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Abstract

The continuous casting process requires permanent investigation and innovative improvements due to its large
application in steel production. A good hot ductility behavior is essential to avoid the formation of defects during
slab casting. The behavior of two low alloyed steels, with different compositions in B-, Cr-, Ni- and Ti-content,
was compared to understand the features that might bring improvements in hot ductility, and consequently
reduce the occurrence of defects. The first alloy investigated presents a low content of all elements and the
second has a composition with a higher fraction of the alloying elements referred to. Hot tensile tests after in
situ melting of the samples were performed to reveal the hot ductility behavior of the each microalloyed steel.
The results of final reduction of area showed a much better ductility of the second steel, alloyed with higher B,
Cr, Ni and Ti-content, in comparison to the first. Initial microstructure analysis was performed as a means of
better evaluating the effects of the temperatures and strain rate applied in both steels. Furthermore,
precipitation kinetics of both steels were calculated using the MatCalc software, determining the expected
mean radius, number density and phase fraction of the predicted precipitates. Possible reasons for the
changes seen experimentally are discussed based on both, simulations and microstructure analysis.
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1. INTRODUCTION

The occurrence of internal and surface cracks during the straightening operation of the continuous casting
process is a major concern in this steelmaking process since it can reduce quality and increase costs [1, 2].
The susceptibility to such cracking is evaluated through the hot ductility behavior of the steel, which usually
presents its minimum in the range of 700 to 1,000 °C, which also coincides with the temperature range at
which straightening usually takes place [3-5]. The evaluation of the ductility at higher temperatures for different
steel grades is thus essential.

The determination of the hot ductility curve is very useful for prediction of cracking in new steel grades and for
implementing necessary adjustments to the industrial process [3]. The data for the curve is provided by
performing hot tensile tests and subsequent determination of the reduction of area (RA) of the samples
ruptured [2,6]. Values below 40 % are considered too low and undesirable [5].

To improve some steel properties, alloying elements such as Mn, Ti, B, Al, V and others are usually added [7].
This addition, which can promote precipitation, combined with the ferrite films formed at grain boundaries
during the phase transformation, can be the reason for the crack initiation [4,6].

In the present work, two different low alloyed steels are tested at various temperatures, after heating the
samples until the melting temperature is reached before cooling, as a means of reproducing the continuous
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casting process as closely as possible. The strain rate chosen for the hot tensile test is close to that for the
industrial operation [5]. As a result of the different quantities of alloying elements used, the behavior of the two
steels shows a relevant disparity, which will be explored. The possible reasons for the different performances
are discussed based on the experimental and simulation results.

2. MATERIALS AND METHODS

The composition of the two chosen low alloyed steels analyzed is described in Table 1. The named steel
number 1 has low carbon content and no significant quantity of any other alloying element. The steel number
2 has more alloying elements, such as B, Cr, Ni and Ti, and also both lower sulfur content and more vanadium.

Table 1 Chemical composition in wt%

C B Cr Ni Ti Mn Vv Al P S N
1 0.079 0.0002 0.280 0.028 | 0.014 1.67 0.004 | 0.051 | 0.013 | 0.0051 | 0.0052
2 0.087 0.0024 0.950 0.470 | 0.027 1.64 0.107 | 0.052 | 0.0094 | 0.0005 | 0.0051

The samples were machined with equal geometry for both steels, in dog-bone shape and axis parallel to the
rolling directions, as shown in previous work [8]. Experiments were performed in an in-house built
thermomechanical simulator, the BETA 250-5. It can produce a vacuum atmosphere, heat the samples until
the melting point with an inductive heating and perform tensile tests at high temperatures after the solidification.

Samples were held by the upper tension arm of the machine, which deals with the displacement in the vertical
direction. The lower part of the specimen is fixed and supported to compensate for the thermal expansion [8].

The temperature during the thermal cycle was measured by a thermocouple spot welded in the center of the
sample. The samples were heated until melting, measured around 1450 °C, and kept at this point for 90 s to
ensure the dissolution of precipitates, bringing the tested material closer to the state existent after the
continuous casting. Subsequently the specimens were cooled down to the test temperature chosen and held
for 10 s before straining was initiated. Test temperatures were varied between 650 and 1,100 °C, and the
strain rate applied was constant and equal to 10 s’1. The sample fracture surface area was measured for
each condition applied and the reduction of area was calculated. With the values obtained, the ductility curves
for both materials were plotted.

