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Abstract: The production of automotive steel sheets achieved by the compact steel production (CSP)
process has become an ongoing research topic in industry due to the global demand for
decarbonization. Identifying the hot deformation behaviors, especially the metadynamic softening
mechanism between passes is critical to drawing the picture of processability under the character of
the CSP process. In this study, the metadynamic softening behavior of CP800 steel which is prepared
for the application CSP process was investigated through the isothermal double compression tests
which were carried out at the deformation temperatures of 1173, 1273, and 1373 K, and strain rates
of 0.1,1, and 5.0 s, and the interpass times of 1, 10, and 20 s. The softening behavior was discussed
through the deformation flow stress-strain curves under different conditions. The kinetic equation of
metadynamic recrystallization is proposed and examined with experimental results. The effect of 42
pum and 92 um two different sizes of initial austenite grains on metadynamic recrystallization were
analyzed. The obtained findings of this study are highly recommended for the design and
optimization of the application of the CSP process when producing CP800 steel.

Keywords: metadynamic recrystallization; softening behavior; CP steel; isothermal double
compression

1. Introduction

Due to the approximately 30% global industrial CO: emissions contribution from steel
manufacturing industries [1], the replacement of conventional production routes and the application
of less consumption steel production process improvements have become unstoppable and
sustainable for decarbonization and sustainability targets. The compact strip production (CSP)
technology is a thin slab near-net shape-forming technology that involves continuous casting of thin
slabs and direct strip shot rolling [2]. Since the compact procedures with continuous casting and the
absence of a reheating process prior to hot rolling, energy consumption, and CO: emissions are
systematically reduced in the CSP process [3]. Steels such as hot-rolled low-carbon steels and high-
strength low-alloy (HSLA) steels have already occupied CSP market supplication for decades [4], and
in recent years more steel grades containing higher alloy compositions and complex phases have
been attracted by the CSP process since the considerable chemical and microstructural homogeneity
of the CSP slab [5].

Advanced High-Strength Steels (AHSS) such as complex phase (CP) steels are the mainstream
applications in the automotive industries [6] where hot-rolled products have a good appetite for the
CSP application. Based on the CSP process features, many researchers are engaged in studying the
metallurgical design, microstructure dynamic revolution, and properties consistency optimization
mechanism on AHSS steels [7-12]. However, there is a common argument in inhomogeneous grain
refinements during the CSP process. Zhu et. al [13] considered the lack of homogenizing in the
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reheating procedure in the CSP process would result in mixed grain size. Dong et. al [14] also believe
that the mixed grain structures would occur in Nb micro alloyed CSP strip if consideration of the
setting of temperatures and allocation deformation were made improperly. The investigation from
DeArdo et. al [15] and Romano-Acosta et. al [16] agree with the same arguments, and they improve
the mixed grain structures by upwards the deformation temperatures to T95 (recrystallization-limit
temperature) to complete recrystallization. These studies found the problem and improvements
through semi-practical and experimental methods but didn’t give a precise solution in a universal
way that could put forward guidance on the processing.

The establishment of the recrystallization kinetic equation is a widely accepted mathematical
method to simulate the austenite evolution during hot deformation which could help address the
advancement. Compared to the conventional rolling process, the CSP process has higher reductions
per pass with generally lower strain rates since CSP has fewer passes and endless production [17].
This feature suggests that metadynamic recrystallization would be more likely to take place in the
subsequent interpass time after dynamic recrystallization during deformation rather than static
recrystallization [18]. Therefore, metadynamic recrystallization is the main softening mechanism that
changes grain characteristics and relevant mechanical properties in the CSP process. However, little
information is available regarding metadynamic recrystallization, either in behavior or
recommended applications. Some works were only focused on the effect of hot deformation
parameters on dynamic recrystallization and didn’t catch the tint of the importance meaning of
metadynamic softening between passes [19, 20]. Liu et. al [21] have proposed a well-fitting kinetics
equation to characterize the metadynamic recrystallization behavior of 300M steel, but a detailed
discussion wasn’t given for further optimization for processing. Tang et. al [22] did a complete
discussion on the recrystallization behavior during the CSP process on 510L steel, while the
deformation temperatures are relatively lower than the AHSS steel production. Some works were
based on the combination of lab experiments and trial production such as high-carbon bainitic steel
[23] and Fe-Mn-Al-C steels [24] which showed an insight into the practical of semi-industrial
mathematical predicted models. Hence, it is necessary to establish a foundation of metadynamic
recrystallization behavior based on CSP process features to fill the blank and promote the CSP
applications in AHSS steels.

