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Abstract. During the hot rolling of bainitic steels, time and temperature must be controlled within
narrow limits to avoid undesirable ferritic or martensitic phase fractions. In order to design a reliable
process window for the production of bainitic steels, the effects of the different process parameters
on the phase transformation and the final properties of a microalloyed and a non-microalloyed steel
were investigated. Thermomechanical tests with the possibility of producing secondary samples were
conducted to analyze the influence on the mechanical properties strength and toughness.
Transmission electron microscopy (TEM) and electron probe micro analysis (EPMA) were used to
investigate the origin of the differing properties. In particular, it has been found that
thermomechanical rolling of the microalloyed steel leads to an improvement in strength. This is partly
due to the transformation kinetics and partly to strain-induced precipitations. Further, the hardening
behavior is affected by the secondary phase within the bainitic matrix configured through the cooling
strategy. Coarse Martensite/Austenite (MA) structures reduce toughness, whereas finely dispersed
MA islands increase the hardening potential. Furthermore, the results from the material experiments
were used to develop a rate model in combination with a nucleation model to predict the kinetics of
the phase transformation and the shape of the bainitic microstructure.

Introduction

Bainitic steels serve the applications where high strength is needed and increasingly substitute micro-
alloyed steels [1]. The bainite transformation is rather complicated as it is partially diffusion
controlled and the transformation mechanism and kinetics change with temperature [2, 3]. Thus, the
time-temperature profile in the strip on the run out table of a hot rolling mill must be controlled to lie
in the most prompt bainite transformation temperature region so that the bainite transformation is the
most feasible and unwanted phase transformation such as martensite or pearlite can be avoided. To
ensure that the bainite transformation is promoted in the industrial process of hot rolling, the influence
of the process parameters have to be known. Especially, in what kind they influence the
transformation kinetics and the final microstructure. It is reported that with a higher degree of
deformation the displacive transformation mechanism will end up more incomplete due to a higher
dislocation density. The friction stress between the growing bainitic ferrite and the austenite is
enlarged and hinders the further growth [4]. In addition, more nucleation site are available due to a
smaller austenite grain and the increased number of dislocations. This shifts the start of the
transformation to higher temperatures [5, 6]. Further, the shape of the bainitic structure does influence
the mechanical properties of the final product [7]. This is related to the structure of the bainitic ferrite
and the different shapes the secondary phase can develop [8]. The purpose of this work is to
investigate, to what extend the deformation of the austenite can influence the mechanical properties
of bainitic steels. And further, to develop a model based on the approach by Leblond and Devaux [9]
in combination with the microstructural modelling by Azuma [10] that can predict the bainitic phase
transformation during the cooling line in the hot rolling process.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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Experimental Procedure

Materials. Two steel concepts for the production of hot rolled bainitic steels were investigated. The
chemical compositions are shown in Table 1. The materials were produced in a vacuum furnace and
pre-rolled to a thickness of 55 mm. Further, samples of a size 65 x 16 x 16 mm have been machined
for the investigation in the Thermomechanical Treatment Simulator.

Table 1. Chemical compositions of investigated steel grades (mass%)

C Si Mn Cr Mo+Ti+B Nb+V
Steel A 0.06 0.20 0.7 0.4 <0.05 -
Steel B 0.1 0.45 1.7 0.3 <0.4 <0.1

Experiments. The samples have been processed in a Thermomechanical Treatment Simulator, shown
in Fig. 1a. The applied thermomechanical cycle is illustrated in Fig. 1b. The materials have been
annealed for 25 minutes at 1250 °C followed by two deformation steps at 1150 °C and 950 °C. The
cooling rate between the deformation steps has been 15 K/s. In the second deformation step, the
degree of deformation has been varied. Afterwards, B 3 x 15 tensile samples and smallest charpy
samples (4 x 3 x 27 mm) have been machined out of the deformed region to analyze the mechanical
properties.
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Figure 1. (a) Thermomechanical Treatment Simulator. (b) The applied thermomechanical cycle

Microstructure Investigations. SEM pictures have been taken to analyze the achieved
microstructure. The phase fractions have been evaluated with an image analysis based on the
approach by Lehto [14]. Since a microalloyed steel has been investigated, carbon replicas have been
examined in a transmission electron microscope to identify different kinds of precipitates.
Furthermore, EPMA was used to identify the influence of the austenite conditioning on the carbon
partitioning. Especially, the carbon content of the MA islands was of interest.

