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Abstract: 

Modeling retained austenite in quenching and partitioning (Q&P) steels remains a 

challenge, and the conventional ‘constrained carbon equilibrium’ (CCE) model fails to 

predict the optimal condition for achieving the maximal amount of retained austenite 

in various systems, which impedes the optimization of the Q&P process. One of the 

main limitations is that the possible decomposition of austenite to bainite during 

partitioning is completely ignored by the essential assumptions of the Q&P process and 

hence the associated CCE model. In this study, a CCET model that combines the 

conventional CCE model with the T0 model for the bainitic transformation and 

incorporates the effect of the isothermal bainitic transformation to describe the austenite 

stability during the Q&P process has been proposed. A detailed comparison between 

the experimental observation and model predictions demonstrated that the retained 

austenite could be better described by the CCET model, including its carbon content. 

The current model therefore provides a more accurate approach for tailoring the amount 

and stability of retained austenite after the Q&P processing of Fe-C-Mn-Si steels. 

Keywords: Quenching and partitioning steels; Bainitic transformation; Retained 

austenite; Modeling. 
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1. Introduction  

As a promising family of third-generation advanced high-strength steels (AHSSs), 

quenching and partitioning (Q&P) steels, which were first proposed by Speer et al. [1-

3], exhibit a good combination of strength and ductility and have received extensive 

attention from the automotive industry. In the Q&P process, austenite is first quenched 

to a temperature between the martensite start temperature (MS) and the martensite finish 

temperature (Mf) to form a controlled fraction of initial martensite, followed by an 

isothermal partitioning step either at or above the quenching temperature. The aim of 

this partitioning step is to stabilize the austenite by promoting the carbon partitioning 

from the supersaturated martensite to the austenite. After partitioning, the austenite is 

eventually quenched to room temperature. During this step it may form secondary 

martensite if the carbon enrichment was not sufficient for fully stabilizing the austenite 

[4], and the austenite that remains untransformed (retained) at room temperature is 

responsible for the improved combination of strength and ductility due to the 

transformation-induced plasticity (TRIP) effect [5-9]. 

To describe the amount of retained austenite in the Q&P process, a ‘constrained 

carbon equilibrium’ (CCE) model was proposed [1, 10, 11]; the essential assumptions 

of this model are as follows: 1) a stationary α/γ interface, iron atoms and substitutional 

atoms are not transferred across the interface during partitioning; and 2) at the end of 

partitioning, the chemical potential of carbon is the same in both phases. Furthermore, 

it was implicitly assumed that neither austenite decomposition nor carbide precipitation 
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in the martensite take place during partitioning and, thus, all carbon would ideally 

partition and remain in solid solution in the austenite. Based on the CCE model, an 

optimal quenching temperature with a maximal amount of retained austenite could be 

predicted, which is commonly used as the guideline in the process design of Q&P steels. 

However, it was found that, in several Q&P systems, disagreement between CCE 

prediction and experimental observation arose for either the exact amount or the 

optimal temperature. In several cases, the amount of retained austenite predicted by the 

CCE model was significantly lower than the experimental value. For example, Bagliani 

et al. [12] reported that the actual amount of retained austenite was higher than the 

values calculated by the CCE model when the quenching temperature was above 280 °C 

for 0.28C-1.4Si-0.67Mn-1.49Cr-0.56Mo steel. Hajyakbary et al. [13] showed similar 

results for 0.3C-1.6Si-3.5Mn steel when the quenching temperature was above 220 °C 

and the partitioning time was longer than 100 s. 

Depending on the composition and processing parameters, neglecting the 

isothermal bainitic transformation during partitioning was probably an essential reason 

for the large deviation between the experimental and predicted amounts of retained 

austenite [14]. Various experimental results have demonstrated that the isothermal 

decomposition of austenite to bainite could occur during partitioning. De Cooman et al. 

[15] studied the kinetics of the isothermal transformation in Q&P steels and showed 

that isothermal products formed during the partitioning process at either above or below 

the MS temperature. Hajyakbary et al. [13] used dilatometry to further analyze the 
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transformation kinetics during partitioning and concluded that the length expansion 

observed during isothermal holding could not be explained by considering carbon 

partitioning alone without the formation of bainite. In recent years, additional 

experimental investigations [16-18] combining dilatometry and scanning electron 

microscopy (SEM) directly confirmed the occurrence of the bainitic transformation in 

several Q&P systems, and the conditions under which the bainitic transformation took 

place in different Q&P steels were systematically reviewed [19]. Moreover, because of 

the bainitic transformation, the initial approximations that carbon fully partitions from 

athermal martensite to retained austenite and that the stability of retained austenite 

could be evaluated by full carbon enrichment do not hold true. In the event of bainite 

formation in the microstructure during the partitioning step and associated austenite 

carbon enrichment, the retained austenite in the final microstructure can be expected to 

have large variations in fraction and carbon concentration [20]. Samanta et al. [16] 

reported that, by subjecting 0.32C-1.78Mn-0.64Si-1.75Al-1.20Co (in wt.%) steel to an 

isothermal holding time of 60 s, the amount of bainite increased significantly from 

approximately 35% to 55% as the quenching temperature increased from 210 °C to 

310 °C, whereas the amount of retained austenite remained at approximately 5%. 

However, C partitioning from both martensite and bainite could increase the carbon 

content of retained austenite to 1.3–1.5 wt.%. Further carbon enrichment by the 

formation of bainite stabilized the retained austenite so that it did not transform into 

secondary martensite, even after immersion in liquid nitrogen (−196 °C) for 5 minutes. 
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Therefore, to better predict the amount and stability of retained austenite, the formation 

of bainite during partitioning should be considered. 

