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Aiming to meet current demands from the automotive industry, a third generation of advanced 
high strength steel (AHSS) has been developed as an alternative to previous generations. Different 
alloys and innovative processes have been deeply studied as, for example, quenching and partitioning 
(Q&P). The published papers highlight that the best heat treatment parameters for a satisfactory 
Q&P execution are strongly dependent on the austenite conditioning and they can be optimized if 
thermodynamic and kinetics calculations are performed. In this context, this work evaluated the effect 
of step quenching (SQ) heat treatments on the kinetics of ferrite formation and Q&P modeling for 
a commercial C-Mn-Si steel, predicting the microstructural evolution and the final phase fractions 
as a function of the heat treatment parameters. The JMAK model was optimally fitted to the ferrite 
fraction, as well as to the microhardness data. The kinetics characterization and the thermodynamic 
modeling showed that the combination of SQ and Q&P can provide a high retained austenite fraction 
in a multiphase microstructure. As a conclusion, it is possible to state that a well-planned SQ heat 
treatment followed by an optimized Q&P cycle has the potential to generate an advanced steel with 
a final microstructure assisted by the TRIP effect.

Keywords: Step quenching, kinetics of ferrite formation, quenching and partitioning modeling, 
AHSS, thermodynamics simulation.

1. Introduction
New global standards of vehicle safety, fuel economy, 

and gas emission limitations have already been established 
in several countries to the present date, with increasingly 
strict targets being proposed for the coming decades. Thus, 
the automotive industry often seeks the development of 
advanced designs and materials that are economically 
viable, manageable, and capable of meeting the required 
environmental and safety requirements. Therefore, a program 
to develop a new vehicle must balance safety, performance, 
fuel economy, environmental sustainability, and a consumer 
interest design1-4.

In this context, the decrease of car body weight has been 
proposed in order to increase energy efficiency and to reduce 
gas emissions, as well as to rise impact resistance seeking 
to guarantee the vehicle occupant safety. These efforts led 
to a quickly increased demand for advanced high strength 
steel (AHSS) sheets with good mechanical formability5-7. 
The first AHSS generation, to which the Dual Phase steels 
(DP) and Transformation Induced Plasticity (TRIP) belongs, 
is still widely used in the manufacture of vehicle’s body 
in white (BIW) due to the good provided combination of 
mechanical resistance and ductility. To obtain these steels, 
intercritical annealing heat treatments are usually applied 
during the alloy processing.

An alternative to this type of heat treatment is the Step 
Quenching (SQ). It consists of a steel complete austenitizing 

followed by an intercritical annealing and final quenching. 
The SQ heat treatment eliminates a process step in relation 
to the conventional intercritical austenitizing heat treatment. 
When the intercritical austenitizing is used aiming to obtain 
a AHSS for automotive industry, usually, it is performed 
with an initial complete austenitizing followed by quenching 
and, just after this, an intercritical austenitizing followed 
by quenching is executed8. Both described strategies are 
used with the aim to obtain a well-conditioned austenite 
grains, richer in carbon and with small grain size, allowing 
the achievement of high mechanical strength and good 
formability in the processed steel9,10. These steels have 
complex and often multiphase structures, containing ferrite, 
bainite, martensite and retained austenite, depending on 
the thermomechanical cycles to which they are subjected. 
The constituents of this complex structure can offer good 
properties to the alloy such as high mechanical strength, due 
to the martensite contribution, and good ductility, due to the 
ferrite contribution. In the case of TRIP steels, it is possible 
to increase the mechanical strength without significant loss 
of ductility and toughness due to the bainite and retained 
austenite contributions3,11.

Shao et al.12, studying a high mechanical strength and 
low alloy steel (HSLA), concluded that a favorable balance 
of mechanical properties can be obtained through the well-
planned application of advanced heat treatments such as 
Step Quenching (SQ). After the complete austenitizing, the 
SQ treatment consists of subjecting the steel to a controlled *e-mail: charlesmagalhaesop@gmail.com.
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cooling aiming to promote the austenite supercooling up 
to a desired temperature. At this temperature, it will be 
isothermally treated to provide a partial austenite to ferrite 
decomposition. The isothermal treatment is performed at a 
strategically chosen temperature and during a well-planned 
time interval, in order to obtain the desired ferrite and 
austenite fractions. Next, the steel is cooled at high enough 
rate to promote the transformation of a part of the remaining 
austenite into martensite, maintaining a fraction of austenite, 
enriched in carbon, retained in the microstructure13,14. Some 
authors have reinforced that for the successful fine-tuning 
of the microstructure and the precise control of mechanical 
properties, it is necessary to understand and to predict the 
kinetics of ferrite formation in SQ cycles12-14.

Some studies have even shown that quenching and 
partitioning (Q&P) heat treatments applied to some steels with 
initial ferrite-austenite microstructure, aiming to develop the 
third generation of AHSS, can be greatly efficient. This initial 
structure can be obtained by the use of SQ heat treatments 
performed prior to the Q&P cycles6,15,16. Originally, the Q&P 
concept was proposed by Speer et al.17 as a promising process 
in order to produce a steel with superior mechanical properties 
compared to the first generation of AHSS. Initially, the 
Q&P heat treatment was developed for steels with chemical 
compositions similar to those of TRIP and carbide-free 
bainitic steels (CFB). The main goal of the Q&P process 
is to control the amount and stability of retained austenite 
in the microstructure, in order to form microstructures that 
provide greater material toughness, by means of the carbon 
partition from martensite to untransformed austenite, at 
temperatures between Ms (martensite start temperature) and 
Mf (martensite end temperature), or slightly higher than Ms.

