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Abstract

Although conventional heat treatment methods have been widely employed for decades, their limitations have 
become increasingly evident, particularly regarding energy inefficiency, high operational costs, and emissions associated 
with long heating and cooling cycles. In this context, fast-heating techniques such as Ultra-Fast Heating (UFH) have 
emerged as promising alternatives by combining sustainability, high productivity, and the potential for microstructural 
refinement, which can lead to superior mechanical properties in steels. This study aimed to determine the Continuous 
Heating Transformation (CHT) diagram and to evaluate the effect of heating rate on the austenitic grain size (AGS) of a 
commercial Brazilian boron steel. Dilatometric tests were performed under different heating rates to determine the critical 
austenitizing temperatures (Ac1 and Ac3) and to construct the corresponding CHT diagram. Additionally, microstructural 
analyses were carried out to reveal and quantify the AGS for each condition. The results showed that increasing the heating 
rate shifts the critical transformation temperatures to higher values, highlighting the kinetic effects on phase transformations. 
Moreover, higher heating rates promoted significant grain refinement, reducing the average grain size from approximately 
60 μm to about 10 μm solely through thermal control. These findings demonstrate the potential of UFH as an effective tool 
for microstructural engineering, enabling the optimization of mechanical properties while improving the energy efficiency 
of industrial heat treatment processes.
Keywords: CHT diagram; Heating rate; Grain refinement; Boron steel.

1 Introduction

Despite the consolidated use of conventional heat 
treatment methodologies in sectors such as automotive, naval, 
oil & gas, and civil construction, some of their limitations 
have become increasingly evident. Although these methods 
are effective in achieving the desired results, they present 
significant challenges, including energy inefficiency, high 
operational costs, and carbon emissions associated with 
relatively long heating and cooling cycles [1]. In addition, 
the thermal gradients often generated during processing 
may lead to distortions and non-uniform properties in 
large components, which require additional machining and 
processing steps. Longer processing time intervals also increase 
material waste, thereby compromising resource efficiency 
as well as economic and environmental sustainability [2,3].

In this context, the search for more efficient and 
sustainable alternatives has driven the development of 
techniques based on induction or electrical resistance heating, 
such as Ultra-Fast Heating (UFH). This UFH methodology 
is distinguished by the possibility to provide fast and 

homogeneous heating of thin components, significantly 
reducing thermal cycle duration, energy consumption, and 
thermal gradients. In addition to improving productivity, 
UFH minimizes distortions and enhances the final quality 
of materials [1]. Thus, it represents an approach that is 
aligned with the growing demand for industrial sustainability, 
contributing to the decrease in carbon emissions.

UFH has gained prominence not only for its operational 
and energy-related benefits but also for enabling significant 
advances in microstructural refinement. The high heating 
rate, which is a key feature of this technique, increases the 
density of sites available for austenite nucleation while 
simultaneously limiting the time available for austenitic 
grain growth. As a result, more refined microstructures 
can be obtained, enhancing mechanical properties such as 
tensile strength and ductility. The literature highlights that 
UFH can be effective in refining the microstructure of Dual-
Phase (DP) steels, widely used as thin sheets, and can also 
be applied to develop ultrafine-grained products, reducing 
processing time without compromising the balance between 
mechanical strength and ductility [4,5].
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grain growth, grain coarsening is expected to occur, thereby 
eliminating the refinement achieved at the Ac3 temperature 
[4,9,17,18]. Accordingly, Oliveira  et  al. [9] justified the 
absence of a significant effect on the austenitic grain size of 
a TRIP780 steel when subjected to relatively long soaking 
times. This finding indicates that each steel may exhibit a 
particular behavior regarding the effects of these parameters.