Pilot Rolling. In addition to the laboratory tests, pilot rolling was carried out on the pilot production
of thyssenkrupp Steel Europe AG in Dortmund. The rolling parameters were selected on the basis of
the process parameters previously determined in the laboratory tests and through the application of
the developed model. Pre-rolled material in the form of small slabs (180 mm x 120 mm x 55 mm)
was used. The material was first heated to 1250 °C, then descaled and reversibly rolled in five rolling
passes to a final thickness of 3 mm. The first four rolling passes were applied at 1100 - 1000 °C. The
final rolling pass was applied at 960 °C to reach the final rolling temperature (FRT) with a previously
defined degree of deformation (¢fnish). The detailed process parameters can be found in Table 2. Tgc
represents the temperature at the end of the cooling line. After passing the cooling line, the materials
were put into a furnace with temperature CT to simulate the coiling process.
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Table 2. Process parameters during pilot rolling

Material omisn  FRT [°C] C““'[‘I‘égs]Rate Tec[°C]  CT [°C]
Steel A_TRI 0.5 905 50 510 450
Steel A_TR2 0.2 900 120 435 450
Steel B_TRI 0.6 910 50 500 490
Steel B_TR2 0.2 910 30 515 490

Results

The mechanical properties of Steel A were nearly unaffected by the different deformation states,
Table 3. The diverse deformed samples of Steel B showed different strength and elongation values.
The yield strength has been increased by 33 MPa. Further, the tensile strength is increased by 92 MPa
from 818 MPa to 910 MPa due to a change in the degree of deformation from ¢ = 0.1 to ¢ = 0.4. In
addition, the elongation is increased by 5%. The yield ratio decreases with increasing degree of
deformation. The influence of the degree of deformation on the fracture behavior of Steel B is also
remarkable. The absorbed energy increased with higher degree of deformation. The fracture behavior
became ductile. The experimental results are shown in Table 1. For each condition, two samples have
been tested. Exemplary images of the microstructural investigation of both steels are shown in Fig. 2.

Table 3. Mechanical Properties of the investigated steel under different degrees of deformation

Steel 02 Rypo,2 R Rypo2/Rm Ag As Av
[MPa] [MPa] [MPa] [Yo] [Yo] [J]

A 0.1 483 599 0.81 6.3 17.9 10.5
A 0.3 488 603 0.81 6.6 18.4 10.5
A 0.6 484 598 0.81 7.2 18.6 10.7
B 0.1 562 818 0.70 5.5 10.4 2.5
B 0.3 571 843 0.68 5.8 14.5 9.9
B 0.4 595 910 0.65 6.9 15.3 9.7

The microstructure of Steel A consists of bainitic ferrite with carbide precipitations. Since the
mechanical properties and the microstructure are unaffected due to different deformation parameters,
only Steel B will be further investigated. For every condition of Steel B the microstructure mainly
consists of granular bainitic ferrite with MA constituents and occasional carbides. The measured
microstructural characteristics of the three conditions are summarized in Table. 4. The size of the
primary phase, the bainitic ferrite, is decreased with increasing degree of deformation. Further, the
size of the secondary phase particles is nearly unaffected and is only increased slightly. In contrast,
the fraction of the secondary phase does increase from 0.14 to 0.24.

The TEM investigations of the carbon replicas indicate that the austenite deformation does influence
the precipitation kinetics. It turns out that with a higher degree of deformation, an increased number
of fine precipitates occurs in the microstructure, as shown in Fig. 3. Further EDX investigations
identified the particles as TiMoNb precipitates with a size of 3 - 10 nm.

