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Abstract: Cracking during the continuous casting process is undesirable and continuous work is
being carried out to find further improvements and understand the mechanisms that lead to failure.
Investigations on the hot ductility behavior of a continuously cast low alloyed steel using different
holding times before straining were done in the present work. Samples were heated to melting
temperature in a vacuum atmosphere and then cooled to one of the three test temperatures chosen:
750, 850, and 900 ◦C. When the desired temperature was reached, the sample was isothermally
held for either 10, 90, 300, or 3600 s before the tensile test started, with a strain rate of 10−3 s−1.
The reduction of area was measured, SEM images of the fractured surfaces were taken plus LOM
images for the analysis of the microstructure. The results show that there was no significant change
in the ductility at any of the temperatures until 300 s, with a change in behavior at 3600 s. This was
further confirmed with the images and precipitation kinetics simulations. The results are described
and compared.

Keywords: hot ductility; continuous casting; low alloy; steel; holding time

1. Introduction

During the continuous casting of steels, surface and internal cracks can be originated
by the different thermal and mechanical stresses present [1–4]. The physical simulation
of the most widely used process in steel production is important for product quality and
savings, once it can help the improvement of the hot ductility, consequently reducing the
incidence of cracks [5,6]. Many process parameters can influence the hot ductility of the
steel, one of them being the time between the cooling and the deformation phases, referred
to as the holding time. The aim of this work is to investigate the influence of the holding
time on the ductility behavior of a low alloyed steel, bringing a new approach to the
analysis of this parameter by evaluating the results from physical experiments alongside
the computer simulations of precipitation kinetics.

The hot ductility of low alloyed steels usually presents its minimum in the tem-
perature range of 700 ◦C to 1000 ◦C, which is also the usual range of the bending and
straightening operation in the continuous casting process and the most critical for the
formation of cracks [2,5,7,8]. This lower ductility is known to be caused by two main
factors, the austenite–ferrite transformation, and the nucleation of precipitates, depending
strongly on the alloying elements present [6,9–11]. Due to the lower strength of ferrite
in comparison to austenite, the strain that concentrates in the ferrite films formed in the
austenite grain boundaries initiate cracks as a result [8,10,12]. In the context of the nucle-
ation of precipitates, local hardening occurs, provoking stress concentration and promoting
the initiation of cracks [4,12].
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The procedure chosen in this work to physically simulate the industrial process is
the hot tensile test, which is commonly used to determine the hot ductility curve for the
material [3,5,6,9,12]. The evaluation of this parameter has been done for many years by the
determination of the reduction of area (RA) of the samples tested [1,2,4,5,11].

The thermal cycle used to represent the process usually consists of heating the steel
well above the austenitization temperature to dissolve the alloying elements and obtain
a microstructure that is most similar to the material when it is being cast. This aims to
represent the beginning of the casting process, with the molten steel. However, many of
the works found in the literature do not reach the melting point during the experiment,
and only approximate to the real process [3,5,8,10,13–15]. The in-situ melting of the samples
during the investigation of the hot ductility is one of the important contributions offered
by this work. After being heated to the higher temperature, samples are cooled at a
selected cooling rate until the desired testing temperature is reached. On reaching this
test temperature, the sample can go through an isothermal path for a determined time,
the afore mentioned holding time, before the start of the tensile test.

The influence of the holding time on the hot ductility behavior of low alloyed steels has
not been extensively explored, in contrast to other aspects of the processes such as cooling
rate, strain rate, surface quality, and alloying elements. Moreover, the existing studies
present diverse findings obtained by physical experiments, with no parallel simulations for
comparison or confirmation.

Suzuki et al. [16], observed that for a plain carbon steel, the increase in the holding
time prior the hot tensile test between 1200 ◦C and 800 ◦C leads to an increase in the RA,
which represents an improvement of the hot ductility.

Kang et al. [14] also tested the hot ductility of low alloyed steels with different holding
times, with the test temperatures selected as 900 ◦C and 1000 ◦C. The results showed that
the sample with no special alloying element (Nb-free) was not influenced by the holding
time, the one with Nb and Mn was slightly improved, and the other two with Nb contents
of 0.031 and 0.062 wt% had their ductility significantly increased with the increase in the
holding time.

Crowther and Mintz [15] performed experiments with steels with higher (0.068 wt%)
and lower (0.017 wt%) Al content and reported that when there was more Al, RA reduced at
higher holding times. This change in the RA was not seen for the lower Al steel. The work
also showed that the different holding times did not affect the grain size or peak stresses.
Lastly, at higher and lower temperatures, the ductility curves converged for both no holding
time and long holding times.

