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The kinetics of phase transformations in isothermal processes is well described by the classic
JMAK model. However, it is known that most industrial facilities employ continuous cooling processes
and, for this condition, the JMAK model is adapted but, sometimes, without success. Considering
the importance to predict critical temperatures, the present work proposes an alternative empirical
functional equation to describe the kinetics of steel phase transformation under continuous cooling,
being useful when the JMAK use is not successful. In this study, the continuous cooling austenite to
ferrite transformation was experimentally characterized by dilatometry for an IF-Ti-stabilized steel.
The proposed equation was compared with the classic adapted JMAK model regarding to evaluate
its efficacy to fit the dilatometric experimental data. Using the constants obtained by the both model
fittings as input parameters, a computational simulation was performed to determine the CCT diagram
of the IF-Ti steel. The proposed functional equation was efficient to predict the critical temperatures,
the kinetics of austenite decomposition and the CCT diagram of the studied steel. The results predicted

by the proposed model greatly met the experimental data measured by dilatometry.
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1. Introduction

The knowledge about the mechanisms and kinetics of
phase transformation in steels is relevant when one wishes
to evaluate the development of material microstructures in
function of its processing history, as well as to understand
the relation between its structure and its properties'”’.

Since 1930 decade, the physical metallurgy researchers
invest their efforts to understand, to describe and to predict the
kinetics of steel phase transformations. The pioneer studies
evaluated the isothermal phase transformation, consolidating
important physical models and predicting equations. The
kinetics of isothermal phase transformations is well described
by the classic Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model, presented in Equation 1. In this equation, y is the
fraction of the new transformed phase after a certain time (z);
n is the Avrami exponent and k depends on the transformation
temperature and it is predicted by the Arrhenius equation
(Equation 2), where £, is the pre-exponential coefficient, #
is the universal gas constant and @ is the global activation
energy for phase transformation, incorporating activation
enthalpies of all the atomic processes that constitute the
global phase transformation®°.
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However, the most industrial facilities employ, on their
steel processing routes, continuous cooling stages, where

*e-mail: geraldolfaria@yahoo.com.br

for different steel types, the austenite decomposes, defining
the product final microstructure, as well as its mechanical
properties. In this context, many researchers have been
studying this problem until nowadays, and have been
proposing physical models to predict the kinetics of phase
transformation under continuous cooling. However, most
part of this physical models are very complex, assume many
physical simplifications and require powerful computational
resources, making them difficult to apply in the industrial
environment®>!1-1,

Considering this scenario, many researchers and steel
manufacturers perform a mathematical adaptation of IMAK
equation to predict continuous cooling phase transformations,
although the physical understanding of the model is partially
disregarded. Several authors related that this mathematical
adaptation, due to the sigmoidal profile of the JIMAK
equation, is an easy, simple and trustable way to model and
to predict the phase transformations as a time function for
a continuous cooled steel>'>!52!, However, some authors
also reported unsatisfactory fitting of JIMAK equation to
experimental data collected during some steel continuous
cooling transformation, i.e. a relatively low convergence,
leading sometimes to relatively low coefficient of determination
(R?) and, consequently, to great predictability deviations's2!.

The interstitial free (IF) steels have relatively simple
chemical composition. They contain ultra-low carbon and
nitrogen contents with small additions of strong carbonitride
forming elements such Ti and Nb. IF steels are widely used
in the automotive industry, being usually drawn and welded.
Aiming to improve the steel manufacturing processes, as well
as the post-welding microstructures, the understanding of the
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kinetics of the primary phase transformations (austenite —
ferrite) is relevant. As the IF steels may be manufactured and
applied with different chemical compositions and their final
ferrite morphologies depend on the steel cooling condition, to
characterize and to predict the austenite—ferrite transformation
is a great contribution to the material processing planning'->24,

