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Abstract: Hot stamping is a well-known process to produce structural automotive parts with
an excellent strength-to-weight ratio. However, this process is more expensive due to the lower
energy efficiency and operating cost of the traditional roller-hearth furnace. Additionally, lower
ductility and toughness are commonly recognized as the main disadvantages of the current hot
stamped ultra-high-strength parts. Refinement of austenite grains could be a profitable way to
improve the strength of hot stamped parts. In this work, the evolution of reversed transformation
in asymmetrically cryogenically rolled samples was studied in order to control the austenite.
Thermomechanical simulation and heat treatment in the salt bath were used to investigate the
reversed transformation process, and the typical microstructures were characterized by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). Compared with symmetric
prerolling, ferrite recrystallization could be remarkably inhibited by asymmetric rolling at the liquid
nitrogen temperature (LNT) during the reheating process. Additionally, the nucleation of the austenite
inner grains can also be promoted and the dynamics of the reversed transformation accelerated by
asymmetric prerolling. Such phenomena might be very useful to refine the parent austenite grains
before press hardening and enhance the new hot stamping strategy by partial fast reheating.

Keywords: asymmetric rolling; phase transformation; recrystallization; quenchable steel

1. Introduction

The use of high-strength steel sheets for automobile parts has remarkably increased as a result of
weight reduction and safety demand. In particular, quenchable steels (typically 22MnB5), one of the
most popular representatives, have been increasingly used in the hot stamping of ultra-high-strength
steel parts for automobile manufacturing since it was first used as side impact door beams in the SAAB
9000, which went into production in 1984 [1]. As of 2016, the use of hot formed steel rose to a higher
level in the Volvo XC90, accounting for 38% of the body mass [2]. Similarly, the strength of hot stamped
parts has gradually increased due to the strong demand for cars with higher intrusion resistance and
lighter body frame. For example, the quenched tensile strength of 27MnCrB5, 28MnB5, 34MnB5 and
37MnB4 has reached to 1611, 1740, 1919 and 2040 MPa, respectively [3,4].

The reason for the popularity of the above-mentioned quenchable steels is mainly attributed to
its transformation from austenite into its fully martensitic crystal structure during press hardening.
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Therefore, the characteristic of reverted austenite is of critical importance to the final microstructure
and property of hot stamped parts. It is also well established that the reverse transformation behavior
is sensitive to the initial microstructure [5], which for the Mn-B alloyed steels is currently delivered in
mostly soft ferritic-pearlitic condition.

There are numerous studies on the reverse transformation from a pearlitic structure or
ferrite/cementite structure [6-8]. Theoretically, it is accepted that austenite preferentially nucleates at
the pearlite colony boundary and at the ferrite/cementite interface inside a pearlite colony [9], especially
at the high angle boundary (HAB) of the ferrite in pearlite [8]. However, the reverse transformation
is complicated due to the inhomogeneously distributed carbon and alloying elements, which can
be equilibrated at the interface for interstitial alloying elements [10], or negligible-partition local
equilibrium [11]. In particular, more and more alternative heating technologies are being used in
the hot stamping process, such as induction heating [12], conduction heating [13] and direct contact
heating [14], in order to improve production efficiency by shortening the process cycle time. Li et al.
studied the effects of thermal conditions on austenite formation in a 22MnB5 manganese-boron steel
with an initial microstructure composed of a mixture of approximately 78% proeutectoid ferrite and
22% pearlite [15]. They found that for a larger amount of austenite formation the heating rate effects
were greater on the temperature than on time, and such effects could be helpful to enhance productivity
and reduce energy consumption in the hot stamping process.

Additionally, Bettanini et al. suggested that Cr-rich carbides control the austenite transformation
kinetics due to Cr partitioning and stabilization of ferrite, and coarse carbides and fast heating rate lead
to a soft-impingement of the Cr diffusion fields ahead of austenite interface [16]. Lolla et al. actually
found a high-Cr interface concentration at the cementite/austenite interface during the continuous
heating process, and the interface velocity was controlled by Cr-diffusion [17]. Based on such findings,
they took advantage of the rapid heating and short hold-time, together with undissolved carbides, in
order to prepare ultrafine grained austenite with carbon inhomogeneity, and subsequently a mixed
microstructure during rapid cooling.

In addition, Takafumi et al. systematically investigated the effects of the heating rate, heating
temperature, material conditions and cold rolling reduction on austenite nucleation and grain refinement
in boron steels [18]. They found that the initial microstructure with bainite was more helpful to increase
the effective grain boundary length for austenite nucleation per unit area than was with ferrite/pearlite.
They also observed that the austenite distribution becomes more uniform, indicating that more
potentially reverted nuclei could be activated by predeformation. A study by Yan et al. revealed
that the reversed austenite tended to be completely granular when transformed from a cold-rolled
martensite in a medium Mn steel, whereas acicular and granular austenite were reversely transformed
from as-quenched martensite [19]. Han et al. [20] and Yang et al. [21] additionally reported that the
reverse transformation mechanism changed from diffusive to diffusive massive transformation when
the heating rate was above 15 °C/s.