According to Dai  et  al.4, during a Q&P process, the 
final microstructure can be achieved by applying different 
route processes which involves de correct definition of 
several heat treatment parameters. For a specific steel, the 
success of the Q&P heat treatment depends on the austenite 
conditioning (austenitizing type, phase fraction, chemical 
composition and grain size), as well as heating and cooling 
rates, quenching temperature, partitioning temperature, 
occurrence of carbide precipitation, partitioning time, 
thermomechanical processing, etc. This leads many authors 
to propose different processes (e.g.: stepping-quenching and 
partitioning (S-Q&P), quenching-partitioning-tempering 
(Q&P-T), quenching-tempering and partitioning (Q-T&P) 
and quenching and flash-partitioning (QFP))18-21 involving the 
concept of Q&P. Thus, different alloys22 have been studied 
and submitted to processes similar to those above mentioned, 
seeking to favor a higher retained austenite fraction in the 
final microstructure and, consequently, resulting in a steel 
with superior mechanical properties.

Therefore, the design of a Q&P process involves the 
metallurgical and process parameters optimization, such 
as austenite conditioning, carbide precipitation kinetics, 
fraction of formed martensite, kinetics of carbon partition, 

retained austenite morphology and stabilization, bainitic 
transformation during partitioning, among others. The well-
understand of these metallurgical phenomena is highly 
important, because its effects on the Q&P heat treatment 
will determine the steel final microstructure and mechanical 
properties. In this scenario, the kinetic and thermodynamic 
simulations are essential in order to determine optimized heat 
treatment parameters. Thus, thermodynamic and/or kinetic 
models have been proposed4,23 in order to simplify process 
variables and to obtain a reasonable prediction about the final 
microstructure and mechanical properties of Q&P steels.

In this context, this work proposed to evaluate the 
effect of SQ heat treatment on ferrite formation kinetics and 
microstructural evolution of a commercial C-Mn-Si steel with 
typical chemical composition of a TRIP780. By means of 
physical simulations performed in a quenching dilatometer, 
the effect of three step temperatures on the ferrite fraction 
formed in a quasi-equilibrium condition was evaluated. 
For a specific temperature where the operational control 
of the ferrite fraction was more efficient, the kinetics of 
its formation was characterized applying Johnson-Mehl-
Avrami-Kolmogorov model (JMAK). Moreover, the kinetics 
of ferritic grain growth as a time function was modeled by 
the Zener’s law (1949)24. Using the MatCalc software and 
thermodynamic models17,25 applied to the quenching and 
partitioning concept, Q&P cycles considering previous 
SQ heat treatments (SQ-Q&P) were thermodynamically 
simulated and the final phase fractions were predicted for 
optimized heat treatment conditions.

The modeling and optimizing of the SQ-Q&P heat 
cycles applied to the TRIP 780 commercial steel type are 
unprecedented and of great relevance for the industry and 
researchers looking for alternatives to develop commercially 
viable third generation AHSS steels.

2. Materials and Methods
The material studied in this work was a C-Mn-Si steel with 

the typical chemical composition of a TRIP780 commercial 
steel for automotive application (Table 1). The sampling 
procedure was carried out at an intermediate hot rolling 
process stage with a plate thickness of 4mm, presenting an 
initial microstructure constituted of proeutectoid ferrite and 
pearlite (Figure 1), not presenting, hence, a typical structure 
of a finished TRIP steel.

The microhardness in the as-received condition was 
measured on a Vickers scale using the Pantec microhardness 
machine, model HXD 1000TM. The applied load was 300gf 
for 5 seconds. The average microhardness value was calculated 
from fifteen random aleatory measurements performed in 
the sample. Its value was (233±5)HV.

The physical simulations to evaluate the effect of step 
temperatures on the ferrite fraction on the quasi-equilibrium 
condition were performed in a Linseis R.I.T.A. L78 quenching 
dilatometer. For this purpose, it was necessary to machine 

Table 1. Studied steel chemical composition (wt.%).

C Mn Si P S Cr Al Cu
0.23 1.63 1.32 0.0257 0.0014 0.03 0.02 0.02
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solid dilatometry specimens with cylindrical geometry 
(10mm in height x 3mm in diameter). These specimens 
were sampled with their height aligned with the plate hot 
rolling direction. Based on the CCT diagram determined 
for the studied steel in a previous study11, three SQ heat 
treatment routes (Table 2) were initially proposed to verify 
the influence of step temperatures on the microstructure, 
ferrite fraction, and microhardness.

It should be noted that: a) the used austenitizing conditions 
were the same as those employed by Magalhães et al.11, i.e., 
950°C for 3 minutes; b) the specimen cooling rate starting 
from its austenitizing condition to step temperature, 15°Cs-1, 
were selected as being the lowest possible rate that would 
guarantee, for the three evaluated step temperatures, that the 
austenite decomposition in ferrite would only start during 
isotherm and not during continuous cooling11; c) the time 

interval of 10 minutes was selected to give sufficient time for 
a quasi-equilibrium state to be achieved, which was successful 
in terms of the formed ferrite fraction, as it will be presented 
and discussed in the results14; d) the cooling rate of 200°C 
s-1 was defined as a cooling rate at which the non-occurrence 
of bainitic transformation was guaranteed during the final 
specimen cooling, and the final microstructures consisted of 
different ferrite, martensite, and retained austenite fractions11.

After performing heat cycles, the dilatometry specimens 
were cut in half. The specimen cross sections were 
metallographically prepared following the standardized 
procedures recommended by the ASTM E326. The specimens 
were etched with Nital 4% and the image acquisition was 
performed in a Leica DM2700M optical microscope (OM).

The ferrite fraction was measured in each specimen by 
using the automatic area method of quantitative metallography, 
recommended by ASTM E124527. To improve contrast and 
increase the efficiency of the used method, the specimens 
were again etched with Picral 5%. In each specimen, 
thirteen images were acquired with a magnification of 
200x to measure the average ferrite volumetric fraction. 
Vickers microhardness tests were also performed on all 
treated specimens, using a Pantec microhardness machine, 
model HXD 1000TM. The applied load was 300gf for a 
5 seconds time interval. The average microhardness values 
of each specimen were obtained by calculating the arithmetic 
average from 15 measurements randomly sampled on the 
specimen cross-section.