It is known that most industrial facilities employ
continuous cooling processes in IF steels. Therefore, to
model its phase transformation kinetics under continuous
cooling is important in order to have predictability of critical
temperatures and transformation rates, allowing to improve
the material processing. Cezario et al.?!, studying IF steels
welded by the TIG process, reported that the adaptation of
JMAK equation to predict the critical temperatures related
to the austenite—ferrite transformation was not satisfactory,
presenting a relatively great deviation. Motivated by this, they
proposed a direct equation to obtain critical temperatures as
a function of the steel cooling rate. However, their equation
did not allow to predict the transformed phase fraction as a
time function, which it is important for many applications.
They also reported that several models have been proposed
by researchers for predictability of phase transformation in
continuous cooling, however they did not use them because
they are either of high computational complexity, or use
different adaptations of the JMAK model that did not fit
satisfactorily to their IF experimental data>>’.

Therefore, the present work aims to propose a relatively
simple and alternative functional equation to mathematically
predict the kinetics of phase transformation of an IF-Ti-stabilized
steel submitted to continuous cooling transformations. The
adapted IMAK equation was also applied to the experimental
data and the results were compared. Samples of the IF-Ti steel
were subjected to dilatometric tests at different cooling rates
in a quenching dilatometer and, subsequently, the provided
data were treated and analyzed, and the feasibility of using
the proposed model was investigated. The main goal of this
research is to propose a simple empirical equation (even
without physical meanings) that allows to predict the kinetics
of phase transformation and to calculate the CCT diagram of
the IF-Ti steel, for any cooling rate, without the need to use
complex physical models or powerful computational resources.

2. Materials and Methods

The material used in this study was an IF-Ti-stabilized
steel and its nomenclature in this work will be IF-Ti. The steel
chemical characterization was performed using the Optical
Emission Spectrometry technique, in the Foundry-Master Xpert
equipment - Oxford Instruments. The initial microstructure
of the IF-Ti steel was characterized applying standardized
metallographic procedures to a representative sample?. The
sample was etched with Nital 2% and it was analyzed in a
Leica DM2700M optical microscope. In addition, the sample
was submitted to Vickers microhardness tests® in a digital
Pantec microhardness tester using a load of 50 gf and the
application time of 15 s. To calculate the average Vickers
microhardness, 15 random measurements were performed.

After the initial chemical and microstructural
characterization, cylindrical dilatometric specimens of the
IF-Ti steel were machined with standardized size of 10mm
in length and 3mm in diameter. The dilatometric tests were
performed heating each sample (5 °C/s) to 1100 °C with a
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3 min. soaking time for complete austenitizing. After that,
each sample was continuously cooled with a specific cooling
rate (0.5 °C/s, 1 °C/s, 5 °C/s, 10 °C/s, 20 °C/s and 100 °C/s).

After performing the dilatometric tests, the heating and
the cooling data of each dilatometric curve were transferred
to the OriginPro 9.0 software for mathematical work. For

each experiment, the relative length [8 = iLj was plotted

as a temperature function. Then, in the sameo graph, the first
order derivative curve was plotted to determine the phase
transformation critical temperatures®. The dilatometric
heating curve was analyzed with the purpose of determining
the critical temperatures Ac, and Ac,, while the cooling
dilatometric curves, besides providing the critical temperatures
Ar, and Ar , were also used to study the kinetics of austenite
to ferrite decomposition at different cooling rates.

To perform the kinetic study, for each evaluated cooling

. . AL

rate, the lever rule was applied to the relative length [s = L]
0

versus temperature data and it was possible to obtain, for

each studied condition, the austenite and ferrite fractions
as a temperature function. The lever rule applied to the
dilatometric data is a well-known and well-established method
to quantify the phase fractions of biphasic systems®*!13152! ag
it was supposed for the studied steel. An example illustrating
how this was performed will be further presented in Results
and Discussion section.

