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In this work, the presence of dynamically formed ferrite above the Ae3 temperature during
the physical simulation of hot rolling was presented. This unusual metallurgical process is
known as dynamic transformation (DT). The metastable ferrite phase undergoes a reverse
transformation when the temperature is held above the Ae3 by means of a diffusion
process. These phenomena affect the rolling load during high-temperature plate rolling.
Therefore, a linepipe X70 steel was studied under plate rolling with two-pass roughing and
seven-pass finishing strains of 0.4 and 0.2, respectively, applied at strain rate of 1 s−1 and
interpasses of 10, 20, and 30 s. The samples were cooling down during deformation,
which mimics the actual industrial hot rolling. It was observed that the alloy softens as the
hot rolling progresses, as depicted by flow curves and mean flow stress plots, which are
linked to the combined effects of dynamic transformation and recrystallization. The former
initially occurs at lower strains, followed by the latter at higher strains. The critical strain to
DT was affected by the number of passes and temperature of deformation. Shorter
interpass time allows higher amounts of ferrite to form due to higher retained work
hardening. Similarly, the closer the deformation temperature to the Ae3 permits a
higher DT ferrite fraction. The information from this work can be used to predict the
formation of phases immediately after hot rolling and optimize models applied to the
accelerated cooling.
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INTRODUCTION

Recently, significant progress has been made in understanding the mechanisms associated with the
dynamic transformation (DT) of austenite into ferrite in the single austenite phase field (Ghosh et al.,
2016). Specifically, the significance of DT during industrial hot rolling was identified based on its
influence on the microstructure (Rodrigues et al., 2016; Carneiro et al., 2020; Siciliano et al., 2020).
For example, ferrite has lower peak stress than austenite; thus, the former is a softer phase that affects
deformation loads. These factors must be appropriately accounted for to avoid any manufacturing
issues and inaccurate prediction of the final product’s dimensions and mechanical properties (Jonas
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et al., 2013; Aranas et al., 2020). Moreover, DT can also be
exploited to fabricate steels with ultra-fine ferrite (UFF) grains
(Zhao et al., 2018), known to possess superior mechanical
properties. Therefore, by exploring the exact effect of DT, the
mechanical properties of the steel can further be optimized
without altering its chemical composition.

Some studies related to DT’s effect during hot rolling have
become available in the literature (Aranas et al., 2015a; Aranas
et al., 2015b). Their results show considerable formation of DT
ferrite (about 30%) after a seven-pass hot strip rolling above the
Ae3 temperature. Here, it has been established that despite the
formation of DT ferrite, the occurrence of reverse transformation
cannot be avoided between passes. The longer time between
passes allows nucleation and growth of ferrite, which translates
to a higher fraction of DT ferrite. These metallurgical phenomena
were explained by Aranas et al. (2015) using the concept of
transformation softening to determine the thermodynamic
driving force to transformation.

The strip rolling studies above were eventually followed by
plate rolling research by Rodrigues et al. (2016), Rodrigues et al.
(2017a), Rodrigues et al. (2017b), Rodrigues et al. (2018), who
showed more comprehensive industrial implications of DT. In
this work, it was concluded that roughing passes affect the final
volume fractions of ferrite. The size of austenite grain size before
finishing passes affects the extent of DT ferrite formation. Despite
significant work related to the plate rolling process, most of these
studies are constrained to quantifying DT ferrite during
isothermal hot rolling. Therefore, DT phases must be
measured during the physical simulation of hot plate rolling
that employs continuous cooling, similar to the industrial process
(Rodrigues et al., 2019).

The current work addresses the knowledge gap in the
literature by performing a physical simulation of hot plate
rolling, applying continuous cooling conditions. Then, DT
ferrite was measured, with the aim of assessing and estimating
the DT ferrite when an X70-type steel grade is manufactured.
This information will allow for a more optimized process of
manufacturing X70 steels to maximize their strength.

MATERIAL AND EXPERIMENTAL DETAILS

The material in this work is an X70-type steel grade with the
chemical composition shown in Table 1. The transformation
temperatures were assessed through JMatPro v12
thermodynamic simulation software employing the General
Steel module in the Alloy Design and Materials Testing
Research Laboratory at the University of New Brunswick.
The steel samples were then machined into torsion samples.

In all the samples, the direction of rolling was kept parallel to
their lengths.

A modified MTS torsion machine fitted with an infrared
radiation furnace was utilized for the physical simulation of
hot plate rolling. A K-type thermocouple was welded on the
surface of the sample to ensure accurate temperature readings
during continuous cooling tests. The torsion samples were
enclosed in a quartz tube to keep the argon gas inside the
testing area; this is designed to minimize the possibility of
decarburization and oxidation at elevated temperatures.