In addition to these experimental investigations, efforts have been made to develop 

theoretical models to better describe the isothermal partitioning in the Q&P process. In 

2016, Lee et al. [21] established a model by modifying the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) model and combining it with the finite element method (FEM) 

to simulate thermal dilatation during Q&P, especially the isothermal partitioning 

process. Silva et al. [22] studied the bainitic transformation in Q&P steels and 

established a model of isothermal bainitic transformation kinetics based on classical 

nucleation theory. However, the sensitivity of the kinetic parameters in different alloy 

systems would greatly limit the application of the model to other steel compositions; 

furthermore, the model predicts only the bainitic transformation—not its effect on 

retained austenite. 

With respect to the bainitic transformation model, various approaches such as the 

Gibbs energy balance (GEB) model [23, 24], the T0 model [25], and the T0' model [26], 

which have shown accurate predictions in different circumstances, have been 

established. Despite the essential controversial understanding of the transformation 

mechanisms, all these models could provide relatively accurate predictions of the 

isothermal bainitic transformation. Based on the diffusion assumption, Hao Chen et al. 

[23] proposed the GEB model for describing the transformation stasis in a series of Fe-

C-Mn and Fe-C-Mn-Si steels with different Mn concentrations. The maximal amount 
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of isothermal transformation was associated with kinetic stasis, where the 

transformation decreases by orders of magnitude. However, one limitation of the GEB 

model was that the initial carbon concentration of the austenite before the isothermal 

transformation was critically important in the calculation process of the transformation 

stasis. Under the diffusionless assumption, bainite formation would cease when the 

carbon enrichment of austenite reaches the limit of the T0 model or the T0' model. In 

contrast to the T0 model, the T0' model considers the strain energy associated with 

diffusionless growth. For the T0 model and the T0' model, the T0/ T0' lines are 

determined by the alloy composition except the carbon concentration and the initial 

carbon concentration has no effect on the carbon concentration at which the 

transformation reaches the stasis. However, regardless of the complex mechanisms of 

the bainitic transformation, the GEB, T0 and T0' models all obtained relatively accurate 

results for the isothermal bainite fraction, especially in low-Mn systems. Moreover, in 

the Q&P process, the transformation of bainite and the partitioning of carbon from 

martensite to austenite are coupled processes, and therefore the initial carbon content 

in the austenite before the bainitic transformation is difficult to determine. Therefore, 

the T0 and T0' models are more suitable than the GEB model for the calculation of the 

isothermal bainitic fraction in the Q&P process. Furthermore, combining the T0 or T0' 

models with the CCE model could help to analyze the effects of the isothermal bainitic 

transformation on the amount and stability of retained austenite. A better description of 

the correlations among the processing parameters and the retained austenite could 
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provide guidance for optimizing the Q&P process. 

In the current work, the CCE model is modified by the T0 model to consider the 

effect of the isothermal bainitic transformation. The model can predict the amount and 

stability of the retained austenite by considering the carbon enrichment due to the 

isothermal bainitic transformation during partitioning. To validate the model, dedicated 

experiments were designed and performed for three Fe-C-Mn-Si alloys with different 

amounts of Mn, and the influence of Mn in Fe-0.2C-1.60Si Q&P steels was also 

discussed. Two of these alloys are characterized by the transformation of a significant 

amount of bainite during isothermal partitioning. The transformation kinetics and the 

resulting microstructure were characterized in detail and compared with the predictions 

of the CCET model. Compared with the traditional CCE model, the better agreement 

of the CCET model reveals the importance of considering the effect of the isothermal 

bainitic transformation. In addition, the influences of carbide precipitation and the 

formation of carbide-free bainite on the retained austenite were investigated based on 

the CCET model. 

2. Experimental procedures 

Three Fe-C-Mn-Si steels with different Mn contents were produced for this 

investigation. The chemical compositions are listed in Table 1. These three 

experimental steels were prepared with a vacuum furnace and cast into 50 kg ingots. 

The ingots were forged, cut into blocks and homogenized at 1200 °C for 2 h before hot 

rolling. Subsequently, the blocks were hot rolled to approximately 6 mm through seven 
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passes with a finish rolling temperature of 870 °C, followed by a final water quench to 

room temperature. 

A DIL805 A/D dilatometer from TA instruments was used to measure the dilatation 

of the cylindrical dilatometric specimens, which were 4 mm in diameter and 10 mm in 

length, during the Q&P process. The heat treatment profiles are shown in Fig. 1. The 

cooling rates of the A, B, and C steels were 5, 1, and 1 ºC/s, respectively, which were 

sufficiently high to avoid any transformation before reaching the MS temperature. Table 

1 also shows the MS temperatures measured by the high resolution dilatometry and the 

BS temperatures estimated using an empirical equation reported elsewhere [27]. Two 

heat treatment scenarios, different quenching temperatures (D-QTs) (Fig. 1a) and 

different partitioning temperatures (D-PTs) (Fig. 1b) were studied by considering the 

MS and BS temperatures; the detailed parameters are shown in Table 2 and Table 3. The 

partitioning time (Pt) is determined by the stasis time of bainite transformation. 

After using standard metallographic preparation procedures (finishing with 2 µm 

diamond paste), the specimens were etched with a 4% Nital solution for microstructural 

observations using a JSM-7001F field emission gun scanning electron microscope 

operating at 20 kV. The volume fraction and lattice parameter of retained austenite were 

estimated by X-ray diffraction (XRD) analysis with a Cu target from 40° to 110° with 

a step of 0.04°. The volume fraction of retained austenite was obtained by collecting 

the peak intensities of (200)γ, (220)γ, (311)γ, (200)α and (211)α (five-peak method) [28]. 

