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The microstructures and mechanical properties of a low-carbon steel, hot-rolled by a six-pass dynamic strain-induced
transformation (DSIT) process, with different start rolling temperatures, are studied by combining experiments and finite element
simulations. The start rolling temperatures of the last three passes are about 10°C higher and 20°Clower than the A ; temperature, for
Processes 1 and 2, respectively. The results show that as the rolling process proceeds, rolling forces increase, while slab temperatures
decrease. Before starting Pass 4, the temperature of the slab center is higher than that of the slab surface. During Pass 4 to Pass 6,
however, the temperatures of the slab center and surface are nearly identical but fluctuate remarkably due to the large reduction
rate. The simulated maximum rolling force and start rolling temperature of each pass agree reasonably with the experimental
measurements. It is found that the simulated start temperatures of the slab center in the last three passes are about 5~25°C higher
than the A, temperature for Process 1, and the DSIT condition is better satisfied for Process 2. As a result, Process 2 produces finer

grain sizes and higher yield strengths than Process 1.

1. Introduction

It is well recognized that grain refinement of steels leads to
higher strength and toughness. The dynamic strain-induced
transformation (DSIT) process is an effective technique to
produce a fine grain microstructure by heavy deformation
within a temperature range around the austenite (y) to
ferrite («r) transformation start temperature, A 4 [1]. DSIT hot
rolling of steels is also known to be a complicated thermo-
mechanical process, during which steels will experience both
deformation and dynamic phase transformation [2, 3]. The
microstructures and properties of the steel sheets produced
by the DSIT process are impacted by several variables, such
as rolling force and temperature, reduction rate, rolling pass
and cooling rate [4, 5]. An understanding of rolling force,
temperature field, and stress-stain field of steels is necessary
to optimize the DSIT process; however, the experimental

data that can be measured during rolling processes are
limited [6]. For example, it is impossible to obtain detailed
information about the evolution of the temperature and
stress-strain fields. Recently, the combination of physical
metallurgy with computer simulation techniques, such as the
finite element method (FEM), has been successfully used
to investigate the effect of hot rolling process variables on
the microstructures and properties of steels [7, 8]. Song
et al. [7] developed a coupled two-dimensional elastic-
plastic thermal-mechanical model to simulate the hot ring
rolling process, providing quantitative information regarding
the ring shape, temperature, stress, and strain distributions.
Wang et al. [8] studied the multipass continuous rolling
process by using nonlinear rigid-viscoplastic FEM. However,
limited work has so far been reported regarding applying
FEM simulations to analyze the DSIT hot rolling process of
steels.



Advances in Materials Science and Engineering

TABLE 1: Start temperatures and reduction rates of the DSIT hot rolling process.

Process Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
Start temperature (°C) 1 1003 1007 1005 845 844 834
2 1026 1021 1009 822 822 816
Reduction rate (%) 25.0 25.0 28.9 53.1 60.0 58.3
In this work, a low-carbon steel was hot rolled using a Working rollers

six-pass DSIT process. The rolling force, temperature field,
and stress-strain field of the steel during DSIT were analyzed
using the FEM software Deform. The microstructures and
mechanical properties of the steel sheets, produced by the
DSIT process with different start rolling temperatures, were
examined and compared. Based on the results of experiments
and FEM simulations, the mechanism of the DSIT process is
discussed.

2. Experiment and Simulation

The material studied in the present work is a low-carbon
steel with the composition of 0.081wt% C, 1.23 wt% Mn,
0.49 wt% Si, 0.052wt% P, and 0.0055wt% S. The steel was
produced using laboratory hot-rolling equipment at the
Institute of Research of Iron & Steel, Shasteel. Ingots were
die cast after melting in a vacuum induction furnace. Then,
the ingots were forged to produce slabs with dimensions of
160 mm x 160 mm x 80 mm. Before hot rolling using a six-
pass DSIT process, the slabs were reheated to 1150°C for
2h. The final rolled steel sheet has the thickness of around
4.0 mm.