In addition, the influence of the austenite deformation on the carbon content of the MA islands was
investigated by electron beam microanalysis. Fig. 4 shows the results of a representative line scan for
every state. As the degree of deformation increases, so does the carbon content in the MA
constituents. For ¢ = 0.1, the carbon content of the measured MA structures is 0.3 - 0.4 wt. %. For
the sample with ¢ = 0.3, the C content could be measured at 0.4 - 0.5 wt. %. For the state with the
highest degree of deformation with ¢ = 0.4, the C content of the MA structures is on average
0.5-0.6 wt. %.
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Figure 2. SEM pictures of (a) Steel A processed with ¢ =0.1 (b) Steel A, ¢ = 0.6 (¢) Steel B,

¢ =0.1(b) Steel B, p =0.4

Table 4. Microstructural characteristics of the different processed conditions of Steel B

Steel ¢2 Primary Phase Secondary Volume Fraction
[pm] Phase [um] Secondary Phase
B 0.1 4.1 0.66 0.14
B 0.3 2.8 0.68 0.20
B 0.4 2.2 0.74 0.24

Figure 3. TEM images with 40,000 magnitude of the carbon replica of the processed samples with

(A)=0.1(b)p=04
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Figure 4. Results of the EPMA investigation illustrating the carbon content in the MA structures of
Steel B(a) =0.1 (b) p=0.3(c) p=0.4

Modelling Work

The basic approach of the model is based on Leblond and Devaux [9] and was further established by
Homberg and Weiss [11]. It was also used to describe the phase transformation in DP and TRIP steels
during an isothermal transformation [12]. In this work, a new approach with the aim to describe the
bainitic phase transformation during a continuous cooling profile has been developed. In Eq. 1, the
term for the bainitic transformation rate is given [13].

b = [bmax (CyJT) 'b] 8biso (T) 8bcon (T) 8bc (Cy) gbdef(Dy'S) ( 1 )

The maximum achievable bainite fraction Bmax is to be identified from CALPHAD method and is a
function of carbon and temperature as proposed by Takahashi [14]. The term gpcon reflects the
influence of the cooling strategy and has to be identified from dilatometer experiments. g, means the
function of carbon content in the austenite. The last term gpder contributes to the austenite
conditioning, in terms of austenite grain size and retained strain before the transformation. The model
code was executed with MATLAB R2017a. A detailed description of the estimation of the different
terms can be found elsewhere [15]. Further, the nucleation model by Azuma [10] was utilized to
model the shape of the bainitic ferrite and the secondary phase. The phase fraction of bainite was still
calculated via the rate model.

Model Application

The model was first used in a trial rolling. Fig. 4a shows the modelled phase fraction of Steel A
influenced by the different process parameters. During the trial rolling 2 (TR2) the material was less
strong deformed but cooled much faster. This results in an accelerated transformation kinetic. Further,
representative stress-strain curves of both materials are shown. For Steel A the yield strength is
increased, but the elongation significantly lowered due to the rapid cooling. Due to faster cooling and
a lower deformation, the yield strength and tensile strength of Steel B are influenced. Table 5Table

illustrates the microstructural characteristics measured from the rolled sheets and the modelling
results.
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Figure 5. (a) Modelled phase fractions from the trial rolling (b) Stress-Strain-Curves from trial
rolling of Steel A (b) Stress-Strain Curves from trial rolling of Steel B

Table 5. Comparison of experimentally determined microstructure characteristics
with the modelled results

Experimental Results Modelling Results
Material Primary Phase  Secondary Phase Primary Phase Secondary Phase
[nm] [nm] [nm] [wm]
Steel A_TRI1 3,9 0,33 4,8 0,53
Steel A_TR2 1,8 0,34 1,6 0,27
Steel B_TR1 1,4 0,36 2,1 0,42
Steel B_TR2 3,7 0,54 3,1 0,53

Discussion

Materials. Two different steel grades have been investigated and they especially differ regarding
their microalloying content. Steel A has only alloyed a small amount of Ti. After Barbosa [16] the
temperature of no recrystallization (Tnr) can be estimated around 870 °C. For Steel B this temperature
is near 1000 °C. Since the properties of Steel A were nearly unaffected in the laboratory experiments,
it must be distinguished, whether the austenite does recrystallize before the transformation. Therefore,
for the further discussion Steel B will be focused.

