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Abstract. The ductility behavior of continuously cast steel is a key factor influencing strand quality and crack
susceptibility. Therefore, investigating the parameters that affect ductility is of great importance for enhancing
the productivity of the method by producing defect-free products. This study investigates the differences in
ductility behavior between two microalloyed steels with different C, Mn, Al, Ti, B, and S content subjected to
hot tensile testing at strain rates of 10 25~ and 10 >s ! at 750 °C, 800 °C, and 850 °C. The first material is low-
carbon microalloyed steel with a higher amount of Mn, Al, and S, and the second contains higher C, Ti, and B.
Both steels were tested after in-situ melting using an induction heating system in a vacuum chamber, followed by
a hot tensile test until fracture. An initial microstructural analysis was conducted to study the influence of
chemical composition, temperature, and strain rate on both steels. Furthermore, the precipitation kinetics of
both steels were evaluated using MatCalc software, which provided predictions for the expected precipitates.
The results indicate that the steel with higher C, Ti, and B, and lower Mn and S content exhibits better ductility
at both strain rates. This was attributed to the influence of alloying elements on the formation of precipitates and
the kinetics of austenite-ferrite transformation, in addition to fewer MnS particles. These effects are associated

with the preferential formation of coarse TiN rather than AIN and BN.
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1 Introduction

Due to its high efficiency, large production capacity, and
low energy consumption, continuous casting is the primary
method of steel making with approximately 96.7% of total
steel production [1,2]. Emerging from the mold during
continuous casting, the strand encounters multiple forces,
including ferrostatic pressure, roll compression, bulging,
thermal expansion, and tension. The outcome of these
multiple forces, particularly after bending and straighten-
ing, is tensile stress, which can lead to various internal and
surface defects [3-5]. Among these defects, the transverse
corner crack, examined in this study, can form within the
specific temperature range where the ductility of the strand
is insufficient to withstand the applied stress, known as the
second ductility minimum [3,5,6]. The study of the
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ductility behavior of steel is a key factor in understanding
and controlling crack formation during continuous casting,
thereby reducing production cost. To measure the ductility
of the strand on a laboratory scale, the reduction of area
(RA) values of the hot tensile test samples deformed until
fracture must be calculated. To achieve reliable results, the
test condition must resemble the industrial process.
Therefore, it is recommended to apply the solution
treatment at 1350 °C and perform the tensile test at a
strain rate of 107 s~ [7,8].

The ductility of steels during the continuous casting
process is affected by their chemical composition and
thermomechanical conditions. The second ductility mini-
mum, typically observed between 700 °C and 1000 °C, is
associated with the formation of ferrite along austenite
grain boundaries and the precipitation of alloying ele-
ments. Both mechanisms are influenced by chemical
composition and deformation conditions [9-12].
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Table 1. Chemical composition of two steel grades measured by optical emission spectroscopy (OES).

Chemical composition

Elements [wt.%)] C Cr Mn Al Ti B Si S P N
Steel 1 0.09 0.28 1.92 0.06 0.002 0.0003 0.15 0.005 0.009 0.005
Steel 2 0.27 0.33 1.21 0.03 0.027 0.0026 0.23 0.0007 0.010 0.006

Studies show that the presence of a thin ferrite layer at
austenite grain boundaries reduces the ductility of steel
[5,8]. Depending on the thickness and the phase fraction of
ferrite, the second ductility minimum may shift to lower or
higher temperatures [13]. Mintz reported that when a
significant amount of ferrite (approximately 45%) is
formed, the ductility recovers, specifically at the low-
temperature end of the ductility trough [7]. He showed that
the extent of the trough is influenced by the deformability
of ferrite films. During deformation, strain localizes in
ferrite as the softer phase compared to austenite, leading to
reduced ductility and promoting intergranular failure
[5,7,8,14-17].