Tokizane et al. [22] and Yang et al. [23] studied the formation of austenite in deformed lath
martensitic and tempered the martensitic structure of low carbon steels. The competition between the
recrystallization of the matrix and the formation of austenite occurred during the reheating process in
samples with different cold rolling reductions.

However, it remains unknown, what happens when the predeformation is implemented by
asymmetric rolling after the sample is cooled in liquid nitrogen, which can change both dislocation
density and grain orientation in the initial microstructures. Usually, many medium and low stacking
fault energy (SFE) metals are mainly considered in the cryo-rolling process, such as copper alloys,
aluminum alloys and some fcc-structured steels, as the dynamic recovery can be easily suppressed and
even the deformation twinning can be stimulated, which always promotes further grain refinement and
strengthens the materials [24-26]. For bee-structured ferrite, even though the fast recovery will greatly
change the dislocation density during cryo-rolling, the effect on the ferrite-to-austenite transformation
behavior is still unclear as an initial microstructure before the reheating process. Bellavoine et al. [27]
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noted that incomplete recrystallization led to the acceleration of austenite formation, and the overlap
of ferrite recrystallization and austenite formation in the case of high-heating rate resulted in a higher
density of austenite nuclei in cold-rolled advanced high-strength steels.

Therefore, the objective of this study was to investigate the reverse transformation behavior as
a function of cryo-rolling reduction and linear velocity rate, using commercially available 22MnB5
steel. With that clarification, ultrafine grained austenite could be more industrially practicable, and
then, it could be helpful to propose a new promising hot stamping process for manufacturing higher
strength parts with much lower cost, since work-hardened 22MnB5 will be used without any addition
of chemical compositions, such as niobium, titanium and/or molybdenum.

2. Materials and Methods

The chemical composition of commercially available 22MnB5 steel sheets is listed in Table 1.
The sheets with initial thickness of 1.8 mm had an initial microstructure of ferrite and carbide, as
shown in Figure 1. The critical transformation temperature of the 22MnB5 steel was A3 = 811 °C and
Ay =736°C[28].

Table 1. Chemical composition of 22MnB5 (wt %).

C Si Mn P S Cr Ti B Al Fe
0.22 0.28 1.25 0.01 0.005 0.23 0.02 0.003 0.03 Bal.

Figure 1. Scanning electron microscopy (SEM) microstructure observed from different locations of the
as-received 22MnBS5 steel (a) cross section and (b) rolling surface. Ferrite and dispersed carbide are
mainly discovered in the as-received steel.

Before the reverse transformation experiments, the sheets were first asymmetrically cryo-rolled
in a non-reversing mill with a pair of ladder rollers at ambient temperature. In particular, the
asymmetric cryo-rolling method performed an even number of passes, in which the rolling material
was simultaneously rolled by turning the rolling material upside down and by changing directions of
the rolling material. Before each rolling pass, the specimen was cooled in liquid nitrogen for 5 min.
The asymmetric rolling process is illustrated in detail in Figure 2. The selected rolling reductions of
30% and 50% corresponded to sheets of final thickness of 1.26 and 0.90 mm, respectively. The velocity
ratio, referred to here as asymmetry ratio (AR), of the top and bottom roll speeds was changed by
alternating the diameter difference between the two work rolls. In our experiment, the AR was chosen
as 1.0,1.2 and 1.5.
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Figure 2. Schematic diagram of the asymmetric rolling process. Two passes, for example: the first pass

i

is implemented as the left picture, and the second one proceeds after the sample flipped front and rear,
simultaneously up and down as shown in the right picture.

Thin specimens of 60 X 6 X i mm? in size were cut by numerically controlled wire cutting
machine from the cold rolled specimens along rolling direction for the reverse transformation (Figure 3).
The phase transformation temperatures and dilation strains during continuous heating were measured
using a dilatometer in an MMS-200® Thermal Simulation Testing System (The State Key Laboratory of
Rolling and Automation, Northeastern University, Shenyang, China). Dilatometry specimens were
heated to their annealing temperature at various heating rates between 5.0 and 60 Kes™! and then
cooled to room temperature (RT) at a cooling rate of 30 Kes™!.
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Figure 3. Sampling position and size in the cryogenically rolled sheet.

In order to understand the intermediate microstructures before the austenite was fully transformed,
some specimens were also heated in a salt bath at temperatures of 750 and 850 °C with holding times
of 20 and 30 s, respectively, followed by water quenching.