Known phase fraction values as a temperature function
for each evaluated cooling rate, the first form of the proposed
equation, relating phase fraction to the instantaneous
temperature (Equation 3), was fitted to these generated data.
As all experiments were performed with constant cooling
rates, the Equations 4 and 5 could be applied to calculate
de temperature-time relations. This made possible to plot
the phase fractions as a time function. In this graph (phase
fraction x time), two different fittings were performed, the
first considering the classic JMAK model (Equation 1) and the
second considering the final form of the proposed equation,
given by Equation 6 (which directly relate phase fraction
as a time function). For each analyzed cooling rate, the k,n
and 7', constants were obtained. These constants were later
used as input parameters to simulate the ferrite formation
kinetics and to simulate the CCT diagram of the IF-Ti steel.

The CCT diagram of the IF-Ti steel was built considering
the experimentally determined critical temperatures and
the ones obtained considering both JIMAK model and the
proposed equation. The calculation of the critical temperatures
considering both mathematical ways was carried out from
the simulation of the ferrite formation kinetic, in which the
transformation beginning was taken as being the temperature
referring to 1% of formed ferrite and the transformation end
to be that temperature in which the formed ferrite fraction is
90%. Aiming to allow the predictability of ferrite formation
kinetics for any rate in the range of studied data, using the
proposed model, empirical relations between the parameters
k,n and 7, (Equation 6) with the cooling rate were established;
and a computational calculation were performed, presenting
as final result the Ar, and Ar, temperatures as a cooling rate
function. It is important to highlight that the computational
calculations, that will be better described in Results and
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Discussion, as a part of the method development, were
performed using the Microsoft Excel 2016, a relatively
common software available in the most of the academic
and industrial environments.

The tested dilatometric specimens were mounted and
submitted to standardized metallographic preparation
procedures®. They were chemically etched with 2% Nital
and, images of their microstructures were obtained. With
the aid of the LAS4.6 software coupled to the Leica optical
microscope, it was possible to measure the average grain
size of the ferritic grains by automatic determination of the
equivalent diameter®'*? and, then to evaluate the influence
of the cooling conditions on the IF-Ti steel microstructure.
In addition, the samples were also submitted to Vickers
microhardness tests® applying similar conditions to those
performed for the sample in the initial state.

3. Results and Discussion

3.1 Chemical analysis and microstructural
characterization

Table 1 presents the chemical composition of the studied
steel. It is observed that the element contents, mainly C and

Ti, meet the usual values to consider it as an interstitial free
Ti stabilized steel**-¢.

Figure 1 presents the microstructure of the initial state
of'the IF-Ti steel acquired by optical microscopy (OM). It is
observed that, as expected, the material is constituted mainly
by a ferritic matrix with the presence of Ti carbonitrides®-¢.
The ferritic average grain size at this condition was
(20.82 + 0.08) um and the average Vickers microhardness
was (95 = 5) HV.

3.2 Dilatometric tests aiming to determine
critical temperatures

Figure 2a shows an example of a dilatometric curve obtained
during the IF-Ti steel heating and its respective derivative
curve used to determinate Ac, and Ac, critical temperatures.
Itis observed that the beginning of the specimen contraction
represents the start of the o — y transformation, this occurs
due to the lower molar volume of austenite compared to
the ferritic one’. Six similar curves were obtained and, for
each one, the start and end austenitizing temperatures were
determined. Figure 2b highlights these measured critical
temperatures related to the IF-Ti steel austenitizing (Ac -start,
Ac,-end). It is observed that the Ac, and Ac, average values
was 891 °C and 1032 °C respectively.

Table 1. Chemical composition of the IF-Ti steel studied in this work (wt.%).