Considering these aspects, a comprehensive understanding 
of the influence of heating rate on austenite formation is 
essential, since the resulting austenitic grain size directly 
governs the morphology of subsequent constituents such as 
ferrite, pearlite, bainite, and martensite. As finer austenitic 
grains generally promote simultaneous improvements in both 
strength and toughness, UFH appears particularly promising 
as a tool for microstructural refinement through controlled 
heating conditions. In this context, the present study focuses 
on a commercial Brazilian boron steel, aiming to construct 
its Continuous Heating Transformation (CHT) diagram and 
to evaluate the extent to which increasing heating rates affect 
the as-received structure superheating and the austenite 
grain size refinement. The evaluated steel is widely used 
in applications that combine the need for high mechanical 
strength with good toughness, such as agricultural disks 
subjected to severe impact loading. Therefore, this first 
investigation provides valuable insights into the potential of 
heating rate control as a strategy to optimize heat treatment 
parameters in order to refine the martensitic microstructure 
obtained after quenching and, ultimately, to enhance the 
mechanical performance of boron steels.

2 Materials and methods

In this study, a modified SAE 15B30 (higher Mn 
content) steel was used, and its chemical composition is 
presented in Table  1. The material was obtained from a 
hot-rolled strip with a thickness of approximately 6 mm, 
processed by thermomechanical rolling. Samples were 
extracted from this strip and machined into dilatometry 
specimens, which initially exhibited a microstructure composed 
of ferrite and pearlite. The specimens were machined into 
solid cylinders with dimensions of 10 mm in height and 
3 mm in diameter. The machining was carried out in such 
a way that the height of all specimens was always aligned 
with the strip rolling direction.

The evaluation of the heating rate effect on this 
steel austenitizing kinetics was previously detailed by 
Gonçalves et al. [15].

In the present work, aiming to extend this analysis by 
determining the critical transformation temperatures (Ac1 and 
Ac3) and constructing the Continuous Heating Transformation 

Historically, the development of Advanced High-
Strength Steels (AHSS) has been primarily based on controlling 
the cooling rate and on the addition of alloying elements. 
However, techniques such as UFH have been investigated 
to enhance the mechanical properties of these materials 
through the manipulation of parameters such as heating rate 
and microstructural control, even enabling the reduction of 
certain alloying additions depending on the targeted product 
class [6]. In addition to its energy efficiency, UFH has shown 
a positive impact on the mechanical performance of medium-
carbon steels, DP steels, Q&P (Quenching and Partitioning) 
steels, among others. Recent studies indicate that heating rates 
above 100 °C/s promote severe grain refinement, increase 
the critical transformation temperatures (Ac1 and Ac3), and 
raise the superheating degree of the austenitic transformation. 
These changes enhance the austenite nucleation rate, leading to 
improved mechanical strength and elongation of the processed 
materials [7,8]. Thus, ultra-fast heating emerges as a viable and 
sustainable alternative to conventional methods, combining 
energy efficiency, microstructural refinement, and superior 
mechanical performance. Its versatility across different alloys 
and geometries, together with the potential to reduce emissions 
and enhance productivity, highlights UFH as a methodology 
well-suited to address current industrial demands focused on 
sustainability and advanced material performance. Consequently, 
in recent years, UFH has increasingly attracted the attention 
of researchers worldwide [1,4-8].

There is consensus in the literature that the heating 
rate influences both the kinetics of austenite formation and 
microstructural refinement, since this parameter governs 
diffusional and/or massive mechanisms involved in the 
process [9-14].

At low heating rates, austenite formation is controlled 
by carbon diffusion, whereas at higher heating rates, it is 
governed by interface migration.

