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Abstract

:

The aim of this manuscript was to study the influence of alloying elements on the phase transformation behavior in advanced high-strength multiphase steels. Continuous cooling transformation (CCT) and time–temperature–transformation (TTT) diagrams were calculated to analyze the stability of phases at variable time–temperature processing parameters. The analyzed materials were lean-alloyed transformation induced plasticity (TRIP) medium manganese steels. The simulations of the phase diagrams, the stability of the phases during simulated heat treatments, and the chemical composition evolution diagrams were made using Thermo-Calc and JMatPro material simulation softwares. The influence of alloying elements, i.e., Mn and C, were studied in detail. The computational and modelling results allowed the influence of alloying elements on equilibrium and non-equilibrium phase diagrams and microstructural and chemical composition evolutions to be studied. Good symmetry and correlation between computational softwares were achieved. The study allows for future optimization of the heat-treatment temperature and time conditions of modern medium-Mn automotive sheet steels.
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1. Introduction


The advanced high-strength steels (AHSS) are today’s material of choice for the lightweight applications in the automotive industry. AHSS are promising materials for lightweight designs, despite the competition of other materials such as aluminum and magnesium alloys. AHSS offer outstanding combinations of strength and ductility [1,2]. TRIP (transformation induced plasticity), DP (dual phase), CP (complex phase), FB (ferritic-bainitic), MS or MART (martensitic), HF (hot-formed), and TWIP (twinning-induced plasticity), are widely used for the body-in-white. First-generation multiphase steels and third-generation medium-Mn steels with strain-induced austenite to martensite transformation are ideally suited for deep-drawing, providing high-strength levels at the same time [3,4]. The most prominent and used processing route for the latest third-generation AHSS steels (medium-Mn steels containing 3–10% Mn) is the so-called intercritical annealing, which involves heating and subsequent holding of the steel at a temperature between the Ac1 and Ac3 in order to obtain partial austenitisation [5]. Most of the time it is done in the two-phase austenite+ferrite region. Afterward, the steel is quenched into room temperature maintaining austenite-ferrite mixture due to the lowering of the Ms temperature by Mn and C partitioning from ferrite to austenite [6,7]. The ferritic-bainitic-austenitic steels (1 gen. AHSS with ~2% Mn) require an additional isothermal step at the bainitic transformation region to stabilize some fraction of retained austenite (RA). After the intercritical annealing, the steel is cooled above the Ms temperature and below the Bs to produce some fraction of carbide-free bainite. When the desired bainite amount has formed, the steel is then quenched to room temperature [8].



Physical experiments can often be time consuming, expensive, and need to be heavily optimized in order to provide the best optimization results [9,10,11,12]. In this situation, it is possible to use numerical simulations to either compare the data with experimental results, optimize the process through adjustments of necessary parameters or fill some gaps in the material property databases and/or predict the material behavior during its life cycle [13,14,15]. In this paper, two material-related softwares were used and compared: Thermo-Calc and JMatPro. Thermo-Calc version 2016b with the provided Database TCFE10.0 was used for the calculation of the phase diagrams, together with the phase evolution diagrams by using the 1 Axis calculation of the DICTRA module. JMatPro allowed for the calculation and modelling of the CCT (Continuous Cooling Transformation) and TTT (Temperature-Time Transformation) diagrams for the temperature ranges, as well as phase evolution diagrams, which can further be used as a model or a base for designing appropriate heat treatment processes [16,17]. The CCT and TTT diagrams themselves provide information about the microstructure produced as a result of phase transformations, as well as non-isothermal transformation of austenite. The results can be applied to produce different types of steels from the AHSS group [18,19,20,21].



The aim of this study is to calculate the CCT and TTT diagrams for model lean-alloyed high-strength steels exhibiting the transformation induced plasticity effect. The diagrams allow the optimization and selection of the appropriate parameters of the heat treatment, which would result from appropriate calculation results [22,23]. The results of the simulation also allow for the analysis of the possible formation of different types of carbides and the examination of increasing retained austenite volume fractions with increasing Mn and C contents for the heat treatment of medium-Mn steels [24,25,26].




2. Modelling Procedure


The designed steel grades were medium-Mn TRIP-aided steels with a Mn content ranging from 2% to 10% and a C content of 0.1% and 0.2%. The Mn content ranging between 2% and 10% was chosen to have the possibility of forming different amounts of retained austenite. The C amount fluctuating at a range of 0.1–0.2% was selected due to its high influence on the mechanical properties, as well as supporting the austenite stability at room temperature. Al and Si contents were stable over all the simulations as this amount of 0.75% was enough to prevent the formation of cementite in the bainitic matrix [27,28,29]. The chemical compositions of the analyzed alloys are shown in Table 1. Within the characterization and simulations made by means of the Thermo-Calc and JMatPro softwares, the influence of the increasing content of Mn (2%, 3.5%, 5%, 8%, 10%) on the equilibrium phases in the Fe-C-Mn-Al-Si pseudo-binary phase diagrams could be analyzed together with the projection and distinction of possible precipitates. The Thermo-Calc version 2016b with the provided Database TCFE10.0 was used for the calculation. The calculation was done with the DICTRA module by usage of the 1 Axis calculation. Thermo-Calc uses the CALPHAD (calculation of phase diagrams) method, which, in short, is an approach of the phenomenological type. It allows for the prediction of different properties of multicomponent systems. CALPHAD works on the basis of phases where everything is modeled as a function of temperature, chemical composition, and in some cases, also pressure. In this way, it is possible to create binary and ternary diagrams/systems, which enable extrapolation of the data and prediction of the properties.