In this study, the metadynamic softening behavior of a CP800 steel which is prepared for the
application CSP process was investigated through the isothermal double compression. The softening
behavior was discussed through the flow stress-strain curves under the different deformation
conditions. The kinetic simulation of metadynamic recrystallization is proposed with the
experimental results. Furthermore, the qualitative analysis of two different sizes of initial austenite
grains helped demonstrate the grain size refinement effect. These analyses could deepen the
recognition of the metadynamic softening behavior of CP800 steel and put forward efficient
recommendations on the procedures during the manufacturing process.

2. Materials and Methods

The experimental material CP800 steel manufactured by continuous casting with the
composition (wt.%) of 0.05C-0.255i-1.5Mn-0.12Ti-0.4Cr-Fe was used in this study. The Aci and Acs
temperatures of CP800 steel are 943 K and 1183 K, respectively, according to the rate of 0.05 K/s
heating condition dilatometric measurements with a diameter of 4 mm x 10 mm length cylinder.
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Figure 1. Schematic illustration of the double isothermal compression process.

Compression experiments were tested on the Gleeble 3500 thermal simulation system using the
cylindrical sample size of @10 mm x 15 mm, and the lubricant was used at both ends of the cylinder
to reduce the effect of friction during compression. Samples were heated at 10 K/s from room
temperature to 1473 K and held for 10 min to homogenize the chemical composition and the austenite
grains. Then cooled at 10 K/s to the compress deformation temperatures and isothermal held for 10s
for the stabilization of the deformation condition. Next, the compression was conducted at the
deformation temperatures of 1173 K, 1273 K, and 1373 K, with strain rates of 0.1 s, 1 s, and 5 s7,
and a strain of 0.5, which is commonly over the value of critical strain of dynamic recrystallization
and make sure the metadynamic recrystallization occurs between passes. The specimens were held
for interpass time of 1's, 10 s, and 20 s before the isothermal second compression. After double
compression, the specimens were rapidly cooled through blow air in the chamber and the cooling
rate was around 20 K/s to preserve the austenite grain size. The process is detailed shown in Error!
Reference source not found..

Metallographic samples for grain size statistically were cut from the middle of deformed
specimens. The final microstructures are captured by a laser confocal microscope (OLS4100), and
average grain size is measured by Image J software according to the line intercept methods [25].

3. Results and Discussion
3.1. Flow stress-strain behavior in CP800 steel

3.1.1. Subsubsection

Error! Reference source not found. presents the flow stress-strain curves under double
isothermal compression of CP800 steel at different interpass times, deformation temperatures, and
strain rates. The yield flow stress in the first compression of each curve is lower than that in the second
compression. It is suggested that a higher density of dislocations is introduced during the first
compression which requires a higher stress in order to overcome the resistance of movable
dislocations when applying the second compression [26, 27].
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Figure 2. Flow stress-strain curves in the double isothermal compression of CP800 steel at different (a)interpass

times, (b) deformation temperatures, and (c) strain rates.

It can be clearly seen that in Error! Reference source not found.a, the softening effect is more
obvious with the prolongation of interpass time since the second yield stress decreases. Besides, the
second compression curves overlap each other and are both the same as the first compression curves
when 10 s and 20 s interpass time, which means a consistent and fully metadynamic softening
happens between the interpass. In other words, the metadynamic recrystallization should finished
within 10 s under compress conditions of 1373 K and 0.1 s strain rate. This also indicates that the
increment that may have occurred in the recrystallization grains size during this additional 10 s gap
time did not have an impact on the compressive deformation behavior of the second pass, or the
increment was tiny with negligible effect. It is also known from Error! Reference source not found.a
that the peak stress of the second compress is slightly lower than that of the first pass, which is due
to the dynamic recrystallization that occurs in the first pass judging from the profile of the curve. The
nucleation of dynamic recrystallization in the first compression reduces the dislocation density of the
material contributing to the reduced peak stress of the second pass [21, 28].

Error! Reference source not found.b shows the second flow stress is slightly lower compared
with the first pass in each curve, and that the decrease trend is gradually significant when the
deformation temperature increases from 1173 K to 1373 K. The progressively softening effect of
metadynamic recrystallization and the increased softening rate of the material should take
responsibility for this phenomenon [29, 30]. Error! Reference source not found.c indicates CP800 is
more prone to go through a highly metadynamic recrystallization under a 5 s strain rate than under
0.1 s, according to the second peak stress. It is reasonable to say that the softening driving force is
positively influenced by the high deformation strain rates, and these could all be decisively instructed
by the dislocation behavior. Moreover, the flow stress decreases with the increase of the deformation
temperatures shown in Error! Reference source not found.b and the decreasing strain rate in Error!
Reference source not found.c, which is related to the material's intrinsic properties such as work
hardening behavior in different temperatures or strain rates, and the influence of dislocations is also
indispensable.
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3.2. Process effect on the metadynamic softening of CP800 steel