The carbon content in austenite was estimated by the relationship between the austenite 
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XRD and chemical composition [29].  

The initial amount of martensite that formed during the initial quench and the 

bainite that formed during the isothermal holding (partitioning) step were estimated by 

applying the lever rule on the dilatometric curves and referring to the continuous 

cooling curve. The volume fraction of secondary martensite, which formed during the 

final quench, was calculated as the balance. 

3. Model development 

The CCE model assumes that competing reactions are avoided (e.g., carbide 

formation and austenite decomposition) and that the end point of partitioning is an equal 

carbon chemical potential of an immobile interface (martensite and austenite fractions 

remain fixed during partitioning) between austenite and martensite [1]. The calculation 

process of the CCE model can be described as follows:  

𝜇஼
ఊ/ఈ೘ ൌ 𝜇஼

ఈ೘/ఊ                                                    (1)

𝑓଴
ఈ೘ ൌ 𝑓஼஼ா 

ఈ೘                                                       (2)

𝑓஼஼ா
ఈ೘𝐶஼஼ா

ఈ೘ ൅ 𝑓஼஼ா
ఊ 𝐶஼஼ா

ఊ ൌ 𝐶௔௟௟௢௬                                        (3)

𝑓஼஼ா
ఈ೘ ൅ 𝑓஼஼ா

ఊ ൌ 100                                                 (4)

𝑓஼஼ா
ఊᇲ

൅ 𝑓஼஼ா
ఈೞ೘ ൌ 𝑓஼஼ா

ఊ                                                  (5)

where 𝜇஼
ఊ/ఈ೘ and 𝜇஼

ఈ೘/ఊ  are the chemical potentials of carbon at the 𝛾/𝛼௠ interface 

and in the 𝛾 and 𝛼௠ phases, respectively; 𝐶௔௟௟௢௬ is the nominal carbon content of the 

steel (Table 1); 𝐶஼஼ா
ఈ೘  and 𝐶஼஼ா

ఊ  are the carbon contents in the 𝛼௠ and 𝛾 phases after 

the partitioning process, respectively; 𝑓଴
ఈ೘  is the volume fraction of the 𝛼௠  phase 
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before the partitioning process; 𝑓஼஼ா
ఈ೘ and 𝑓஼஼ா

ఊ  are the volume fractions of the 𝛼௠ and 

𝛾  phases after the partitioning process, respectively; and 𝑓஼஼ா
ఊᇲ

  and 𝑓஼஼ா
ఈೞ೘  are the 

volume fractions of retained austenite and secondary martensite after final quenching. 

The carbon contents are given in wt.%. 

The amounts of martensite and austenite at each initial or final quench temperature 

are predicted by the Koistinen-Marburger (K-M) relationship [30], and the MS 

temperature is calculated as follows [31]: 

𝑓଴
ఈ೘ ൌ 1 െ expሾെ1.10 ൈ 10ିଶሺ𝑀௦ െ 𝑄𝑇ሻሿ                             (6)

𝑀௦ ൌ 539 െ 423𝑤௖ െ 30.4𝑤ெ௡ െ 7.5𝑤ௌ௜ ൅ 30𝑤஺௟                       (7)

where MS is the martensite start temperature, QT is the quenching temperature and wi 

is the concentration of element i in wt.%. 

For the T0 model, T0 is the temperature at which austenite and ferrite with the same 

composition have the same Gibbs free energy. During the isothermal bainitic 

transformation, the transformation stasis is normally referred to as an incomplete 

transformation since the transformation ceases before the austenite reaches the 

equilibrium composition. According to the diffusionless theory, the carbon diffuses 

from the bainitic ferrite to austenite during the growth of bainitic ferrite; therefore, the 

carbon enrichment should be given by the T0 line. Fig. 2 shows the carbon composition 

dependence of the T0 line calculated by Thermo-Calc based on the TCFE9 database for 

three steels. 

In the CCET model, the CCE model is modified with the T0 model to take into 
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account isothermal bainite formation. During the partitioning process, the partition of 

carbon from martensite to austenite and the bainitic transformation are connected 

processes. Generally, the former is relatively fast and usually lasts only several seconds. 

Moreover, Nishikawa et al. [32] demonstrated that the kinetics of carbon partitioning 

from martensite to austenite is controlled by carbon diffusion in martensite and little 

affected by the simultaneous occurrence of bainite reaction by simulation. Therefore, 

the CCET model assumes that carbon partitioning from martensite to austenite is 

completed before the austenite starts to decompose.  

When the bainitic transformation ceases, the carbon concentration in austenite (𝐶ఊଶ) 

should be given by the T0 model. The austenite decomposition process should maintain 

the mass balance of carbon, and the total carbon content is given by the sum of the 

amounts in each phase; the relationship between the phase volume fractions can be 

simply expressed as follows: 

𝑓ఊଶ𝐶ఊଶ ൅ 𝑓஻𝐶஻ ൅ 𝑓஼஼ா
ఈ೘𝐶஼஼ா

ఈ೘ ൌ 𝐶௔௟௟௢௬                                    (8) 

𝑓ఊଶ ൅ 𝑓஻ ൅ 𝑓஼஼ா
ఈ೘ ൌ 100                                              (9)

𝑓ோ஺ ൅ 𝑓ௌெ ൌ 𝑓ఊଶ                                                  (10)

where 𝑓ఊଶ and 𝐶ఊଶ represent the volume fraction of austenite and the austenite carbon 

content after bainite transition ceases, respectively; 𝑓஻ and 𝐶஻ represent the amount of 

bainite and all the carbon that does not participate in the carbon enrichment of austenite 

during the bainite transformation, respectively, wherein the bainite is assumed to have 

an average carbon content of 0.03 wt.% [33]; 𝐶௔௟௟௢௬  represents the nominal carbon 
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content of the steel; 𝑓ோ஺ represents the volume fraction of retained austenite at room 

temperature; and 𝑓ௌெ represents the volume fraction of secondary martensite obtained 

by the final quench, which is calculated by the K-M equation. The carbon contents are 

given in wt.%. 