Recently, Oliveira et al. [9] reported that the use of 
UFH has the potential to refine the austenitic grain size in a 
TRIP780 steel, provided that soaking conditions are properly 
controlled. According to the literature, increasing the heating 
rate raises the superheating degree of the initial structure. In 
this case, the driving force for austenite formation increases 
significantly, while the critical embryo size and the energy 
required for its formation decrease, thereby promoting the 
generation of a greater number of austenite nuclei in the 
material’s microstructure. Consequently, since each nucleus 
formed with a radius equal to or greater than the critical size 
evolves into a grain, the austenite produced upon reaching the 
Ac3 temperature tends to exhibit microstructures with smaller 
grains [10,15,16]. However, when the heating rate is combined 
with a prolonged soaking time at the peak temperature, and if 
the material does not contain mechanisms capable of restricting 

Table 1. Chemical composition (wt.%) of the commercial boron steel evaluated in this study
C Mn Si P S Al Nb Ti Cu B V Ni Cr Mo N

0.29 1.24 0.23 0.019 0.008 0.033 0.001 0.029 0.01 0.0032 0.005 0.01 0.23 0.002 0.0053
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(CHT) diagram, nine dilatometry specimens were subjected 
to different heating rates up to 1150 °C, held for 1 second, 
and then cooled to room temperature at 200 °C/s under a 
controlled flow of analytical-grade helium gas (5.0). The 
heating rates investigated were: 0.10, 1, 3, 5, 15, 30, 50, and 
100 °C/s. All experiments were performed using a LINSEIS 
R.I.T.A. L78 quenching dilatometer.

For the precise determination of the critical transformation 
temperatures Ac1 and Ac3, the minimum deviation method was 
applied, which required defining the linear regions preceding 
and following steel austenitizing. In this context, the nine 
initial dilatometry specimens were heated up to 1150 °C to 
ensure accurate identification of Ac3. However, under such 
conditions, there was a possibility of austenitic grain growth, 
making it difficult to ascertain whether the effect of heating 
rate on grain refinement would be retained at the end of 
austenitization. To address this concern, three complementary 
experiments were carried out by heating specimens from room 
temperature to a lower austenitizing temperature, at heating 
rates of 3, 30, and 100 °C/s. After holding for 1 second, the 
samples were cooled to room temperature at 200 °C/s under a 
controlled flow of analytical-grade helium gas (5.0), in order 
to obtain predominantly martensitic microstructures. This 
microstructural condition was essential for the effectiveness of 
the oxidation-etching technique used to reveal prior austenite 
grain boundaries [19-21].

After completing the heat treatments, for each heating 
rate investigated, the dilatation data (∆L) as a function 
of temperature (T), recorded by the dilatometer software 
during continuous heating, were collected and transferred 
to OriginPro 9.0. In this software, dilatometric curves of 
relative length (ΔL/L0) as a function of temperature (T) 
were plotted, where L0 corresponds to the initial height of 
the specimen. The minimum deviation method was then 
applied to determine the critical transformation temperatures, 
namely the beginning (Ac1) and the end (Ac3) of steel 
austenitizing, for each heating rate. Subsequently, the 
Continuous Heating Transformation (CHT) diagram for the 
studied steel was constructed. To this end, the experimental 
data previously determined by Gonçalves et al. [15] were 
compiled, including the critical austenitic transformation 
temperatures (Ac1 and Ac3) and the corresponding times to 
reach these temperatures (tAc1 and tAc3), based on Equation 
1. Where ΔT is the temperature variation, Δt is the time 
variation, Tf is the final temperature (Ac1 or Ac3), Ti is the 
initial temperature (standardized as 25 °C), tf is the final 
time (required to reach Ac1 or Ac3), and ti is the initial time 
(standardized as 0 seconds). By substituting the standardized 
variables (Ti and ti) and isolating tf, Equation 2 is obtained.

Thus, to calculate the time required to reach the 
critical temperature Ac1, it is sufficient to replace tf and Tf 
in Equation 2 with tAc1 and Ac1, respectively. This leads to 
Equation 3. Similarly, to calculate the time required to reach 
the critical temperature Ac3, it is sufficient to replace tf and 
Tf in Equation 2 with tAc3 and Ac3, respectively. Therefore, 
Equation 4 is obtained.