JMatPro V11 was used to determine the kinetics of phase transformation during isothermal and continuous cooling conditions. In addition to the obtained CCT and TTT diagrams, phase evolution diagrams were plotted, which were further used to compare them between two softwares. JMatPro in itself is a JavaScript-based software that allows several modelling methods. JMatPro does not use a designated collection of databases, which are later used to create models for different simulations, but it is built upon physical-based models, which are already incorporated in the software. Thermo-Calc is based on different databases to create, model, and simulate different outcomes. In this work, the phase transformation module was used. Both softwares were used in order to have a possible comparison zone for the phase evolution results and to expand the results for higher understanding of the matter.




3. Results


3.1. Phase Diagram Simulations


Figure 1, Figure 2, Figure 3 and Figure 4 show the phase diagrams created for steels containing a Mn content from 2% to 10%, as well as a change in C content from 0.1% to 0.2%. The addition of 2% Mn shows the formation of cementite, ferrite, and austenite (BCC_A2+CEMENTITE_D011+FCC_A1). The increase of the Mn amount to 3.5% shows an increase in the BCC_A2+CEMENTITE_D011+FCC_A1011 phase and a decrease in the temperature at which the phase starts to form from approximately 700 °C to 525 °C, and the required amount of carbon decreases from approximately 0.02% to 0.01%. The increase in size of the BCC_A2+CEMENTITE_D011+FCC_A1 phase regions causes the BCC_A2+CEMENTITE_D011 phase to decrease in size. Analyzing the diagram further, one can see that an increase in the amount of Mn to 3.5% causes the occurrence of the pure BCC_A2 phase to disappear. A decrease in the required temperature of the BCC_A2+CEMENTITE_D011+FCC_A1 phase has also caused a decrease in the temperature at which the BCC_A2+FCC_A1 phase starts, from approximately 700 °C to 525 °C, and the beginning of the pure austenite phase of FCC_A1 from 1100 °C to 900 °C, which results in an increase in the area of FCC_A1 due to the fact that the upper limit ending its occurrence does not change. Through the examination of the three high temperature phases, which contain BCC_A2, it can be observed that the phase in which pure (BCC_A2) occurs decreases. The temperature of its occurrence decreases from 1393–1538 °C to approximately 1400–1500 °C, and the maximum carbon solubility decreases from approximately 0.1% to 0.07%. This is due to the growth from the BCC_A2+FCC_A1 phase, which increases the temperature at which it starts and the LIQUID+BCC_A2 phase, which decreases its starting temperature. The BCC_A2+CEMENTITE_D011+FCC_A1 phase starts already at the starting point of the diagram (0% C and 250 °C) and the phase expands, which results in it being more stable at room temperature. The increase in the area of BCC_A2+CEMENTITE_D011+FCC_A1 phases causes the further decrease in the BCC_A2+CEMENTITE_D011. The BCC_A2+FCC_A1 phase decreased its starting temperature even further to approximately 400 °C, and the pure FCC_A1 phase expands by decreasing its starting temperature to approximately 800 °C without decreasing its upper limit.



δ(BCC_A2) ferritic phase in 5% Mn steel continues to decrease in size due to the same influence of the BCC_A2+FCC_A1 and LIQUID+BCC_A2 phases as in the 3.5% Mn phase diagram (Figure 2). The BCC_A2+FCC_A1 starting temperature increases and LIQUID+BCC_A2 starting temperature decreases. The result is the temperature, at which pure ferrite δ(BCC_A2) occurs, decreases to 1425–1490 °C, and the maximum carbon solubility decreases to around 0.04%. By further increasing the amount of Mn to 8% (Figure 3), the area of the BCC_A2+CEMENTITE_D011+FCC_A1 phase almost doubled. All the other occurrences continue, which means that the starting temperature of the BCC_A2+FCC_A1 decreases to 300 °C and the starting temperature of pure FCC_A1 decreases to 750 °C, again without changing the upper limit, which results in the increase of its size. In addition, the δ(BCC_A2) ferrite phase decreases even further, to around 1425–1475 °C, and the maximum carbon solubility decreases to approximately 0.02%.



Comparing the 10% concentration of Mn (Figure 4) to the starting diagram of 2% Mn, the area of the BCC_A2+CEMENTITE_D011+FCC_A1 phase increased greatly. The 10% Mn content increases the amount of carbon in the low temperature region to 0.54%. With this, the area of the BCC_A2+CEMENTITE_D011 decreases even further, starting at 0.54%. The starting temperature of the BCC_A2+FCC_A1 phase stops to decrease in comparison with the 8% Mn, but the FCC_A1 starting temperature moves to approximately 725 °C. The BCC_A2 phase almost disappeared with the temperature range of around 1450–1460 °C and maximum carbon solubility of around 0.1%.