Based on the results obtained in the previous step, the 
most favorable step temperature (Tα) was defined for the 
best control of ferritic phase fraction. For this temperature, 
seven other heat treatment routes were proposed (Table 3) 
to verify the influence of step time on the formed ferrite 
fraction, ferritic grain growth and on the microhardness 
of the transformation products. All heat treatments were 
simulated in a quenching dilatometer, with specimens and 
austenitizing conditions identical to those already described.

The specimens of this stage have undergone the same 
microstructural characterization procedures, ferrite fraction 
measurement, and Vickers microhardness measurement, as 
already previously described.

Table 2. SQ heat treatment routes employed to evaluate the step temperature effect on ferrite fraction on the quasi-equilibrium condition.

Step Temperature (°C) Cooling rate before Step (°C/s) Step Time (s) Cooling rate after Step (°C s-1)
800 15 600 200
750 15 600 200
700 15 600 200

Table 3. SQ heat treatment routes used to characterize the kinetics of ferrite formation at Tα temperature.

Step Temperature (°C) Cooling rate before Step (°Cs-1) Step Time (s) Cooling rate after Step (°Cs-1)
Tα 15 5 200
Tα 15 10 200
Tα 15 15 200
Tα 15 30 200
Tα 15 60 200
Tα 15 600 200
Tα 15 1200 200

Figure 1. Studied steel microstructure in its as-received condition. 
F: Ferrite; P: perlite - SEM-5000x - 4% Nital etching.
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All specimens generated at this study stage had ferritic 
grain sizes measured by applying the intercept method 
according to the ASTM E112 standard28. To highlight the 
grain boundaries and to increase the method efficiency, the 
specimens were metallographically prepared and etched in 
the following sequence: Nital 4% for 5 seconds, followed 
by an etching with a reactive consisting of 1g of sodium 
metabisulfite and 100ml of distilled water, for 8 seconds. 
For each specimen, 5 images with a magnification of 500x 
were acquired and, in each image, 10 test lines were applied 
to count the intercepts with the ferritic grain boundaries, 
totaling 50 lines for each specimen.

To evaluate the kinetics of ferrite formation at Tα 
temperature, the JMAK equation was fitted to the experimental 
data. The JMAK model shows that for isothermal phase 
transformations, the fraction of the new formed phase can be 
predicted as a function of time as Equation 1 presents, where 
x is the new phase fraction, k is the temperature-dependent 
kinetic constant, n is the Avrami exponent, and t is time14,29,30.

( )1 nx exp kt= − − 	 (1)

In the same way that the ferrite fraction was measured 
as a function of step time for the temperature Tα, the Vickers 
microhardness was also measured and, considering the 
relationship of microhardness variation with the phase fraction 
changes in the microstructure, the so-called softening factor 
(SF) was calculated. As a result, the JMAK model was also 
fitted to the obtained data. The SF can be predicted as a time 
function applying Equation 2, where SF is the softening 
factor, HVmax is the maximum hardness obtained in the just 
as quenched specimen (majorly martensitic), HVmin is the 
minimum hardness obtained in the specimen with ferrite 
fraction in the quasi-equilibrium condition (highest ferrite 
fraction) and HVt is the hardness obtained in the SQ at any 
time interval14.

( )  
1 

  
nmáx t

máx min

HV HV
SF exp kt

HV HV
−

= = − −
− 	 (2)

To evaluate the kinetics of ferritic grain growth, Zener’s 
equation24 was fitted to the data obtained in the measurement 
of ferritic grain sizes for different step time intervals at the 
temperature Tα. Zener’s equation24 shows that the ferritic 
grain size can be predicted as a time function according to 
Equation 3, where D is the allotriomorph ferritic size, α is a 
proportionality constant that is a function of the transformation 
temperature and steel chemical composition, and t is the time.

D tα= 	 (3)

The Ms temperatures were experimentally determined 
from the dilatometric data. The samples isothermally heat 
treated at Tα for different time intervals were all them 
quenched. The relative length versus temperature curves, 
for each one of them, were mathematically treated and de 

Ms temperatures were determined as a step time function 
observing the minimum deviation method31.

Aiming to simulate and to calculate the optimized 
parameters for SQ-Q&P (step quenching combined with 
quenching and partitioning heat treatments) for the studied 
steel, thermodynamic simulations were performed using: the 
MatCalc software, provided with the mc_fe 2.060 database; 
the CCE model, proposed by Speer  et  al.17; and CCET 
model, proposed by Li  et  al.25. For the CCET model to 
be used, considering the chemical composition of studied 
alloy, the T0 curve32 was raised in the MatCalc software. 
The obtained data was mathematically treated using the 
OriginPro 9.0 software.

In a summarized way, the Koistinen-Marburger (K-M) 
equation was used to determine the martensite and austenite 
fractions after partial quenching in a Q&P cycle. According 
to the CCE model17, from the relationship between carbon 
activities in α and γ phases, the carbon molar fractions in 
these phases can be determined for a given temperature and 
chemical composition, and in turn, the carbon content of the 
untransformed austenite (from partial quenching) after the 
partitioning stage can be known. Again, by the K-M equation, 
the final retained austenite fraction was determined after final 
quenching. In addition to this, the CCET model25 considers 
the decomposition of the untransformed austenite into bainite 
(without carbide precipitation) according to the T0 curve32, 
during the partitioning stage. Hence, it was possible to predict 
the martensite, bainite and retained austenite fractions in the 
final microstructure.

3. Results and Discussion

3.1. Effect of the step temperature on the ferrite 
fraction in quasi-equilibrium condition

The step temperatures studied in this work were 800°C, 
750°C, and 700°C. For the specimen submitted to the highest 
step temperature (800°C) (Figure  2A), considering the 
studied steel CCT diagram11, ferrite formation was expected 
to occur. However, this was not observed in the OM images. 
Considering the applied cooling rate of 15°Cs-1 and the 
relatively high step temperature, this occurred probably 
due to an insufficient driving force for ferrite nucleation 
and growth. Ashrafi et al.14, studying a DP steel, observed 
a similar effect. According to them, for the same step time 
intervals, the higher the isotherm temperature, the lower the 
ferrite fraction. In addition, the authors showed that at the 
highest step temperature (780°C), even applying the highest 
step time (50 seconds), the measured ferrite fraction was 
lower than the verified for lower temperatures and shorter 
step times: 750°C for 30 seconds and 720°C for 10 seconds14.