Based on the aforementioned strategy, the CCET model can calculate the volume 

fractions of retained austenite, martensite, and bainite and the carbon concentration in 

the retained austenite after Q&P. First, the initial martensite volume fraction can be 

calculated according to Equations (6) and (7). Second, since the CCET model assumes 

that the partition of carbon from martensite to austenite is completed before austenite 

decomposition takes place and the conditions of the CCE model are satisfied, the carbon 

content of the martensite (𝐶஼஼ா
ఈ೘ ) after the partitioning process can be obtained by using 

Equations (1)–(4). Third, the carbon enrichment during the bainitic transformation and 

eventually the stasis of the bainitic transformation and associated carbon concentration 

𝐶ఊଶ can be estimated based on the T0 model (Fig. 2). The austenite volume fraction (𝑓ఊଶ) 

and bainite volume fraction (𝑓஻) can be calculated by Equations (8) and (9). Then, when 

the material is eventually quenched to room temperature, the secondary martensite 

volume fraction can be obtained by the K-M equation (Equations (6) and (7)) with the 

updated austenite carbon content 𝐶ఊଶ . Finally, the retained austenite in the final 

microstructure can be calculated using Equation (10). 

4. Results 

4.1 Experimental results 
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Fig. 3 shows the temperature evolution of the change in length after cooling from 

austenitization conditions to QT = 340 °C, 320 °C and 300 °C in steel A, partitioning 

at 400 ºC and then cooling to room temperature. The increase in length of the specimen 

during isothermal holding at PT could be mainly attributed to the decomposition of 

austenite to bainite and partially to the carbon partitioning from martensite to austenite. 

However, considering the temperature at which this transformation occurs (i.e., PT = 

400 °C), the expansion caused by carbon enrichment can be regarded as extremely 

small [34]. Therefore, the increase in the length (AB segment) in Fig. 3 is almost 

completely due to the formation of bainite. It can be observed that, when the QT is just 

below the MS temperature, the isothermal bainite transformation is more pronounced, 

while for a much lower QT, the isothermal transformation is limited due to the presence 

of a large amount of initial martensite. Moreover, the secondary martensite 

transformation during final quenching can also be detected as a slight expansion of the 

sample below 150 ºC. As shown in Fig. 3, the second MS temperature was estimated as 

142 °C, 127 °C, and 121 °C for QTs of 340 °C, 320 °C, and 300 °C, respectively. These 

relatively low MS temperatures (<150 °C) indicate that the amount of secondary 

martensite obtained in the final quenching was quite small, further demonstrating the 

relatively higher stability of retained austenite than that of the microstructure prior to 

the partitioning step. The above results clearly show that carbon partitioning from both 

the initial martensite and isothermally transformed bainite to austenite does occur 

during the isothermal process, which is an important factor when considering the 
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stability of the retained austenite. 

Fig. 4 shows the phase configuration and carbon content of retained austenite in the 

final microstructures of steel A at DQTs followed by partitioning at 400 °C for 300 s. It 

can be observed that, as the QT decreased, the volume percentage of initial martensite 

increased, which is a direct consequence of undercooling. However, with the increase 

in the QT, the percentage of isothermal bainite increases monotonously, which results 

in having a similar remaining amount of austenite at the end of partitioning process. 

Moreover, in all cases, the secondary martensite does form during the final quenching, 

which will probably decrease the ductility and toughness. Furthermore, there are 

substantial amounts of retained austenite for all QTs, and these amounts remained 

roughly constant. The slight variation in the austenite percentage is fundamentally 

different from the sharp optimal value of the austenite fraction as a function of the QT, 

which was predicted by the CCE model. The flattened profile of retained austenite has 

also been reported elsewhere [12, 13, 35]. Finally, it can be observed that the C content 

in the retained austenite is significantly enriched and remains nearly constant, i.e., 

approximately 1%. This high carbon content is the main cause of the stability of the 

retained austenite, the low amount of secondary martensite formed during the final 

cooling and the potential improvement of the mechanical properties by the TRIP effect 

upon deformation. In addition to the carbon content, other microstructural features that 

could affect the austenite stability during the final quenching, such as austenite grain 

size, distribution or morphology (e.g., blocky, film-like) [36, 37], hardness of 
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surrounding phases [38] and Mn content [39], have not been included in the model but 

are expected to have a weaker effect than the carbon content. 

Fig. 5 shows the microstructure of steel A after quenching at different QTs and 

partitioning at 400 °C for 300 s. The microstructure was composed of lath-like 

martensite, bainite with internally etched features and thin films or blocky retained 

austenite. The SEM micrographs clearly show that the initial martensite increased as 

the QT decreased. For QT = 200 °C, it was difficult to identify the presence of bainite. 

Moreover, the comparison of the different QTs qualitatively indicated an increased 

amount of isothermal bainite as the QT temperature was increased. Bainitic ferrite 

mainly appeared in the form of acicular units with interlath retained austenite. 

Furthermore, it should be mentioned that the images showed a small amount of carbide 

precipitation associated with tempered martensite and bainite. Nevertheless, the carbide 

precipitation is not pronounced, and it is very difficult to quantify. 