3.2. Continuous Cooling Transformation and Temperature–Time Transformation Diagrams


Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 show the CCT and TTT diagrams for selected steels. The CCT diagrams created and calculated with the usage of JMatPro software were used to examine the influence of Mn on a change in the transition temperatures of Ac1 and Ac3, as well as on different phases and the martensite start and martensite 50% and 90% temperatures. The TTT diagrams were used for simulations of isothermal treatments. The quenching temperature of 1100 °C and the grain size of 103 µm were chosen for these calculations. The grain size was calculated with the usage of the given austenitization temperature of 1100 °C and a time of 300 s. The cooling rate, which was used for the calculation, was increasing from 0.01 to 100 K/s. The following results show the influence of the increasing Mn amount, as well as the influence of the change in C from 0.1 to 0.2% (wt.%) on the phase transformation diagrams.



The CCT diagram for 2% Mn and 0.1% C containing steel shows the distribution of the ferrite, pearlite, bainite, and austenite, and the martensite start, martensite (50%), martensite (90%) lines, as well as the transition temperatures Ac1 and Ac3. It can be seen that the distribution of ferrite is almost exactly between the Ac1 and Ac3 lines, and within the time 10–100,000 s. Bainite is formed the fastest at a temperature of 561 °C. The transition temperature of pearlite is shown at 701 °C. The martensite start temperature is at around 424 °C, and the 90% martensite is close to 312 °C. After increasing the amount of Mn to 3.5%, 5%, 8%, and 10%, it can be observed that the higher the Mn content, the more the phases are shifting to the right side of the figure, which means that they are going to be formed only at very slow cooling rates. They will be present also at lower temperatures. For 8% Mn steel, the austenite phase disappeared completely, and at 10% Mn only a very small amount of pearlite and a small amount of ferrite are formed. The further increase in Mn content shifts the Ac1, Ac3, Ms, martensite (50%) and martensite (90%) temperatures down, with the percentages representing the state of the martensite transformation. The higher the Mn content, the lower the Ms temperature. When comparing the results from the sample with 10% Mn and 0.1% C to the sample with 10% Mn and 0.2%(wt.%) C, it can be observed that the increase in the C content increases the amount of pearlite. The temperature of ferrite shifts down, the A3 temperature decreases, and the A1 temperature shifts up. The martensite start temperatures are shifted down and the M (90%) shift down to negative temperatures.



The TTT diagrams for 2%, 3.5%, 5%, 8%, and 10% Mn steels containing 0.1% C show very similar results as the CCT diagrams. With the increase of the Mn content, the martensite temperatures are also shifted down, together with the A1 and A3 transition temperatures. The corresponding steels containing 0.2% C have lower temperatures of ferrite, bainite, and pearlite formation. The pearlite nose is shifted to the left. The Ms temperatures decrease, together with the Ac1 and Ac3 temperatures. The martensite 90% temperature decreases to the negative region, the same as for the CCT diagrams.



All the gathered data on the critical transition temperatures are summarized in Table 2. The equilibrium temperatures (Ae1 and Ae3) are listed based on pseudo-binary phase diagrams (Figure 1, Figure 2, Figure 3 and Figure 4), whereas the Ac1, Ac3, and Ms temperatures are calculated based on CCT diagrams (Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10). It is clear that all the temperatures decrease with increasing Mn content from 2 to 10%. The change in C content from 0.1% to 0.2% lowers the Ms, Ae3, and Ac3 temperatures for all the steel grades, regardless of the Mn amount, but increases the Ae1 and Ac1 temperatures.




3.3. Phase Evolution Diagrams


Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 show the evolution of phases for the temperatures up to 1600 °C. The calculations were made with JMatPro, as well as with Thermo-Calc to not only analyze the evolution of phases but also to compare the results received from both softwares [16,17]. The phase evolution diagram for 2% Mn and 0.1% C steel shows that at the lower temperatures, up to 700 °C, four phases occur: cementite, M23C6, and M7C3 at low ranges of around 1.5%, and ferrite at a very high wt.% of 98%. From the temperatures 700–950 °C, a decrease of ferrite is visible to the range of 0% and the increase of the austenite volume to a fully (100%) austenitic structure. After reaching 1400 °C, the delta ferrite phase starts appearing again to a range of 90%, and afterwards it starts to shift down. Austenite starts to decrease down until it disappears. After austenite disappears, the liquid phase starts to show up until it reaches a range of 100%, and it is left as the last phase.