In the specimens submitted to steps at 750°C and 700°C, 
ferrite formation was significant, and could be identified by 
OM. This happened probably due to the austenite supercooling 
increase and, consequently, the higher driving force for 
transformation, favoring the kinetics of austenite to ferrite 
transformation. Figure  2 compares the microstructures 
of heat-treated specimens at 800°C, 750°C and 700°C 
for 600s. Comparing the specimens treated at 800°C and 
700°C (Figure 2-A and Figure 2-C), there is a significant 
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microstructure change. Increasing only 100°C in the austenite 
supercooling, there is a notable spike in the formed ferrite 
fraction. Comparing the specimens submitted to 750°C and 
700°C (Figure 2-B and Figure 2-C), a significant increase 
in ferrite fraction is again noticed with a 50°C increase in 
austenite supercooling.

This obtained results means that the ferrite fraction in 
TRIP780 steel, rich in Mn, a gamagenic element, is strongly 
sensitive to the austenite supercooling degree in the SQ heat 
treatments. In this scenario, 700°C (called Tα in this work) 

can be affirmed to be the most favorable temperature, among 
those studied, for the operational control of the ferrite growth 
in TRIP780 steel.

Figure 3 shows the ferrite volumetric fractions, as well 
as the specimen microhardness values as a function of the 
studied step temperatures. It is noticed that the highest 
ferrite fraction was 31% for 700°C step temperature. It is 
also noticed that, with the ferrite fraction increase, there is 
a significant decrease in steel hardness. While the specimen 
submitted to 800°C, with microstructure mostly martensitic, 

Figure 2. Microstructures of TRIP780 steel specimens submitted to Step Quenching heat treatment in isotherms: A) 800°C; B) 750°C; 
C) 700°C. F: Ferrite; M: Martensite - OM-500x - 4% Nital etching.

Figure 3. A) Ferrite fraction (yα) as a function of step temperature in the quasi-equilibrium and B) vickers microhardness (HV) as a 
function of step temperature.
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has 509HV, the specimen with 31% of ferrite has 376HV, 
representing a 26% decrease.

3.2. Characterization of the ferrite formation 
kinetics at step temperature of 700°C

As shown in the previous topic, the most favorable step 
temperature for ferrite fraction control was 700°C. Due to 
this finding, tests were performed to verify the effect of step 
time on the ferrite fraction and grain size. As previously 
described in Materials and Methods section, each specimen 
was maintained in this isotherm by different time intervals, 
which were 5s, 10s, 30s, 60s, 600s, and 1200s, and were 
subsequently cooled at 200°Cs-1 to room temperature. 
Figure 4 shows the microstructures of the specimens submitted 
to these conditions. Figures 5-A and 5-B show the ferrite 
fraction and the specimen microhardness values as a function 
of step time, respectively. It can be observed that there was 
an increase in ferrite fraction with the increase of the step 
time interval, which was expected, due to the longer time for 
carbon diffusion in the crystalline bulk. As it is well known, 
the kinetics of ferrite formation is controlled by the carbon 
diffusion in austenite and, if the diffusion is more effective, 
it will favor the displacement of the ferrite-austenite phase 
boundaries. As diffusion is a thermally activated process and 
evolves over time, this behavior was expected33.

In the specimens kept at the step temperature for the 
longest time intervals (10min. and 20min.), it was possible to 
observe similar ferrite fractions, as illustrated by Figure 4-F 
and Figure 4-G, which was expected. This occurred because, 
as previously mentioned, the time intervals greater than 
10min. were selected to provide a quasi-equilibrium state, 
i.e. the maximum possible ferrite fraction was formed for 
this experimental condition. Figure 5-A highlights that after 
60s at the isotherm, the ferrite fraction already approaches 
asymptotically the equilibrium fraction. A similar observation 
was also made by Ashrafi et al.14, which showed that when 
a DP steel is subjected to an isotherm at 720°C, from 100s 
on, the ferrite fraction already approaches asymptotically 
to the equilibrium fraction14.

Considering that the ferrite fraction and the Vickers 
microhardness were experimentally determined as a time 
function for the 700°C step temperature (Tα) (Figures 5-A 
and Figure 5-B), it was possible to fit the JMAK model 
to the experimental data measured for the TRIP780 steel. 
The JMAK equation was fitted to the ferrite fraction data 
in its usual form (Equation 1) as well as it was fitted to the 
microhardness data in its SF form (Equation 2).

The JMAK model is widely used to evaluate the kinetics 
of diffusional phase transformations, so it can be used to 
predict the temporal evolution of the ferrite fraction. Modeling 
the kinetics of ferritic phase transformation is essential for 
the efficient planning of a SQ heat treatment to be applied 
in a specific steel14,29,30.

The JMAK model provides the formation of 100% of 
the interest phase (y = 1) for times that tend towards infinity. 
However, for TRIP780 steel, at 700°C, the ferrite fraction 
reaches a maximum and constant value (ye=0,38) from a 
certain time interval. That would be the ferrite fraction in 
the quasi-equilibrium. In this case, it can be considered that 
the instantaneous ferrite fraction (yα) for a long time interval 

will tend towards this maximum quasi-equilibrium fraction 
(ye). In this scenario, it can be written that yα/ye = 1. Thus, the 
classic JMAK equation could be adapted to the form presented 
in Equation 4. Thus, aiming to achieve good predictability 
about the ferrite formation kinetics, it was necessary to fit 
the Equation 4 to the experimentally determined data and, 
consequently, to determine the fitting constants k and n for 
the studied steel.