The microstructures of the specimens were examined by field emission scanning electron
microscopy (FE-SEM) using a JSM-6390 (JEOL Ltd., Tokyo, Japan) operated at 20 kV, equipped with
an electron back-scattered diffraction (EBSD) and by field-emission transmission electron microscopy
(FE-TEM) using a JEM-2100 (JEOL Ltd.) operated at 200 kV. Specimens of 15 x 10 X h mm? for SEM
were mechanically polished and etched in a 4% nital solution. The EBSD measurement was carried out
with a TSL orientation imaging microscopy (OIM) system (TexSEM Laboratories, Inc., Provo, UT, USA).
The step size chosen was 0.25 um and the accelerating voltage was 25 kV. Thin foil specimens for TEM
observations were mechanically ground to 50 um in thickness and then pressed to prepare round disks
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of 3 mm in diameter. The disks were electropolished in an 8% perchlorate alcohol solution at =29 °C
using a twin-jet polisher.

3. Results and Discussion

3.1. Characterization of Cryogenically Rolled Microstructure

The EBSD map and distribution of misorientation angles presented in Figure 4 show that the low
angle grain boundaries (LAGBs) significantly increased with the increase of the AR from 1.0 to 1.2 for
the samples with rolling reduction of 30%. In general, this will prevent grain growth and, by hindering
the redistribution of dislocations at very low temperature, will contribute to an increase in their density
and the development of the corresponding internal stresses [29]. Furthermore, asymmetric rolling can
always greatly enhance the total strain applied to the materials. For the first pass, the applied strain
can be larger due to the free-dislocation in the initial microstructure, and it can easily permeate across
the thickness.

As was well established, there was always a cross shear zone in the deformation zone when
the elongation coefficient was larger than the AR, which was very helpful to increase the dislocation
density and internal stresses. As the inset in Figure 4b shows, many low-angle misorientations could
be clearly distinguished in some deformed ferrite grains with similar crystal orientation. However, it
should be noticed that when the samples were rolled by 50%, the increase of the AR led to a significant
decrease of the LAGB (<15°), which was indicated with the misorientation angle distribution shown
in Figure 4c,d. Moreover, shear strains were clearly imposed with increasing the AR, and some
intersecting shear deforming bands can be identified with the intragranular misorientation distribution
images. This phenomenon could be greatly attributed to the asymmetric rolling method by rotating
the sheet between passes. Meanwhile, two specific fiber textures <110>//RD and/or <111>//ND were
developed when imposing shear strains by asymmetric rolling with higher reduction. The comparison
of the microstructures of cryogenic prerolled samples shown in Figure 5a—c reveals that there were
many nearly equiaxial recrystallized ferrite (RF) grains in the samples that were symmetrically rolled
with a reduction of 30%. However, when the predeformation was performed by asymmetric rolling
the deformed fiber-type ferrite remained in the samples. As mentioned above, the follow-up reduction
in the pass became smaller and smaller, as a result of more and more strain hardening. When the
elongation coefficient was smaller than the AR, the cross-shear effect could only be activated nearby
the rolling surface. Although the SFE could be lowered by cooling at the liquid nitrogen temperature
(LNT), according to a recent report by Mallick et al. [30], the severe shear-strain-induced temperature
rise near the rolling surface could hardly delay the recovery process.

As shown in Figure 5d—f, all the ferrite remained in a non-recrystallized type with a reduction
of 50%. Instead, the volume fraction of carbides changed with the AR. When the AR = 1.2, the
volume fraction of carbides clearly increased and most of the carbides precipitated on the ferrite
grain and subgrain boundaries, which could consume the LAGBs that arose from the rapid recovery
of dislocations in ferrite grains. With the increase of the AR to 1.5, the volume fraction of carbides
partly decreased and their size clearly increased, which indicates that further consumption of LAGBs
could be partly achieved through the merging and growth of carbides. The precipitation of carbides
inside the grains always requires proper nucleation sites, such as a subgrain boundary and other
semicoherent interfaces.
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Figure 4. The electron backscatter diffraction (EBSD) map and misorientation angle distribution in
samples with a total reduction of 30% (a, b) and 50% (c—e) rolled with an asymmetry ratio (AR) =1.0 (a, ¢),
AR =12 (b, d) and AR = 1.5 (e).
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Figure 5. Microstructures of cryogenically prerolled samples with reduction of 30% (a—c) and 50% (d—f).
Meanwhile, the AR is different as (a, d) AR = 1.0, (b, e) AR = 1.2 and (¢, f) AR = 1.5.