Microalloying elements are added to steel to achieve
specific properties, for instance, hardness, deformability,
and corrosion resistance. The addition of some alloying
elements can improve the ductility behavior of the strand
during continuous casting by suppressing the formation of
the ductility trough [10,18-20]. Adding Ti improves the
impact properties of the steel, and B is usually added to
low-carbon steels to increase the hardenability [21-23]. The
addition of both elements affects ductility behavior
depending on their concentrations, as they influence the
austenite-to-ferrite transformation temperature and the
precipitation characteristics [8,18]. Ti is a strong nitride
former; hence, it is reported that an addition of 0.02-0.04%
Ti is beneficial for the ductility by consuming N and
forming the coarse TiN [8,23-27|. By consuming N, B
segregates at the grain boundaries and strengthens them.
The B atoms occupying vacancies at the grain boundaries
prevent the formation and propagation of microcracks.
Moreover, B segregation retards the formation of pre-
eutectoid ferrite at grain boundaries, thereby delaying
crack initiation [12,28-33]. Furthermore, investigations
show that an addition of 0.02-0.04%Al to high Mn steels
(1.4%Mn) containing N (0.005%N) widens and deepens the
ductility trough, indicating the reduction in ductility
[5,8,24,34].

Strain rate is another key factor with a significant
influence on the second ductility minimum. Strain rate can
be translated to the deformation speed or casting velocity
during the industrial process. The strain rate of 10~ s is
usually used in hot ductility tests to simulate the
straightening step in the continuous casting process
[5,20,35,36]. An increase in strain rate has often been
reported to improve the hot ductility of microalloyed steels,
as demonstrated in the previous study and supported by
much research [5,11,13,16,20,35,37,38].

Several studies have reported an improvement in
ductility following the addition of B and Ti in steels
[23,26,28,29]. The Influence of either Ti or B on hot
ductility has been observed depending on testing

conditions and N content in various studies [30-32].
However, research on hot ductility in continuously cast
microalloyed steels considering simultaneously the amount
of C, Ti, Al, S, Mn, and B is limited. Chemical composition
changes the transformation Kkinetics, and hence, the
deformability of the material. On the other hand, the
synergistic influence of chemical composition—particularly
the combined effects of C, Mn, Ti, Al, S, and B—is
especially important, as the concurrent presence of these
elements can significantly modify precipitation behavior
[8,39,40]. However, there is still limited understanding on
how the combined presence of C, Mn, Al, S, Ti, and B
influences hot ductility, especially under conditions
representative of continuous casting. The combined effects
of these elements can change the phase transformation
behavior and the precipitation processes that determine
grain-boundary strength and the deformation response of
the strand.

The present study investigates the combined influence
of C, Mn, Al, S, Ti, and B on the hot ductility of two low-
carbon steels under different deformation conditions. The
investigation includes an evaluation of different strain rates
and temperatures and the related microstructural changes
that influence thermomechanical response. Hot tensile
tests were performed to provide a closer representation of
the conditions experienced during continuous casting.
Phase transformations and precipitation behavior were
characterized by using light optical microscopy (LOM) and
scanning electron microscopy (SEM). In addition, MatCalc
simulations were performed as a precipitate modelling tool
to evaluate the precipitation behavior. The results were
confirmed with experimental measurements using the
energy-dispersive X-ray spectroscopy (EDX) technique.

2 Material and methods

Two microalloyed steel grades used in this work were
provided by voestalpine Stahl GmbH. For a closer
representative of industrial samples, the tensile samples
were taken from the cast slab surface. The chemical
composition of the two studied steels with different C, Ti,
B, Mn, S, and Al content are listed in Table 1.

2.1 Hot ductility behavior

Cylindrical samples are cut in a way that their axes are
aligned parallel to the casting direction. The samples are
melted in situ in a thermomechanical simulator tensile
testing machine, BETA 250-5, equipped with a vacuum
chamber and an induction heating system, followed by
solidification and hot tensile testing at 750 °C, 800 °C, and
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Fig. 1. Thermomechanical path of hot tensile test using BETA
250-5 [13].

850 °C, until fracture at two strain rates of 102 s~ and
107% s7'. The machine setup and the geometry of the
samples are explained in detail in the previous work [13].
The samples were heated up to 1440 °C with three different
heating rates (10°C's~ ' up to 1300 °C, 5°C's ™ up to 1400 °C,
and 1°C s~ " up to 1440 °C) to have a proper control on the
temperature in a way that the center of the sample melted,
while the thin oxide-covered layer of the steel remained solid
to prevent the molten material from spilling out. This
method provides the closest condition to the industrial
casting and represents the strand emerging from the mold.
To measure the temperature, a pair of S-type thermocouples
was welded to the surface of the sample at its midpoint. After
15 seconds of soaking time, the samples cooled down to
1300 °C at a cooling rate of 5 °C s™*. To have a better
understanding of the initial microstructure of the samples
after melting and solidification, at this stage, the grain
sizes of the equiaxed grains of steel 1 and steel 2 are measured
200 ym and 260 ym, respectively, in accordance with the
ASTM E112. Then, cooling the samples continues down to
the test temperature by 1 °C s™'. The samples were held at
the test temperature for 10 seconds before the start of the
test (Fig. 1). This thermomechanical path was chosen
because it allows appropriate control during the heating step
and represents the industrial casting condition during the
cooling step.

