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Abstract

Double-hit hot compression tests were carried on medium-carbon low-alloy steels using Gleeble
3800® thermomechanical simulator. The tests were performed at strain rates of 0.25 and 0.5 s’!
and temperatures of 1150 and 1200 °C with an interpass time of 5s. The onset of critical stress for
dynamic transformation (DT) were detected using the double-differentiation method. This
metallurgical phenomenon was initiated under all testing conditions. The results show that the

critical stress for DT increases with decrease in temperature and increase in strain rate.
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Introduction

The final property of the forged ingot is dependent on the chronicle of the deformation
process. The forging process begins with an as-cast ingot which has microstructural and chemical
inhomogeneities. Understanding the evolution of the phases during the high-temperature

deformation process is very essential. In the manufacturing industry, more than one hit is applied



to give the as-cast ingot a final shape. During this deformation process, various dynamic softening
processes occur, amongst which are dynamic transformation (DT) and dynamic recrystallization
(DRX)[1]. The occurrence of DT was first reported by Yada et al.[2, 3]in the 1980s. They
investigated the progress of DT under both laboratory testing conditions and pilot rolling mill
trials. Later, they were able to follow the phenomenon in real-time when they deformed steel
samples via torsion testing in an X-ray diffraction apparatus. Since then, several researchers have

since studied both the forward and reverse transformations till date [4-8].

The initiation of DT and DRX usually occur at a particular strain known as the critical
stress (oc) and their related strains are known as critical strain (&) [9]. As DT and DRX are flow
softening mechanisms, they usually lead to a reduction in the net work-hardening rate as related
to the values anticipated when only dynamic recovery is taking place. However, the flow softening
is relatively insignificant at the critical strains since very minute volume fraction of ferrite and
recrystallized austenite form during this stage. Therefore, the flow stress further increases beyond
these critical strains until the softening due to the effect of DT and DRX is balanced by the strain
hardening taking place simultaneously in the undeformed material. After this, steady state stress

is achieved, which is the final balance between the rates of hardening and softening [10].

The peak in the flow curve is usually a good indication that a softening process occurred.
However, it does not provide any evidence about the exact initiations of DT or DRX. Such critical
stress can be successfully determined using the double differential technique developed by Poliak
and Jonas [11, 12]. The method involves the determination of the critical stress (and its
corresponding strain) from the point of inflection in a plot of the strain hardening rate as a function
of the stress. Since most of the extensive analysis of critical strains in the literature involves single
hit experiments, in the current work, the double differentiation technique is applied to the flow
stress data of double hit deformed medium carbon low alloy steel, processed at two temperatures,
two strain rates and one interpass time. The dependence of critical stresses and strains on
temperature and strain rate to initiate DT and DRX (complemented with microstructural analysis)

are presented.



Experimental

The composition of the steel used for the experiments is shown in Table 1, along with its
ortho-equilibrium and para-equilibrium Aes temperatures. These values were calculated using the
FactSage thermodynamic software, employing the FSStel Database® [13]. Materials were
provided by Finkl Steel-Sorel, Canada. Cylindrical specimens were machined from the central
region of the as-cast ingot with diameters and heights of 10 mm and 15 mm, respectively. Hot
compression tests were performed using a Gleeble 3800® thermomechanical simulator following
the procedures described in ASTM E209. The schematic diagram for double-hit compression tests
is shown in Fig. 1. Two temperatures (1200 °C and 1150 °C), two strain rates (0.25 s' and

0.5 s7!), and one interpass time (5 s) were employed in the experiments.

Table 1: Composition of medium-carbon low-alloy steel.

C Mn Si Mo Cr Other Aes
Temperature
0.35 0.84 0.41 0.44 1.90 Microalloying 756 °C
Temperature
r' N

U I 300 Sec  1290°C/ 1200°C/

1260°C 1150°C 1150°C
1°C/s Ss N
Strain Rate: 0.25s51,0.5s1
2°C/s
Water Quench
> Time

Figure 1: Schematic diagram of thermomechanical schedule for double hit hot compression
tests of medium-carbon low-alloy steel



The thermomechanical procedure consisted of heating the sample to 1260 °C at a heating
rate of 2 °C/s and soaking for 5 minutes (300 s) to homogenize the temperature and the
microstructure. The samples were then cooled to the deformation temperature at a rate of 1 °C/s
before being compressed to a total true strain of 0.8. The first deformation (first hit) was applied
till a true strain of 0.5 followed by 5 s interpass time. The second pass (second hit) was then applied
till a true strain of 0.3 followed by water quenching. The samples were mechanically polished
using conventional metallographic preparation techniques and final polished using a Vibromet®
polisher. Each sample was then placed in the SEM chamber with its compression axis parallel to
the incident electron beam. The EBSD analysis was performed using a Hitachi SU-70 field
emission gun scanning electron microscope equipped with Schottky emitter. Post-processing was
done using Channel 5 HKL™ software. Low-angle grain boundaries (LAGBs, 0 < 2°) are marked

red, while high-angle grain boundaries (HAGBs, 6 > 15°) are labeled black.