With an increasing amount of Mn to 3.5%, 5%, 8%, and 10% the reduction of the amount of ferrite can be observed from the starting point, respectively, to: 3.5% Mn = 96% ferrite, 5% Mn = 94% ferrite, 8% Mn = 90% ferrite, 10% Mn = 85% ferrite. With the increase of the Mn content to 3.5% and 5%, a small amount of austenite is visible between 0 and 80 °C at around 1%. When the content of Mn is increased to 8% and 10% Mn, the austenite line is visible at 9% and 11%, respectively. The temperature range in which the M23C6 phase is occurring gets larger with the increase in Mn content, and the M7C3 and cementite decrease in size. The line of the step decrease in the ferrite amount to 0%, and an increase of austenite to 100% creates a fully austenitic structure that moves to the left side of the diagram, which results in the necessary temperature for this transition being lower with the increasing Mn content. After shifting to the temperatures 1400–1600 °C, it can be seen that the liquid phase starts to appear before the austenite phase disappears. With the increase in Mn content, the decrease of the austenite line shifted more from the liquid line, and the peak for ferrite in this temperature region is smaller with increasing Mn concentration.



By comparing the 10Mn-0.1C and 10Mn-0.2C phase evolution diagrams, the result of the increase in C by 0.1% can be examined. By analyzing it from left to right, it can be seen that the beginning austenite line shifted down slightly to around 9%, and the ferrite line stayed mostly the same. The increase in the amount of M23C6 to approximately 4% can also be observed. The transition stage to a fully austenitic structure does not change with the increase in C amount. With the examination of the higher temperatures, it can be seen that the beginning of the liquid phase and the decrease of the austenite line shifts to the left. The ferrite phase peak in this temperature region shows a big decrease from 30% to 10%, which means that the increase in C does not change the amount of ferrite at the lower temperature, but highly affects the higher temperature ferrite.



By comparing the diagrams for the 10Mn-0.1C steel from JMatPro and Thermo-Calc, slight asymmetry can be observed. At the lower temperatures, the lines for ferrite and austenite are the same for both diagrams. A small difference can be seen for M7C3 carbides, for which, in the JMatPro software, a small percentage can be identified at around 500 °C, whereas in the Thermo-Calc they are not visible. The temperature for the change to 100% austenite is the same for both graphs. The most important difference can be seen for the ferrite peak at the high temperature range.




3.4. Chemical Composition Evolution


Figure 17 shows the change in the chemical composition of cementite as a function of temperature for a few selected alloys. The diagram shows how the concentrations of Fe, Mn, and C change as a function of temperature, which corresponds to the change in the chemical composition of the cementite. By analyzing the results for the increasing Mn content and 0.1% C for the samples 1a, 2a, and 3a, it can be seen that, in relation to Mn, the C content does not change. For Mn and Fe, it can be observed that with the temperature rising, the Fe content increases, whereas the Mn content decreases. By analyzing the samples in order of increasing Mn content, it can be seen that the higher the Mn content, the higher its concentration in the cementite. It can be also seen that, with an increase in Mn concentration from 2% to 5%, the temperature stability of cementite changes from 500–700 °C to the 530–620 °C temperature range. Therefore, a general decrease in the temperature stability of cementite with increasing Mn content can be observed.





4. Discussion


Through the calculations made by the use of the JMatPro and Thermo-Calc softwares, it was possible to analyse the influence of the increasing Mn content and the change in carbon content on the phase transformation behavior of several medium-Mn alloys. With the use of two different softwares, the amount of data was extended, together with the comparison ground created. Using the CCT and TTT diagrams, it was possible to understand how Mn influences the phase transformation kinetics and critical temperatures of phase transitions. The CCT diagrams show very similar results to the TTT diagrams. While the Mn content increases, the A1 and A3 temperatures, as well as martensite start temperatures, are shifted down. With the increase of the Mn amount, the martensite start temperatures are also shifted down, together with the A1 and A3 transition temperatures. By comparing the additions of 0.1% C with the steel containing 0.2% C, the shifting of the pearlite nose to the left side can be observed. In addition, with the increase in C content, the transition temperatures of pearlite, bainite, and ferrite shift down. The martensite start temperature lowering indicates the possibility to stabilize some fraction of retained austenite [28]. The Ms temperatures also decrease as a result of the higher C content.



The comparison of the two used softwares indicates some asymmetric tendency. The most significant difference is the one observed within the high temperature ferrite peak, where the difference is at around 20% (for 10% Mn steel, it is almost 100% for Thermo-Calc and around 80% for JMatPro). In the CCT diagrams, an increase in the pearlite amount can be observed at slower cooling rates. Through the simulations, the decrease in the Ms temperature can be observed during the addition of Mn and C [30]. With the increase of the Mn content, a decrease in the phase transition temperature of austenite can be observed. Through the phase evolution diagrams, it was confirmed that the increase in the Mn content decreases the temperature stability of the δ ferrite. The change in the C content by 0.1% lowers the δ ferrite temperature stability even further. The amount of Mn changes the temperatures at which Fe3C is stable, i.e., the temperature range decreases with increasing Mn content. Through further calculations and analyses, it was possible to examine the change in chemical composition of cementite. By analyzing the samples in order of increasing Mn content, it can be seen that the Mn content in the cementite increases, while the Fe continuously decreases, which is in agreement with other works [31,32,33,34]. Through the analysis of the graph shown in Figure 17, it could be also observed that with the change in Mn content for the different steels, the wt.% of C in the cementite does not change throughout all the analyzed steels [6]. For Mn, it can be observed that its content decreases with the temperature increase.