Thermokinetic simulations were performed using the MatCalc software (version 6.02) to predict the
precipitation behavior [9]. Equilibrium calculations were also carried out to determine the phase diagram, which
indicates the precipitates that are expected for each of steel. The mean radius, number density and phase
fraction calculations were made only for the higher temperatures (800 °C and above) to avoid the two-phase
region where ferrite and austenite are simultaneously present, which is not yet precisely modelled.

The simulations considered the nucleation and growth of precipitates at grain boundaries (gb) and dislocations
(d). In the steel number 1, AIN (gb) and MnS (d) are expected to be formed, as well as AIN at MnS [10, 11]. In
steel number 2, BN, Ti(C,N), MnS and other carbides (M6C, M7C3 and M23C6) were first considered, at grain
boundaries and dislocations [1,12,13]. Due to a very low phase fraction of MnS and the other carbides (lower
than 1012 %), they were not considered for the final evaluations.

Initial microstructure analyses were also performed on the tested samples. The samples were cut in the length
direction, polished, and etched with 3 % Nital. First observations were after polishing, before etching, for
gualitative analysis of porosity. They were subsequently etched and observed once more for analysis of the
structures present.

The results from experiments and simulations were compared to a further understanding of the behavior of the
steels independently and in comparison.
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3. RESULTS AND DISCUSSION

The hot ductility curve was determined for both alloys by applying the strain rate that correlates to the
continuous casting, 10 s, at different temperatures in the range of 650 to 1,100 °C. Curves are shown in
Figure 1. The results for the steel number 1, which have been partially published [8], show a ductility minimum
between 850 and 700 °C, which is determined by the reference value of 40%, indicated. As for the steel number
2, the ductility seen is higher at all points, with its lowest at 700 °C and no clear ductility trough formed, never
reaching the minimum of 40 % of reduction of area.

These results indicate an improved hot ductility behavior with the addition of the alloying elements mentioned,
especially B and Ti, and the lower S content. Boron can move the ductility trough to lower temperatures by
delaying austenite/ferrite transformation during cooling and improve ductility when it segregates to grain
boundaries, repelling S and occupying vacancies [3,14,15]. However, the formation of BN at austenite grain
boundaries can be a reason for crack initiation. The titanium addition is thus also beneficial, since it can build
TiN, which precipitate earlier and dispersively, leaving less N available for the formation of BN [3,14]. TiN can
also be nucleation sites for other precipitates, reducing the pinning effect of precipitates at grain boundaries,
thus improving ductility [14]. Furthermore, when the Ti/N ratio is high enough, as it is for the second steel, the
ductility has been seen to be improved [16,17].
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Figure 1 Reduction of area at different test temperatures for steel grades 1 and 2

Microstructure analyses of the samples from the steel number 1 are exemplified in Figure 2. Above 900 °C it
showed recrystallized grains and some deformation induced ferrite formed in the grains, both linked to the
good ductility seen at this range. Below 900 °C until 750 °C, grains were larger and ferrite films were present
at the boundaries, a fact that can account for the reduction in ductility, since the strain concentrates at the
softer phase (ferrite) and cracks initiate more readily. At this temperature, the cracks were seen to initiate and
follow the grain boundaries, typical to a brittle fracture. At 700 °C and lower, the ferrite amount was higher and
above that considered critical for ductility and bringing a ductility recovery [18].

@ )
Figure 2 Etched samples of steel number 1 tested at (a) 900 °C, (b) 750 °C and (c) 650 °C
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Images from microstructure of steel number 2 are shown in Figure 3. With its better ductility, this steel also
presented signs of recrystallization above 900 °C, with elongated grains and clear ductile fracture through the
sample, indicating that the deformation was not concentrated at grain boundaries. From 850 to 750 °C some
areas with larger grains and brittle fracture were seen, but also areas with elongated grains and ductile fracture
were present and predominating. At 700 °C (lowest ductility), elongated grains were not seen and some ferrite
at grain boundaries was identified, aligned with the lower ductility seen at this point. Below this temperature,
more deformation induced ferrite inside the grains was seen to be formed, what brings a better strain
distribution through the grain, and not only at the boundary, improving the ductility again, as seen in Figure 1.