Results

The flow curves obtained from the double-hit deformation at 1200 °C and 1150 °C and strain
rates of 0.25 s and 0.5 s and the interpass time of 5s are displayed in Fig. 2. Note that this
temperature is approximately 450 °C and 400 °C above the para-equilibrium Aes temperature of
the alloy. As expected, the results show that the stress levels increase with strain rate and
temperature. After the first deformation, both flow curves show a steady increase in stress and then
gradually decrease after a peak stress of 58.2 MPa and 63.8 MPa for strain rates of 0.25 and 0.50
st (at 1200 °C), respectively. Similarly, at 1150 °C, peak stresses of 74.1 MPa and 81.2 MPa were
recorded followed by gradual decrease in stress for strain rates of 0.25 and 0.50 s!, respectively.
During the second deformation, a peak stress drop of about 15% (compared to the first
deformation) can be seen for both testing temperatures. These results reveal that dynamic softening

has taken place during the 5 s time interval

It is well recognized that during hot deformation of medium-carbon low-alloy steels, in
addition to DRX, the DT of austenite to ferrite also occur. The kinetics of DT is much faster than
DRX [14]. The double differentiation technique, proposed by Poliak and Jonas [12, 15], was used
to evaluate the critical strains and stresses for the initiation of both DT and DRX. A dedicated

script was developed in MATLAB® for analyzing the flow curves using this method.
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Figure 2: Stress strain curve of medium-carbon low-alloy steel deformed at 1200 °C and 1150 °C
and strain rate of 0.25 s™ and 0.5 s™ with an interpass time of 5s.

In every instance, a “yield stress” was first found as a 2% offset in the total strain. This was
considered to represent the commencement of macroscopic work hardening in compression. After
the removal of this “microplastic” part, each curve was fitted and smoothed with a 10%-order
polynomial using the MATLAB™ software. In some challenging cases, a higher-order polynomial
(14™) was employed. The smoothing eliminated the fluctuations present in the experimental flow

curves and in this way, allowed the differentiation operations.

In order to determine the critical stresses for the initiation of DT and DRX, the strain hardening

rate, 0, was calculated by the following expression:
- os £

The minima were then calculated by taking the derivative of 6, [9, 10], as described by the equation

below:

(55) (G0 2)



Therefore, according to Equation 2, the onsets of DT and DRX are associated with
inflection points in a 6 — ¢ plot and with minima in a —(00/0c) versus ¢ curve. In most cases, there
are two inflection points, the first of which indicates the onset of DT and the second is the initiation

of DRX.

The —(00/0c) versus 6 curves for the first hit and second hit for medium-carbon low-alloy
steel at various experimental temperatures and strain rates are shown in Figs. 3 a and 3 b,
respectively. The two minima displayed in Figs. 3 represent the critical stresses at which DT were
initiated during deformation. The graph in Fig. 4 show the dependence of DT critical stress versus
temperature and strain rate. It can be seen that with the increase in temperature the critical stresses
for DT decreases in both first and second hit deformation, whereas, the critical stress for DT

increases with strain rate for both first and second hit deformation.
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Figure 3: Double differential minima curves at deformation temperature of 1200 °C and 1150 °C and
strain rates of 0.25 s and 0.5 s™ for (a) first hit and (b) second hit deformation.
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Figure 4: Variation of critical stress for the initiation of DT with respect to the deformation mode.

Considering that the double differentiation technique involves purely mathematical
findings, microstructural analysis is needed to validate the presence of dynamically transformed
ferrite, as presented below.

Fig. 5 a show the grain boundary map of the specimen after double hit deformation at
1150 °C and a strain rate of 0.25 s'. A detailed observation of the microstructures shows a
morphology composed of laths and few quasi-polygonal grains (indicated with red arrows). The
plates observed in the microstructure appear to have Widmanstitten type morphology, which
originates from the interior of the prior austenite grains. This observation is consistent with the
results of numerous researchers [1, 16, 17] who linked their formation to the applied stress, which

stimulates the displacive transformation of austenite to Widmanstétten ferrite.