T Tf TiRate
T Tf ti

∆ −
= =
∆ − 	 (1)

25Tftf
Taxa
−

= 	 (2)

1 251 ActAc
Taxa
−

= 	 (3)

3 253 ActAc
Taxa
−

=  	 (4)

To reveal the prior austenite grains, the samples, after 
standard metallographic preparation, were subjected to an 
oxidation heat treatment in a tubular furnace with an inert 
atmosphere [14,18,20,21]. In this process, the specimens 
were heated to the selected oxidation temperature, ranging 
between 640 °C and 660 °C. It is noteworthy that in all tests 
the oxidation temperature was kept below the austenitizing 
start temperature (Ac1) of the steel, thus characterizing a 
subcritical oxidation heat treatment. After reaching the 
oxidation temperature, the samples were held for 12 minutes 
and subsequently cooled to room temperature under a controlled 
argon flow. Subsequently, for each oxidized specimen, 10 
optical micrographs were acquired at 200× magnification 
for the quantification of prior austenite grain size (PAGS).

The PAGS measurement was carried out using the 
linear intercept method, as described in ASTM E112-13 [22]. 
This technique consists of superimposing test lines on the 
micrographs obtained by optical microscopy, followed by 
measuring the total line length and counting the intercepts 
between the lines and the grain boundaries. Considering 
the predominantly equiaxed morphology of the observed 
austenite grains, only horizontal lines were used to ensure 
adequate statistical representativeness. For each evaluated 
condition, five micrographs acquired from different fields 
of the sample were analyzed to account for possible local 
microstructural variations. In each image, at least five test 
lines were applied, totaling a minimum of 25 lines analyzed 
per heating condition. All results obtained showed a relative 
precision better than 10%, meeting the reliability criteria 
established by ASTM E112-13 [22].

3 Results and discussion

3.1 Continuous Heating Transformation 
(CHT) diagram

Figure 1 shows the Continuous Heating Transformation 
(CHT) diagram for the evaluated steel, determined from 
the dilatometric data obtained under different heating rates. 
The analysis of this diagram is essential to understand the 
material austenitizing behavior under variable thermal 
conditions, particularly in industrial processes that involve 
continuous heating cycles. The CHT diagram illustrates 
the evolution of the critical transformation temperatures 
Ac1 (onset of austenite formation) and Ac3 (completion of 
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steel austenitizing) as a function of the time required to reach 
them during continuous heating. The results show that, with 
increasing heating rate, both Ac1 and Ac3 temperatures shift 
to higher values, a trend already reported in the literature 
for different classes of steels [9,14,18].

For the investigated steel, this effect is particularly 
more pronounced for Ac3, suggesting a greater influence of 
heating rate on the complete dissolution of ferrite. A similar 
trend was observed by Oliveira et al. [23], who attributed 
the increase in critical transformation temperatures with 
heating rate to the higher thermodynamic driving force 
required for diffusional transformations under continuous 
heating conditions. The reduced time available for the 
onset of the pearlite → austenite transformation demands 
a higher degree of superheating to provide sufficient free 
energy for the transformation to proceed. Consequently, 
both Ac1 and Ac3 values increase, reflecting the complex 
interaction between kinetic and thermodynamic effects 
during heating.

At higher heating rates, the diffusion of carbon atoms 
becomes increasingly limited, hindering both the nucleation 
and growth of austenite. Therefore, higher temperatures are 
required to enable the phase transformation. In addition, 
the Ac1 and Ac3 curves display a typical exponential decay 
behavior: in the initial time intervals, small decreases 
in heating time result in significant increases in critical 
transformation temperatures. However, for times shorter 
than approximately 100 seconds, the changes in Ac1 and 
Ac3 tends to stabilize, indicating a regime where kinetic 
effects become less dominant.

These results highlight the relevance of the CHT 
diagram as a powerful tool to accurately estimate the critical 
transformation temperatures Ac1 and Ac3, particularly in 
processes involving intensified thermal cycles such as 
Ultra-Fast Heating (UFH), welding, and hot stamping. 
Under such conditions, the influence of heating rate on 
phase transformation kinetics becomes significantly more 
pronounced, making many empirical equations available 
in the literature inadequate for predicting Ac1 and Ac3. 
These traditional relationships, although useful for slow or 
conventional heating conditions, often exhibit poor accuracy 
at higher heating rates because they neglect the kinetic effects 
associated with non-equilibrium transformations.