Ouchi and Matsumoto [13] reported that the changes in holding time before the tensile
test at temperatures lower than 1000 ◦C did not significantly influence the hot ductility,
and that above this temperature, the changes were caused by more time for the coarsening
and dissolution of the NbCN precipitates.

Zheng et al. [17] carried out different analyses for the hot ductility of C-Mn steels,
also testing various holding times at the tensile test temperature of 950 ◦C and strain rate
of 22 s−1. The reduction of area measured for each condition showed that there was no
significant difference for low holding times (lower than 500 s). Only by holding for longer
time periods could an improvement in the hot ductility of the steel be seen.

Balbi et al. [18] tested samples with only one final quenching after annealing and
samples with intermediate and final quenching. The tensile tests were done at room
temperature and for both groups, the different holding times at the annealing temperature
before the tests did not reflect in the different tensile properties.

Due to the contrasting results found in literature, with different test methods,
results and no parallel thermokinetic simulations, gathering more information on the
influence of this parameter on the hot ductility behavior of a low alloyed steel is deemed
necessary. Hot tensile tests on in-situ melted samples and simulations to predict the behav-
ior of precipitation were done at three different temperatures, with four different holding
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times, analyzing the macro and microscopic results to give a more complete understanding
of the behavior observed.

2. Materials and Methods
2.1. Experiments

The low alloyed steel used for the experiments has the composition as described
in Table 1. It was machined into cylindrical dog-bone shaped samples taken from the
slab out of the continuous casting process, with the axis parallel to the rolling direction.
The geometry of the samples is represented in Figure 1.

Table 1. Chemical composition in wt%.

C Cr Mn Al Nb N Ni P S Ti Fe

0.079 0.280 1.670 0.051 0.003 0.0052 0.028 0.013 0.0051 0.0014 balance

Figure 1. Sample geometry in millimeters.

An in-house thermomechanical simulator with a vacuum atmosphere was used for
the performance of the hot tensile tests. The simulator is a BETA 250-5, with tensile test unit
delivered by Messphysik, Fürstenfeld, Austria, which was rebuilt from MTS (Mechanical
Testing Systems), Eden Prairie, United States. Further improvements were done at Graz
University of Technology. It is schematically represented in Figure 2.
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Figure 2. Schematic thermomechanical simulator.

The upper part of the sample is held by the tension arm of the machine, which is
responsible for the displacement in the vertical direction. The lower part remains fixed and
is supported by a spring and three gripper arms that compensate for the thermal expansion
and give support during the melting cycle.

A Pt/Pt-Rh thermocouple was spot welded in the center of the sample for the mea-
surement of the surface temperature. The samples were heated until melting temperature
(the inside of the sample is melted when the measured surface temperature is around
1450 ◦C) with an induction coil. The possibility of melting the specimens in-situ is a unique
feature of the machine used. By controlling the heat input and maintaining the pressure
inside the vacuum chamber at 0.3 mbar, a thin and stable oxide layer is formed to prevent
the molten steel from erupting.

The induction coil was linked to the upper part of the machine, moving upwards
at half speed during the tensile test to keep the heating concentrated in the center of the
specimen. The highest temperature was kept for 90 s before the beginning of the cooling
path. By reaching the desired testing temperature (750 ◦C, 850 ◦C, or 900 ◦C), it was held
for 10, 90, 300, or 3600 s before the start of the hot tensile test, which was performed with
a strain rate of 10−3 s−1 until the rupture. The complete thermal cycle is represented in
Figure 3.

Figure 3. Experimental thermal cycle.
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After the rupture of the sample, the area of the fractured surface was optically mea-
sured with a Zeiss stereo microscope, model Discovery.V20 (Oberkochen, Germany).
With this value, the reduction of area could be determined with the following equation:

%RA =

( A0 − A f

A0

)
× 100, (1)

where RA is the reduction of area, A0 is the initial cross section area and Af is the measured
fracture surface area.

The fracture surfaces were observed with a TESCAN Mira3 Field Emission scanning
electron microscope (Dortmund, Germany) for the identification and comparison of the
failure mechanism. Using an Axio Observer Inverted light optical microscope (LOM) from
Zeiss (Oberkochen, Germany), the microstructure of the samples was further analyzed.
The samples were polished and then etched with 3% Nital for this purpose.