The ductility curves are obtained by plotting the
reduction of area of the hot tensile test specimens after
fracture, calculated by Equation (1), against temperature
for two different strain rates.

Ay — Aj

Where RA, Ay, and A; are the reduction of area, the initial
cross-sectional area, and the measured surface area after
fracture, respectively. Measuring the fracture surface was

conducted by macro imaging using a stereo microscope,
Zeiss Discovery.V20 (Carl Zeiss AG, Oberkochen,
Germany). For microstructural analysis, an Axio Observer
inverted LOM (Carl Zeiss AG, Oberkochen, Germany) was
employed, and the samples for LOM imaging were etched
with Nital 3%. To study the fracture mechanisms, the
fracture surfaces of the samples were examined using
TESCAN Mira3 field emission SEM (TESCAN, Dort-
mund, Germany) with an accelerating voltage of 15 kV.

2.2 Precipitation behavior

To investigate the precipitation behavior, thermokinetic
simulations were carried out using MatCalc software
(version 6.04/rel 1.005, MatCalc Engineering GmbH,
Vienna, Austria). The simulations replicated the thermal
cycle-including melting, cooling, and hot tensile testing-by
applying the same parameters used in the laboratory
experiments, such as test temperatures, cooling rate, and
strain rate. MnS, AIN, and BN were considered in the
simulations for steel 1, and MnS, BN, TiN, and My3Cg were
considered for steel 2. For both steels, the simulations were
carried out at three temperatures: 750 °C, 800 °C, and
850 °C. For steel 1, precipitation of AIN was considered at
grain boundaries (GB), on the surface of MnS, and at the
dislocations (Disl.). The rest of the particles were assumed
to form on the grain boundaries and at the dislocations.

In the simulation setup, an effective volumetric misfit of
5% between MnS precipitates and the matrix is adopted,
and no effective volumetric misfit is defined for AIN on the
surface of MnS [41,42]. The simulation assumptions and
results were validated through microscopy investigations
of samples tested using the BETA 250-5 machine, as this
experiment most closely replicates the continuous casting
process. SEM combined with an Octane Super A C5
detector for the EDX was used for precipitates characteri-
zation. The measurements were conducted on samples from
both steels tested at 750 °C and the strain rate of 10 s~ .
This condition was chosen because it gave a better
comparison with the simulations.

3 Results
3.1 Hot ductility behavior

The RA values for the specimens deformed at temperatures
of 750 °C, 800 °C, and 850 °C, and two strain rates of
102 s7' and 107% s7' are plotted in Figure 2. The
horizontal dashed line represents the well-accepted
threshold for transition from brittle to ductile fracture
[17]. This curve depicts the ductility behavior of both steels
under the selected test conditions.

The results indicate that, in general, by increasing the
temperature, the ductility improves except for steel 1 at
800 °C, which has the lowest ductility at this temperature.
For steel 1, the RA values at the strain rate of 1072 s™*
indicate poor ductility, and the material exhibits brittle
fracture within this temperature range. At this strain rate,
all the temperatures fall within the ductility trough known
as the second ductility minimum (RA lower than 40%).
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Fig. 2. Reduction of area under different thermomechanical
conditions in steel 1 and steel 2.

At the higher strain rate, a transition from brittle fracture
at 750 °C to ductile fracture at 850 °C is observed,
indicating a recovery in ductility. In this case, ductility
trough occurs at 750 °C and 800 °C. For steel 2, the
transition from brittle fracture at 750 °C to ductile
fracture at 850 °C occurs at the lower strain rate, i.e.,
1072 57! At this strain rate, the ductility minimum is
observed at 750 °C, while the ductility at 800 °C remains
just above the critical threshold. At the higher strain rate,
steel 2 exhibits ductile behavior throughout the entire
temperature range, indicating low crack susceptibility.
Comparing two materials, steel 2 shows better ductility
under the tested conditions. Furthermore, as it is
reported repeatedly [13,43], for both materials, the higher
strain rate shows higher RA values, suggesting better
ductility.