EBSD grain boundary maps, reported in Fig. 5 (a) shows that a significant amount of low-
angle grain boundaries is present in the microstructure. This indicates that the microstructure is
not fully recovered after the second hit. However, the presence of any LAGBS was not found in
the laths and plates, which suggests that these grains underwent recrystallization and phase

transformation.
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Figure 5: (a) EBSD grain boundary map of medium-carbon low-alloy steel deformed at deformation
temperature of 1150 °C and strain rate of 0.25 s™'. Black lines denote HAGB and red lines denote
LAGB. (b) EBSD Kernal Average Map (KAM) of medium-carbon low-alloy steel deformed at
deformation temperature of 1150 °C at strain rate of 0.25 s™'. Black lines denote HAGB.

Since, it is challenging to differentiate between martensite and DT ferrite using XRD,
optical microscopy, or secondary electron imaging, the present study employed the Kernal
Average Misorientation (KAM) method [7]. In this method, internal misorientation between grains
is used to differentiate the martensite (body-centered tetragonal) from the ferrite (body-centered
cubic) by the method of EBSD images. Up to the third nearest neighbor was considered for
calculating KAM values, and a threshold angle of 5° was used. To study the recovery behavior,
only the area fractions with less than 2° misorientation (i.e., KAM < 2°; green and blue regions)
were considered. Using the above criteria, the dynamic recovery process of the two phases was
studied, and a distinction was successfully made between ferrite and martensite. It is known that
ferrite has a higher stacking fault energy (SFE) [18] than austenite, which would make dynamic
recovery simpler when it is further deformed to a higher strain (¢=0.8). Conversely, martensite
laths (from prior austenite), which are formed due to shape deformation (displacive
transformation), generate a higher amount of LAGBSs, resulting in higher misorientations within

the laths.

Fig. 5 b shows the KAM map for the specimen deformed at 1150 °C and at a strain rate of
0.25 s'!. Widmanstatten ferrite plates, as seen on the Grain Boundary map of Fig. 5 a, have <2°

misorientation (see Fig. 5 a), thus proving that they are recovered ferrite grains. Conversely, grains



with KAM values between 3°-5° indicate the presence of martensite. The volume fraction of

dynamically transformed ferrite is 72% for 1150 °C and 0.25 s™..

Fig. 6, shows the phase map of specimen deformed at 1200 °C and a strain rate of 0.25 s™!.
This sample was strained till 0.5 strain and then held for 5 s interpass time at temperature of
1200 °C and water quenched to preserve the microstructure. The yellow color represents ferrite
(BCC phase) and red color represents austenite (FCC phase). It can be seen that the austenite is
present in trace amounts in the ferrite phase. The phase fraction of austenite is 4.2 % and that of
ferrite is 95.8%. The austenite present in this specimen is due to re-transformation from ferrite to

austenite during interpass time [1].This re-transformation happens by a diffusional transformation.
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Figure 6: Phase map of a sample deformed at 1200 °C and strain rate of 0.25 s™' deformed till a strain
of 0.5 and then held for 5s at 1200 °C. Yellow color denotes ferrite phase and red denotes austenite
phase.

To understand the mechanism behind the transformation during double-hit scenario, a
schematic diagram is proposed as shown in Fig. 7. It is known that the austenite to ferrite
transformation occurs due to energy supplied by the applied stress as reported in Ref [19]. Once
the energy is above the total energy obstacles, which consist of the free energy difference between
the phases, and the works of shear accommodation and lattice dilatation, transformation can take
place. However, upon isothermal holding, re-transformation process can take place. This reverse
transformation normally requires more than 60s of holding time to fully transform the DT ferrite
back into austenite by diffusional mechanism. However, when the holding time to allow for re-
transformation is short, e.g., 5 s in the present case, a partial re-transformation occurs that leads to

trace amounts of re-transformed austenite to be formed along with DT ferrite. Therefore, during



the second hit deformation, the austenite transforms into ferrite in a similar manner with the first
deformation, which involves a driving force supplied by the applied stress. During this process,
the dynamic recrystallization of ferrite which was formed during the previous deformation hit can
also occur. Thus, the overall effect leads to lower critical stress for the onset of DT during the

second hit deformation.
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Figure 7: Schematic diagram of transformation mechanics during double hit hot deformation.

The present work focusses on the onset of the critical stress for the DT of austenite to
ferrite during double hit deformation complemented with microstructural analysis to verify the
observations. The following are conclusions from the present research.

1. The flow stress increases with the decrease in the temperature and increase in the strain

rate for both temperatures and strain rates.

2. The critical stress associated with the onset of DT during the first deformation is higher

than the critical stresses measured during the second hit deformation.

3. The critical stress increases with temperature and strain rates for both first and double

hit deformations.
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