2.2. Simulations

The software used for the simulations was the MatCalc (version 6.02), developed
by MatCalc Engineering GmbH in Vienna, Austria [19]. Thermokinetic simulations were
performed to have a prediction of the precipitation behavior during the thermal cycle
considered. First, equilibrium calculations were done for the determination of the phase
diagram. A Scheil–Gulliver solidification simulation was also performed to obtain infor-
mation on the formation of primary precipitates.

Then, simulations of the precipitation kinetics of AlN and MnS at different tempera-
tures and holding times were realized. The initial austenite grain diameter considered for
that was 600 µm, the initial dislocation density was of 1011 m−2 and a volumetric misfit
of 27% for AlN precipitates and 5% for MnS precipitates with the austenite matrix was
considered [20].

Mean radius and number density simulations were performed at only two of the
experimentally used testing temperatures, 900 ◦C and 850 ◦C. Lower temperatures were not
simulated because of the higher amount of ferrite present simultaneously with austenite,
a two-phase region that is not precisely modelled in the simulations. At these chosen
temperatures, the holding times were also changed to evaluate the effect on the nucleation
and evolution of precipitates. The durations chosen for the simulations were the same as
those in the experiments; 10 s, 90 s, 300 s, and 3600 s. Furthermore, the duration of the
straining during the simulations was defined based on the experiments being 230 s for the
simulations at 850 ◦C, corresponding to a resulting strain of 23%, and 400 s for the ones at
900 ◦C, with a resulting strain of 40%.

MnS precipitates were considered to be formed only at dislocations (d) and AlN at
grain boundaries (gb), at MnS precipitates and dislocations [20,21]. However, the amount
of AlN seen in the simulations to be formed at dislocations was too small and thus not
considered in the results.

3. Results
3.1. Experiments

The reduction of area of each sample as a percentage was determined after the area
measurements of the fracture. With the results, the hot ductility curve of the alloy studied
in the critical temperature range was plotted for different holding times. The common
holding time used is 10 s, and in the present study, 90 s, 300 s, and 3600 s of isothermal
path before the tensile test were additionally applied to evaluate if this parameter has
an impact on the hot ductility. Figure 4 shows the hot ductility curves obtained for each
different condition of temperature and holding time. Considering the errors related to
each point until 300 s, which ranged between 1 and 10% depending on the test parameters,
no great difference was seen in the RA regarding the different holding times. By increasing
the holding time significantly to 3600 s, an influence on the results could be clearly seen.
There was a significant reduction at 850 and 900 ◦C and an increase at 750 ◦C.
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Figure 4. Reduction of area at 750, 850, and 900 ◦C for the different holding times (10, 90, 300,
and 3600 s).

The engineering stress-strain curves for the alloy were also plotted from the experi-
mental data. In Figures 5 and 6 the ultimate tensile strength (UTS) and maximal elongation
reached for each specimen are presented, respectively, regarding the different testing
temperatures and holding times. Generally higher values of UTS were seen for lower tem-
peratures and the opposite for the maximal elongation, where higher temperatures showed
higher values. For both parameters observed, there was no considerable difference between
the results obtained at the same temperature until 300 s of holding time. Above this point
(at 3600 s), some changes were seen. The UTS showed a small reduction at 850 ◦C and
remained with no significant change for the other two testing temperatures. The maximal
elongation reached was also reduced with the longer holding time at 850 and 900 ◦C (more
significant at the latter).

Figure 5. Ultimate tensile strength for different holding times.
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Figure 6. Maximal elongation reached at each different temperature and holding time.

After the experiments, the ruptured samples were observed by means of scanning
electron microscope (SEM) for the identification of the failure mechanism and to compare
the fracture surfaces of the samples under different temperatures and holding times.
The resulting images can be seen in Figures 7–9.

Figure 7. SEM images with 15×, 100×, and 250× magnification for the samples tested at 750 ◦C and different holding times.
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Figure 8. SEM images with 15×, 100×, and 250× magnification for the samples tested at 850 ◦C and different holding times.

Figure 9. SEM images with 15×, 100×, and 250× magnification for the samples tested at 900 ◦C and different holding times.