Alloy C Si Mn P S Al Nb Ti Mo
IF-Ti 0.004 0.028 0.10 0.013 0.010 0.03 0.0030 0.0577 0.0132
)
B 0 S *  Ticarbonitrides
; 4] 7 >
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Figure 1. Microstructure of the initial state of IF-Ti steel (a) 100x; (b) 500x. OM — Nital 2%.
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Figure 2. (a) Example of a dilatometric curve of IF-Ti steel continuous heated at 5 °C/s constant rate; (b) Ac, and Ac; critical temperatures

experimentally determined for the IF-Ti steel.
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Figure 3a presents an example of a dilatometric curve
obtained during the steel continuous cooling at a rate of
1 °C/s and its respective derivative curve used to determine
Ar, and Ar, critical temperatures. It is emphasized that for
each studied cooling rate, a dilatometric curve was obtained
and similarly treated. Figure 3b presents the measured
critical temperatures, related to the y — o transformation as
a function of the different evaluated cooling rates. During
the steel cooling, ferrite grains preferentially nucleate in
the austenite grains boundaries at temperatures around Ar,
and then grow continuously, consuming all austenite. It is
observed that increasing the cooling rate, the transformations
will begin and finish in lower temperatures, result of a higher
austenite undercooling?.

For alloyed steels it is expected that increasing the
cooling rate, solid solution elements have a great effect
on the austenite undercooling. As the austenite to ferrite
transformation is a diffusional mechanism, the cooling rate
increase can retard the elements diffusion, increasing its
content on austenite until lower temperatures, retained it
metastable and delaying its decomposition. This behavior
was observed in the IF-Ti studied steel, but due to its low
carbon and low alloying element contents, the effect of
increasing cooling rate on the austenite undercooling is
not so intense as the described for alloyed or microalloyed
steels*#2, Higher cooling rates decrease the austenite to
ferrite transformation temperature, increasing the austenite
decomposition driving force. As consequence, the increased
cooling rates should promote the reduction of the critical
radius for ferrite nucleation, favoring the ferrite nucleation
rate and promoting a ferrite grain refinement®**.

Another factor that probably contributed to the differences
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The samples submitted to dilatometric experiments
were microstructurally characterized by optical microscopy
(OM). Figure 4 presents the obtained micrographs. It is
possible to observe that increasing the steel cooling rate and
lowering the transformation start temperature, a ferritic grain
refinement has occurred. The ferrite average grain sizes and
the average Vickers microhardness for each analyzed rate
are presented in Table 2. It is clear that the microhardness
values increased as the average grain size decreased, due
probably to the increase of grain boundary and dislocation
densities, favoring the material mechanical strength*'. Tt
is important to highlight that due to the fact that there is
not a great influence of the cooling rate on the austenite
undercooling for the studied steel, a large variation in the
austenite decomposition driving force was not expected, and
therefore, neither in the ferrite nucleation rate, thus justifying
the small variation in ferritic grain size, mainly for cooling
rates between 5 °C/s and 20 °C/s.

3.3 Kinetics of austenite to ferrite transformation

From the dilatometric curves obtained in the continuous
cooling of the IF-Ti steel at different rates, it was possible to
calculate the austenite fraction according to the methodology
below described (lever rule). Firstly, two parallel lines were
drawn as Figure 5a presents. Then, an isotherm was traced
and, by applying the specific volume variation method
(lever rule)*®**#| the austenite fraction was calculated as a
temperature function. In order to sample points along the

Table 2. Average ferritic grain sizes and average Vickers microhardness
values as a cooling rate function.

in ferrite grain sizes were the coarsening of previous austenite Continuous Average size of Vickers
grains for the lowest evaluated cooling rates. As the austenite Cooling Rate ferritic grains Microhardness
grains grow relatively fast in IF steels, the samples submitted (Chs) (pm) (HV)
to the lowest cooling rates remained higher periods of time 0.5 252£27 80+3
in temperatures above Ac, temperature, allowing austenite 1 183+3 9+2
grain coarsening compared to the samples submitted to 5 127412 842
higher cooling rates. The coarser the austenite structure the 10 122+11 95£7
lower the density of preferential sites for ferrite nucleation 20 115+ 12 87+2
and, therefore, the higher the ferrite grain size. 100 83+6 95+3
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Figure 3. (a) Example of cooling dilatometric curve obtained for a continuous cooling rate at 1 °C/s; (b) cooling critical transformation

temperatures as a function of applied cooling rates.
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(f) 100 °C/s — OM — Nital 2%.
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Figure 5. (a) Schematic figure presenting the applied method to calculate the austenite fraction (lever rule); (b) austenite fraction as a

temperature function during steel continuous cooling at 0.5 °C/s.

entire dilatometric curve, the austenite fraction was calculated
several times for different temperature values.