The results obtained in this study confirm this 
limitation. For lower heating rates, the critical temperatures 
exhibit small variations and remain nearly constant, indicating 
that empirical equations, based solely on the steel chemical 
composition, can still provide reasonable estimates within 
this range. However, at higher heating rates, a noticeable 
deviation of the Ac1 and Ac3 curves is observed.

They no longer follow a near-linear trend but instead 
show significant upward shifts. This behavior evidences 
the requirement of higher thermodynamic driving forces to 
promote austenite nucleation within the shorter available time.

Hence, the CHT diagram proves to be an important tool 
not only for characterizing the austenitizing kinetics under 
non-conventional heating cycles but also for supporting the 
optimization of modern industrial processes, where precise 
microstructural control is critical for achieving the desired 
mechanical performance in the final product.

Figure 1. Continuous Heating Transformation (CHT) diagram of the studied SAE 15B30 steel, obtained from an initial microstructure composed 
of ferrite and pearlite.
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3.2 Effect of heating rate on the 
Austenitic Grain Size (AGS)

Several studies have demonstrated that the heating 
rate has a significant effect on the austenitic grain size (AGS) 
in steels of different chemical compositions [9,14,18]. In 
general, higher heating rates tend to produce finer austenitic 
grains. Javaheri et al. [10] showed that, for a Nb-microalloyed 
low-alloy steel, a maximum heating rate of 50 °C/s resulted 
in remarkably small austenite grains and a highly refined 
final martensitic microstructure after quenching. Similarly, 
Liu et al. [24] reported that the austenitic grain size in a 
300M steel decreased with increasing heating rate.

However, this relationship is not linear and is also 
influenced by other factors such as soaking temperature 
and the presence of alloying elements. For example, 
Maropoulos et al. [25] highlighted that vanadium carbides 
can affect grain growth, while Hu et al. [26] observed that 
austenite grains grow fast with increasing soaking temperature, 
indicating that soaking temperature plays a decisive role as 
well. Other authors [9] argue that the relationship between 
heating rate and austenitic grain size also depends on 
the soaking time. According to them, temperature exerts 
an exponential effect on AGS, whereas grain size varies 
proportionally to the square root of soaking time.

Figure 2 presents optical micrographs of the studied 
steel, subjected to subcritical oxidation to reveal the prior 
austenite grains. A clear qualitative trend of grain refinement 
with increasing heating rate can be observed. This behavior 

is illustrated for heating rates of 0.1 °C/s, 1 °C/s, 30 °C/s, 
and 50 °C/s, confirming the significant relationship between 
heating rate and microstructural refinement.

This behavior can be initially explained by the effect 
of heating rate on the nucleation stage. Increasing the heating 
rate decreases the critical radius of nuclei, enhancing the 
nucleation rate and leading to a larger number of stable 
nuclei entering the growth stage. The higher density of 
nuclei, in turn, contributes to a finer austenitic grain size. 
As shown in Figure  1, Ac3 increases with heating rate, 
indicating a higher superheating degree and, consequently, 
a smaller critical radius for austenite nucleation. Moreover, 
as heating becomes faster, the time available for atomic 
diffusion, necessary for grain growth, is reduced, limiting 
the final grain size. In contrast, lower heating rates provide 
more time for diffusion, allowing grains to grow larger 
before the transformation is complete. Therefore, austenitic 
grain refinement results from both enhanced nucleation and 
restricted diffusion under higher heating rates.