However, the TEM images of the samples asymmetrically prerolled at different temperatures,
shown in Figure 6, revealed that predeforming at ambient temperature produced more density of
dislocations than that at the LNT. By measuring the yield strength of those samples, the dislocation
density can be probably obtained with the empirical formula as follows:

Aoy = aGbE'? 1)

where Aoy is the yield strength difference, « is strength coefficient, G is the shear modulus, b is
the Burgers vector and & is dislocation density. The result shows that the dislocation density of
cryogenically rolled sample should be less than the cold-rolled one by 1.78 x 102 times. Possible reasons
for this include the high stacking fault energy of ferrite, and that the recovery can be more easily started
after cryogenic rolling and fewer dislocations remain when the temperature of the sample returns to
RT during the pass intervals. It is also inferred that some other kinds of defects (like vacancies) could
be generated by cryogenic rolling. Thus, further investigation should be undertaken in order to clarify
the micromechanism.
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Figure 6. Transmission electron microscopy (TEM) morphology analysis of samples in reduction of
50% with AR = 1.5 at ambient temperature (a) and liquid nitrogen temperature (LNT; b).

3.2. Thermal Dilation Curves of Reversed Transformation

For specimens with less prerolled deformation (30%), the changing gradients of all the dilation
curves shown in Figure 7a were similar and consecutive before austenite transformation. This means
that various kinds of microstructural evolution occurred during the reheating process, such as ferrite
recovery, recrystallization, dissolution and/or precipitation of carbides. In Figure 7b, the slope of the
dilation curve shows a sudden increase at the heating rate of 40 °C/s, while the other curves for the
50% predeformed samples had a very similar evolutionary trend, which was clearly shown in the
inset. Remarkably, as the asymmetric prerolling deformation increased further, the sharp change of
the slope tended to appear in the curve at the slower heating rate. As shown in Figure 7c, when the
prerolling reduction increased to 70% with the same AR of 1.2, the slope was significantly increased in
the curve at the heating rate of 10 °C/s. Additionally, all the sudden turning points were located at
temperatures between 550 and 600 °C. It was also inferred that all these sudden slope changes were
mainly introduced by ferrite recrystallization. After that, the process was dominated by dissolution
of carbides, which can be clearly observed in Figure 7c. Moreover, the duration time of the carbide
dissolution gradually decreased with increasing heating rate.

Considering the effect of the AR on the dilation curves, some regular results could be obtained
by comparing Figure 7b,d,e. First, an abrupt increase in the slope of the dilation curves could be
observed in all the three figures, even when the AR was set as 1.0. Second, the corresponding heating
rate of those curves with a sudden slope change increased with the increase of the AR. Additionally,
the slopes after the change remained nearly the same in the curves for all the samples processed by
asymmetric prerolling, and they were a little smaller than that for samples processed by symmetric
prerolling. Moreover, the dilation increase and temperature span after the sudden slope change before
austenite transformation of asymmetrically prerolled samples were larger than those for symmetrically
prerolled samples. Those inset graphs in Figure 7b—e corresponding to the transitional segments in
different dilation curves show direct evidence for the above-mentioned viewpoint.
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Figure 7. Dilation curves of the reversed transformation for different samples, wherein (a—c) show

curves for samples prerolled with a reduction of 30%, 50% and 70% (AR = 1.2), respectively, (d, e) show

curves for samples with reduction of 50% and with AR of 1.0 and 1.5, respectively.
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It was well established that the main driving force of microstructure transformation for deformed
metals was the strain energy, where the stored energy from lattice distortion accounted for about
80%—-90%. When the final deformation was in the ferrite region, numerous crystal defects would be
introduced. Then, the nucleation rate of the second phase would be improved, thereby promoting
the precipitation of microalloying elements. Meanwhile, for microstructure of ferrite and cementite
prerolled at the LNT, the recovery proceeded more easily and was accompanied by precipitation of
microalloying elements at the preliminary reheating stage, which is also shown in the inset of Figure 4b.
There were many LAGBs (indicated by black arrows) distributed in larger deformed ferrite grains with
similar crystal orientation. With increasing cryogenic rolling reduction, the amount of precipitation
and the density of recovery boundaries were greatly improved, and that might delay the process of
ferrite recrystallization, as illustrated in Figure 7.

In addition, prerolled deformation and the AR also have effects on the thermodynamics and
kinetics of austenite transformation according to the results presented in Figure 8. As the reduction
increases to 50%, the starting of the reversed transformation (A.) was delayed, particularly when the
reheating rate was lower than 20 °C/s, and this phenomenon agreed well with the results reported by
Takafumi et al. [18].
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Figure 8. Dependence of A.; and A3 at different reheating rates on the rolling reduction (a) and AR (b),
wherein AR equaled to 1.2 for (a) and the rolling reduction was chosen as 50% for (b).

However, the nucleation of austenite grains was more easily activated in the samples with a
reduction of 70%. Meanwhile, both prerolling deformation and the AR in asymmetric rolling were
beneficial to accelerate the kinetics of austenite transformation. Since little dislocation was found in the
cryogenically rolled samples in Figure 6b, it can be inferred that many vacancies were generated during
the deformation. Su et al. [31] reported that the dominant defects in cryogenically rolled aluminum
were bulk monovacancies instead of vacancies associated with dislocations. Additionally, the higher
concentration of bulk monovacancies inside the grains of the cryogenically rolled sample creates a
larger driving force for vacancy annihilation to grain boundaries, which can also be a great driving
force for the diffusion of carbon atoms during the reversed transformation, and contributes to the
thermodynamics and kinetics. Moreover, the large amount of precipitation plays an important role in
promoting the nucleation of reversed austenite grains.