( )1 n

e

y
exp kt

y
α = − − 	 (4)

Fitting Equation 4 to the experimental data, the Avrami 
exponent (n) was determined as 1.5 ± 0.2 and the kinetic 
temperature-dependent constant (k) as (6 ± 3) x 10-3. 
The correlation coefficient was R2 = 0.99, as shown in 
Figure 6-A. This shows that the kinetics of ferrite formation, 
in the SQ heat treatments at 700°C, follow the JMAK 
model for the studied steel. According to the literature, for 
isothermal phase transformations, as the studied ferritic 
transformation, when the Avrami exponent is between 
1 and 2, this means that the nucleation of the new formed 
phase occurs heterogeneously in preferential sites which 
are the austenitic grain boundaries after local saturation34. 
This observation is consistent with observed micrographs 
(Figure 4), especially for shorter time intervals, where a 
significant allotriomorphic ferrite fraction is observed.

The TRIP780 steel submitted to step at 700°C for extremely 
short time presented a mostly martensitic microstructure and, 
at this condition, the highest hardness value was reached 
(HVmáx). Increasing the step time and, as well as the ferrite 
fraction, the hardness values decreased reaching a minimum 
value (HVmin) when the maximum ferrite fraction was formed. 
So, in the quasi-equilibrium situation, it can be considered 
that the instantaneous hardness (HVt) will tend to HVmin. 
In this scenario, using the lever rule, it can be written that 

  
1

  
máx t

máx min

HV HV
HV HV

−
=

−
, that is, the maximum SF is obtained. 

Thus, the classic JMAK equation could be adapted to the 
form presented in Equation 5. So, it was possible to fit the 
JMAK equation to the SF data and to determine the kinetic 
constants k and n.

( )1 nSF exp kt= − − 	 (5)

Fitting Equation 5 to the experimental data, the Avrami 
exponent (n) was determined as 1.5 ± 0.4 and the kinetic 
temperature-dependent constant (k) as (6 ± 8) x 10-3 . The 
correlation coefficient was R2 = 0.94, as shown in Figure 6-B. 
This shows that the kinetics of the SF, in the SQ heat 
treatments with step at 700°C, also follows the JMAK model 
for TRIP780 steel.

It is noteworthy that both in the equation that predicts the 
kinetics of ferrite fraction, and in the equation that predicts 
the kinetics of the SF, the obtained kinetic constants were 
very similar, showing that the SF methodology to study and 
to predict the kinetics of ferrite formation is efficient for the 
studied steel. This result is very important, since measuring 
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hardness is a simpler and faster procedure when compared 
to performing phase fraction measurements, representing a 
relevant practical impact.

3.3. Ferritic grain size
The ferrite formation is a nucleation and growth 

diffusional process, which occurs with preferential nucleation 
in the austenitic grain boundaries and the growth stage is 
controlled by the carbon diffusion rate in ferrite-austenite 
interface. Thus, ferritic grain growth obeys Zener’s law24, 
already presented in Equation 3.

In the studied steel subjected to SQ isotherm at 700°C, the 
ferritic grain size had an accelerated growth at an early stage, 
obeying Zener’s law (Figure 7-A). At a secondary stage, between 
the step times of 60s and 1200s, there was a large slowdown in 
growth and the ferritic grain size approached a quasi-equilibrium 
configuration. Ashrafi et al.14, showed a similar effect for a DP 
steel, noting that after 100 seconds, for three evaluated step 
temperatures (720°C, 750°C and 780°C), grain growth has 
a sharp deceleration, reaching a quasi-equilibrium condition.

Considering the grain size data of the specimens 
submitted to the step at 700°C, it was possible to fit the 

Figure 4. TRIP780 steel microstructures specimens submitted to SQ with a step temperature of 700°C. step times: A) 5s; B) 10s; C) 15s; 
D) 30s; E) 60s; F) 600s; G) 1200s: F: ferrite; M: martensite - OM-500x - 4% Nital etching.
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Zener equation24 to the first stage of ferritic grain growth, 
that is, in the time interval between 5s and 60s. Figure 7-B 
presents the obtained result. It was verified that for 700°C, 
with a correlation coefficient of 0.95, the constant α was 
determined as 2.72 ± 0.36. Ashrafi  et  al.14, studying the 

ferritic grain growth at 720°C for a DP steel, found 1.6, 
indicating a slower ferritic grain growth kinetic than that 
observed for TRIP780 steel at 700°C.

Finally, considering the 700°C step temperature applied to 
the TRIP780 steel, it can be affirmed that the three evaluated 

Figure 5. A) Ferrite fraction (yα) as a step time function and B) Vickers microhardness as a step time function. Isotherm: 700°C.

Figure 6. Fitting of JMAK model to the data obtained from: A) ferritic phase fraction as a time function; B) Vickers microhardness as a 
time function. Step at 700°C.

Figure 7. A) Grain size of polygonal ferrite as a step time function; B) Fitting of Zener equation to the first stage of ferrite grain growth. 
Step temperature: 700°C.
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variables (Vickers microhardness, ferrite fraction and ferritic 
grain size), after 60s, tend to stabilize according to adapted 
JMAK equations. Ashrafi  et  al.14 also showed a similar 
behavior for a DP steel, where they highlighted that, after 
100s the stabilization trend of these three variables began.

3.4. Martensite start temperature
An important factor to be considered for the understanding 

and execution of the thermodynamic simulations is the Ms 
temperature. For each specimen subjected to different time 
intervals at 700°C (SQ), the Ms temperature was determined 
in the dilatometric curve using the minimum deviation 
method31. Table 4 presents the obtained results.

A significant decrease in Ms temperature was observed as 
the step time increased. One factor that strongly influences 
this temperature is the austenite carbon content34,35, so that 
the higher the austenite carbon content, the lower its Ms 
temperature. Thus, the decrease in Ms temperature with the 
increase of step time, indicates the occurrence of carbon 
partition for austenite due to ferrite formation in the step 
stage. According to previous studies6,36-38, this partition can 
contribute significantly to the increase of retained austenite 
fraction at room temperature after the application of Q&P 
cycles. However, the carbon partition for austenite due to 
the ferrite formation in an intercritical annealing, can lead 
to a non-homogeneous austenite carbon profile, as discussed 
by Tan et al.6 and Santofimia et al.36, influencing the retained 
austenite morphology and the occurrence of the TRIP effect 
during deformation39. The Ms temperature determination after 
the SQ treatment is necessary to guarantee great agreement 
between the thermodynamic predictions and the real Q&P 
heat treatments, since this Ms value can be considered an 
indirect measurement of the austenite carbon content prior 
to the partial quenching in a Q&P cycle35.