To obtain a fine grain size by employing the y-«
phase transformation-induced dynamic-strain mechanism,
the start rolling temperature of the last three passes, namely,
the fourth to sixth passes of the DSIT process, should be close
to the A,; temperature. Differential scanning calorimetry
(DSC) measurements were made to determine the A, ; tem-
perature of the studied steel. The A ; temperature obtained by
DSC measurement is 834.2°C. Quenching experiments were
performed to confirm the A ; temperature. The samples used
for quenching experiments were heated at 960°C for 15 min
to ensure complete austenization. Then, the samples were air
cooled to the targeted quench temperatures and subsequently
water quenched.

The temperature variations during the hot rolling process
are quite complicated. On the one hand, the temperature of
the slab surface will be lower than the slab center, due to heat
loss from the slab surfaces. On the other hand, the heavy
deformation might generate heat, leading to the slab surface
and center temperatures increasing [9, 10]. In addition, the
start rolling temperature for process control is the slab surface
temperature measured with an infrared pyrometer, since
basing the process on the actual temperatures inside of a slab
is not technically feasible. These factors create an uncertainty
in determining the start rolling temperature of the hot rolling
process. To deal with this uncertainty, two sets of the DSIT
hot rolling processes with different start temperatures for
Pass 4 to Pass 6 were performed. Table 1 presents the start
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FIGURE 1: Geometric model, relative positions of the slab, working
rollers and transfer rollers, and 3D FE mesh generation of the slab
and rollers.

temperature measured from the center of the slabs upper
surfaces and reduction rate of each pass. After finishing Pass
6, the rolled steel sheet was water-cooled to around 500°C and
then air-cooled to room temperature.

Standard tensile specimens were prepared (ASTM A370-
05). Tensile tests were conducted using a CMT5105 ten-
sile machine with a crosshead speed of 6 mm/min. The
microstructures were observed with a XL30 scanning elec-
tron microscope (SEM). The average grain sizes of the
samples were measured with the ImageTool software [11].

The FEM simulations of the two DSIT rolling pro-
cesses are conducted using the commercial software Deform-
3D. First, the geometric model is produced, in which the
dimensions of the slabs, working rollers, transfer rollers, and
barriers are identical with those of the experiments. Then,
the three-dimensional (3D) FE mesh generation is performed
for the slab and working rollers. Each working roller consists
of 10,000 FE mesh unites. An absolute mesh method with
maximum element size less than 6 mm and size ratio of
2 is used to generate the mesh of the slabs to insure the
precision and efficiency of the simulations, simultaneously.
Figure 1 shows the geometric model, relative positions of the
slab, working rollers and transfer rollers, and 3D FE mesh
generation of the slab and working rollers.

The material selected for the simulation is the AISI-1015
steel due to the similar compositions of the experiment steel
and the AISI-1015 steel. The process variables, including the
interval time between each pass, the rolling speeds, and the
reduction rates of each pass, are set to be the same as the
actual rolling processes. The rolling speeds of each pass are
constant and equal to 1.2 m/s. The reduction rates of each pass
and the interval time between each pass of the two processes
are given in Tables 1 and 2, respectively.

Other simulation parameters are taken as follows. The
coeflicient of shear friction is 0.7. The convective heat transfer
coefficient between the slab and air is 0.02kw/m* - °C.
The heat transfer coefficient between the slab and rollers is
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TABLE 2: Interval time between each pass of the two DSIT processes.
Process Before rolling Pass1toPass2  Pass2toPass3  Pass3toPass4  Pass4toPass5  Pass5toPass6
Time (s) 1 63 6 7 115 22 14
2 66 9 7 144 24 14
FIGURE 3: SEM images of (a) Sample 1 (Process 1) and (b) Sample 2 (Process 2).
9.5kw/m?® - °C. The thermal emissivity is 0.7 The environ-  finer than that of Sample 1 (5.2 um). The yield strengths

mental temperature and the initial temperature of rollers are
assumed to be 25°C. The initial temperature of the slab is
1150°C.

3. Results and Discussion

As described in Section 2, quenching experiments were
conducted to confirm the A ; temperature using DSC mea-
surements. Figure 2 shows the microstructures of the samples
after heating at 960°C for 15min and then air-cooling to
845°C and 830°C, respectively, and subsequently being water-
quenched. It can be seen that the microstructure quenched
from 830°C consists of martensite and a small quantity of
ferrite, while there is no ferrite when quenched from 845°C.
Accordingly, the A ; temperature is in the range of 830~
845°C, which is consistent with the DSC test results.