Figure 3 illustrates the combined effect of heating 
rate and soaking temperature on AGS and ASTM grain 
number. The AGS decreases exponentially with increasing 
heating rate, regardless of the soaking temperature. It can 
also be observed that, in addition to the heating rate, the 
austenitizing temperature significantly influences grain 
growth kinetics. For example, when comparing 1150 °C and 
1000 °C at a constant heating rate of 30 °C/s, lowering the 
soaking temperature promotes a marked grain refinement: the 
reduction from 1150 °C to 1000°C results in an approximately 

Figure 2. Comparison of prior austenite grains revealed in samples heated to 1150 °C at (a) 0.1 °C/s; (b) 1 °C/s; (c) 30 °C/s; and (d) 50 °C/s 
(Optical Microscopy – 200X – Subcritical Oxidation).
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60% decrease in the average austenitic grain size. This 
difference is particularly noteworthy because 1150 °C is far 
above Ac3. The higher the soaking temperature relative to 
Ac3, the greater the thermodynamic driving force for grain 
growth, since the critical nucleation radius is reduced and 
atomic diffusion becomes more intense. Consequently, the 
austenite grains tend to grow faster.

At lower heating rates, the difference in AGS between 
1000 °C and 1150 °C becomes even more pronounced. 
This occurs because, under slower heating, more time is 
available for atomic diffusion, which favors grain growth 
at higher temperatures. In contrast, at higher heating rates 
(e.g., 100 °C/s), the effective diffusion time is much shorter. 
Although the thermodynamic driving force for growth 
increases due to superheating, the short time available limits 
grain coarsening.

Hence, the difference in grain size between the 
two soaking temperatures becomes less significant at high 
heating rates, highlighting the diffusion-limited nature of 
grain growth. This behavior underscores the importance of 
controlling not only heating rate but also soaking temperature 
for microstructural control in steels.

In this study, a predictive equation (Equation 5) was 
proposed to estimate the average austenitic grain size y (in 
µm) as a function of the heating rate X (in °C/s), considering 
continuous heating up to 1150 °C. The parameters were 
obtained by nonlinear fitting, reaching a good correlation 
coefficient (R2 = 0.93), indicating that the model well 
represents the experimental data.

The fitted values were y0 = 23.5 µm, A = 33.2 µm, and 
R0 = –0.066 s/°C. Equation 5 reveals an exponential trend of 
AGS reduction with increasing heating rate, indicating that 
at faster heating conditions, the average grain size decreases 
sharply at first and then stabilizes.

0 0.exp( . )y y A R X= + 	 (5)

This behavior can be interpreted as follows: at low 
heating rates, the transformation occurs gradually, allowing 
only part of the preferential nucleation sites (such as grain 
boundaries, dislocations, and second-phase particles) to 
be activated. As the heating rate increases, superheating 
accelerates austenite nucleation and reduces the critical 
nucleation radius, favoring the formation of new nuclei. 
However, at very high heating rates, saturation of available 
nucleation sites occurs; that is, nearly all favorable sites are 
already occupied, and the number of new nuclei tends to 
stabilize. Furthermore, under high heating rates, the time 
available for atomic diffusion is extremely limited, hindering 
the growth of the newly formed nuclei. Thus, even though the 
thermodynamic driving force is greater due to superheating, 
the kinetic restriction imposed by limited diffusion and 
nucleation-site saturation explains why AGS reduction becomes 
less pronounced under such conditions. This phenomenon 
is evident in Figure 3(a), where the differences in measured 
grain size at higher heating rates are small.

High soaking temperatures, such as 1150 °C, provide 
greater thermal energy, promoting more intense diffusion and, 
consequently, greater grain growth. In addition, prolonged 
soaking increases the available time for diffusion, leading to 
more significant coarsening. Conversely, when the soaking 
temperature is reduced to 1000 °C, the thermal energy is 
lower, even at the lowest heating rates, effectively restricting 
grain growth. As the experiments performed at 1000 °C aimed 
to highlight the role of diffusion during the grain growth 
stage, a reduced number of tests was carried out. For this 
reason, Equation 5 was not fitted to the experimental data 
obtained at this temperature.