3.5. Thermodynamic simulations of SQ-Q&P 
heat treatments

A Q&P heat cycle basically consists of a steel reheating 
for microstructure austenitizing (fully or partially), followed 
by a partial quenching to a QT temperature, between Ms 
and Mf and, finally, a partitioning step at QT temperature 
or slightly higher than this40. To maximize the retained 
austenite fraction obtained at the end of a Q&P cycle, the CCE 
(constrained carbon equilibrium) model, initially proposed 
by Speer et al.2,17, starting from a microstructure formed by 
primary martensite and untransformed austenite fraction, 
proposes a constricted carbon balance, disregarding the 
mobility of iron atoms, the substitutional elements diffusion, 
and the interface mobility. Competitive reactions such as 
carbide precipitation and austenite into bainite decomposition 
are also considered to be completely suppressed. Then, the 
carbon partition, after the partial quenching, will end when 
the carbon chemical potential in the interfaces is equal in both 
phases (martensite and austenite). From these conditions, 

according to Speer et al.17, the retained austenite fraction in 
the final microstructure can be determined by the resolution 
of a system of equations allied to the Koistinen-Marburger 
equation (K-M)41.

From the CCE model, Li et al.25 proposed an alternative 
one for low carbon steels with Si and Mn additions, but now 
considering the possible occurrence of isothermal bainite 
formation during the partitioning stage. The model, named 
CCET, considers that the carbon partition from martensite to 
austenite is completed in the first seconds of the partitioning 
step, with the CCE model being applicable until that moment. 
After the initial seconds, for temperatures around 400°C, as 
observed by the authors25, austenite can partially decompose 
into bainite (which is disregarded by the CCE model). In this 
context, the bainitic transformation can be modeled from the 
T0 curve42, and can be used to predict the retained austenite 
fraction at the process end. For quenching and partitioning 
conditions in which isothermal bainite formation occurs 
from the untransformed austenite, the CCET model, unlike 
the CCE model, was optimally applied according to the 
Li et al.25 experimental data. Finally, both the CCE and CCET 
model can predict an optimal end quenching temperature 
(QT) used in partial quenching, where the highest retained 
austenite fraction in the final microstructure can be obtained.

In this study, in order to efficiently combine the SQ 
concept with Q&P, some modifications were considered 
in the mentioned models, since, during an SQ treatment, a 
certain ferrite fraction will be formed. Therefore, an initial 
microstructure consisting of ferrite and austenite will be 
heat treated in the first step of Q&P cycle, i.e. quenching. 
Equation 6 originates from a simplified relationship17,43 between 
the Henrian activity coefficients for carbon in ferrite and 
austenite, and it is considered that, at the partitioning stage 
end, martensite will have a very low carbon content (due to 
the carbon diffusion to austenite) similar to that of ferrite. 
Thus, in this work, for mathematical calculations, both 
ferrite and martensite are considered to be a single phase 
α (BCC phase).

Equation 6 relates the carbon chemical potentials of the 
α (ferrite and martensite) and γ (austenite) phases through 
the carbon molar concentrations in the phases and absolute 
temperature, where, CX γ , CXα , R and T, are, respectively, 
the molar carbon concentration in γ, the molar carbon 
concentration in α, the gases universal constant, and the 
absolute temperature. It is considered, as already mentioned, 
that the carbon partition ends when the carbon chemical 
potentials become equal in both phases, and this condition 
is reached during the partitioning stage. Therefore, the 
molar fractions present in Equation 6 correspond to those 
found at the partitioning stage end, with T being equal to 
the partitioning temperature (PT).

Since the total carbon amount in the alloy does not 
vary, a solution can be found for Equation 6 using the 
Equation 7, where CCEf α , CCEf α , CCEf γ , and alloy

CX , represent, 

Table 4. Effect of step time intervals at 700°C on the steel Ms temperatures.

Step time at 700°C (s) 5 10 15 30 60 600 1200

Ms temperature (°C) 365 359 362 347 310 265 264
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respectively, the volumetric ferrite & martensite (formed in 
partial quenching) fraction, the volumetric untransformed 
austenite fraction (after partial quenching), and the alloy 
molar carbon concentration.

Equation 8 presents the K-M relation, which 'f α

represents the martensite fraction formed in QT, and Ms is 
the martensite start temperature of austenite prior to partial 
quenching (Ms temperatures measured by dilatometry , i.e. 
data presented in Table 4).

Solving the equation system formed by Equation 6, 
Equation 7 and Equation 8, the martensite and austenite 
carbon concentrations are known after the end of carbon 
diffusion during the partitioning stage. Therefore, carbon 
enriched austenite has, at the partitioning end, a lower Ms 
temperature (to be mathematically determined by empirical 
equations available in technical literature35). Thus, the final 
quenching up to room temperature can lead to the formation 
of a certain secondary martensite fraction, and can also be 
calculated by Equation 8. Knowing that the sum of phase 
fractions should always be equal to 1, and that the other 
constituents formation was not considered by the CCE 
model, the final microstructure will be formed only by ferrite 
(originating from the SQ), austenite, and martensite (primary 
and secondary). So, the retained austenite fraction in the 
microstructure at the Q&P process end, becomes known by 
Equation 9, according to the CCE model. The final retained 
austenite and secondary martensite fractions are represented, 
respectively, by RA

CCEf γ  and ''a
CCEf . Finally, the QT temperature 

can then be optimized for a value where the maximum 
retained austenite fraction is obtained.