4.2 Model predictions  

The calculated fraction of each phase in the final microstructure (black for initial 

martensite, blue for isothermal bainite, pink for secondary martensite and red for 

retained austenite) as a function of QT according to the CCE and CCET models are 

shown in Fig. 6a-b, respectively. The associated evolution of carbon concentration in 

the retained austenite is also plotted. Moreover, the experimental results concerning the 

volume percentage of the phases and the carbon content in the retained austenite (Fig. 

4) are plotted together with the predictions in Fig. 6 for comparison. The size of the star, 
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triangle or circle used to show the experimental values in this paper represents the error. 

According to the predictions of the CCE model, the initial martensite showed a 

continuous increase with the decrease in QT, and it showed good quantitative agreement 

with the experimental observation. However, the CCE model predicted significant 

amounts of secondary martensite during the final quench, which was clearly not 

consistent with either the dilatometry analysis or the microstructural characterization 

results. Furthermore, the amount of retained austenite according to the CCE calculation 

was much lower than that of experimental observation, and the predicted optimum was 

not supported by the experiments described in Section 4.1. Moreover, Fig. 6a shows a 

continuous decrease in the carbon concentration of the retained austenite with the 

increase in QT. The results of the carbon content of the retained austenite calculated by 

the CCE model would be less than 0.5 wt.% when the QT was sufficiently high (340 °C); 

however, the experimental results show a relatively flat profile around 1 wt.%, as 

discussed above and shown in Fig. 6. 

In contrast, Fig. 6b shows the predictions obtained by the CCET model, which 

considers the formation of isothermal bainite during partitioning. These calculations 

provide much better agreement with the experimental observations. The athermal 

martensite transformation remains unchanged, while the isothermal bainite calculated 

according to the T0 line shows satisfactory agreement with the dilatometry analysis. 

The amount and carbon concentration of the retained austenite did not show a 

continuous increase with a decrease in the QT, but relatively stable values for QT above 
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210 °C were predicted, which is consistent with the experimental results. Compared 

with the CCE model, the calculation results of the CCET model were nearly the same 

when the QT was less than 210 °C because a large amount of prior martensite led to 

small amount of bainite transforming at such low QTs. Moreover, the predicted 

secondary martensite also remained at a very low level, which was confirmed via 

dilatometry analysis. In summary, the T0 line seems to capture effectively the isothermal 

bainitic transformation during partition. Moreover, the CCET model, which combined 

the CCE model and T0 line, could very accurately describe the evolution of phase 

configurations at various QTs as well as the concentration of retained austenite in the 

Fe-0.20C-2.82Mn-1.58Si system, providing much more reasonable results than the 

traditional CCE model.  

The above discussion has focused on QTs below the MS temperature. However, the 

core assumptions of the CCET model do not limit its application to such scenarios. 

Therefore, to further verify the processing scope of application for the CCET model, a 

comparison of calculation and experimental results for QT = PT = 400 °C was also 

preformed, and the results are shown in Fig. 6b. The good agreement between the 

calculated and experimental results demonstrated the relatively larger processing scope 

of application for the CCET model than for the traditional CCE model. 

5 Discussion 

5.1 Model applicability in different systems 
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The amount of retained austenite in the final microstructure is one of the key factors 

controlling the mechanical behavior of Q&P steels. The predictions obtained for the 

steels under investigation, i.e., red for steel A and blue for steel B, as a function of the 

QT, according to the CCE and CCET models, are shown in Fig. 7 and compared with 

the experimental results. 

According to the predictions of the CCE model for both steel A and steel B, the 

volume percentage of retained austenite first increases and then decreases with the 

increase in QT. In contrast, the experimental results of both steel A and B show a 

relatively flat curve at a significantly higher volume fraction, and the predicted 

optimum cannot be observed. However, the predictions of the CCET model, regardless 

of the alloy system examined, seem to be more consistent with the experimental 

observations because the bainitic transformation occurs in both alloys. Although the 

formation of bainite consumed austenite, carbon diffused from the carbon-

supersaturated subunit to the surrounding remaining austenite [40], further enriching 

the remaining austenite, which eventually increases the stability of this phase and 

prevents its transformation to secondary martensite during the final cooling to room 

temperature. Austenite decomposition and the stabilization of the remaining austenite 

results are balanced to obtain a roughly constant amount of austenite in the final 

microstructure. In practical terms, the nonsensitive feature of the amount of retained 

austenite with respect to the QT limits the ability to tailor the amount of austenite but 

increases the robustness of the Q&P process and may decrease the property fluctuation 
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in certain cases. For alloy systems and processing conditions in which the bainitic 

transformation cannot be ignored, the bainitic transformation may be an effective 

means of tailoring the amount of retained austenite and stabilizing the mechanical 

properties. Moreover, it is worth noting that the predictions of steel B showed relatively 

greater deviation from the experimental observations, which will be discussed in 

Section 5.4. 

To further verify the applicability of the CCET model, it was applied and compared 

to experimental data reported in different studies [12, 13, 41, 42]. The results are shown 

in Fig. 8. In addition, the predictions of the CCE model are also plotted in this figure 

for comparison. Again, it is clear that the CCE model underestimates the amount of 

retained austenite, especially for a relatively high QT. Moreover, the amount of retained 

austenite did not decrease with the increase in QT, and no experimental optimum can 

be observed for the limited experimental data. However, the CCET model suggests that 

the experimental points are in the regime within which the bainitic transformation can 

take place and balance the amount of retained austenite. Therefore, the prediction of the 

CCET model generally performs better than that of the CCE model, further 

demonstrating that the nonnegligible isothermal bainitic transformation can introduce 

large deviations between the CCE model and the experimental results in the Q&P 

process. However, it should be noticed that, in alloys with low Mn concertation (e.g. < 

2.0 wt. %), the bainitic transformation kinetics is much faster. In Q&P process with a 

prolonged partitioning exceeding the stasis of bainitic transformation, carbides 
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precipitation may become significant and eventually affect the amount of retained 

austenite.  