3.2 Microstructural observations

Figures 3 and 4 present the SEM images of the fracture
surface for both steels deformed under different conditions.
Fracture surfaces of steel 1 tested at the strain rate of
102 s~ and at 750 °C show flat surfaces, indicating brittle
fracture. The fracture surface showed sharp grain facets
and intergranular fracture, with austenite grain surfaces
covered by ferrite in steel 1 (Fig. 3a). As the temperature
increases, dimples and voids appear on the fracture surfaces
in steel 1, indicating a transition in fracture mechanism
from brittle to ductile fracture (Figs. 3a—c). At 850 °C, the
fracture surface is dominated by voids and dimples,
indicating ductile fracture as the prevailing mechanism. In
steel 2, the fracture surface at all tested temperatures is
covered with dimples and voids, showing ductile fracture,
with no evidence of intergranular fracture. The observations
in both steels were consistent with the ductility curve shown
in Figure 2.

At alower strain rate, i.e., 102 s7!, the fracture surface
in steel 1 contains even fractured surfaces throughout the
entire temperature range, translating to brittle fracture of
these samples (Figs. 4a—c), as shown by the RA results. The
fracture surface of steel 2 deformed at a slow deformation

(107 s™") consists mostly of even surfaces and a small
number of dimples-containing regions, as shown in
Figure 4d. With increasing temperature, the area with
dimples in the fracture surface of steel 2 increases,
suggesting ductile fracture, as depicted in Figures 4d-f.
These observations are consistent with the ductility curve
shown in Figure 2.

Figure 5 shows the microstructure of both steels
deformed at the strain rate of 1072 s™' at different
temperatures. The LOM images reveal that, at 750 °C, thin
ferrite films form along austenite grain boundaries in
steel 1, Figure 5a, corresponding to the occurrence of
intergranular fracture. The amount of ferrite decreases at
800 °C in steel 1, and no ferrite was detected at 850 °C,
which correlates with improved ductility. This suggests
that the presence of thin ferrite films at austenite grain
boundaries plays a key role, causing a ductility trough. In
contrast, steel 2 shows no ferrite formation at any tested
temperature and demonstrates ductile fracture behavior in
this temperature range.

The amount of ferrite increased with decreasing the
deformation rate due to the prolonged time for ferrite
nucleation Figures 6a—c. At the ductility trough, ferrite
layers form along austenite grain boundaries. At 800 °C,
these ferrite films were thinner than those at 750 °C.
Thinner ferrite is more detrimental to ductility because it
still creates a continuous brittle network along the grain
boundaries but lacks enough thickness to accommodate
train and deform plastically. Although less ferrite forms at
850 °C in steel 1, its negative effect is reduced since not all
the austenite grain boundaries are covered by ferrite.
Therefore, the ductility slightly improves at this tempera-
ture (Fig. 6¢c and Fig. 2). In steel 2, a small amount of
deformation-induced ferrite forms at austenite grain
boundaries at 750 °C and 800 °C, reducing the ductility
compared to 850 °C, where no ferrite is present because the
temperature exceeds the transformation point (Figs. 6d-f).

3.3 Precipitation behavior
3.3.1 Simulation results

Precipitation behavior was investigated through simula-
tion and experimental measurements. The simulations
were carried out using the software package MatCalc with
various parameters to address both the size and phase
volume fraction of precipitates. Table 2 and Table 3 list the
type, the size, and the phase volume fraction of the
precipitates present in both studied steels under two strain
rates of 107 % s " and 10 s ..

In general, the size and volume fraction of precipitates
in both steels were not influenced by temperature and
strain rate. Some variations are visible, specifically for MnS
particles, yet due to a very low phase fraction, significantly
fine particle size, and scattered distribution of these
variations, they can be considered negligible. The results
show that steel 1 contains larger MnS particles (approxi-
mately 10x) with a higher phase volume fraction
(approximately 10000x), especially on the dislocations.
The simulated results show a very trivial amount of MnS
particles in steel 2. On the other hand, the size of
precipitates in steel 2, i.e., TiN within the matrix, was
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Fig. 3. SEM images of fracture surface of the hot tensile test samples at strain rate of 1072 s~ for steel 1: a) 750 °C; b) 800 °C;
¢) 850 °C and steel 2; d) 750 °C; e) 800 °C; f) 850 °C. The scale bar represents 200 pm.
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Fig. 4. SEM images of fracture surface of the hot tensile test samples at strain rate of 107% s~ for steel 1: a) 750 °C; b) 800 °C;
¢) 850 °C and steel 2; d) 750 °C; e) 800 °C; f) 850 °C. The scale bar represents 200 pm.
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Fig. 6. LOM images of the hot tensile test samples at strain rate of 1072 s
d) 750 °C; e) 800 °C; f) 850 °C. The scale bar represents 100 pm.
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Table 2. Simulated results for the mean radius of precipitates in steel 1 and steel 2.
Mean radius 750 °C 800 °C 850 °C
(nm)
1072s7! 107357t 107%s7! 107357t 1072s7! 107357t
Steel 1