At 750 ◦C (Figure 7), the fracture seen is intergranular and similar for all samples,
showing a brittle behavior. Dimples were identified on the surface of the grains seen,
indicating the presence of the ferrite films. Comparing the images of the sample with 10 s
of holding time to that with 90 s, the grains seem to have slightly increased. Observing the
images with 250x magnification, for 3600 s at 750 ◦C, the dimples were present in higher
amount and were more distinguishable. At 850 ◦C (Figure 8), no difference was seen
between the samples with different holding times until 300 s. For these, the surface showed
mixed aspects of ductile and brittle fracture. For 3600 s of holding time at 850 ◦C, there was
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much less indication of ductile fracture, with it being mostly brittle. Lastly, at 900 ◦C
(Figure 9), once again there was no clear difference between 10, 90, and 300 s, where all sam-
ples showed a ductile fracture, marked by voids and dimples. In the case of 3600 s, however,
a mixed fracture was present with distinguishable grain surfaces and only some dimples.

After cutting longitudinally, polishing and etching, the samples were observed with
the LOM, resulting in the images shown in Figure 10. For all of the temperatures, until 300 s
of holding time, the differences between the samples were only slight. At 750 ◦C, until 300 s,
the ferrite films at the grain boundaries can be easily identified. These films are thin,
however, and the cracks that initiate at these points can also be seen. For 3600 s, a clear
increase in the ferrite amount at the grain boundaries is observed. With careful and
qualitative observation, a small increase in the grain size might be present with longer
holding times, but this result will need further investigation to be confirmed. At 850 ◦C,
the ferrite films are also present at some boundaries, but not in the same amount as at
750 ◦C. Even with a much higher holding time, no clear difference was seen between
the samples observed. At 900 ◦C, recognizing the grain boundaries is more difficult and
ferrite films are absent. For this case, again no clear difference between the holding times
was seen.

Figure 10. LOM images with 100× magnification of samples etched with 3% Nital, tested at 750, 850,
and 900 ◦C and with 10, 90, and 300 s of holding times.
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3.2. Simulations

The equilibrium phase diagram and Scheil–Gulliver solidification simulations are
shown in Figures 11 and 12. Precipitation kinetics simulations were done at 900 ◦C
and 850 ◦C, as explained in the previous section, using different holding times (10 s,
30 s, 90 s, and 3600 s) and straining durations (230 s and 400 s). The results of mean
radius, number density and phase fraction are shown in Figures 13 and 14, respectively.
Dislocation density was also simulated, and the results can be seen in Figure 15.

Figure 11. Phase diagram at equilibrium.

Figure 12. Scheil–Gulliver equilibrium solidification simulation.
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Simulating the size of the precipitates, represented by the mean radius values,
resulted in bigger precipitates at the higher temperature and almost no difference to
be seen between the different holding times until 300 s. However, for 3600 s of holding
time, there was an increase for all precipitates and temperatures.

The number density did not show remarkable changes for the AlN(gb) precipitates
between the different holding times and for the other two precipitates, a reduction between
300 and 3600 s was seen, clearer at 850 ◦C. For all of them, the number density values were
lower at higher temperatures.

Phase fraction brought virtually no change for the MnS(d) precipitates, but for all of
the others, an increase was seen, initially slight at 300 s of holding time, and then more
accentuated at 3600 s. Comparing the evolution of the results for AlN formed at MnS and
the ones formed at grain boundaries, the changes were less pronounced for those formed
at the other precipitate.

Dislocation density simulations showed higher values for lower temperatures with no
change between different holding times.

Figure 13. Results of mean radius simulations for AlN at grain boundaries, MnS at dislocations,
and AlN at MnS for different temperatures and holding times.
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Figure 14. Results of number density and phase fraction simulations for AlN at grain boundaries, MnS at dislocations,
and AlN at MnS for different temperatures and holding times.



Metals 2021, 11, 64 13 of 17

Figure 15. Results of dislocation density simulations for different temperatures and holding times.

4. Discussion
4.1. Experiments

Increasing the holding time at a determined temperature prior to the tensile test has
resulted previously in different conclusions [13–18]. In Figure 4, it was seen that until 300 s
of holding time there was no significant change in the ductility curve of the material tested.
When the holding time was increased to 3600 s, a clear difference was seen at each of the
three temperatures.

One of the reasons for the changes seen in previous studies with different holding
times was the presence of a greater amount of certain alloying elements, such as Nb, V or
Ti, that form other precipitates detrimental to ductility [13,15,17,22].

Another explanation for the changes in the results for the RA was given by Kang
et al. [14] and Zheng et al. [17], which correlate it to the segregation of S at austenite grain
boundaries. The more sulfur, the worse the ductility will be. Kang et al. [14] referred to S as
an important agent on the ductility when longer holding times are used in steels containing
Mn. This is because of the formation of more MnS, decreasing the concentration of S at
grain boundaries. Zheng et al. [17] concluded that if the holding time is longer than the
critical time of maximum grain boundary segregation, the hot ductility can be improved.
The critical time depends on the temperature, but for temperatures lower than 950 ◦C,
it was observed to be longer than 300 s for C-Mn steels, and little change was reported for
holding times lower than 300 s.