Figure 3 shows SEM images of the as-rolled samples
obtained from the two processes listed in Table 1. It can
be seen that the microstructures of the two samples mainly
consist of ferrite. The grain size of Sample 2 (4.3 ym) is

are 363.2 MPa and 395.1 MPa, and the tensile strengths are
525.9 MPa and 542.9 MPa for Samples 1 and 2, respectively.

Figure 4 presents a comparison of the simulated and
experimental maximum rolling force of each pass obtained
from Process 2. As shown, the maximum rolling forces in Pass
4 to Pass 6 are much higher than that in Pass 1 to Pass 3, due
to the fact that as the rolling proceeds, the slab temperature
decreases, and reduction rate increases.

Figure 5 shows the evolution of the simulated rolling force
in Pass 4 of Process 2. The rolling force increases suddenly
from zero when the slab first contacts the roller and then
fluctuates in a certain range. The rolling force decreases
rapidly to zero when the slab exits the roller. The maximum
rolling forces obtained by simulation and experiment are 6.33
x 10° N and 6.69 x 10° N, respectively.

Figure 6 shows, for Process 2, the simulated time evo-
lutions of the temperatures in the slab center and surface.
The simulated surface temperature is selected from the center
of the slabs upper surface, which is identical with the
measurement region of the experimental process. As shown,
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FIGURE 4: Comparison of simulated and experimental maximum
rolling force of each pass in Process 2.
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FIGURE 5: Simulated rolling force in Pass 4 of Process 2.

when the time is less than about 100s (Pass 1 to Pass 3),
the temperature in the slab center is higher than that of the
surface by about 40~100°C, which is mainly due to the higher
heat dispersion of the slab surface than that of the slab center,
when the slab is thick. The temperature drop of the slab
surface is caused by both heat radiation and heat convection
between the contact surfaces of slab/air and slab/roller, while
the temperature drop of the slab center is due to heat transfer
from the slab center to surface.

During the first three passes proceeding in the time of 66~
100 s, the temperatures of slab and rollers are about 1000°C
and 25°C, respectively. The large temperature difference
between the slab and rollers results in high heat convection
between the contact surfaces of the slab and rollers and thus
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FIGURE 6: Simulated temperatures of slab center and surface varying
with time in Process 2.

the sudden temperature drop of the slab surface. During
rolling, the slab temperature is also impacted by the heat
generated by deformation. In the third pass, the effect of
deformation heat becomes evident, which offsets some heat
loss from the slab surfaces due to convection. Therefore, the
degree of the temperature drop on the slab surface of the
third pass is lower than that of Pass 1 and Pass 2. Regarding
the temperature variation profile of the slab center, owing to
the relatively low heat transfer between the slab center and
surface, the effect of deformation heat becomes dominant,
leading to slight temperature fluctuations in the slab center
during the first three passes.

During the time of 100~225 s that is the interval between
Pass 3 and Pass 4, the temperature difference between slab
center and surface is nearly constant at about 25°C. During
the last three passes proceeding in the period 0f 225~275 s, the
temperatures of slab surface and center become more equal,
because of the low slab temperature and thin slab thickness.
It can also be seen that, in each pass, there are temperature
fluctuations in the temperature profiles of the slab center and
surface. However, temperatures fluctuate more remarkably in
Pass 4 to Pass 6, in a range of about 810~900°C, owing to the
heat produced by the large deformation (53%~60%).

Figure 7 presents a comparison of the simulation and
experimental measurement for the start temperatures in each
pass in Process 2. It can be seen that at the beginning of the
process, there is an obvious temperature difference between
the slab center and surface. As rolling process proceeds, the
temperatures of the slab center and surface trend to be close.
The simulated surface temperatures agree reasonably well
with those measured by experiment.