MnS GB 196 197 196 197 196 197
Disl. 8.8 9.2 8.8 10 8.7 14

AIN GB 73 72 73 73 73 75
Disl. 2.1 2.3 2.1 2.7 2.1 4.1

MnS 2.2 2.3 2.2 2.8 2.2 4.1

BN GB 208 285 208 285 208 285
Disl. 0.5 0.6 0.5 0.6 0.5 0.6

Steel 2

MnS GB 19 24 18 28 18 37
Disl. 0.5 0.5 0.5 0.5 0.5 0.5

TiN GB 147 147 147 147 147 150
Disl. 32 32 32 32 32 32
BN GB 1449 1449 1449 1452 1448 1453
Disl. 14 11 3 1.3 3.4 0.7

My3Cg GB 6.8 6.4 7.7 7.6 7.7 6.7
Disl. 0.6 0.6 0.6 0.6 0.6 0.6

approximately 15x larger than precipitates in steel 1 (AIN)
over all conditions. In both steels, the fraction of
precipitates in the matrix was higher than the fraction
of precipitates at the grain boundaries. Simulation results
showed a very low phase fraction of My3Cq in steel 2.
Therefore, this precipitate is not considered in the analysis.

3.3.2 EDX measurements

EDX analysis confirmed the presence of MnS and AIN in
steel 1. Figure 7a and 7b show an isolated MnS particle
and an AIN particle located on MnS, respectively. No
free AIN particles were detected in steel 1 within the
matrix.

Figure 8 presents the EXD measurements of steel 2. The
measurements in steel 2 confirmed the presence of TiN
precipitates, as predicted by MatCalc simulations. The size
of TiN precipitates ranged from 150 to 250 nm, which is
consistent with the simulation results. Due to the low
atomic mass of B, the detection of BN precipitates by EDX
was difficult, as also reported by another research group
[44]. In addition to TiN, some Al/Ca and Al/Mg phases
were detected.

4 Results and discussion

In this work, several factors that influence the hot ductility
behavior of the microalloyed steels were studied. The most
general observation in this study is that steel 2 showed
better overall ductility than steel 1, as illustrated in
Figure 2. The reasons behind this difference are discussed in
the following section.

As shown in Figure 2, the deformation conditions have
a clear influence on the hot ductility of both steels, which is
consistent with previous studies [7,8,13,37,43]. The impact
of the deformation conditions is commonly linked to three
key mechanisms described in the literature: phase
transformation, i.e., the development of deformation-
induced ferrite and ferrite films along austenite grain
boundaries, the nucleation and growth of precipitates, and
the formation, coalescence, and growth of microvoids
[7,8,16,39,43,45].

4.1 Deformation conditions

Faster deformation improves ductility. At a low strain rate,
limited time is available for precipitate formation, crack
initiation, and crack growth, which reduces the chances of
intergranular failure. In addition, slower deformation pro-
motes the formation of deformation-induced ferrite, which is
softer than austenite and concentrates strain along grain
boundaries and failure of the material. Moreover, slower strain
rates promote dynamic recovery (DRV) of ferrite, which
softens this phase and facilitates crack formation. On the other
hand, faster deformation causes work hardening in ferrite and
reduces its strain concentration [46].

Furthermore, both steels exhibit low ductility at lower
temperatures. As the temperature decreases, undercooling
increases, which provides the driving force for austenite to
ferrite phase transformation. The formation of ferrite
promotes strain localization, creating regions of stress
concentration that facilitate crack initiation. Steel 2
showed better ductility than steel 1 over the tested
conditions (see Fig. 2).
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Table 3. Simulated results for the phase fraction of precipitates in steel 1 and steel 2.