For the alloy systems and processing conditions discussed above, in which the 

formation of bainite is significant, the CCET model, which considers the effect of this 

transformation during partitioning, would obtain more accurate predictions of the 

amount of retained austenite than the traditional CCE model. However, for the alloy 

systems and processing conditions where the bainite does not transform, the CCET 

model is essentially the same as the CCE model after applying the condition 𝑓஻  = 0. 

Fig. 9a shows dilatometric curves corresponding to a Q&P process for steel C after 

cooling to different QTs, followed by partitioning at 400 °C for 500 s. It can be seen 

that, during isothermal holding at 400 ºC, there was no change in length, which suggests 

that the isothermal decomposition of austenite did not occur. As a consequence, a 

significant amount of secondary martensitic may transform during the final quenching 

and affect the final amount of retained austenite. In this case, the prediction of the CCET 

model (the same as the CCE model) in Fig. 9b shows good agreement with the 

experimental data obtained for both the amount of retained austenite and the position 

of the optimal QT. These findings clearly demonstrated that, for the Q&P process, 

without the isothermal formation of bainite (e.g., compositions with good hardenability, 

such as those steels with a high Mn concentration), the CCE model works well. 

However, in cases with bainite formation, its effect cannot be ignored and should be 

considered to better predict the amount of retained austenite. 
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5.2 Comparison of the T0 and T0' models  

With the diffusionless transformation mechanism, the T0 line is regarded as the 

critical line below which the available driving force promotes the formation of bainite. 

However, it was proposed by R. Le Houillier et al. [43] that certain additional 

undercooling was required to compensate for the strain energy associated with 

diffusionless growth of the bainitic ferrite. Therefore, additional strain energy was 

added to the transformation resistance for the bainitic transformation and resulted in T0' 

lines. In the literature, the T0' line with additional strain energy of 400 J/mol has 

successfully described the transformation stasis in several different steels [26].   

According to the T0/T0' theory, the bainitic transformation stops when the carbon 

content in austenite reaches the limit as predicted by the T0/T0' lines, i.e., an incomplete 

bainitic transformation. Fig. 10 shows the variation in austenite carbon content for both 

steel A and steel B after partitioning and as function of the QT. The results clearly show 

that the measured carbon enrichment in austenite agrees better with the T0 line than with 

the T0' line when QT is below the MS temperature. The good agreement between the 

measured carbon enrichment and the CCET model indicates that the strain energy of 

400 J/mol is not necessary for the Q&P process considered here. This result may be 

attributed to the formation of prior martensite, which changes the energy status of 

austenite before decomposition occurs. The pre-existing martensite has two effects on 

austenite: 1) the austenite deformation caused by martensite formation and 2) the 

appearance of an interface between the pre-existing martensite and austenite. The free 
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energy of austenite would be raised by the bulk strain, which could promote the bainitic 

transformation. Thus, the T0' line would shift to the right and the above mentioned 400 

J/mol will be balanced as shown in Fig. 11. This explanation is also consistent with 

previous investigations, which reported the effects of prior martensite and applied stress 

on the bainitic transformation [44-47]. However, it is very important to notice that the 

strain energy should not be a constant value of 400J/mol. Instead, it is expected to be 

dependent on temperature, alloy composition, etc., which is very challenging to 

accurately determine the exact value. 

5.3 Effect of the carbon concentration in bainite 

Bainite can be regarded as an aggregate of bainitic ferrite and carbides [25], in 

which only carbon in the bainitic ferrite can partition to the austenite. In the CCET 

model, 𝐶஻  represents all the carbon that does not participate in the carbon enrichment 

of austenite during the bainitic transformation. This parameter gives a measure of the 

carbon redistribution during the transformation, and it determines the available carbon 

partitioning from bainite to austenite. From the SEM image in Fig. 5, a small amount 

of carbide precipitate was observed in bainite. Therefore, the carbide precipitated in the 

bainite cannot be ignored. Recall that the parameter 𝐶஻ was assumed to be 0.03 wt.% 

in the CCET model according to Bhadeshia and Edmonds [33]. 

From Equations (8), (9) and (10), it can be seen that the retained fraction 𝑓ோ஺ is 

coupled with the carbon content in bainite. If the carbon in bainite is completely 

partitioned into austenite during transformation, then 𝐶஻ will be equal to 0 (the solid 
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solubility of carbon in bainite ferrite is ignored). As the proportion of carbide of bainite 

increases, the maximum value for 𝐶஻  will be 𝐶௔௟௟௢௬ െ 𝑓஼஼ா
ఈ೘𝐶஼஼ா

ఈ೘  . In other words, a 

larger amount austenite would transform into bainite during the isothermal process. 

Thus, 𝐶஻  is an extremely important parameter influencing the calculation of the 

amount of retained austenite. However, the exact C concentration in bainite or 

precipitation in bainite is difficult to measure or estimate. Therefore, Fig. 12 shows a 

comparison of the amount of retained austenite obtained experimentally and the 

predictions obtained by assuming different bainite carbon contents in the CCET model 

for steel A and steel B. The results clearly show that, as the bainite carbon content (either 

precipitated or in solid solution) increases, the amount of retained austenite gradually 

decreases.  

Based on the discussion above, limiting the precipitation of carbides in bainite is an 

important way to increase the amount of retained austenite. Therefore, alloying the steel 

with elements such as silicon or aluminum with the appropriate QT can inhibit carbide 

precipitation in bainite [48], increasing the retained austenite fraction and creating a 

wider process window. 