A heating rate of 1°C/s was employed until the sample reached
the austenitization temperature of 1,200°C. The temperature was
held for 20 min, followed by cooling at a rate of 1°C/s until a
roughing pass temperature of 1,100°C was achieved. Then, the
temperature was kept for 60 s for homogenization before
applying two rouging passes. The time interval between passes
is 120 s. Here, a roughing pass strain of 0.4 and strain rate of 1 s−1

were employed.
After the roughing passes, the samples’ temperature was kept

at 1,100°C for 60 s, followed by cooling at 1°C/s until a
temperature of 920°C was attained. Then, a seven-pass
finishing deformation was applied while the sample is cooling.
Three cooling rates were employed: 1) 1.5°C/s, 2) 0.75°C/s, and 3)
0.5°C/s. The cooling rates were selected to attain the same
deformation temperatures (with temperature intervals of 15°C)
for all the simulations, equivalent to interpass times of 10, 20 and
30 s. For reference, the deformation temperature of the 6th and
7th passes are 845°C an 830°C, respectively, which are below the
Ae3. The finishing deformation strain was 0.2 applied at a strain
rate of 1 s−1. Water quenching was performed to capture the
microstructure at the selected temperature and allow for
quantification of DT ferrite. Here, the cooling rate of water
quenching is about 500°C/s. This rate is proven to be enough
to avoid statically formed ferrite during quenching. The samples
were quenched before and after the 1st, 3rd, 5th and 7th passes to
understand the evolution of microstructure. The
thermomechanical schedule of the present physical simulation
is presented in Figure 1.

The deformed samples underwent metallography; specimens
were sectioned longitudinally coinciding with the torsion
direction to provide cross-sections for microstructural
examination, mounted, and polished. Polishing involves
grinding the surface with SiC papers with grits of 400, 600,
800, and 1,200 with continuously running water that acts as a
lubricant. The fine polishing employs a diamond paste; 3 and
1 μm diamond suspensions were utilized to obtain a mirror finish
surface. After metallographic preparation, samples were etched
using 2% nital followed by 10% aqueous metabisulfite (Na2S2O5)
solution. The former is to reveal the grain boundaries, while the

TABLE 1 | The chemical composition (mass%) and transformation temperatures of the present X70 steel.

C Mn Si Cr N Nb Orthoequilibrium Ae3 (°C) Paraequilibrium Ae3 (°C)

0.047 1.56 0.25 0.21 0.008 0.092 845 810
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latter is to separate ferrite from martensite phase. The three
different optical micrographs per test condition were then
analyzed using the ImageJ software to measure the phase
fractions.

RESULTS AND DISCUSSION

Stress-Strain Flow Curves and Mean Flow
Stress
The stress-strain curves of the seven-pass finishing schedule of
the physical simulation of hot plate rolling are presented in
Figure 2. The orthoequilibirum Ae3 is highlighted to provide a
reference to temperatures below the Ae3 (6th and 7th pass). Note
that the tests associated with interpass times of 10 s (Figure 2A),
20 s (Figure 2B) and 30 s (Figure 2C) cover the temperature
above and below the Orthoequilibrium Ae3 transformation
temperature. Here, the deformation of the first pass is 920°C
(75°C above the Ae3) while the final pass deformation
temperature is 830°C (15°C below the Ae3).

The simulation with 10 s interpass interval, as shown in
Figure 2A, depicts an increase in stress from the first going
into the third pass. However, the trend changes from third until
the last pass. The rate of increase in stress is much lower until the
stress achieves a steady-state condition at 180MPa. Here, the flow
stress increase from one pass to another is related to the strain
hardening; the dislocation piles up upon continued straining (Gosh

et al., 2016; Grewal et al., 2016). Interestingly, the results of the
simulation with 10 s interpass time is somewhat different than the
ones obtained from 20 to 30 s simulations. In Figures 2B,C, the
stress level is higher. The rate of increase from one pass to another
increases until the last pass, and no evident steady-state stress is
achieved. It seems that the 10 s simulation activatedmore softening
events than the longer interpass intervals, which can be due to the
formation of a softer ferrite phase (known as dynamic
transformation) and metadynamic recrystallization. The longer
interpass intervals allow the reverse transformation of DT ferrite
back into austenite. Therefore, higher stress levels were measured
for simulations with interpass times of 20 and 30 s.

The softening behavior of X70 steel during the simulation was
further evaluated by calculating the mean flow stress (MFS)
(Siciliano and Jonas, 2020). The value of MFS relies heavily on
deformation temperature, strain, and strain rate. The calculated
MFS from the data of Figure 2 is presented in Figure 3. For
reference, the transformation temperature of the material is
marked with a broken red line.