Microstructure. From a consideration of the microstructure and the separate analysis of the primary
and secondary phase, it has been found that with increasing degree of deformation the size of the
primary phase decreases and the volume fraction of the secondary phase does increase. It has already
been showed that the bainite formation is shifted to higher temperatures due to the deformation of the
austenite [15]. The size of the MA islands is not influenced on average. The higher levels of granular
secondary phase can be correlated with the slower rate of transformation by a reduced austenite grain.
Further it has been indicated, that the transformed fraction does decrease and a higher amount of MA
constituent is observed [7, 16]. The higher dislocation density in the austenite increases the friction
stress between the growing bainitic ferrite and the strengthened austenite. This results in smaller
bainite packages und a lower amount of transformed fraction [7].
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Precipitations. In addition to the influence on the microstructural appearance, the influence of the
deformation of the austenite on the precipitation characteristics was demonstrated by the examination
of carbon replicas in the TEM. Due to an increased degree of deformation a significantly higher
number of finely distributed precipitates are formed. These have a size of 3 - 10 nm and thus fall in
the range for precipitation hardening. It already has been observed that Ti in combination with Mo
results in a considerable strength-increasing effect. The addition of 0.2 Mo and 0.09 Ti increased the
yield strength and tensile strength by more than 350 MPa [17]. Further, is has been shown that the
precipitation kinetics of Ti precipitates are favored, especially in the temperature range around
1000 - 900 °C [18]. This is precisely the temperature range at which the last deformation step in the
process takes place, what further underlines the importance of controlling this process parameter.

Carbon Distribution. Increasing the degree of deformation increases the free energy of the austenite
and creates new nucleation sites for the phase transformation. This inevitably results in a higher
transformation temperature, which is beneficial for diffusion. Further, the decomposition of the
austenite can begin before the transformation starts [19]. In the higher temperature region the
diffusion is favored, which leads to an increased carbon content in the austenite. Carbide precipitation
does not occur. The microstructure consists of partly granular bainitic ferrite and MA islands. At
lower temperatures, the diffusivity of carbon is limited what promotes the formation of carbides and
thus the lower bainite formation. A sufficient accumulation of carbon to stabilize the MA structures
is prevented and carbides are precipitated in the bainitic ferrite. It already has been shown that with
increasing cooling rate the carbon content in the MA constituents decreases [20] , which supports this
assumption. In addition, the state of the austenite shortly before the phase transformation starts does
influence the decomposition. Higher deformation degrees reduce the austenite grain size what results
in smaller bainitic packages. Further, due to the increased friction stress between the growing bainitic
ferrite and the strengthend austenite the transformation stops mor incomplete. This results in higher
proportions of MA [21]. On the one hand, the higher transformation temperature promotes diffusion,
and on the other hand, the diffusion paths are shortened through the fined microstructure. Thus, a
smaller austenite grain leads to an increased proportion of finely divided MA islands with increased
carbon content. This could be shown by the EPMA investigations. The carbon content of the MA
islands increases with increasing degree of deformation.

Model Evaluation. When applying the combined modelling approach, it was observed that the
influences of the process parameters on the microstructure determined in the material tests can be
considered and reproduced. This applies in particular to the influence of the cooling rate and the
forming parameters on the size of the primary phase. This enables the prediction of the influence on
the mechanical properties to a certain extent via the model application. The predictability of the
secondary phase could only be evaluated to some extent in this work. The differentiation of the
secondary phase with regard to the place of precipitation and also the size is not possible without
some uncertainty on the basis of the experimental methods used. However, the size of the MA islands
could be predicted by the model application in the correct magnitude. As shown, the manifestation of
this phase has the most significant influence on the properties of the final product and can therefore
be called a target in further model development. One of the major challenges in future model
application in the industrial environment are the significantly changed process conditions compared
to the laboratory scale. These have to be depicted realistically, since a model application would
otherwise only have a very low significance.

Conclusions

The properties of the non microalloyed bainitic steel are insensitive to the process parameters due to
the transformation of recrystallized austenite. However, it has been shown that the deformation of
austenite does influence the final properties of a microalloyed bainitic steel. Especially, the shape of
the secondary phase does influence the mechanical properties. Finer MA islands, related to the
smaller austenite grain and the higher dislocation density, improve the hardenability of these
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materials. Further, the strain induced TiMoNb precipitates increase the strength and the MA
constituents are enriched with carbon. The rate model, further developed by process variables and
thermodynamic parameters, enables a process design so that the transformation takes place selectively
in the cooling line (anisothermal) or in the coil (isothermal). The modeling of the microstructural
characteristics allows conclusions about the influence of the process parameters on the final
properties.
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