For each studied cooling rate, the austenite fractions
were plotted as a function of instantaneous temperature,
as exemplified in Figure Sb. It is known, and widely
described by many authors, that the volumetric fraction of
the transformed phase can be fitted by the adapted JIMAK
model, as far as diffusion processes are concerned and for
which the transformed fraction is time dependent®!1%37-%,
For the phases whose formation is diffusionless and the
transformation rate depends on the temperature and do
not on the time, as the martensitic one, the Koistinen and
Marburger equation is used*.

The Koistinen and Marburger equation also has a
sigmoidal profile and, disregarding its physical deduction,
considering only its mathematical expression and its function
geometric profile, it could be possible to establish, using it,

a direct relation between the fraction of the formed phase
and the instantaneous temperature for continuous cooling
transformation, as happens with the martensitic one, even the
austenite to ferrite decomposition being diffusional. In view of
this and in order to propose an alternative functional equation
for mathematical prediction of austenitic decomposition
under continuous cooling, with diffusional transformation,
a mathematical adaptation of the Koistinen and Marburger
equation was proposed. This adaptation is presented by
Equation 3, where y is the austenite fraction as a function of
the instantaneous temperature 7; k and » are fitting constants
and 7, is the final temperature of austenite decomposition.
Therefore, for each studied cooling rate, the Equation 3
was fitted to the experimental data as exemplified by the
Figure 5b for the 0.5 °C/s. The obtained fitting parameters,
for each cooling rate, are presented in Table 3.
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; e(7-7.\" 3 noted that the rate receives a negative signal in Equation 4,
=i exP(_ ( e ) J &) because it is a cooling. Isolating the time from Equation 4, it

As the studied continuous cooling rates were constant,
the instantaneous system temperature (7) can be calculated
by Equation 4, where 7, is the austenitizing temperature,
which in the present work is 1100 °C; raze is the continuous
cooling rate corresponding to each studied thermal cycle and
¢ is the elapsed time of the cooling beginning. It should be

= Austenite fraction
1.0 1 U Ferrite fraction
= e JMAK
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Figure 6. Phase fractions as a time function for IF-Ti steel cooled
at 0.5 °C/s. Comparison between Ferrite-time and JMAK fittings.

was possible to write the Equation 5. Using the Equation 5,
it was possible to calculate the phase fractions as a function
of time, for each one of the studied cooling rates, as Figure 6
exemplifies for the 0.5 °C/s. The ferrite fraction, in turn, was
obtained from the austenite fraction, since it was considered
that always the sum of the fractions of the two phases is 1.

T =T, +(-rate*t) 4)
T,-T
i ®)

Substituting the Equation 4 into the Equation 3 and
considering that the sum of the fractions of austenite and
ferrite phases is equal to 1, Equation 6 is obtained. In this
way, the Equation 6 was fitted to the ferrite fraction curve as a
function of time, as shown in Figure 6. Then, for comparison,
the Equation 1 (classic JMAK equation) was also fitted to the
same experimental data. Figure 6 exemplifies a comparison
between the proposed equation and JIMAK equation for the
0.5 °C/s cooling rate, exemplifying what was performed for
all studied rates.

Table 4 presents the parameters obtained from the
Equation 6, named as Ferrite-Time equation, fitting; while
Table 5 presents the parameters related to the JMAK
(Equation 1) fitting. It is observed, from Figure 6 and the

Table 3. Kinetics constants obtained by the fitting of Equation 3 to the experimental data.