5.4 Effect of the initial amount of martensite on the CCET model  

As described in Section 5.1, the amount of retained austenite calculated by the 

CCET model for steel B was not as accurate as that calculated for steel A. To further 

analyze the possible reason for this result, predictions by this model for each phase in 

steel B, after cooling to various QT temperatures and partitioning at 400 °C, are plotted 
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and compared to experimental values in Fig. 13a. It can be observed that the calculation 

significantly underestimates the fraction of athermal martensite during the first quench 

and consequently overestimates the isothermal bainitic transformation. As described in 

the calculation method of the CCET model, the initial martensite and secondary 

martensite fractions were estimated by the K-M equation. However, the calculation 

deviation introduced by the K-M equation during the first quench subsequently affect 

calculations of all other phases by the CCET model. To verify the effect of the athermal 

martensite, the initial martensite fraction as measured by the dilatometer, instead of 

values calculated by the K-M equation, was used in the calculation, and the results are 

shown in Fig. 13b. The results show that a better estimation of the isothermal bainitic 

transformation can be obtained and, hence, a more precise prediction of the retained 

austenite, especially in the low quench temperature regime. Therefore, if a clear 

deviation of the martensitic transformation kinetics upon the first quench from the K-

M equation can be observed, then an alternative way to improve the accuracy is to 

replace the amount of athermal martensite with experimental values based on 

dilatometer analysis. 

5.5 Effect of the partitioning temperature on the retained austenite 

Earlier results show that the amount of retained austenite tends to be stable under 

conditions at which the isothermal bainitic transformation takes place and hence 

increases the robustness with respect to the variation in QT. However, as shown in Fig. 

7, the optimal amount of retained austenite was not obtained in the platform regime. In 
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other words, a better (lower) PT may be found so that the maximum amount of retained 

austenite is obtained. 

Fig. 14 shows the variation in the amount of retained austenite as a function of the 

QT at four different PTs, as predicted by the CCET model for steels A and B. It was 

assumed that 𝐶஻  = 0. In Fig. 14a, for steel A, when the PT was 450 °C, as the QT 

increases, the evolution of the microstructure can be divided into three regions: A, B 

and C. In region A, the amount of retained austenite increased with the increase in QT. 

Further increasing the QT to approximately 210 °C resulted in a decrease in the amount 

of retained austenite due to the formation of secondary martensite. Finally, after the 

formation of bainite, carbon partitioning to the austenite stabilized this phase, resulting 

in a retained austenite plateau in the C region. As PT decreased, the retained austenite 

plateau first gradually increased and then decreased. The retained austenite plateau 

reached its maximum value at 385 °C for steel A.  

The temperature evolution of the amount of retained austenite can be explained by 

the competition between the formation of secondary martensite and the decomposition 

of austenite [49]. When the PT was relatively high (>385 °C), the carbon content of 

austenite limited by the T0 line was extremely low, leading to the formation of more 

secondary martensite in the final quench, resulting in the larger area of region B (as 

shown in Fig. 14a). The retained austenite plateau decreased with the increase in PT. In 

contrast, when the PT was relatively low (<385 °C), untransformed austenite had a 

higher carbon content, the formation of secondary martensite was inhibited, and region 
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B disappeared in Fig. 14a; however, austenite decomposition would be excessive before 

the austenite carbon concentration reached the T0 limit. As shown in Fig. 14a, region A, 

in which the retained austenite plateau decreases with the decrease in PT, became 

smaller.  

For steel B, the optimal partitioning was 380 °C and the experiments were also 

carried out at four PTs. The results are shown in Fig. 14b. As the PTs decreased, the 

retained austenite plateau gradually increased and then decreased, which is consistent 

with the predictions by the CCET model. 

 6 Conclusion 

In this work, the CCET model was proposed to modify the CCE model, and it was 

verified for the Q&P process in Fe-0.20C-2.82Mn-1.58Si, Fe-0.21C-3.92Mn-1.60Si 

and Fe-0.20C-5.14Mn-1.58Si systems. The main conclusions can be drawn as follows: 

1. For alloys and processing conditions in which the isothermal bainitic transformation 

takes place, the CCE model, which neglects the decomposition of austenite, would 

not precisely predict the amount of retained austenite in the final microstructure and 

the optimal QT. The CCET model, which incorporates the isothermal bainitic 

transformation by employing the T0 line model, improves the prediction accuracy 

and predicts an increase, followed by slight decrease and then a plateau, in the 

amount of retained austenite as the QT increases. The CCET model shows better 

agreement with the experimental results in terms of its ability to predict the amount 

of retained austenite in the alloy, where bainite forms during partitioning. The 
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isothermal bainitic transformation is, in fact, an effective way to tailor the carbon 

redistribution during the partitioning stage, the carbon content of retained austenite 

and, hence, the stability of this phase in the final microstructure. 

2. Compared with the T0' line, the T0 line showed better agreement with the measured 

carbon enrichment in austenite, which is attributed to the fact that the pre-existing 

martensite may increase the free energy of austenite and promote the earlier 

formation of bainite.  

3. The formation of isothermal bainite during partitioning leads to a plateau in the 

amount of retained austenite in the high quenching temperature regime and hence 

decreases the sensitivity to variations in the QT and increases the robustness of the 

Q&P process. However, carbide formation in bainite would consume carbon and 

hence decrease the amount of retained austenite for increasing QTs. Suppressing 

carbide formation would lead to a higher and more robust retained austenite solution 

and make the stability of the austenite more predictable, as determining the amount 

of carbide precipitated is very difficult for these microstructures.  