3.3. Characterization of Reversed Microstructure Evolution

The samples shown in Figure 9 were symmetrically and asymmetrically prerolled with reduction of
30% and AR of 1.2 and reheated in a salt bath at a temperature of 750 °C for 20 and 30 s. For symmetrically
prerolled samples, shown in Figure 9a—c, the recrystallization of ferrite grains can be easily observed
in all the sections with a holding time of 20 s. In comparison, few RF grains were observed in the
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asymmetrically prerolled samples (AR = 1.2) subjected to the same reheating process in Figure 9d—f.
However, the volume fraction of carbides was significantly increased from 3.15% to 5.60%, and the size
of the carbides is much smaller (105 nm) than that in symmetrically prerolled samples (260 nm). When
the holding time was extended to 30 s, the microstructure in asymmetrically predeformed samples was
typically RF and most of them were found in larger-size grains formed via grain growth. Instead, most
of the remaining carbides were located in ferrite grains as shown in Figure 9g—i.

Transverse section

Figure 9. Scanning electron microscopy (SEM) images of the microstructures of sample prerolled with
reduction of 30% and heat treated at 750 °C for 20 s (a—f) and 30 s (g—i), wherein (a—c) AR = 1.0 and
(d-i) AR =1.2.

When the investigation focused on the rolling surface where the asymmetric rolling features could
be easily inherited in the microstructures, the effect of prerolling and holding time at certain reheating
temperature on carbide morphology could be clearly observed, as shown in Figure 10. Notably, the
amount of intragranular carbides in the rolling surface increased considerably with the increase of
the AR and holding time at 750 °C, and most of the precipitated carbides were greatly refined to a
nanoscale, as indicated by the red arrows in Figure 10b—d. Additionally, the reversed transformation
was also affected by the evolving behavior of this microstructure since some thermodynamics features
had changed before austenite transformation.
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Figure 10. Morphology of carbides in the rolling surface of samples prerolled with reduction of 30%
after being reheated at 750 °C for 20 s (a, b) and 30 s (¢, d), wherein (a) AR = 1.0, (b, ¢) AR = 1.2 and
(d) AR = 1.5.

In Figure 10b,c, nanosized cementite abundantly precipitated in the interior of the grains, and the
precipitation-free zones were clearly distinguished by transgranular boundaries in some larger ferrite
grains. As Tamimi et al. concluded [32], the induced shear deformation in asymmetric rolling will
result in texture evolution and may also affect microstructural features. Regarding the typical texture
in a bee-structure metal, it is always dominated by the rotated cube textures, such as {111} <110> and
{001} <110>. Compared with the enlarged misorientation angle distribution shown in the image in
Figure 4b, it can be inferred that certain crystal orientation is induced through cryogenic asymmetric
rolling and recovery/recrystallization. Generally, with an applied strain along [110] or [111], the C
interstitial in ferrite is greatly stabilized, and can lead to an increase in the C concentration within the
ferrite grains by up to two orders of magnitude, as mentioned in a report by Nematollahi et al. [33],
which could likely provide the chemical potential for the rapid and local high-density precipitation.

In Figure 11, the dispersed carbides in the transverse section can be detected in all the samples
processed with different AR. Compared with the SEM images shown in Figure 9a,d, it can be inferred
that the AR of asymmetric rolling and its total reduction may have an effect on the precipitation
behavior of carbides during reversed transformation, although the thickness of samples was different
and affected the heating rate and holding temperature to some extent. In addition, most of the ferrite
grains were almost recrystallized in Figure 11a, while fiber-like deformed ferrite gains were still
distinguished in Figure 11b,c. In addition, the volume fraction of carbide in the symmetrically prerolled
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samples was measured about 4.0%, which appeared to be less than that in Figure 11b,c, 4.7% and 6.8%,
respectively. Therefore, the recrystallization of ferrite was inhibited by precipitation of carbide before
the reversed transformation.

Figure 11. Scanning electron microscopy (SEM) morphology analysis of samples predeformed with a
total reduction of 50% and reheated at 750 °C for 20 s in transverse section with (a) AR = 1.0, (b) AR =1.2
and (c) AR =1.5.