( )76789 43,8 169105 120,4

.
CT T X

RTCCX X e

γ

γ α
− − −

=
	 (6)

alloy
CCE C CCE C Cf X f X Xγ γα α + = 	 (7)

( )0,011' 1 sM QTf eα − −= − 	 (8)

''RA
CCECCE CCEf f fγ γα+ = 	 (9)

On the other hand, once the α and γ phase fractions and 
carbon concentrations in the first partitioning seconds are 
known by CCE model, the CCET model proposes some 
equations (Equation 10, Equation 11, and Equation 12) to 
determine the bainite and retained austenite fractions at the end 
of the Q&P process. The austenite, bainite and α volumetric 
phase fractions, at the end of partitioning, are represented, 
respectively, by CCETf γ , Bf , CCEf α  (α fraction obtained in the 
CCE model). The carbon concentrations (wt.%) of alloy, 
austenite (determined by the T0 curve), bainite (considered 
to be equal to 0.03%42), and α (determined by the CCE 
model) are represented, respectively, by alloy

CX , , BC Cγ  e CXα

. The retained austenite fraction at the process end, that is, 
after the second quenching, is given by RA

CCETf γ , with ''
CCETf α  

being the secondary martensite fraction.

alloy
B B CCE CCCET Cf C f C f X Xγ α α

γ + + = 	 (10)

1B CCECCETf f fγ α+ + = 	 (11)

''RA
CCETCCET CCETf f fγ γα+ = 	 (12)

As proposed by the CCE model, the CCET model can 
also predict an optimal QT temperature for which the highest 
retained austenite fraction is expected.

Chen  et  al.44, studying a 0.2C-2.82Mn-1.58Si steel, 
showed that the occurrence of bainitic transformation 
in the Q&P process leads to a greater retained austenite 
fraction due to the optimization of carbon redistribution 
(which increase the austenite stability) in addition to 
carbon partition during the transformation45. This lead to 
a significant improvement in uniform and total elongation 
combined with a high strength, with which other authors 
also agree46-49. Li et al.25, as already mentioned, proposed the 
CCET model precisely based on the bainitic transformation 
occurrence in C-Mn-Si steels submitted to Q&P processes, 
with partitioning temperatures between 350°C and 450°C. 
This temperature range accelerates the kinetics of bainitic 
formation in this steel class32, combined with the fact that, 
according to Kawata et al.50, the martensite pre-existence 
from partial quenching also favors bainitic transformation, 
i.e. during the partitioning stage in a Q&P cycle. According 
to Dai et al.4, in the temperature range from 350°C to 430°C, 
the transition carbides and cementite formation may occur, 
which should be suppressed by the presence of Si, but only 
once the partitioning time is optimized. Therefore, the 
typical partition temperature in Q&P processes that consider 
bainitic transformation as beneficial to Q&P steels is 400°C4. 
Hence, the partition temperature used for thermodynamic 
simulations in this work was 400°C.

Figure  8 shows the retained austenite final fraction 
(RA) curves versus partial quenching temperature (QT) for 
different conditions, according to the CCE and CCET models. 
Before the simulation of the Q&P cycles, it was considered 
that the initial microstructure was the one obtained in the 
SQ heat treatments at 700°C, applying different step times 
(5s, 10s, 15s, 30s, 60s, 600s, and 1200s). Therefore, the 
initial microstructure was considered biphasic, constituted 
of ferrite and austenite. After the Q&P simulations, the final 
microstructures, according to the thermodynamic models, 
could consist of ferrite, primary and secondary martensite, 
retained austenite, and bainite, with bainite being considered 
only in the CCET model.

The maximum retained austenite fraction predicted in 
both models for the composition of the studied commercial 
TRIP780 steel was approximately 20%, regardless of the 
initial condition (step time). This is explained by the fact 
that the CCE model considers a carbon chemical potential 
balance between the phases α and γ, and, by changing the 
ferrite fraction (within the values range obtained in this work), 
the maximum retained austenite final fraction at the optimum 
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QT temperature is not altered. However, the higher the ferrite 
amount in the microstructure after SQ treatment, the lower 
QT should be for the formation of an ideal martensite fraction 
to obtain the maximum retained austenite fraction. Thus, 
considering the ferrite fraction in the SQ varying between 
approximately 0% and 40%, the optimum QT temperature 
ranged from 230°C to approximately 150°C, respectively.

This result emphasizes the importance of precise control 
of QT temperature as a function of the microstructure prior 
to partial quenching, aiming to reach the highest final 
fraction of retained austenite. As can be observed in the 
curves presented in Figure 8, for the same SQ condition, 
comparing the CCE and CCET models, the retained austenite 
fractions are identical for QT values that are lower than 
the optimal QT. This is due to the fact that the two models 
are mathematically equal if the applied QT value is lower 
than the optimal QT, once, according to the CCET model, 
bainite has not yet formed in the partitioning stage from the 
untransformed austenite. This occurs because at relatively 
low QT temperatures high fractions of primary martensite 
are formed, leading to small amount of bainite transforming. 
However, at higher QT temperatures, with lower content 
of primary martensite, the austenite to bainite isothermal 
transformation is favored.

For temperatures above the optimal QT, by the CCET 
model, part of the unprocessed austenite will be decomposed 
into carbide free bainite, and then the retained austenite fraction 
is decreased (in relation to the fraction in the optimum QT) 
and, at the same time, carbon enriched. According to the CCET 
model, carbon enrichment due to bainitic transformation 
allows the stability of a given retained austenite fraction 
even for a high QT, unlike the prediction of the CCE model. 
Li et al.25 showed that the CCET model can be used as a good 
predictor of the RA fraction using partitioning temperatures 
of around 400°C (temperature range where the CCE model 
did not serve as a good predictor) for alloys with typical 
TRIP steels chemical composition.

