, and as a result, its thermodynamic stability has decreased, and martensitic transformation occurred at higher temperatures than the vanadium-containing sample.



It has been confirmed in various studies [23,24,28] that with an increasing vanadium content, the rate of perlite transformation slows and the steel hardness increases by increasing the vanadium content. Vanadium in solution seems to affect the mobility of the carbon atoms [10,25,26,27,28,29,30]. Using Thermo-Calc software we performed the thermodynamic analysis, showing that the type of stable carbides in the matrix changes from cementite to M6C and M7C3 carbides. The formation of these carbides is due to the uphill diffusion of elements such as cerium and molybdenum [31]. Therefore, the formation kinetics of these carbides will be slower than cementite, and at low temperatures of transformation, the possibility of their formation is very low. The presence of cerium and lanthanum in a chemical composition similar to vanadium increases the probability of obtaining bainite, and especially martensite, at lower cooling rates. The reason for this manner in different studies has been stated as the deposition of this element in the interface of ferrite and austenite, which prevents the diffusion of carbon [30,31,32,33].



Preventing or disrupting the diffusion of carbon by vanadium and cerium can be the main reason for the delay in forming the perlite (or ferrite). However, in general, the behaviors of the two elements are different. Vanadium retains carbon in austenite, while cerium prevents the diffusion of trapped carbon in ferrite into austenite. Thus, the probability of cementite formation in the sample containing cerium is much higher than the sample containing vanadium. This issue will be discussed in further discussions. Isothermal dilatometry at 300 °C was used to investigate the effect of vanadium and cerium on the transformation in the isothermal condition (Figure 6). Time was measured till the dilatation stopped. In this respect, vanadium leads to an earlier cessation of transformation, and cerium delays its cessation by a different behavior; therefore, in similar conditions, the specimen that contains the vanadium parent phase should have a greater effect on the isothermal transformation than a specimen that contains rare earth elements. This point is confirmed by other examinations in the present study. Microscopic images in Figure 7 show that the substructure resulting from the isothermal transformation in both samples is carbide-free bainite. The retained austenite phase percentage change with increasing vanadium and rare earth elements was investigated using the EBSD phase map. According to the phase map (Figure 8), the face-centered cubic (FCC) phase corresponding to austenite is shown in a different color from the body-centered cubic (BCC) phase corresponding to the ferrite phase. Image analysis showed the volume percent of retained austenite in sample 1.651i2 is about 16%. The sample containing vanadium and cerium have 20 and 12% volume fractions of austenite, respectively. As expected, the retained austenite volume fraction is higher in the sample where the bainite transformation stopped earlier (1.6511Si2V sample), and the volume fraction of the retained austenite is lower in the sample where the transformation stopped posteriorly (1.6511Si2M sample).



Some of the observed changes in microstructure by the addition of these alloying elements could be due to changes in the activity of carbon by incorporating them, so the effect of these elements on carbon was investigated. The linear EDS method was employed to examine the effects of the addition of alloying elements on the carbon content of the austenite interface, as presented in Figure 9. The EDS analysis is not accurate enough to detect the carbon content, and thus only qualitatively employed it.



It is observed that by adding vanadium, carbon has a higher tendency to remain in austenite, and the average carbon content of austenite slightly increases by the addition of vanadium. Unlike vanadium, the presence of cerium and lanthanum in the CFB matrix increases the carbon content in ferrite and decreases it in austenite. If the EDS results are correct, it is possible to investigate the reason for the earlier or later cessation of the bainite transformation by adding alloying elements. Bainite transformation takes place as long as the thermodynamic conditions are possible to convert austenite into bainite. By decreasing the stability of austenite, bainite transformation needs less activation energy. So, in equal temperature in the alloy, its matrix austenite stability is less; hence, the bainite transformation progresses more. One of the important items that austenite stability depends on is carbon content. Decreasing carbon content resulted in austenite becoming unstable, so it can be concluded that bainite transformation can be assisted by an alloying element that reduces the carbon content of austenite. In this regard, rare earth elements assist bainite transformation, while vanadium postpone this transformation. In other words, vanadium assisted carbon diffusion, but rare earth elements act as a barrier to diffusion. Figure 10 shows the prior austenite grain size measured using EBSD analysis. Comparing Figure 10a–c shows that the addition of vanadium into the CFB steels leads to the escalation of the grain size of the PAG from an average of 15 μm to 30 μm, while the average grain size of PAG was reduced to about 7 μm by the addition of rare earth elements.