5. Conclusions


Based on the modelling methods used, thermodynamic predictions regarding the influence of Mn and C contents on phase diagrams and phase transformation kinetics in medium manganese steels were determined. The CCT and TTT diagrams provided the needed information and data for further understanding of the Mn content influence on the transition temperature of the different phases. The data gained from the software showed how the Ms temperature decreases with increasing Mn content. With the increase of the C content from 0.1 to 0.2 wt.%, the transition temperatures of ferrite, bainite, and pearlite are shifted down. By comparing the phase evolution data gathered from JMatPro with the ones created through the use of Thermo-Calc, slight asymmetry in the gathered values can be observed. At the lower temperatures, the amount of ferrite and austenite stay consistent through both softwares. A small difference can be seen for the M7C3 phase. In the JMatPro model, it can be seen that, at around 500 °C, a small percentage of the M7C3 phase exists at the given temperature. By examining the same temperature and time for the model gained through the Thermo-Calc software, the M7C3 phase is not visualized. The temperature necessary for the phase change to 100% austenite is the same for both softwares. The difference between the calculated data for both softwares is the highest for the δ ferrite peak. The Thermo-Calc models calculate a higher δ ferrite amount than the JMatPro models. Through the phase diagrams gained from Thermo-Calc, it was confirmed that with the increase of Mn content and corresponding Ms decrease, the partial austenite stability at room temperature is possible, which enables the design of modern multiphase steels containing retained austenite.
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Figure 1. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.1C-2Mn-0.75Si-0.75Al steel (1a). 
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Figure 2. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.1C-3.5Mn-0.75Si-0.75Al steel (2a). 






Figure 2. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.1C-3.5Mn-0.75Si-0.75Al steel (2a).
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Figure 3. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.2C-8Mn-0.75Si-0.75Al steel (4b). 






Figure 3. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.2C-8Mn-0.75Si-0.75Al steel (4b).
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Figure 4. Phase diagram for the Fe-C-Mn-Al-Si system, Fe-0.1C-10Mn-0.75Si-0.75Al steel (5a). 
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Figure 5. Continuous cooling transformation diagram for the Fe-0.1C-2Mn-0.75Si-0.75Al steel (1a). 
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Figure 6. Time–temperature transformation diagram for the Fe-0.1C-2Mn-0.75Si-0.75Al steel (1a). 
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Figure 7. Continuous cooling transformation diagram for the Fe-0.2C-2Mn-0.75Si-0.75Al steel (1b). 
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Figure 8. Time–temperature transformation diagram for the Fe-0.2C-2Mn-0.75Si-0.75Al steel (1b). 
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Figure 9. Continuous cooling transformation diagram for the Fe-0.1-3.5Mn-0.75Si-0.75Al steel (2a). 
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Figure 10. Time–temperature transformation diagram for the Fe-0.1-3.5Mn-0.75Si-0.75Al steel (2a). 
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Figure 11. JMatPro phase evolution diagram for the Fe-0.1C-2Mn-0.75Si-0.75Al steel (1a). 
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Figure 12. Thermo-Calc phase evolution diagram for the Fe-0.1C-2Mn-0.75Si-0.75Al steel (1a). 
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Figure 13. JMatPro phase evolution diagram for the Fe-0.2C-2Mn-0.75Si-0.75Al steel (1b). 
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[image: Symmetry 15 00381 g013]







[image: Symmetry 15 00381 g014 550] 





Figure 14. Thermo-Calc phase evolution diagram for the Fe-0.2C-2Mn-0.75Si-0.75Al steel (1b). 
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Figure 15. JMatPro phase evolution diagram for the Fe-0.1C-3.5Mn-0.75Si-0.75Al steel (2a). 
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[image: Symmetry 15 00381 g015]







[image: Symmetry 15 00381 g016 550] 





Figure 16. Thermo-Calc phase evolution diagram for the Fe-0.1C-3.5Mn-0.75Si-0.75Al steel (2a). 
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Figure 17. Chemical composition of cementite as a function of temperature for selected steels. 
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Table 1. Chemical compositions of the analysed steels, given in weight percent (wt. %).
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	Steel
	C
	Mn
	Al
	Si





	1a
	0.1
	2
	0.75
	0.75



	2a
	0.1
	3.5
	0.75
	0.75



	3a
	0.1
	5
	0.75
	0.75



	4a
	0.1
	8
	0.75
	0.75



	5a
	0.1
	10
	0.75
	0.75



	1b
	0.2
	2
	0.75
	0.75



	2b
	0.2
	3.5
	0.75
	0.75



	3b
	0.2
	5
	0.75
	0.75



	4b
	0.2
	8
	0.75
	0.75



	5b
	0.2
	10
	0.75
	0.75










[image: Table] 





Table 2. Summarized critical temperature data for the analyzed steels of different C and Mn contents.






Table 2. Summarized critical temperature data for the analyzed steels of different C and Mn contents.