The calculated MFS drastically increases from the first going
into the second pass. This observation applies to all the simulations
(interpass times of 10, 20 and 30 s). Here, the increase in MFS is
about 42%, which is directly associated with strain hardening that
leads to a higher amount of dislocations. For 10 s simulation, the
increase in MFS from the second pass is only about 1%;
alternatively, due to the insignificant increase, it can be
concluded that the MFS achieved a steady-state condition in the

FIGURE 1 | The thermomechanical schedule of the present physical simulation employing continuous cooling scenario.
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last pass. For 20 s simulation, the MFS increase from the second
pass is slightly higher, 3.2%, and achieves a constant value in the
last two passes. A similar trend inMFS increase was observed when
the interpass time was further increased to 30 s.

The low rate of increase in MFS from the second pass indicates
that ferrite is being formed progressively; thus, a softer phase is
formed, leading to lower MFS. Note that strain accumulation
continuously taking place in the austenite phase while a fraction
of it transforms to ferrite. The higher MFS values for higher
interpass times are related to a lower amount of ferrite formed in
20 and 30 s simulations. Also, the high content of Nb inevitably
forms precipitates of this element influencing the behavior of the
MFS. This is because the addition of Nb is effective in retarding
the retransformation of ferrite into austenite by pinning or solute
drag mechanisms (Basabe and Jonas, 2010; Ghosh et al., 2016).
Additionally, for these tests, the longer time allows
retransformation of ferrite back into the original harder
austenite phase (Rodrigues et al., 2017). This is discussed in
the microstructural section below.

Critical Strains
The data from Figure 2 can be utilized to determine the exact
initiation points of DT and DRX; both are considered softening

FIGURE 2 | The flow curves of the seven-pass finishing schedule of the physical simulation of hot plate rolling with Interpass times of: (A) 10 s, (B) 20 s, and (C) 30 s.

FIGURE 3 | The calculated mean flow stress (MFS) of X70 during
the physical simulation of hot plate rolling. The increase and decrease
in MFS can be associated with strain accumulation and activation of
softening phenomena such as phase transformation and
recrystallization.
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phenomena. This can be achieved by applying the method
developed by Poliak and Jonas, known as double differentiation
(Fields and Backofen, 1957; Poliak and Jonas, 1996). A MATLAB
code was created for this purpose and the data from Figure 2 was
used as an input. The output is displayed in Figure 4A,
where—(dθ/dσ) versus σ plot for simulation with interpass
time 30 s is analyzed. The minima are associated with the
start of DT and DRX; the former is activated at lower strains
and stress, as shown in the literature (Gosh et al., 2016; Gosh et al.,
2013).

The calculated critical strains are presented in Figures 4B–D
for simulations with interpass times of 10, 20 and 30 s,
respectively. For all the simulations, it is observed that the
critical strain in the first pass is about 0.045. The succeeding
passes (up to the 5th pass) yield lower critical stress
(approximately 0.020) due to the retained work hardening,
which provides an excess driving force to re-initiate DT. This

is also the same case for the onset of DRX critical strains.
Interestingly, the critical strains for shorter interpass times
(for example, 10 s) are lower than that of the values associated
with longer interpass times. Similarly, the retained work
hardening plays a major role. Short interpass time allows a
higher accumulation of dislocation, which equates to higher
work hardening. Therefore, the retained work hardening
significantly affects the volume fraction of ferrite that forms
during the process. Note that the occurrence of DRX onset
has been shown in an earlier work of the present authors
(Basabe and Jonas, 2010; Ghosh et al., 2016; Rodrigues et al.,
2018).

For the critical strains in the 6th and 7th pass, these
temperatures are either precisely at the Ae3 or below it.
Therefore, a drastic decrease in critical strain is noticeable
due to the lower energy required to form ferrite at those
temperatures.

FIGURE 4 | (A) A plot of—(dθ/dσ) vs. σ curves for 30 s simulation after applying the double differentiation method. The critical strains were then identified for
simulation with interpass times of: (B) 10 s, (C) 20 s and (D) 30 s.
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Microstructural Analysis
The optical microscopy images of the samples after physical
simulation with 10 s interpass time are depicted in Figure 5
while for the 20 s interval are shown in Figure 6. The
martensite area is defined by the dark regions of the figures. The
light regions after the 1st pass (Figure 5A which is the same of 6a)
are evident, which are DT ferrite. This area increases from pass to
pass, as can be observed from optical microstructures after the 3rd
(Figures 5B, 6B), 5th (Figures 5C, 6C), and 7th (Figures 5D, 6D)
pass. After the final pass, a significant amount of polygonal ferrite
grains are evident; this is due to the application of strain in the two-
phase region (below the Ae3). Qualitatively, it is perceived that for
the shorter time between passes, the presence of DT ferrite is more
pronounced. In previous publications, it can be noted that the
microstructures of 30s simulations presented a similar trend but
with more dark regions (Rodrigues et al., 2017; Rodrigues et al.,
2017).