The references mentioned indicate changes in the RA that were different from those
seen in the present work. The explanation lies in the different content of alloying elements
(and consequently the precipitates formed), testing temperatures and holding times chosen.
When comparing the results at holding times of 300 s or less, it is seen that the discrete
differences present are in accordance with the previous publications, which did not report
considerable changes in this time range. Holding times higher than 300 s showed improved
ductility at 750 ◦C, but reduced ductility at 850 and at 900 ◦C. This is close to the results
reported by Crowther and Mintz [15] for the alloy identified as “high Al content,” which
has a composition closer to that of the present alloy studied. The reason for this is the static
precipitation of AlN at the austenite grain boundaries, which are the precipitates formed
before the deformation process and believed to be the main cause of the worsening of the
hot ductility.
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The results of ultimate tensile strength and maximal elongation also did not show
great variation with the distinct holding times until 300 s, but there was a discrete reduction
at some of the temperatures when the holding time was longer. This can also be correlated
to the results presented by Crowther and Mintz [15], where the samples with no Nb or V,
only Al, showed no great change in the peak stress and only a small reduction in maximal
elongation. The UTS results were higher for the lower temperatures and the opposite was
registered for the maximal elongation; higher for higher temperatures. This result was as
expected [15,23–25].

SEM images produced for the samples at each time and temperature follow the results
of the RA curves. Considering the curves for 10, 90, and 300 s, where the ductility was
at the minimum (750 ◦C), the fracture seen is intergranular with dimples on the surface,
indicating the presence of the ferrite films. At 850 ◦C, a temperature of intermediate
ductility, signs of brittle and ductile fracture are seen mixed (clear intergranular decohesion
and microvoid coalescence). Finally, at 900 ◦C, a temperature at which the RA values are
higher, and consequently the ductility is better, the fracture confirms this conclusion with
the ductile fracture type clearly seen, with the presence of dimples and voids, and no clear
grain surface observed. These results can be compared to those reported before for other
low alloyed steels [1,16,25]. With the great increase in the holding time to 3600 s, the sample
showed more dimples on the surface (more ferrite) at 750 ◦C; the sample at 850 ◦C had less
indication of ductile fracture and more of intergranular and finally, the sample at 900 ◦C
showed grains and dimples, signifying the change to a mixed fracture.

None of the images showed clear changes until 300 s of holding time at all of the
tested and analyzed temperatures. Once again, this can be attributed to the fact that the
times imposed were not long enough to promote changes. When the holding time was
increased to 3600 s, the fracture surfaces were seen to be in complete accordance with the
hot ductility curve, in which the ductility worsened at 850 and 900 ◦C, associated with
the observation of a greater number of grain surfaces and improved at 750 ◦C. This could
be related to the higher amount of ferrite at the boundaries. Ouchi and Matsumoto [16]
observed the difference in the fracture surface due to the ferrite thickness increase with the
rise in holding time. This increase was shown to be significant above 5 min of holding time.

With the LOM images, the presence of the ferrite films at grain boundaries could be
further confirmed at 750 ◦C for all holding times, with an easily noticeable rise at 3600 s,
as well as the crack initiation at this location, mainly at the shorter holding times, owing to
the fact that ferrite is the softer phase, accumulating strain [1,4,8,10,12,15]. This ferrite is
not only influenced by the temperature, but also by the deformation, enhancing the loss in
ductility when present in a critical amount. If the ferrite content is increased, the ductility
is then improved [7,8,25]. This is seen in the results from the RA curve presented in
Figure 3. At 850 and 900 ◦C, no clear change could be seen in the LOM images with the
different holding times, because at these temperatures the precipitates are the strongest
influencing factor on the ductility.

4.2. Simulations

From the equilibrium simulations, it was observed that only MnS, AlN, and cementite
were expected to be formed. This is due to the low quantities of other alloying elements in
this steel. The results found regarding the formation of AlN and MnS were in accordance
with published works for similar steel compositions [26,27].