Phase fraction 750 °C 800 °C 850 °C
107271 10737t 1072 ¢! 1073 st 1072 ¢! 1073 s
Steel 1
MnS GB 9.1 x 107° 9.2 x 107° 9.1 x 107° 9.2 x 107° 9.1 x 107° 9.3 x 107°
Disl. 2.5 x 107 2.9 x 107° 2.6 x 107° 41 x 1073 2.6 x 107° 9.9 x 107°
AIN GB 3.2 x 107 3.2 x 107° 3.3 x 107° 3.2 x 107° 3.3 x 1077 3.3 x 107
Disl. 1.7 x 107° 1.9 x 107° 1.5 x 107° 2.9 x 107° 1.4 x 10°° 9.5 x 107
MnS 1.7 x 1077 22 %1077 1.8 x 1077 3.1x 1077 1.7 x 1077 1.2 x 107°
BN GB 1.4 x 107° 71 %x107° 1.4 x 107° 71%x107° 1.4 x 107° 7.1 %x 107°
Disl. 3.1x107° 31x%x107° 3.1x107° 3.1x107° 31x107° 3.1x107°
Steel 2
MnS GB 9.3 x 107! 1.2 x 1071 9.3 x 107! 1.2 x 10710 9.3 x 107! 1.8 x 10719
Disl. 1.3 x 107° 1.3 x 107° 1.3 x 107° 1.3 x 107° 1.3 x 107° 1.3 x 107°
TiN GB 5.9 x 107° 6 x 107° 5.9 x 107 6 x107° 5.9 x 107 6 x 107°
Disl. 2.6 x 1074 2.6 x 1074 2.6 x 1074 2.6 x 1074 2.6 x 1074 2.7 x 1074
BN GB 9.1 x 1078 9.1 x 1078 9.1 x 1078 9.1 x 1078 9.1 x 1078 9.2 x 1078
Disl. 22 %1074 22 %1074 21 x 1074 22 % 107* 21 x 1074 22 %1074
Ma3Cs GB 4.9 x 10710 4.1 x 10710 6.3 x 10710 5.0 x 1071 8.6 x 10710 4.2 x 10710
Disl. 6.6 x 10712 2.6 x 10712 1.3 x 1071 6.9 x 10712 5.3 x 10712 48 x 10713

Figures 3a—c and 4a—c show the SEM images of steel 1 at
different temperatures and the strain rates of 1072 s~ * and
1072 s, respectively. Under a faster deformation, i.e.,
1072 5!, the micrographs consist of a mixture of flat
fracture surfaces and dimples, indicating intergranular
brittle fracture and ductile fracture, respectively, as shown
in Figure 3a-c. On the contrary, at a slower deformation,
the microstructure of the same material, steel 1, consists
only of even brittle fracture surfaces with no ductile
fracture characteristics, as shown in Figure 4a—c.

Figures 5 and 6 present the LOM images of both steels
deformed under various thermomechanical conditions. For
a given strain rate, the fraction of ferrite in steel 1 increases
as the temperature decreases. For instance, in Figure 5c¢ (at
a strain rate of 107> s_l)7 no ferrite was observed, whereas
in Figure 5a, ferrite films are visible along the austenite
grain boundaries (indicated by red arrows). A similar trend
is observed when comparing Figures 6¢ and Figure 6a at a
strain rate of 107® s~'. Across the tested temperature
range, no ferrite was detected in steel 2, except a trivial
amount of ferrite at the lowest temperature due to
enhanced undercooling. The reduced amount of ferrite in
steel 2 compared to steel 1 is also attributed to the influence
of alloying elements in steel 2, which impacts the phase
transformation behavior of the steels.

4.2 Phase-transformation behavior

The transformation of austenite to ferrite affects hot
ductility in both steels. Furthermore, the higher carbon
content in steel 2 hinders the formation of ferrite and
stabilizes austenite and decreases the transformation
temperature, thereby reducing crack susceptibility caused
by thin ferrite films at austenite grain boundaries [39]. On
the one hand, B segregates at grain boundaries and retards
the transformation of austenite to ferrite [8,12,32,33,47].

In this study, the segregation of elements is not examined.
However, microstructural observations show that steel 2
contains less ferrite than steel 1, which indirectly supports
the idea that B contributes to stabilizing austenite.
In addition, MatCalc simulations indicate that the
formation of BN at grain boundaries is negligible, with a
mean radius of approximately 1450 nm and a volume
fraction of approximately 10~". This suggests that BN does
not form at the grain boundaries in steel 2 because Ti
consumes the available N. As a result, B remains available
and could segregate at grain boundaries, helping to delay
ferrite formation and improve ductility.