The CCE model showed that, for temperatures below 
the optimal QT, the primary martensite fraction increases, 
and all untransformed austenite in the first quenching will be 
retained, with no secondary martensite formation occurring 

in the final quenching. This is different from what occurs for 
a quenching temperature higher than the optimal QT51. This 
is explained by the fact that the carbon source considered for 
stabilization of untransformed austenite in the first quenching 
is the primary martensite, and a certain amount of martensite 
is necessary for austenite to be stabilized at room temperature, 
while also considering a carbon mass balance between the 
phases52. The CCET model predicts different phase fractions 
when the quenching temperature is higher than the optimum 
QT temperature. This happens because the partial austenite 
into carbide-free bainite decomposition with simultaneous 
carbon rejection for austenite is considered, thus predicting 
a higher retained austenite final fraction (in relation to the 
CCE model), and a lower secondary martensite fraction25. 
The appropriate heat cycle choice will depend on the desired 
mechanical properties, and the technical feasibility for the 
heat treatments application53.

During tensile tests on a TRIP steel (0.18C-0.53Si-1.95Mn-
1.46Al-0.08P), Tan et al.6 observed a preferential softer phase 
deformation (ferrite formed during an SQ treatment), which 
may contribute to the cracks formation between the different 
phases in the microstructure. At the same time, according 
to the authors, the presence of ferrite in the microstructure 
increases the material ductility, due to a higher work hardening 
in this phase, and this favors the mechanical partition for 
the retained austenite. Thus, the gradient of deformation 
between the highest and lowest strength phases is decreased if 
ferrite work hardening is considered. Therefore, through the 
contribution of ferrite work hardening and the TRIP effect, 
in a properly optimized microstructure, the crack initiation 
can be delayed. Finally, they concluded that for TRIP effect 
optimization in multiphase steels, the mechanical partition 
between the phases present in the microstructure should 
be considered (in addition to the fraction, carbon content, 
retained austenite morphology, size and crystallography). 
Then, there is the possibility of combining SQ (a technique 
already applied to the automotive steels’ production) and Q&P 
treatments to obtain an optimized microstructure in terms 
of mechanical properties. Thus, nowadays the automotive 
industry has great interest in-depth studies to optimize SQ 
cycles combined with Q&P, obtaining optimal parameters 

Figure 8. Partial quenching temperature (QT) as a retained austenite final fraction function predicted by the thermodynamic models CCE 
and CCET from the application of Q&P cycles in microstructures previously treated in different SQ cycles. Partitioning temperature 
equal to 400°C.
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for the execution of heat treatments, as is the case of QT 
temperature optimization.

Hence, considering the studied steel, in practical terms, 
there is a great potential to reach an interesting multiphasic 
microstructure and balanced mechanical properties by applying 
a SQ heat treatment at 700°C (for 30s - 60s) followed by a Q&P 
process with quenching temperature close to the optimum QT 
temperature and partitioning at 400°C. Thus, a ferrite fraction 
between 25% and 35% would be obtained, ensuring a good 
ductility to the final microstructure54 as well as a high strength due 
to the presence of a considerable martensite, retained austenite, 
and carbide-free bainite fractions. Figure 9 presents a schematic 
illustration of this possible heat treatment combination. The phase 
final fractions, for different heat cycles, predicted by the CCE 
and CCET models, are shown in Table 5. It is important to 
highlight that: these heat cycles are optimized conditions based 
on the physical and thermodynamic simulations performed in 
this work; the kinetic characterization of ferrite formation at 
the step temperature and the Ms temperature determination as a 
function of the SQ heat treatment are essential input data for the 
simulation. Thus, SQ-Q&P cycles could be simulated, reaching 
optimal conditions in the context of this study.

4. Conclusions
Considering the conditions evaluated in this study, it 

was observed that the increase in the austenite supercooling 

degree (decrease in step temperature) favored the kinetics 
of primary ferrite formation during the isothermal heat 
treatment, being the kinetics satisfactorily modeled by the 
JMAK equation. The SF also follows the JMAK model, and 
the SF methodology for studying and predicting the kinetics 
of ferrite formation is efficient for the studied steel. This result 
is very important, since measuring hardness is a simpler and 
faster procedure when compared to performing phase fraction 
measurements, representing a relevant practical impact.

The kinetics of ferritic grain growth for the TRIP780 steel 
at the step temperature of 700°C takes place in two stages. 
At an early stage, it obeys Zener’s law. At a secondary stage, 
there is a notable slowdown in ferritic grain growth that 
approaches quasi-equilibrium configuration.

For all variables studied at the 700°C step temperature, 
there was a stabilization trend after 60s of step isotherm. 
This shows that, after a certain time interval, the variation 
of these parameters is very small, whilst approaching quasi-
equilibrium as step time is increased.

The thermodynamic modeling of SQ-Q&P cycles showed 
that this combination can provide a high retained austenite 
fraction in a multiphase microstructure containing ferrite, 
martensite and carbide-free bainite. As a result, a SQ heat 
treatment followed by the Q&P cycle has the potential to 
generate a steel consisting of a high strength and of a good 
deformation capacity, which also achieves the ultimate 
objective of a final microstructure assisted by the TRIP effect. 

Figure 9. Schematic SQ heat cycle design followed by Q&P process.

Table 5. Final phase fractions predicted by the CCE and CCET models after the combination of SQ and Q&P cycles, with different Step 
times and QT temperatures. RAf γ , 'af , ''af , af  and Bf  represent, respectively, the retained austenite, primary martensite, secondary 
martensite, ferrite and bainite fractions, according to the CCE or CCET models (as signed).

SQ 
condition QT (°C) PT (°C) RA

CCEf γ 'a
CCEf ''a

CCEf af RA
CCETf γ B

CCETf 'a
CCETf ''a

CCETf

700°C
30s

180

400

0.12 0.64 0
0.24

0.12 0 0.64 0
230 0.20 0.55 0.01 0.20 0 0.55 0.01
280 0.04 0.40 0.32 0.16 0.14 0.40 0.06

700°C
60s

180 0.16 0.49 0
0.35

0.16 0 0.49 0
205 0.20 0.45 0 0.20 0 0.45 0
230 0.08 0.38 0.19 0.16 0.05 0.38 0.06
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At the same time, as the SQ process is already executed 
industrially, the feasibility of applying Q&P heat treatments 
combined with SQ can be facilitated.
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