	
Mn, wt%

	
2

	
3.5

	
5

	
8

	
10




	
C, wt%

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2






	
Ae1, °C

	
705

	
720

	
640

	
700

	
620

	
670

	
575

	
625

	
520

	
620




	
Ae3, °C

	
955

	
900

	
875

	
850

	
820

	
780

	
750

	
740

	
730

	
720




	
Ac1, °C

	
702

	
716

	
661

	
686

	
627

	
660

	
578

	
620

	
557

	
601




	
Ac3, °C

	
947

	
897

	
882

	
846

	
829

	
802

	
746

	
731

	
703

	
692




	
Ms, °C

	
425

	
382

	
357

	
315

	
299

	
257

	
206

	
164

	
158

	
116

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
COMPOSITION (Wi%)

1200, Fe:963
1 ALOTS

h Mn:20
i 1075
c02
i TRANSITIONS: (C)
por ke 38973
Y Pearlte: 715.7
o 4 I B Bainite: 546.9

1000: i

600

i

| ( @renie(i%)

Temperature (C)

Wrearite(1%)
Meainite(1%)
@ sustenite(1%)

s
B aally ] | F Martensie star
o1 10 1000 100,000 1E7 | @wmartensite 50%

Time (s) @ Martensite 90%

200, ’

Austenitisation temperature (C): 1100.0
Grain size : 103.0 microns





media/file4.png
Temperature [°C]

__LIQUID+BCC_A2

LiQuID
\BCC_A2+FCC_A1 s LIQUID+FCC_A1
1260 - s S
FCC_A1 )
1000 7 = _
BCC_A2+FCC_A1 ;
750 - »
}.--"____..f---'"'"':\-.Bcc_AszMENTlTE_Dm 1+FCC_A1
500 .
BCC_A2+CEMENTITE_DO11

250 b ; 2 . : : : :

0.25 0.50 0.75 1.00 125 1.60 1.75

Mass percent C

CEMENTITE_DO11+FCC_A1

— FCC_Al
== CEMENTITE_DO11
- BCC_A2
—— LIQuID

2.00






media/file30.png
f, %

100 -

3| Property Diagram

3| —— CEMENTITE

4| —— M23C6

LIQUID
—— FERRITE

—— AUSTENITE

— M7C3

.....................................................................................................................

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

200 400 600 800 1000 1200 1400 1600

Temperature, °C

llllll





media/file18.png
CCT

Temperature (C)

1200~ ” |
. : e
1000~ T}. M
i N ‘
" []
300+ i |
a"ﬂ ‘
{ W
600~ |
400+ r 'j
200+ T i | |
|
] KLl At l
0.1 1000 100,000
Time (s)

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION (Wt%)

Fe: 949

Al:0.75

Mn: 3.5

Si.0.75

C:01
TRANSITIONS: (C)
A3:881.9

Pearlite: 661.5
Bainite: 509.4

@ Ferrite(1%)

B rearlite(1%)

M Eainite(1 %)

® 2ustenite(1%)
* Martensite start
® Martensite 50%
@ Martensite 30%





media/file21.jpg
f, %

Property Diagram
LIQuID
FERRITE
—— AUSTENITE
—— CEMENTITE
——mrc3

—— M23C6

0 200 400 600 800 1000 1200 1400 1600

Temperature, °C





media/file26.png
100 3 - e — b
90 .- ' ' s a ' : : r

Property Diagram

LIQUID

803 FERRITE

70d — AUSTENITE
—— CEMENTITE
——— M7C3

603 M23C6

wd oo
R e

f, %

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

0 200 400 600 800 1000 1200 1400 1600
Temperature, °C





media/file27.jpg
Amount of all phases [mol]

>
]
8
B

Temperature ['C]





media/file3.jpg
o i p

[E—

Mass percent C






media/file22.png
f, %

1005 BRIAMRAN e T
90 4| ; _ \ / .
roperty Diagram \ /
LIQUID
80 - —— FERRITE - \ /
—— AUSTENITE
703 ___ CEMENTITE .
——— M7C3 \ /
60 - —— M23C6 \/ :
50 ’ ' :
30 :
/
20 :
10 / \ : /
0 e ﬂl ......... \ ..................... J ........
0 200 400 600 800 1000 1200 1400 1600

Temperature, °C






media/file19.jpg
Temperature (C)

900 e

800

0 ( \

300

200

10 100 1000 10,000
Time (s)

100,000

Austenitisation temperature (C): 1100.0
Grain size : 103.0 microns

COMPOSITION (WI%)
Fe:349
ALO75
Mn:35
075
co1
TRANSITIONS: (©)
£3:881.9
Pearlte: 661.5
Bainite: 500.4
Martensite
Start 357.4
50% 3229
90%: 2428

erte(1%)
Weearte(1%)
Meainite(1%)
—Transformed(10%)
Transfomed(50%)
—Transiormed(0%)
—Completion





media/file7.jpg
Temperature [°C]

cauprre gvsce 1

A Mass percent C






media/file28.png
= Amount of all phases [mol]

1.0

0.8

0.6

0.4

0.0

mM23ce M7C3

Austenite
Ferrite

C?/mentite

Liquid

— BCC_A2

- FCC_Al
— LIQUID

— M7C3_D101
=— CEMENTITE_DO11

400 600 800 1000

Temperature [°C]