As the holding time extended to 30 s at 750 °C, both reversed austenite transformation occurred
in asymmetric prerolled samples with a reduction of 50%, as shown in Figure 12a,b. The volume
of martensite transformed from austenite (M/A) increased to 51.2% with the increase of the AR,
and the carbides were highly consumed at this moment, and all the remaining metal carbides
(MCs) were located inside the ferrite grains. According to the M/A distributional morphology, the
austenite grains preferred to nucleate at ferrite grain boundaries, as indicated with red arrows in
Figure 12a. However, intragranular martensite transformed from austenite (M/A(I)) was also found in
Figure 12b, which means that increasing the AR is beneficial to improve the nucleation rate during the
reversed transformation.

Figure 12. Scanning electron microscopy (SEM) morphology analysis of samples predeformed with
a total reduction of 50% and reheated at 750 °C for 30 s in transverse section with (a) AR = 1.0 and
(b) AR =1.5.

Additionally, both the 30% prerolled samples with AR = 1.0 and 1.2 were chosen to be reheated in
a salt bath at a temperature of 850 °C, and the results are shown in Figure 13a,b, respectively. For the
symmetrically prerolled sample, most of the RF grains had already grown to larger-size grains about
12 um, while in the asymmetric prerolled sample, numerous non-recrystallized ferrite (NR-F) could be
observed, and only a few RF grains and coarse grained ferrite (CG-F) were generated in the sample.
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Meanwhile, the volume of M/A in Figure 13a 15.5% was much less than that 43.6% in Figure 13b, which
implies that the dynamics of reversed transformation in the asymmetrically prerolled samples was
much faster. Moreover, the austenite grains preferentially nucleated on the ferrite grain boundaries
according to the locations of the M/A, especially the triple junctions, which are typically present in
Figure 13a. However, many M/A(I) were found in Figure 13b, indicating that a higher nucleation rate
of reversed transformation could be achieved by asymmetric prerolling.

Figure 13. Scanning electron microscopy (SEM) morphology analysis of samples predeformed with a
total reduction of 30% and reheated at 850 °C for 20 s in a longitudinal section with (a) AR = 1.0 and
(b) AR=1.2.

4. Conclusions

In the current research, asymmetrically cryogenic rolling was used to prepare different initial
microstructures in 22MnB5 steel. Ferrite recrystallization occurred prior to nucleation of austenite
grains in the symmetrically prerolled samples, whereas the order was reversed in the asymmetrically
prerolled samples. This means that ferrite recrystallization could be remarkably inhibited by asymmetric
rolling at the LNT, while further precipitating of nanosized intragranular carbides consumed that
strain-induced intrinsic energy during reheating and holding at 700-750 °C. Additionally, the nucleation
of austenite inside the grains could be promoted by asymmetric prerolling and the dynamics of reversed
transformation was also accelerated as the prestrain energy was greatly preserved and had a marked
effect on such a process. Certainly, the reheating process should also be properly selected with a higher
heating rate. Thus, it is important to fully understand the relationship among the predeformation, the
reheating process and the commonly reversed microstructures, which can be helpful in the development
of a new low-cost hot stamping process.

Author Contributions: S.Y.: Conceptualization, Methodology. L.C.: Writing- Original draft preparation. G.C.:
Writing-Reviewing and Editing. H.Z.: Supervision. L.E.: Investigation, Validation. G.W.: Supervision. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China grant number 51775134.

Acknowledgments: The authors gratefully acknowledge the financial support of the National Natural Science
Foundation of China (Grant No. 51775134). The authors thank Shengpeng Hu for materials characterization and
useful discussion.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2020, 13, 1741 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Berglund, G. The History of Hardening of Boron Steel in Northern Sweden. In Proceedings of the
1st International Conference on Hot Sheet Metal Forming of High-performance Steel, Kassel, Germany,
22-24 October 2008; GRIPS Media: Bad Harzburg, Germany, 2008; Volume 175, p. 177.

Ljungqvist, H.; Amundsson, K.; Lindblad, O. The All-New Volvo XC90 Car Body. In EuroCarBody 2014,
Proceedings of the 16th Global Car Body Benchmarking Conference, Bad Nauheim, Germany, 21-23 October 2014;
Vincentz Network GmbH & Co. KG.: Hannover, Germany, 2014.

Karbasian, H.; Tekkaya, A.E. A review on hot stamping. J. Mater. Process. Technol. 2010, 210, 2103-2118.
[CrossRef]

Graff, S.; Gerber, T.; Lenze, EJ.; Sikora, S. About the Simulation of Microstructure Evolution in the Hot
Sheet Stamping Process and the Correlation of Resulting Mechanical Properties and Crash-Performance.
In Proceedings of the 3rd International Conference on Hot Sheet Metal Forming of High-Performance Steel,
Kassel, Germany, 13-17 June 2011; Verlag Wissenschaftliche Scripten: Auerbach, Germany; pp. 323-330.
Brooks, C.R. Principles of the Austenitization of Steels, 1st ed.; Elsevier Applied Science: London, UK, 1992;
pp- 101-103.