The difference in behavior between the two soaking 
temperatures can also be understood by analyzing Figure 3b, 
which shows the ASTM grain number as a function of 
heating rate, in conjunction with the CHT diagram of the 
steel (Figure  1). The analysis of these curves indicates 

Figure 3. (a) Influence of heating rate and soaking temperature on AGS; (b) relationship between ASTM grain number and heating rate at 
different soaking temperatures.
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that, at lower heating rates, the critical transformation 
temperatures (Ac1 and Ac3) are also lower. For instance, 
at 0.1 °C/s, the complete steel austenitizing occurs around 
850 °C, while at 100 °C/s, Ac3 approaches 975 °C. This 
means that, when heated to 1150 °C, the samples subjected 
to lower heating rates remain for a significantly longer 
time above Ac3, i.e., within the austenite stability region. 
This provides more time and thermal energy for diffusion-
controlled grain growth, explaining the larger grain sizes 
observed in these conditions. In contrast, at 1000 °C, the 
difference between the soaking temperature and Ac3 is 
much smaller, even for the lowest heating rates. As a result, 
the effective time spent in the growth regime is reduced, 
efficiently limiting grain coarsening even when nucleation 
occurs under slow heating.

This behavior demonstrates the importance of the 
simultaneous control of heating rate and soaking temperature 
in processes such as UFH, especially when microstructural 
refinement is desired. From a practical standpoint, it is worth 
noting that most conventional heat treatments for steels, such 
as quenching, are performed at heating rates below 3 °C/s. 
Using this value as an industrial reference, it can be seen that, 
even without resorting to thermomechanical processing, the 
proper control of heating rate and soaking temperature can 
reduce the AGS from approximately 60 µm to about 10 µm. 
This substantial reduction in grain size, achieved solely by 
thermal control, is particularly relevant for thin components, 
where diffusion times are shorter and mechanical strength 
and toughness are highly sensitive to microstructural scale. 
The results presented in this work elucidate the mechanisms 
governing austenitic microstructure formation and provide 
valuable insights for optimizing industrial heat treatments 
of thin-section components.

They emphasize the potential of controlled UFH as 
a means to refine microstructure and consequently enhance 
mechanical performance through precise control of heating 
parameters.

4 Conclusions

The results obtained in this study clearly demonstrate 
that the heating rate has a direct influence on the critical 

transformation temperatures of the modified SAE 15B30 
steel. The observed Ac1 and Ac3 shift toward higher values 
with increasing heating rate reinforces the importance of 
kinetic effects in phase transformations under fast heating 
conditions. This behavior highlights the relevance of the 
Continuous Heating Transformation (CHT) diagram as a 
valuable tool for modern industrial applications, such as 
Ultra-Fast Heating (UFH), where precise thermal control 
is essential to achieve the desired microstructures and, 
consequently, high mechanical performance.

With regard to the austenitic grain size, it was verified 
that higher heating rates promote significant grain refinement 
by simultaneously enhancing nucleation and restricting the 
time available for grain growth. The predictive equation 
proposed in this study exhibited a strong correlation with 
the experimental data (R2 = 0.93), confirming the robustness 
of the model. However, a stabilization of the austenitic 
grain size was observed at very high heating rates, which 
can be attributed to the combined effects of nucleation-site 
saturation and diffusion limitation.

A remarkable decrease in the average austenitic 
grain size, from approximately 60 μm to about 10 μm, 
was achieved solely through thermal control, without any 
thermomechanical processing.

This finding is particularly relevant for thin-section 
components, where diffusion times are short and mechanical 
performance is highly sensitive to microstructural scale. 
The present study therefore emphasizes the importance of 
an integrated approach that considers both heating rate and 
soaking temperature in the design of heat treatment parameters. 
Such control enables the optimization of microstructure and 
mechanical properties while aligning with current industrial 
trends toward higher energy efficiency and sustainable 
processing routes.
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