Figure 3 Etched samples of steel number 2 tested at (a) 900 °C, (b) 700 °C and (c) 650 °C

The difference in ductility at lower temperatures is clearly seen in the fracture and microstructure when
comparing the structures seen for both steels. While steel number 1 shows a clear difference in the grains
when the temperature reaches the ductility minimum, steel number 2 had a similar structure throughout the
tested samples, with some minor differences only. This relates to the differences seen between the two ductility
curves presented.

The results of the precipitation kinetics simulation for steel number 1 are displayed in Table 2. They show that
AIN at grain boundaries are expected to be the bigger precipitates, but in lower fraction. MnS at dislocations
had the highest phase fraction, with a smaller mean radius. Furthermore, a decrease of mean radius and an
increase of number density with the decrease of temperature was seen for all precipitates, together with a
slight decrease in phase fraction at 800 °C. This indicates a stronger influence of the change in grain size in
the fraction of the precipitates in the material. This difference in results between both temperatures is due to
the coarsening and growth of precipitates that occurs when the temperature is higher. Finer precipitates are
known to be detrimental to ductility [16], matching the drop in ductility seen from 900 °C to 800 °C. The
dislocation density results were lower for the higher temperature, which is due to the annihilation of
dislocations. This can also be linked to the experimental results, since with lower dislocation density there is
also less sites for precipitation, improving the ductility.

Table 2 Results of the simulated precipitation kinetics for steel number 1

Steel 1 Mean Radius (nm) Number Density (m=3) Phase Fraction (%)
Location 800 °C 900°C 800 °C 900°C 800 °C 900°C
MnS d 8.17 20.99 6.31E+19 4.32E+18 1.57E-02 1.75E-02
gb 60.35 81.66 7.09E+11 5.46E+11 6.53E-08 1.25E-07
AIN MnS 2.54 6.75 6.35E+19 3.91E+18 4 52E-04 6.18E-04
800 °C 900 °C
Dislocation Density 6.93E+13 4.09E+13
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Simulations for steel number 2, presented in Table 3, showed that very little change in the precipitates is
expected to be seen between 900 and 800 °C. The exception was Ti(C,N) at dislocations, showing a
coarsening with the increase of temperature (higher mean radius with lower number density and constant
phase fraction). This is in good agreement with the experimental results seen, where the ductility is high and
very similar at these temperatures. BN showed higher results of mean radius than Ti(C,N), but lower number
density, endorsing that TiN are preferentially formed, consuming part of the nitrogen available before BN can
be formed. This behavior also contributes to a better ductility of the steel. The lower fraction of precipitates at
grain boundaries also shows a reason for the improvement in ductility and reinforces that the dispersive
precipitation of TiN can reduce the number of precipitates at grain boundaries, avoiding the pining effect.

Table 3 Results of simulated precipitation kinetics of steel number 2

Steel 2 Mean Radius (nm) Number Density (m-3) Phase Fraction (%)
Location 800 °C 900°C 800 °C 900°C 800 °C 900°C
gb 1155.76 1155.44 2.03E+09 2.03E+09 1.32E-06 1.31E-06
BN d 356.44 389.71 1.08E+15 9.73E+14 2.44E-02 2.44E-02
gb 112.08 112.72 3.77E+11 3.77E+11 2.23E-07 2.26E-07
TICN) d 251 14.58 1.47E+19 2.18E+18 4.99E-03 5.88E-03
800 °C 900 °C
Dislocation Density 6.77E+13 3.95E+13

On comparing the results from both steels, it can be seen that the precipitates are coarser and in lower number
density in steel number 2, which may also be a reason for the improvement in ductility for steel number 2,
since coarser precipitates are less detrimental. Furthermore, AIN and MnS can have a more negative effect
on the ductility than the nitrides seen for steel number 2.

4, CONCLUSION

The comparison between the two low alloyed steels showed that the addition of Cr, Ni and specially B and Ti
improved the hot ductility behavior of the steel. This improvement can be attributed to the lower S content; the
absence of AIN, since TiN and BN are preferentially formed; the earlier and dispersed precipitation of TiN
allowing less BN to be formed at grain boundaries; together with less deformation induced ferrite films
formation.

This general improvement in the hot ductility behavior of the steel through the addition of alloying elements as
presented is interesting for the continuous casting process. It can decrease cracks during the process,
improving quality and reducing process costs.
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