4.3 Precipitation behavior

Higher ductility in steel 2 compared to steel 1 is associated
with the behavior of precipitates. During the austenite to
ferrite transformation, AIN tends to precipitate preferen-
tially within the ferrite phase, increasing stress concentra-
tion and reducing ductility. Moreover, AIN precipitates can
pin the grain boundaries and hinder their migration during
deformation, which leads to crack initiation along these
boundaries [5,8]. Additionally, higher Mn and S content in
steel 1 encourages the formation of MnS inclusions that
tend to precipitate during cooling. The presence of MnS
promotes intergranular voiding, acts as nucleation site for
deformation induced ferrite, and reduces ductility. As
Table 2 and Table 3 show, the size and phase fraction of
MnS particles in steel 1 are greater than that of steel 2 (10x
and 10000x, respectively).

In steel 2, on the contrary, the amount of Al is too low
(0.02-0.04 wt.%) to form AIN [8]. This contributes to the
improved ductility of this steel compared to steel 1.
Furthermore, the presence of Ti, as a strong nitride former,
in steel 2, encourages the formation of TiN, which
consumes available N and thereby suppresses the
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formation of detrimental AIN precipitates [8,48,49].
The formation of TiN, AIN, and BN is governed by both
thermodynamics and diffusion-controlled kinetics. Wang
et al. [50] showed that TiN has a higher starting
precipitation temperature compared to BN and AIN,
and it starts to precipitate in a solid-liquid state, indicating
that TiN was more easily precipitated during solidification,
which agrees with MatCalc simulations. In another study
[51], it was shown that, despite B having a higher diffusion
coefficient than Al and Ti, Ti forms TiN by consuming N at
higher temperatures during solidification, suppressing the
formation of BN and AIN. Under these conditions, the
remaining free B atoms, due to their high mobility, diffuse
to austenite grain boundaries and hinder ferrite formation.
The MatCalc thermos-kinetic simulation of precipitates,
together with the EDX results, confirmed the presence of
AIN and MnS in steel 1. These particles increase the
susceptibility of the material to crack formation. On the
other hand, in steel 2, the formation of coarse TiN
precipitates consumes N and retards the formation of AIN
and BN, which are detrimental to ductility [52].

5 Conclusion

The hot ductility behavior of the two microalloyed steels
was influenced by multiple factors, including thermome-
chanical conditions, phase transformation, and precipitate
behavior.

Chemical composition influences the ductility of the
material by varying precipitation kinetics. In this work,
steel 2 exhibited better overall ductility than steel 1 under
all tested conditions.

The results show that the formation of AIN and MnS
promotes crack propagation, whereas the formation of TiN
has the opposite effect by consuming N and thereby
preventing the formation of AIN. By consuming N, Ti
reduces the driving force for fine AIN precipitation that
embrittles boundaries. In addition to the influence of Ti on
the formation of AIN, steel 2 has lower Al, so less Al is
available to form AIN, which also reduces the risk of the
formation of AIN at boundaries.

Soluble B tends to segregate to austenite grain boundaries
and can strengthen them and retards the formation of
intergranular ferrite. Delay of thin ferrite-film formation at
boundaries reduces the deformation-induced ferrite, which is
the strain localization zone, avoiding intergranular failure.
The presence of MnS inclusions in steel 1 contributed to
intergranular voiding and further reduced ductility.

For both steels, the size and phase fraction of the
precipitates remain nearly constant under various strain
rates within the two-phase domain. Therefore, in this
region, the ferrite phase governs the ductility behavior of
the given material. Thin ferrite films at austenite grain
boundaries reduce ductility. The thinner the ferrite film,
the more detrimental it is to the ductility. Higher strain
rates strengthen ferrite through work hardening and reduce
the difference between the strength of ferrite and the
strength of austenite, reducing strain concentration in
ferrite and improving the ductility. Additionally, during
fast deformation, the cracks have less time to propagate

and cause further failure. Microstructural analysis con-
firmed that slower deformation leads to brittle fracture,
whereas faster deformation results in mixed ductile-brittle
fracture modes. Furthermore, increasing the temperature,
within the range of tested temperatures, improves the
ductility by reducing the formation of ferrite due to lower
undercooling as the driving force for ferrite nucleation.
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