Grain growth with the addition of vanadium contradicts the results of many scientific studies and the reason for the use of vanadium in tool steels [34,35]. Grain growth due to the addition of vanadium is observed in only a few studies [11,30]. Therefore, the lack of information in this regard is quite noticeable. Based on the points presented in [11,30], it seems that encapsulation of vanadium into the CFB steel prevented the formation of carbide phases; it also disrupted the formation of other nitrites and oxides. Lack of oxides and carbides that act as barriers to grain growth will lead to grain growth. The rare earth elements usually prevent grain growth due to segregation in the interfaces of austenite and ferrite [36]. These elements can form oxidation and nitride phases with very high stability during solidification, and these oxides and nitrides act as heterogeneous nucleation sites during solidification [37]. During solidification, rare earth elements increase the volume fraction of the equiaxed zone by changing the surface tension of the solidification phases and reducing the distance dendrite arm spacing (DAS) [38]. All of the above could have occurred due to the steel under study, which resulted in fine-grained and microstructure modification. According to the study by Chester and Bhadeshia [39], the reduction in the grain size of the steel results in increasing the number of nucleation sites in bainite, thereby increasing the volume fraction of the bainite during bainitic transformation, which is consistent with the results of the dilatometry and EBSD test in the previous section. The formation of carbide in the microstructure of the alloy that contains rare earth elements could also reduce the grain size. Due to the finer grain size, the diffusion coefficient and, as a result, the mobility of silicon in the structure increases [40]. In other words, the probability of trapping this element in cementite decreases as the grain size decreases. On the other hand, increasing the ferrite carbon content decreases its thermodynamic stability, and the tendency to form carbide (cementite) increases. Therefore, by adding rare earth elements to the CFB matrix, the probability of carbide formation increases.




3.2. Mechanical Properties


Figure 11 shows the hardness graph of the studied samples in the standard state after the addition of silicon and obtaining the CFB structure and the microalloyed CFB samples. The Brinell hardness value in the standard sample (without silicon) was 380 HB, which increased to 410 HB with the addition of silicon due to the solid solution strengthening and microstructure change to CFB. Comparing the hardness of other microalloyed samples with this sample, it seems that the hardness value depends on the amount of retained austenite in the matrix. In sample 1.6511Si2V, with the higher amount of retained austenite, a lower hardness value was measured (405 HB), and in sample 1.6511Si2M, with lower retained austenite, a higher hardness value (415 HB) was observed.



Figure 12 demonstrates the engineering stress–strain curve and Table 2 shows the 0.2% offset yield and tensile strength of the studied samples. The yield strength of all specimens mainly followed the Hall Patch relationship [40]. The 1.6511Si2M sample with an average PAG size of 7 μm showed an average yield strength of 878 MPa, and the 1.6511Si2V sample with an average PAG size of 30 μm showed a yield strength of 787 MPa. It should be noted that the standard tensile strength is also affected by the matrix structure and solid solution strengthening. The lower yield stress of the standard samples, with an average grain size of 12 μm compared to other samples, especially 1.6511Si2 with a similar grain size (average 15 μm), is mainly due to the lack of silicon in the matrix of the base steel.



Studies by Tao et al. [41] on duplex steels show that the elastic modulus of ferrite is higher than that of austenite. However, the austenite in these steels has a higher work hardening coefficient and tensile strength. Due to the higher percentage of retained austenite (about 20 vol%) in the microstructure of the 1.6511Si2V sample, the tensile strength and relative elongation are higher than the other samples (tensile strength in this sample is 1063 MPa, and the relative elongation is about 10%). Reducing the percentage of retained austenite in the 1.6511Si2M sample compared to the 1.6511Si2V sample from 20 to 12 vol% led to a 7% reduction in tensile strength to 980 MPa and a 3.5% reduction in elongation. It should be considered that despite the strong relationship between the tensile strength and the PAG size and the percentage of retained austenite in the matrix phase, other factors such as the grain boundary characteristics, the morphology of inclusions in the structure, and many other metallurgical variables can also affect the final properties of the steel. The behavior of the 1.6511Si2V sample in the tensile test indicates that despite a high amount of retained austenite in the matrix, they are not bulky and unstable, so they do not turn into untampered martensite due to applied stresses. The conversion of retained austenite to untampered martensite can cause a reduction in the ultimate tensile strength (UTS) from 1063 ± 5 MPa for the 1.6511Si2V sample to 965 ± 4 MPa for the 1.6511Si2 sample, as presented in Figure 12. On the other hand, stable retained austenite can increase the tensile strength in two ways: crack blinding and TRIP [37]. The SEM image shows the fracture surfaces of 1.6511Si2 after impact testing, as shown in Figure 13. It is worth noting that both phenomena are likely to occur together where the presence of dimples (Figure 13a) is related to the existence of a soft phase, while the crack closure is associated with the TRIP phenomenon (Figure 13b).