Cooling Rate (°C/s) k T, n R?
0.5 1.1x102 854 1.16 0.99915
1 6x107 841 1.3 0.99851
5 2x107 845 1.5 0.99906
10 1x10° 837 1.6 0.99819
20 1.8x1073 814 1.5 0.99880
100 4x10* 788 1.7 0.99908

Table 4. Parameters obtained from the fitting of the Ferrite-Time equation.
Proposed Equation: Ferrite-Time

Cooling Rate (°C/s) k Ty n R’
0.5 1.1x102 854 1.16 0.99915
6x10° 841 1.26 0.99851
5 3x10° 846 1.4 0.99887
10 1x10° 835 1.6 0.99822
20 2x107 814 1.5 0.99881
100 3x10* 790 1.8 0.99883

Table 5. Parameters obtained from the fitting of the JMAK equation.
Classic Model: IMAK
Cooling Rate (°C/s) k n R?

0.5 Ix10" 4 0.88124

1 2x10" 5 0.92828

5 3x10°1° 5.8 0.98814

10 3x10°® 5.7 0.99600

20 2x10°* 7.1 0.99416

100 1x10? 5.2 0.99681
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parameters presented in Tables 4 and 5, that the proposed
model, identified as Ferrite-Time, fit better to the experimental
data than the adaptation of the classic JMAK equation for
continuous cooling. The R? obtained values applying the
Ferrite-Time equation are closer to 1 when compared to
the ones obtained by the use of JIMAK model, even trying
to use the linearized form.

y:exp(—k(1100+(—rate*t)—Tf)n) (6)

3.4 Kinetics simulation and CCT diagram
calculation

Applying the fitting parameters, obtained for each cooling
rate, it was possible to perform two simulations for the
ferrite formation kinetics: the first considering the proposed
empirical model (Equation 6) and the second considering the
classic JIMAK model (Equation 1). Equation 6 is the result
of adaptations made in Equation 3, in order to establish a
direct relationship between ferrite fraction and time. Because
of this, it can be seen that the kinetic constants presented
in Tables 3 and 4 are similar. However, as it is desired to
simulate the transformation evolution directly in terms of
time, the data used in this simulation were those presented
in Table 4. For the simulation considering the classic JMAK
model, the parameters presented in Table 5 were used.

Figure 7 shows and compares the experimental points with
simulated curves obtained for both models. It was observed

that the simulations of ferrite formation kinetics applying
the both analyzed models were satisfactory. It is important
to highlight that due to a limitation of mathematical domain
presented by Equation 6, it is not possible, as in the JIMAK
equation, to calculate fractions for time intervals greater
than those that return the value 1. This is not a problem for
transformation predictability.

Using the dilatometry technique, the critical temperatures
can be experimentally determined only for some specific
cooling rates, however an efficient model would allow to
predict these temperatures at any cooling rate in the range
of studied data. In this work, a simulation to obtain CCT
diagrams calculated by the Ferrite-Time Equation and by
the model JIMAK was attempted, comparing them to the
experimentally obtained CCT diagram. In order to make
this possible, it would be important to verify the existence
of possible mathematical relations between the Equation 6
fitting constants (k, T, and n) and the cooling rates imposed
on the samples. Figure 8 presents the obtained results, as
well as Equations 7, 8 and 9 are, respectively, the verified
mathematical relations between cooling rate and the
parameters k, T, and n.