Miyamoto, G.; Usuki, H.; Li, Z.D.; Furuhara, T. Effects of Mn, Si and Cr addition on reverse transformation at
1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy. Acta Materialia 2010, 58, 4492-4502.
[CrossRef]

Shtansky, D.V.; Nakai, K.; Ohmori, Y. Pearlite to austenite transformation in an Fe-2.6Cr-1C alloy.
Acta Materialia 1999, 47, 2619-2632. [CrossRef]

Li, Z.D.; Miyamoto, G.; Yang, Z.G.; Furuhara, T. Nucleation of austenite from pearlitic structure in an
Fe-0.6C-1Cr alloy. Scripta Materialia 2009, 60, 485-488. [CrossRef]

Shtansky, D.V.; Nakai, K.; Ohmori, Y. Mechanism and crystallography of ferrite precipitation from cementite
in an Fe-Cr-C alloy during austenitization. Philos. Mag. A 1999, 79, 1655-1669. [CrossRef]

Hillert, M.; Staffansson, L.I. The Regular Solution Model for Stoichiometric Phases and Ionic Melts.
Acta Chemica Scandinavica 1970, 24, 3618-3626. [CrossRef]

Brechet, Y.; Kirkaldy, J.S. Parabolic periodic-solutions of precipitation-modified ternary diffusion equations.
Can. |. Phys. 1992, 70, 193-198. [CrossRef]

Kolleck, R.; Veit, R.; Hofmann, H.; Lenze, F.-J. Alternative heating concepts for hot sheet metal forming.
In Proceedings of the 1st International Conference on Hot Sheet Metal Forming of High-Performance Steel,
Kassel, Germany, 22-24 October 2008; GRIPS Media: Bad Harzburg, Germany, 2008; pp. 239-246.

Mori, K.; Maki, S.; Tanaka, Y. Warm and hot stamping of ultra-high tensile strength steel sheets using
resistance heating. CIRP Ann. Manuf. Technol. 2005, 54, 209-212. [CrossRef]

Rasera, J.N.; Daun, K.J.; Shi, C.J.; D’Souza, M. Direct contact heating for hot forming die quenching.
Appl. Therm. Eng. 2016, 98, 1165-1173. [CrossRef]

Li, N.; Lin, J.; Balint, D.S.; Dean, T.A. Experimental characterisation of the effects of thermal conditions on
austenite formation for hot stamping of boron steel. J. Mater. Process. Technol. 2016, 231, 254-264. [CrossRef]
Bettanini, A.M.; Ding, L.; Mithieux, J.; Parrens, C.; Idrissi, H.; Schryvers, D.; Delannay, L.; Pardoen, T.;
Jacques, PJ. Influence of M23C6 dissolution on the kinetics of ferrite to austenite transformation in
Fe-11Cr-0.06C stainless steel. Mater. Des. 2019, 162, 362-374. [CrossRef]

Lolla, T; Cola, G.; Narayanan, B.; Alexandrov, B.; Babu, S.S. Development of rapid heating and cooling
(flash processing) process to produce advanced high strength steel microstructures. Mater. Sci. Eng. A
2011, 27, 863-875. [CrossRef]

Takafumi, O.; Tsukasa, H.; Yoshito, T.; Takehide, S. Influence of Various Factors on the Refinement of
Martensitic Microstructures of Hot Stamped Steel Components. Tetsu Hagané 2013, 99, 475-483. (in Japanese).
Yan, S.; Liu, X,; Liang, T.; Zhao, Y. The effects of the initial microstructure on microstructural evolution,
mechanical properties and reversed austenite stability of intercritically annealed Fe-6.1Mn-1.55i-0.12C steel.
Mater. Sci. Eng. A 2018, 712, 332-340. [CrossRef]

Han, J.; Lee, Y.K. The effects of the heating rate on the reverse transformation mechanism and the phase
stability of reverted austenite in medium Mn steels. Acta Materialia 2014, 67, 354-361. [CrossRef]


http://dx.doi.org/10.1016/j.jmatprotec.2010.07.019
http://dx.doi.org/10.1016/j.actamat.2010.04.045
http://dx.doi.org/10.1016/S1359-6454(99)00142-1
http://dx.doi.org/10.1016/j.scriptamat.2008.11.041
http://dx.doi.org/10.1080/01418619908210385
http://dx.doi.org/10.3891/acta.chem.scand.24-3618
http://dx.doi.org/10.1139/p92-033
http://dx.doi.org/10.1016/S0007-8506(07)60085-7
http://dx.doi.org/10.1016/j.applthermaleng.2015.12.142
http://dx.doi.org/10.1016/j.jmatprotec.2015.12.008
http://dx.doi.org/10.1016/j.matdes.2018.12.005
http://dx.doi.org/10.1179/174328409X433813
http://dx.doi.org/10.1016/j.msea.2017.11.118
http://dx.doi.org/10.1016/j.actamat.2013.12.038