Figure 14 shows the variation in the energy-absorbed values attained from the impact test of the 1.6511, 1.6511Si2, 1.6511Si2V, and 1.6511Si2M samples. Impact testing is an indirect method for obtaining fracture toughness [42,43]. Since the fracture toughness mostly depends on the possibility of blinding the crack tip by secondary phases and changing the crack path due to grain boundaries [44], the impact test results of the samples, shown in Figure 14, were studied from these two perspectives. Sample 1.6511Si2V has the highest volume fraction of retained austenite among the samples; despite the larger grain size due to the possibility of simultaneous blinding and the TRIP phenomenon resulting from its retained austenite, it was able to absorb great energy before failure. Rare earth elements, besides decreasing the grain size, which leads to increased fracture toughness [45,46,47,48,49,50,51,52], also increase the grain boundary strength [36]. It seems that there is an increase in energy required for the fracture of the 1.6511Si2M sample compared to the standard sample, and the 1.6511Si2 sample has a higher grain boundary volume and higher grain boundary strength compared to other samples. Moreover, the rare earth elements reduce the distance between the dendritic arms, leading to improved mechanical properties regardless of other cases [38]. The 1.6511 sample in the standard state (without Si) absorbs the lowest amount of energy before fracture, which can be due to the simultaneous lack of retained austenite (or in other words, CFB matrix) and the presence of carbide in the structure.




3.3. CTOD Examination and Failure Mechanism


According to the results of the CTOD test, the Kq of the samples increased from 37.53 MPa m1/2 (For 1.6511) to 54.9 MPa m1/2 (for 1.6511Si2V). Figure 15 shows the force–crack tip opening displacement relationships for the 1.6511, 1.6511 Si2, and 1.6511Si2V samples. As can be seen in the figure, 1.6511Si2V experienced more force and aperture before failure than the other samples. A very significant difference between the CFB samples graph is the existence of a pop-up in the stages before the failure. The leap in the graph indicates an increase in the fracture toughness of the sample due to the TRIP phenomenon during loading. The pop-up amount increased by increasing the amount of retained austenite.



Figure 16 and Table 3 show the average length of the crack. In the vanadium-containing specimen, the average length of the crack growth zone is 9.56 mm, while in other specimens it is more than 10.2 mm. The variation in crack length is lower in samples containing more silicon. It shows that more retained austenite causes a lower crack growth length.



The crack length in the silicon sample is not much different from that in the sample without Si, and since the sample matrix contains CFB silicon, it seems illogical to consider crack blindness as the main mechanism for increasing the resistance in samples with a CFB matrix. On the other hand, the existence of significant pops-up and an increase in force for the same displacement in steels with a CFB matrix compared to non-CFB matrix steels can be attributed to two phenomena. One is the increase in strength due to the solid solution as a result of the increase in silicon, and the other is the TRIP phenomenon. On the other hand, due to the slight increase in vanadium content in the 1.6511Si2V sample, the increase in the probability of the TRIP phenomenon occurring with the increase in retained austenite can be considered as the main factor of resistance to crack growth.





4. Conclusions


(1) Adding vanadium to the chemical composition increases the possibility of producing a CFB matrix, even in continuous cooling. On the other hand, by assisting the growth of PAG (in solid solution), it increases the volume fraction of retained austenite.



(2) Rare earth elements, due to their large atomic radius, can act like inclusions in the microstructure; even if they do not form oxides and sulfides, they lead to a reduction in grain size. These elements can cause carbide formation in ferrite by keeping more carbon in it. The encapsulation of Ce-La into the CFB matrix leads to a reduction in the grain size of the prior austenite by half, which resulted in a 25 vol% reduction in the retained austenite.