Applying Equations 7, 8 and 9 it was possible to calculate
k, T, and » for any cooling rate value at the studied range,
between 0.5 °C/s and 100 °C/s. Therefore, to calculate the
CCT diagram of the IF-Ti steel for any cooling rate, the
algorithm presented in Figure 9 was used, where it was

Ferrite Time Simulation JMAK Simulation
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Figure 7. Simulation of ferrite formation kinetics for IF-Ti steel considering (a) Ferrite-Time Model and (b) JIMAK Model.
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Figure 8. (a) Relation between the constant k and the cooling rate for the IF-Ti steel; (b) Relation between 7' s and the cooling rate for
the IF-Ti steel; (c) relation between » and the cooling rate for the IF-Ti steel.
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Dilatometry data

Ferrite Time
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Figure 9. Schematic representation of the used algorithm.
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Figure 10. Comparative CCT diagrams presenting the experimental
critical temperatures; the critical temperatures calculated by the
JMAK method, only for the studied cooling rates (obtained from
Figure 7b and Equation 4); the critical temperatures calculated by
the proposed Ferrite-Time equation (obtained from Figure 7a and
Equation 4); and, in addition, the final simulation applying the
Ferrite-Time equation (algorithm presented in Figure 9).

proposed that the cooling rate calculation step should be
2 °C/s and, for each cooling rate, the time step was 0.1 s.
This algorithm allowed to obtain, for each 2 °C/s cooling
rate interval, the ferrite fraction as a time function. Therefore,
using the same criterion presented before (transformation
begins at 1% of formed ferrite and ends at 90%) the time
intervals corresponding to the beginning and the end of the
transformation were obtained. Applying these time intervals
to Equation 4, Ar, and Ar, were automatically calculated
for each cooling rate, making possible the CCT diagram
calculation (Figure 10).

k=A4* (ratef" ) (7

T =yy+ A*exp(B*rate) ®)

Materials Research

n=a-b*In(rate+c) 9

Figure 10 presents a comparison between the different
used ways to calculate the CCT diagram of the IF-Ti steel. It
compares the experimental critical temperatures, determined
by the dilatometric technique with: (a) critical temperatures
calculated according to the JMAK method, using the available
data presented in Figure 7b to determine the time intervals
to transformation beginning and end in concomitance with
Equation 4; (b) critical temperatures calculated according
to the proposed Ferrite-Time equation, using the available
data presented in Figure 7a to determine the time intervals
to transformation beginning and end in concomitance with
Equation 4; and finally the simulated CCT diagram, calculated
applying the above presented algorithm. It is possible to
observe that the empirical proposed equation was efficient
to predict with good agreement the IF-Ti steel CCT diagram
for any cooling rate at the studied range.

4. Conclusions

The studied steel consists of a ferritic microstructure
with the presence of Ti carbonitrides, as expected due to its
chemical composition and thermomechanical processing.
The ferritic average grain size of the IF-Ti steel in its initial
condition was (20.82 * 0,08) um and its average Vickers
microhardness was (95 £ 5) HV. Considering the initial
microstructure of the studied IF-Ti steel and the heating rate
of 5 °C/s, its austenitizing critical temperatures, measured
by dilatometry, were Ac, =891 °C and Ac,=1032 °C.

Higher cooling rates decreased the austenite to ferrite
transformation temperatures, increasing the austenite
decomposition driving force and, probably, in association
with finer austenitic grains, caused the ferritic grain
refinement. As the influence of cooling rate on the austenite
undercooling was not so great for the studied steel, a large
variation in the austenite decomposition driving force was
not expected, and therefore, the ferrite nucleation rate was
not strongly increased. This, probably, justifies the relatively
small variation in ferritic grain size, mainly for cooling rates
between 5 °C/s and 20 °C/s (decrease of only 9.4%).

The dilatometric tests allowed to obtain important
experimental data for [F-Ti steel. In addition, for each analyzed
cooling rate, it was possible to calculate the austenite and ferrite
fractions as temperature and time functions, which enabled
the successful fitting of the empirical proposed Ferrite-Time
equation, which proved to be efficient to predict, with great
agreement, the continuous cooling critical temperatures, the
kinetics of austenite to ferrite decomposition and the CCT
diagram of the IF-Ti studied steel.
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