1200 1400 1600

1800





media/file10.png
CCT

COMPOSITION {(it%)
12001 Fe: 96.4
Al 0.75
Mn: 2.0
10007 Si: 0.75
C: 0.1
TRANSITIONS: (C)
— 800- A3 947 4
Q Pearlite: 701.9
D Bainite: 561.9
=
© 600~
@
o
£
@
400+
@ Ferrite(1%)
200+ . M Pearlite(1 %)
M Eainite(1%)
| @ 2ustenite(1%)
0 s i I l i * Martensite start
0.1 10 1000 100,000 1E7 | @ Martensite 50%
Time (s) @ Martensite 90%

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns





media/file33.jpg
Chemical composition, wt%

&

500 520 540 560 580 600 620 640 660 680 700 720
Temperature, °C





media/file32.png
Amount of all phases [mol]

e % Austenite
Ferrite
il Liquid
0.6
0.4
0.21 — BCC_A2
- M23C6_D84
M33C6 M7C3 Cementite = CEMENTITE_DD11
'u \ — FCC Al

— \ X\ ~— LIQUID
0.0

0 200 400 600 800 1000 1200 1400 1600 1800

Temperature [°C]





media/file14.png
CCT
1200~ | In I “
T il ~ ~ .
T .
10001 Tl T i |
et N LIl Nl NN ||
N
g 800~ ::ﬂ ] a:' :'ﬂ
g . A 57 ,1 ' "
g - ~l 1
o
=
@ \
= 400+ : 'J
ool | 1 \
|
oL L et L1 l! Rl AL
0.1 10 1000 100,000 1E7
Time (s)

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION (WWt%)
Fe:96.3

Al 0.75

Mn: 2.0

Si:0.75

C:0.2
TRANSITIONS: (C)
A3:897.3

Pearlite: 715.7
Bainite: 546.9

@ rerrite(1%)

M Pearlite(1%)

M Eainite(1%)

® sustenite(1%)
* Martensite start
@ Mmartensite 50%
@ Martensite 90%





media/file11.jpg
TLD

1000.

900

800

700

600

Temperature (C)

500

400

300
1

o0 0 1000 10000
Time (5)

106,000

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns.

COMPOSITION (W1%)
Fe:96.4
AL075
Mn: 20
80075
co1
TRANSITIONS: (©)
A3 947.4
Pearlte: 701.9
Bainite: 561.9
Martensite.
Start 424.7
50% 3919
90%: 3158

@Ferite(1%)
earite(1%)
Maainte(1%)
—Transformed(10%)
— Transformed(50%)
— Transformed(30%)
—Completion






media/file6.png
Temperature [°C]

1500

BCC_A2 .

1250

1000

750

500

-

LIQUID+BCC_A2

FCC_Al

LIQUID

LIQUID+FCC_A1

CEMENTITE_DO011+FCC_A1

BCC_A2+FCC_A1

BCC_A2+CEMENTITE_D011+FCC_A1

BCC_A2+CEMENTITE_D011 ~— BCC_A2
~— CEMENTITE_DO11
— FCC Al
~— LQuID
1.00 1.25 1.50 1.75 2.00

Mass percent C






media/file15.jpg
FTT

Temperature (C)

NS

300

i
|

200
1

10 00 1000 10,000
Time (5)

100,000

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION (W1%)
Fei963
ALOTS
Mn:20
075
co2
TRANSITIONS: (©)
£3:807.3
Pearlte: 715.7
Bainite: 546.9
Martensite:
Start 3824
50%: 3485
90%: 2700

@feriei%)
Weearte(i%)
Mainite(1%)
~Transformed(10%)
—Transformed(50%)
Transformed(a0%)
—completion





nav.xhtml


  symmetry-15-00381


  
    		
      symmetry-15-00381
    


  




  





media/file16.png
900

800+

Temperature (C)

300+

200
1 10 100 1000 10,000

Time (s)

100,000

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION {W1t%)
Fe: 96.3

Al:0.75

Mn: 2.0

Si:0.75

C:0.2
TRANSITIONS: (C)
A3:897.3
Pearlite: 715.7
Bainite: 546.9
Martensite:

Start: 382 .4
50%: 3485
90%: 270.0

@ Ferite(1%)

M FPearlite(1 %)

M Eainite(1%)
——Transformed(10%)
“—Transformed(509%)
“—Transformed(90%)
— Completion





media/file2.png
Temperature [°C]

~ LIQUID+BCC_A2 —
T _BCC_A2+FCC_A1 e LIQUID+FCC_A1 [
1250 ! i P =
FCC_A1 |
1000 ©
CEMENTITE_DO11+FCC_A1
?SD_kBCC_AZ BCC_A2+FCC_AT il B -
e . BCC_A2+CEMENTITE_DO11+FCC_A1
500 -
BCC_AZ2+CEMENTITE_DO11
- FCC Al
—— CEMENTITE_DO11
-~ BCC_A2
— uquiD
250 | o S - 5 = - 5 Q
Q.00 0.25 0.50 075 1.00 1.25 1.50 175 2.00

Mass percent C






media/file20.png
q00 - A3=8819

-
800 T "’.‘
-'ﬂf
=

700+ " \

(ny)
o
o

Temperature (C)

300+

200

10 100 1000 10,000
Time (s)

100,000

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION {WW1%)
Fe: 949

Al 075

Mn: 3.5

Si0.75

C:0.1
TRANSITIONS: (C)
A3:8819
Pearlite: 661.5
Bainite: 509.4
Martensite:

Start: 357 .4
50%: 322.9
90%: 2428

@ rerite(1%)

M Pearlite(1 %)

M Eainite(1%)
——Transformed(10%)
——Transformed(50%)
“—Transformed(909%)
— Completion





media/file23.jpg
Amount of all phases [mol)

s s

comentte

A

s

>)!