(3) The mechanical properties of CFB steels are mainly affected by the retained austenite content in the microstructure and its stability. For example, less than 4 vol% of retained austenite remaining in the 1.6511Si2M sample compared to the 1.6511Si2V sample resulted in a 7% reduction in tensile strength and a 3.5% reduction in elongation.
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Figure 1. (a) Schematic of the keel blocks; (b) heat-treatment process cycle; and (c) CTOD samples. 
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Figure 2. Microstructure of 1.6511: (a) standard composition and (b) optimized states by adding 2 wt% silicon. Note: The microstructure has changed from martensitic bainitic to CFB with the addition of silicon. 
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Figure 3. XRD patterns of (a) the 1.6511 sample and (b) the silicon-modified (1.6511Si2) sample austempered at 300 °C. Note: The cementite peak vanishes when adding silicone. 
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Figure 4. Dilatometric test results of the silicon-modified alloy (1.6511Si2), silicon-modified alloy after adding vanadium (1.6511Si2V), and silicon-modified alloy after adding a rare earth alloy (1.6511Si2M) at a continuous cooling rate of 4 °C/s. 
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Figure 5. (a) Optical microscopy and (b) SEM metallography of sample 1.6511Si2V; (c) optical microscopy and (d) SEM metallography of sample 1.6511Si2M. SEM metallography shows that the microstructure of both alloys is granular bainite. Note: 1.6511Si2V is CFB while 1.6511Si2M is containing carbides. 
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Figure 6. Isothermal dilatometry graph of 1.6511Si2, 1.6511Si2V, and 1.6511Si2M at 300 °C. Note: Transformation cessation is delayed by adding rare earth elements, but vanadium caused it to occur sooner. 
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Figure 7. Optical and electron metallography of 1.6511Si2V (a,b) and 1.6511Si2M (c,d) after austempering at 300 °C. Note: All samples have CFB matrix. 
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Figure 8. EBSD phase map of the (a) 1.6511Si2, (b) 1.6511Si2V, and (c) 1.6511Si2M samples. The red phase shows the retained austenite. Note: Retained austenite increased with vanadium and decreased with the rare earth elements. 
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Figure 9. Linear EDS graph of the carbon content in 1.6511Si2, 1.6511Si2V, and 1.6511Si2M. 
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Figure 10. EBSD images of the PAG distribution of (a) 1.6511Si2, (b) 1.6511Si2V, and (c) 1.6511Si2M. By adding vanadium to the chemical composition the PAG size increased and by adding a rare earth element it decreased. 
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Figure 11. Variation in the hardness of the samples based on their identification codes. 
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Figure 12. Typical engineering stress–strain curve of samples. 
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Figure 13. SEM images of the fracture surfaces of 1.6511Si2 after impact testing (a) two different fracture surfaces, a ductile fracture (dimples in A area) and brittle crack face (B area); and (b) crack blunting by the second phase (C area). 
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Figure 14. Graph of the energy absorbed during the impact test of the samples. 
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Figure 15. Force against the opening of the crack tip opening displacement of sample 1.6511 (blue), 1.6511 Si2 (green), and 1.6511Si2V (red). 
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Figure 16. Cross section of the CTOD sample fracture surfaces and length of the crack (a to i) for (a) 1.6511, (b) 16511Si2V, and (c) 1.6511Si2. Note: In CFB samples, the crack lengths are more uniform compared with the no CFB sample. 






Figure 16. Cross section of the CTOD sample fracture surfaces and length of the crack (a to i) for (a) 1.6511, (b) 16511Si2V, and (c) 1.6511Si2. Note: In CFB samples, the crack lengths are more uniform compared with the no CFB sample.



[image: Applsci 12 01668 g016]







[image: Table] 





Table 1. Chemical composition of the studied samples and their identification code.
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	Sample Description
	Identification Code
	C
	Si
	Mn
	V
	RE
	Cr
	Mo
	Ni





	DIN 36CrNiMo4
	1.6511
	0.4
	0.4
	0.8
	0
	0
	0.9
	0.4
	0.9



	DIN 36CrNiMo4-2Si
	1.6511Si2
	0.4
	2
	0.8
	0
	0
	0.9
	0.4
	0.9



	DIN 36CrNiMo4-2Si-0.03RE
	1.6511Si2M
	0.4
	2
	0.8
	0
	0.03
	0.9
	0.4
	0.9



	DIN 36CrNiMo4-2Si-0.1V
	1.6511Si2V
	0.4
	2
	0.8
	0.1
	0
	0.9
	0.4
	0.9
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Table 2. Mechanical properties, including the yield stress (YS, with 0.2% offset) and ultimate tensile strength (UTS) of the samples.
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	Sample
	Yield Strength (MPa)
	Ultimate Tensile

Strength (MPa)





	1.6511
	713 ± 3
	915 ± 4



	1.6511Si2
	858 ± 4
	965 ± 4



	1.6511Si2M
	878 ± 4
	980 ± 4



	1.6511Si2V
	787 ± 3
	1063 ± 5
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Table 3. Crack length of the sample after failure in the CTOD test.
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	Sample
	Crack Length in Zone a (mm)
	Crack Length in Zone b (mm)
	Crack Length in Zone c (mm)
	Crack Length in Zone d (mm)
	Crack Length in Zone e (mm)
	Crack Length in Zone f (mm)
	Crack Length in Zone g (mm)
	Crack Length in Zone h (mm)
	Crack Length

in Zone I (mm)





	1.6511
	8.923
	10.232
	10.949
	11.184
	11.124
	10.351
	10.232
	10.232
	9.131



	1.6511Si2V
	9.276
	9.486
	9.605
	9.605
	9.755
	9.575
	9.755
	9.545
	9.426



	1.6511Si2
	9.253
	10.062
	10.421
	10.151
	9.882
	10.122
	10.541
	10.541
	10.271
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