Furthermore, these calculations provided information on the formation of the primary
and secondary precipitates, being the primary in a very low fraction and formed while
still in the liquid phase, and the secondary in a more considerable quantity. Despite the
fact that the primary precipitates are in a lower fraction, they are larger and can be the
cause for the initiation of cracks and further failures. Additionally, the simulations indicate
the initiation of austenite–ferrite transformation at around 830 ◦C, implicitly indicating
that ferrite should not be present in the samples tested at 850 ◦C. This is not what was
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seen in the images from Figures 8 and 10 because of the formation of ferrite induced by
the deformation.

The mean radius calculations resulted in smaller precipitates at the lower temperature,
which is caused by less diffusion happening at this point, leading to a lower growth
rate. This reinforces the result seen experimentally of less ductility at 850 ◦C, since finer
precipitates are worse for the ductility [1,2,10]. The AlN precipitates at grain boundaries
were seen to have the biggest values and AlN(MnS) the smallest. With the different
holding times, the mean radius of all precipitates did not show clear changes until 300 s,
but increased when the holding time was 3600 s. The increase is justified by more time for
the precipitates to grow before the beginning of the tensile test.

The number density simulation results were as expected regarding the temperature:
Lower for higher temperatures as a result of greater coarsening, which is also the reason
for more accentuated changes at 850 ◦C. This result can also be related to the mean radius
results and the reduced ductility at the lower temperature. Once again, changes were only
seen when the holding time was increased to 3600 s, and this time only for the MnS(d) and
the AlN(MnS), which were reduced. This indicates that precipitates at the grain boundaries
are expected to grow, but not to coarsen when the material is held for a longer time at the
same temperature.

The phase fraction information can be obtained by combining the results from the
mean radius and the number density. With that, the impact of precipitates in the material
can be better evaluated. In the present case, the highest values were for MnS(d), followed
by AlN(MnS) and AlN(gb). For all of these, the phase fraction values were higher for higher
temperatures, due to the stronger influence of the size of the precipitates (mean radius)
on this parameter. Also following the mean radius results and reinforcing the stronger
influence it has, when the holding time was increased to 3600 s, the phase fraction showed
an increase for AlN precipitates. The MnS(d) precipitates did not show a clear change with
the holding time, which may well be a result of a balance between the increase in the mean
radius and the decrease in number density.

All in all, the simulations showed that the longer holding time leads to growth of AlN
at grain boundaries, a coarsening of MnS at dislocations and a coarsening and growth of
AlN at MnS.

The changes in the precipitates’ parameters seen when the holding time was changed
can be linked to the experimental results. Precipitation kinetics simulations did not show
changes for the holding times of 10, 90, and 300 s, which was also seen in the RA results.
However, when the holding time was increased to 3600 s, changes were observed in
both the simulation and the ductility curve. As the mean radius and phase fraction of
the precipitates increased at 850 and 900 ◦C, the ductility also worsened. This indicates
accordance between the simulation results and the experimental ones, since the increased
fraction of precipitates seen at grain boundaries can lead to cracks and consequently,
the lower RA values. Furthermore, it can be inferred from the simulation results associated
with what was seen experimentally that the static precipitated AlN at the grain boundaries
are the ones responsible for worsening the ductility, as previously established by Crowther
and Mintz [15].

The dislocation density simulations also showed agreement with what was expected
from theory, since these resulted in lower values for higher temperatures. The occurrence
of increased annihilation at the higher temperature is the reason for this expected result.
Likewise, there was no difference seen with the increase in holding time, which was as
expected because the increase in the number of dislocations is attributed to the straining
during the tensile test. The higher values at the lower temperature can also be compared
to the experimental results, given that with more dislocations, there are more sites for
precipitation nucleation, which are detrimental to ductility.
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5. Conclusions

For the plain low alloyed steel studied, where only AlN, MnS, and Fe3C are expected
to be formed, changing the holding time before the tensile test in the range of 10 and 300 s
did not have a significant impact on the RA measurements, but the increase in this holding
time to 3600 s brought changes, showing that this parameter can influence the hot ductility
behavior of the steel.

The significant increase in the holding time improved the ductility at 750 ◦C and
reduced it at 850 and 900 ◦C. With the analysis of the images made with SEM and LOM,
the experimental results were confirmed with no notable difference between the holding
times at the same temperature until 300 s, but with 3600 s, more ferrite was present at
750 ◦C and clear signs of intergranular fracture were seen at 850 and 900 ◦C.

This result was reinforced by the precipitation kinetics simulations, which also did
not show great changes in this time range (10 to 300 s), but the opposite for a higher
holding time (3600 s). The simulations indicate that the precipitates, mainly AlN at grain
boundaries, are the reason for the lower ductility seen at these points (3600 s, 850 and
900 ◦C).
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