Temperature [°C]






media/file5.jpg
Temperature [°C]

y——

A Mass percent C





media/file24.png
Amount of all phases [mol]

Y
\Ferrite Austenite
= " Liquid
E: “~ Liqui
0.8 q
0.6
0.4
— BCC_AZ
0.2 - M23C6_D84
— M7C3_D101
Cementite — CEMENTITE_D011
| \ i — FCC_A1
’ \ b — LIQUID
-
200 400 600 800 1000 1200 1400 1600 1800

Temperature [°C]





media/file29.jpg
f, %

Property Diagram
—— LIQUID
~—— FERRITE
~——— AUSTENITE
——— CEMENTITE
——m7c3

~——— M23C6

‘ ]

0 200 400 600 800 1000 1200 1400 1600

Temperature, °C





media/file1.jpg
Temperature [C]

reen

Mass percent C.






media/file31.jpg
Temperature ['C]

T = T

[jow] saseyd fie jo nowy <4





media/file25.jpg
f, %

1003 T T T T T T Ty
90 Property Diagram 3
804 —— LIQUID 3

—— FERRITE
704 ~—— AUSTENITE 3

—— CEMENTITE

- Mm7C3
603 mascs |
504 E
404 3
304 |
204 5
10§ 5

[EES

0 200 400 600 800 1000 1200 1400 1600
Temperature, °C





media/file12.png
1000~

900+

800+

700-

Temperature (C)

500+

600+

400 =

300

|
![!
0

10 100 1000 10,000

Time (s)

100,000

Austenitisation temperature (C) : 1100.0
Grain size : 103.0 microns

COMPOSITION (W1t%)
Fe:96.4

Al 0.75

Mn: 2.0

Si:0.75

C:0.1
TRANSITIONS: (C)
A3 947 4
Pearlite: 701.9
Bainite: 561.9
Martensite:

Start: 424.7
50%: 391.9
90%: 3158

@ Ferite(1%)

M Fearlite(1 %)

M Eainite(1%)
“—Transformed(10%)
——Transformed(50%)
——Transformed(90%)
— Completion





media/file9.jpg
Temperature (C)

1200 I “ |||
1000, 3 HIK
i
Vi il i
ke, e S N
a0 b N i
& il
600- ! i
o | I
oo 11 TR R 1
o ||l il
5 o Taoo o000 T
Time (s)

Austenitisation temperature (C): 1100.0
Grain size : 103.0 microns

COMPOSITION (WI%)
Feig64

AL075

Mn:20

51075

co1
TRANSITIONS: (©)
A3 0474

Pearlte: 701.9
Bainite: 561.9

Ferte(1%)
Wrearite(1%)
Meainite(1%)
®ustente(1%)
 Marensite stat
®warensite 50%
® Martensite 30%





media/file0.png





media/file8.png
Temperature [°C]

—BCC_A2
LIQUID+BCC_A2 LIQUID —— CEMENTITE_DO11
e — FCC Al
BCC_A2 ~ LIQUID
~Cub_A13
BCC_A2+FCC_A1 LIQUID+FCC_A1 [ —

1250

FCC_Al

1000

CEMENTITE_D011+FCC_A1

750

BCC_A2+FCC_A1

500 BCC_A2+CEMENTITE_D011+FCC_A1

BCC_A2+CEMENTITE_DO011

250
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

A Mass percent C





media/file34.png
Chemical composition, wt%

60 3

2o—§

§O1C 5Mn

’éozo 2Mn

- .2.0-3. ........ i

llllllllllllllllllllllll'lllllllllllllllllllllllllllllllllllllllIlllllllllllllllllllllllllllllllllllllllllllllllll

500 520 540 560 580 600 620 640 660 680 700 720

Temperature, °C





media/file17.jpg
CCT

COMPOSITION (W1%)
1200 For940
u wors
W35
1000 W SRR Sl S so7s
i AR il co1
WL i TRANSITIONS: (C)
5 o U N e Avo619
g AN, Poatte 61,5
£ - . ! Bainite: 509.4
£ o
g .
E
b |
@Ferite(1%)
300 T | Wpearite(1%)
Maainite(1 %)
@ austenite(1%)
AL il ) ] F artensie start
X} o o0 165000 167 | Gt 206
Time (s) @ Martensite 90%

Austenitisation temperature (C): 1100.0
‘Grain size : 103.0 microns.