The scanning electron microscopy images of the sample
associated with the 1st and 5th pass during 20s interpass time
simulation are presented in Figures 7A,B, respectively. The
morphological features validate the presence of both martensite
(due to quenching) and DT ferrite (due to deformation). Here, the
ferrite is mostly polygonal-shaped, which is the product of
coalescence of Widmanstätten plates due to near-identical
orientations (Gosh et al., 2016; Rodrigues et al., 2017). Higher
strain allows the formation of these polygonal grains. These

observations are consistent with other steels investigated in the
literature (Gosh et al., 2016; Aranas et al., 2015; Grewal et al., 2016;
Ghosh et al., 2013).

Volume Fraction of Transformed Ferrite Per
Pass
The optical microstructures were further analyzed to quantify the
DT ferrite formed after each pass and are displayed in Figures
8A,B,C for simulations with interpass times of 10, 20, and 30 s,
respectively. The information from the plots provides
information about the amount of ferrite before and after each
pass. It is evident that the ferrite produced and retained from
pass to pass increases. The effect of temperature can also be seen;
lower temperature leads to higher ferrite fractions. The amount
of ferrite in simulations with 10 s interpass time increases
more rapidly than longer ones (i.e., 20 and 30 s). Moreover,
the roughing passes seem to introduce additional ferrite;
despite the deformation temperature is well above the Ae3.
Here, 6% of ferrite is present before the 1st pass. The net
amount of ferrite formed after each pass was calculated by
subtracting the measured ferrite before and after each pass.
The results show that about 8.3% of ferrite was formed in the
first pass for the 10 s simulation. Generally, higher ferrite was
generated for shorter interpass time simulation. In addition, the
lower deformation temperature generates more ferrite, as can be

FIGURE 5 | The optical microstructures of X-70 steel subjected to interpass time of 10 s. The samples were immediately water quenched after the: (A) 1st, (B) 3rd,
(C) 5th and (D) 7th passes.
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seen from the measurements from the last set of passes in the
simulations.

In the sixth (at the Ae3) and seventh (15°C below Ae3) passes,
the cumulative volume fraction of ferrite were 55 and 72% for
10 s interpass time, 46 and 60% for 20 s interval, 36 and 47% for
the 30 s time between passes, respectively. Additionally, more
ferrite was formed in these two last passes; see the bars depicted

in Figure 6. The behavior is due to the progressive increase in
the retained work hardening, which provides the driving force
for DT at temperatures above and below the Ae3. Concurrently,
there is a reduction of the transformation barriers as the
deformation temperature moves closer to the Ae3
temperature (Gosh et al., 2016; Rodrigues et al., 2017;
Rodrigues et al., 2020). Note that several authors have shown

FIGURE 7 | The scanning electron micrographs of images of samples after the 5th deformation using interpass times of 20 s.

FIGURE 6 | The optical microstructures of X-70 steel subjected to interpass time of 20 s. The samples were immediately water quenched after the: (A) 1st, (B) 3rd,
(C) 5th and (D) 7th passes.
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that it may be possible to initiate DT at any temperature in the
single austenite phase field (Grewal et al., 2016; Gosh et al.,
2016).

CONCLUSION

The following are concluded based on the results of the present
work:

1) The measured small rate of increase in rolling loads (applicable
to all simulation conditions) is due to dynamically transformed
ferrite. Here, the MFS in the initial passes drastically increases
due to strain accumulation, followed by low rate of increase.
The presence of Nb retards the retransformation of ferrite into
stable austenite above the Ae3.

2) The calculated values of DT critical strains in the finishing
schedule relies on the pass number, temperature and interpass
time. A shorter interval provides lower values of DT critical
strain, as well as the condition where the temperature is
approaching and crossing the Ae3 line.

3) The microstructural observations verified that higher ferrite is
formed and retained when shorter interpass times are utilized.
This is due to less retransformation of the metastable DT ferrite
into the austenite during the shorter interpass times. An opposite
behaviour for longer times between passes was observed.

4) The cumulative volume fraction of ferrite increases as the pass
number increases, and as the temperature approaches the Ae3
line. The amount of formed ferrite during a particular pass
also increases with pass number (i.e., with the retained strain
and proximity to the Ae3) and is preferred below the
transformation temperature.

FIGURE 8 | The cumulative volume fraction of ferrite before and after each pass for simulations with interpass times of: (A) 10 s, (B) 20 s, (C) 30 s.
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