4. The optimal partitioning temperature (PT) can be designed by the CCET model so 

that the maximum amount of retained austenite is achieved in the plateau, rather 

than a sharp optimum, thereby increasing the robustness of the process. In particular, 

PT = 385 °C and PT = 380 °C are the optimal partitioning temperatures for Fe-

0.20C-2.82Mn-1.58Si and Fe-0.21C-3.92Mn-1.60Si steels, respectively. 

5. For an Fe-0.20C-1.60Si alloy system, as Mn content increases from 2.82 to 5.14 
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(wt.%), bainite transformation is gradually inhibited, which affects the use of the 

CCET model. Therefore, Mn plays a significant role in carbon partitioning by 

affecting bainite transformation during the Q&P process, and it should be 

considered in the design of Q&P steels in the future. 
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Figures 

 

Fig. 1. Scheme of the heat treatment profiles for (a) D-QTs and (b) D-PTs. Note that 

ATγ represents the austenitizing temperature, QT represents the quenching 

temperature, PT represents the partitioning temperature, RT represents the room 

temperature and MS represents the martensite start temperature, and Ac3 

represents the fully austenitizing temperature. 

 

 

 Fig. 2. Calculated T0 curve of three steels 
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Fig. 3. Temperature evolution of the change in length during cooling, after 

austenitization, for steel A.  

 

Fig. 4. Volume percentage of each phase in the final microstructures of steel A at 

different QTs. Note that RA, SM, B, and IM stand for the retained austenite (purple), 

secondary martensite (blue), bainite (yellow), and the initial martensite (gray), 

respectively. The carbon concentrations of retained austenite are shown on the top (in 

wt.%). 
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Fig. 5. SEM micrographs of steel A quenched to (a) 200 °C, (b) 250 °C, (c) 280 °C, (d) 

300 °C, (e) 320 °C and (f) 340 °C followed by partitioning at 400 °C for 300 s. Note 

that RA, TM, B, SM and Cb stand for retained austenite, tempered martensite, bainite, 

secondary martensite and carbide, respectively.  
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Fig. 6. Evolution of the different phases and carbon concentrations in retained austenite 

during partitioning at 400 °C for steel A after cooling to various QT temperatures, as 

predicted by the (a) CCE model and the (b) CCET model. The stars represent 

experimental data.  

 

Fig. 7. Variation in the amount of retained austenite with QT, after partitioning at 400 °C, 

for steel A and steel B; the experimental data and predictions by both the CCE (dash 

line) and CCET (solid line) models have been compared. 
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Fig. 8. Variations of the volume percentage of retained austenite as predicted by the 

CCE model (dash line) and the CCET model (solid line) in various systems taken from 

the literature [12, 13, 41, 42]. The points represent experimental data measured by XRD. 

 

 

Fig. 9. (a) Dilatometric curves corresponding to a Q&P process in steel C after cooling 

to different QTs and followed by partitioning at 400 °C for 500 s. (b) Comparison of 

CCET model predictions and the experimental measurement of the amount of retained 

austenite in steel C for different QTs. 
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Fig. 10. Variation in austenite carbon content after partitioning for (a) steel A and (b) 

steel B as functions of QT. 

 

Fig. 11. Schematic illustration of the T0/ T0' line on the phase diagram. Pα stands for 

the influence of pre-existing martensite on the free energy of austenite 
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Fig. 12. Variation in the volume percentage of retained austenite with respect to the QT 

for different bainite carbon contents (CB) in the CCET model. 

 

Fig. 13. Predictions obtained with the CCET model employing different initial 

martensitic amounts in steel B by (a) the K-M equation and (b) the dilatometer. The 

stars represent experimental data. 
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Fig. 14. Variation in the volume percentage of the retained austenite under different 

partitioning temperatures (PTs) for (a) steel A and (b) steel B quenched to various 

temperatures, as predicted by the CCET model. 

  



44 
 

Table 1 

Actual chemical compositions (wt.%) and MS and BS temperatures (°C) of the three 

experimental steels 

 C Mn Si Fe MS BS 

Steel A 0.20 2.82 1.58 Balance 349 ± 5 516 

Steel B 0.21 3.92 1.60 Balance 315 ± 3 413 

Steel C 0.20 5.14 1.58 Balance 262 ± 5 304 

 

Table 2  

Detailed Q&P process parameters at different QTs. In this table, PT, QT and Pt stand 

for the partitioning temperature, the quenching temperature and the partitioning time. 

  
Steel 

Process 
 

 A    B    C  

QT 
/°C 

PT 
/°C 

Pt 
/s 

 
QT 
/°C 

PT 
/°C 

Pt  
/s 

 
QT 
/°C 

PT 
/°C 

Pt  
/s 

D-QTs 

200 

400 

300  170 

400 

1800  50 

400 

500 

250 300  200 1800  100 500 

280 300  230 1800  150 500 

300 300  250 1800  180 500 

320 300  270 1800  200 500 

340 300  280 1800  230 500 

400 300  290 1800  250 500 
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Table 3  

Detailed Q&P process parameters at different PTs.  

Steel  

D-PTs 

QT 
/°C 

PT 
/°C 

Pt 
/s 

 
QT 
/°C 

PT 
/°C 

Pt 
/s 

 
QT 
/°C 

PT 
/°C 

Pt 
/s 

A 180 

350 300  

210 

350 300  

280 

350 300 

385 300  385 300  385 300 

400 300  400 300  400 300 

450 300  450 300  450 300 

B 170 

350 1800  

200 

350 1800  

290 

350 1800 

380 1800  380 1800  380 1800 

400 1800  400 1800  400 1800 

450 60  450 1800  450 1800 

 

 

 

 

 