Materials 2020, 13, 1741 16 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yang, D.P; Wu, D.; Yi, H.L. Comments on “The effects of the heating rate on the reverse transformation
mechanism and the phase stability of reverted austenite in medium Mn steels” by J. Han and Y.-K. Lee, Acta
Materialia 67 (2014) 354-361. Scripta Materialia 2020, 174, 11-13. [CrossRef]

Tokizane, M.; Matsumura, N.; Tsuzaki, K.; Maki, T.; Tamura, I. Recrystallization and formation of austenite
in deformed lath martensitic structure of low carbon steels. Metall. Mater. Trans. A 1982, 13, 1379-1388.
[CrossRef]

Yang, W.Y;; Hu, A.M.; Sun, Z.Q. Control of Austenite Grain Size in a Low Carbon Steel. ACTA Metall. Sin.
2000, 36, 1050-1054. (in Chinese).

Kumar, R.; Dasharath, SM.; Kang, P.C.; Koch, C.C.; Mula, S. Enhancement of mechanical properties
of low stacking fault energy brass processed by cryorolling followed by short-annealing. Mater. Des.
2015, 67, 637-643. [CrossRef]

Fu, B,; Fu, L, Liu, S.; Wang, H.R.; Wang, W.; Shan, A. High strength-ductility nano-structured high manganese
steel produced by cryogenic asymmetry-rolling. |. Mater. Sci. Technol. 2018, 34, 695-699. [CrossRef]
Konkova, T.; Mironov, S.; Korznikov, A.; Korznikova, G.; Myshlyaev, M.M.; Semiatin, S.L. Grain growth
during annealing of cryogenically-rolled Cu-30Zn brass. J. Alloys Compd. 2016, 666, 170-177. [CrossRef]
Bellavoine, M.; Dumont, M.; Dehmas, M.; Stark, A.; Schell, N.; Drillet, J.; Heber, V.; Maugis, P. Ferrite
recrystallization and austenite formation during annealing of cold-rolled advanced high-strength steels:
In Situ synchrotron X-ray diffraction and modeling. Mater. Charact. 2019, 154, 20-30. [CrossRef]

Zhang, M.; Li, Q.S.; Han, K.; Huang, C.B.; Wu, R.Y; Fu, RY; Li, L.; Wan, Z.; Sun, B.L. Continuous Cooling
Transformation Diagram and Properties of Hot Forming Steel. Appl. Mech. Mater. 2012, 152-154, 585-588.
[CrossRef]

Anasyida, A.S.; Mohammed, Z.A M.K,; Zuhailawati, H. Effect of cold and cryo rolling on microstructure and
mechanical properties of low carbon steel. Mater. Today Proc. 2019, 17, 846-852. [CrossRef]

Mallick, P; Tewary, N.K.; Ghosh, S.K.; Chattopadhyay, P.P. Effect of cryogenic deformation on microstructure
and mechanical properties of 304 austenitic stainless steel. Mater. Charact. 2017, 133, 77-86. [CrossRef]

Su, L,; Lu, C; He, L.; Zhang, L.; Guagliardo, P; Tieu, A.; Samarin, S.; Williams, J.; Li, H. Study of vacancy-type
defects by positron annihilation in ultrafine-grained aluminum severely deformed at room and cryogenic
temperatures. Acta Materialia 2012, 60, 4218-4228. [CrossRef]

Tamimi, S.; Gracio, J.; Lopes, A.; Ahzi, S.; Barlat, F. Asymmetric rolling of interstitial free steel sheets:
Microstructural evolution and mechanical properties. J. Manuf. Process. 2018, 31, 583-592. [CrossRef]
Nematollahi, G.; Pezold, J.; Neugebauer, J.; Raabe, D. Thermodynamics of carbon solubility in ferrite and
vacancy formation in cementite in strained pearlite. Acta Materialia 2013, 61, 1773-1784. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.scriptamat.2019.07.040
http://dx.doi.org/10.1007/BF02642875
http://dx.doi.org/10.1016/j.matdes.2014.11.014
http://dx.doi.org/10.1016/j.jmst.2017.09.017
http://dx.doi.org/10.1016/j.jallcom.2016.01.097
http://dx.doi.org/10.1016/j.matchar.2019.05.020
http://dx.doi.org/10.4028/www.scientific.net/AMM.152-154.585
http://dx.doi.org/10.1016/j.matpr.2019.06.371
http://dx.doi.org/10.1016/j.matchar.2017.09.027
http://dx.doi.org/10.1016/j.actamat.2012.04.003
http://dx.doi.org/10.1016/j.jmapro.2017.12.014
http://dx.doi.org/10.1016/j.actamat.2012.12.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Characterization of Cryogenically Rolled Microstructure 
	Thermal Dilation Curves of Reversed Transformation 
	Characterization of Reversed Microstructure Evolution 

	Conclusions 
	References