Figure 8 shows a comparison of the experimental maxi-
mum rolling forces in Pass 4 to Pass 6 of the Process 1 and
Process 2. It can be found that the slab in Process 2 bears
higher rolling forces than that of the slab in Process 1. In
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FIGURE 7: Comparison of simulated and experimental start temper-
atures of each pass in Process 2.

particular, the difference in rolling forces in Pass 4 between
the two processes reaches 5.03 x 10° N. This difference may
be caused by the relatively higher temperature of the slab in
Process 1, as higher temperatures result in lower deformation
resistance. A comparison of the simulated start temperatures
of the slab center in the last three passes of the two processes
is shown in Figure 9. It can be seen, however, that the start
temperatures of slab center in the last three passes of Process
1 are in the range of 840~860°C that is higher than the A,
temperature. On the other hand, the start temperatures in the
last three passes of Process 2 are controlled in the range of
820~845°C that is close to the A,; temperature.

According to the simulation results of the two processes,
it can be seen that when controlling the start rolling tem-
peratures of the slab surface in the last three passes at
about 820°C, the conditions of DSIT, namely, imposing heavy
deformation on the slab near A,;, can be better satisfied.
Large deformation at around A,; accumulates defects in both
austenite grains and grain boundaries. These defects, on the
one hand, increase the Gibbs energy of austenite, which
decreases the stability of austenite. On the other hand, they
also can become effective nucleation sites for ferrite [12].
Tong et al. [13] indicated that large deformation at near A,
can reduce the critical radius of ferrite nuclei. These factors
promote the transformation of austenite to ferrite. Therefore,
a large amount of ferrite is formed during the DSIT. These
formed ferrite grains will become further refined by repeated
dynamic recrystallization in the subsequent deformation
process. However, when setting the start rolling temperatures
of the slab surface in the last three passes near 840°C, the
relatively higher temperature of slab center in Pass 4 leads
the conditions of DSIT not to being satisfied. Therefore,
Process 2 produced the finer microstructure and higher yield
strength than Process 1. It should be noted that, during the
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FIGURE 8: Comparison of experimental maximum rolling forces in
the last three passes of the two processes.
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FIGURE 9: Comparison of simulated start temperatures in the slab
center of the two processes.

DSIT rolling process, the deformed austenite does not have
the same potential to transform to ferrite [14]. Part of the
deformed austenite does not experience the dynamic strain-
induced transformation, and most of the residual austenite
will transform to ferrite by static phase transformation in
the water cooling process after rolling. It is known that the
ferrite formed by DSIT has a finer grain size, while the grain
size of the ferrite transformed by static phase transformation
is relatively coarse [15], which may explain the nonuniform
microstructure of the as-rolled steel produced in Process 2.



4. Conclusions

A six-pass dynamic strain-induced transformation (DSIT)
process with different start rolling temperatures of a low-
carbon steel was studied by combining experiments and finite
element simulations. The start rolling temperatures of the last
three passes for the Processes 1 and 2 were about 10°C higher
and about 20°C lower than A ;, respectively. The results are
summarized as follows:

(1) When controlling the start temperatures of the last
three passes about 20°C lower than A, a finer
microstructure (4.3 ym grain size) and higher yield
strength (395.1 MPa) of a low-carbon steel were pro-
duced by the DSIT process.

(2) In Pass 1to Pass 3, the temperature of the slab center is
about 40~100°C higher than that of the slab surface.
In the last three passes, the temperatures of the slab
center and surface are nearly identical but fluctuate
remarkably due to the large reduction rate.

(3) The maximum rolling forces in Pass 4 to Pass 6
are much higher than that in Pass 1 to Pass 3,
due to the reduced slab temperature and increased
reduction rate in the last three passes. The simulated
maximum rolling forces and start temperatures of
each pass agree reasonably well with those obtained
experimentally.

(4) The simulated start temperatures of the slab center in
the last three passes are about 840~860°C and about
820~845°C, which are about 5~25°C higher than and
close to the A,; temperature (about 835°C) for Pro-
cesses 1 and 2, respectively. Thus, the DSIT condition
is better satisfied for Process 2. It is known that the
territe formed by DSIT has a finer and more uniform
grain size than that by static phase transformation.
Accordingly, Process 2 produced finer grain size and
higher yield strengths than Process 1.
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