The quantification of the metadynamic softening behavior between passes supports the
understanding of the high-temperature compression character of CP800 steel. The experimental-
based calculation can be adopted by the 0.2% offset-stress method [31, 32]. The metadynamic
softening fraction (Fs) is defined as follows:

Om - 02

F.=—2 "=

* Op-0y @
where om is the flow stress at the end of the first deformation, and o1 and o2 are the yield stresses

determined at an offset strain of 0.2% for the first and second compression respectively.
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Figure 3. Effect of (a) the deformation temperature, and (b) strain rate on the metadynamic softening of CP800
steel.

Error! Reference source not found.a shows the metadynamic softening fraction of CP800 steel
at the strain rate of 0.1 s varied with the deformation temperatures and interpass time. The fraction
of metadynamic softening increased from 16%, 29%, and 35% followed by the increasing interpass
time on 1173 K. The same trending is observed in 1273 K (28%, 42%, and 54%) and 1373 K (37%, 91%,
and 92%) curves, while 1373 K achieves almost fully metadynamic softening at 10 s and 20 s interpass
time, which is consistence with the analysis on Error! Reference source not found.a. It seems the
fraction of metadynamic softening instinct by interpass time, but the softening fraction is only around
35% at a deformation temperature of 1173 K and an inter-pass time of 20 s. The climbing trend is
going gentle along with the interpass time lasting in 1173 K and 1273 K curves, which is reasonable
considering that the full metadynamic softening cannot occur at these deformation conditions. This
could be strong evidence to say that metadynamic recrystallization is a thermally activated process
[33] in that higher temperatures enable support activating more atoms likely to jump out of the
stubborn position and the migration of the boundary. Additionally, the metadynamic softening
fraction increases with the increasing deformation temperature at the same interpass time which
implies the deformation temperatures also influence the rate of metadynamic softening behavior.

The relationship between strain rate and metadynamic softening fraction at 1373 K is displayed
in Error! Reference source not found.b fluctuating with different interpass times. More grains are
going through the metadynamic softening at higher strain rates of 1 s* and 5 s rather than 0.1 s..
Although the soften fraction at a strain rate of 1 s are average of about 2% less than 5 s at interpass
time 1 s, they are finally identical at the interpass time of 10 s of 94% and 20 s of 99%. CP800 could
fully recrystallize during passes under this deformation condition. However, in the strain rate of 0.1s-
1, the metadynamic softening fraction could only reach about 92% which means the difficulty of the
metadynamic recrystallization in a lower strain rate such as 0.1 s even given a longer interpass time,
not to mention under lower deformation temperatures. Higher strain rates always introduce more
dislocations in steels [34, 35] which could prove the high stress in the first compression of the 5 s
stress-strain curve shown in Error! Reference source not found.c. The high density of dislocations
provides sufficient energy to dominate the competition between dynamic softening and work
hardening which increases the driving force for metadynamic recrystallization.
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3.3. Kinetic study of the metadynamic recrystallization of CP800 steel

The recrystallization is usually assumed to start when the softening fraction Fs =0.2 [36], and the
fraction of metadynamic recrystallization (Xm) is determined as follows:
_F,-02 F,-02
~1-02 08

The classic Avrami equation [37-39] is used to analyze the kinetic behavior of metadynamic
recrystallization in this study. The equation is defined as:

Xin )

n

Xm=1-exp [- 0.693 (é) ] 3)

Where t is the interpass time (s), tos is the time (s) for 50% metadynamic recrystallization, n is
the constant parameter dependent on the material. The above formula describes the metadynamic
recrystallization kinetics mainly influenced by tos and n, which can be seen clearly after taking the
natural logarithm in Eq. (3):

1
In [ln (1 X )]=ln 0.693 +nint -ninty; 4)

The value of n could be leaner fitted by plotting In[In(1/(1-Xm))] versus Int which descripts in
Error! Reference source not found., and n is calculated as an averaged value of 0.77. The value of tos
could be calculated by the leaner fitting from the value of intercept from the experimental aspect
according to Error! Reference source not found. at the same time.
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Figure 4. Relationship between In[In(1/(1-Xm))] and Int in different temperatures and strain rates.

Another decisive parameter t,5 could be expressed as:

tos = A& exp (%) 6)

Where € is the strain rate, Q is the activation energy (J/mol) for metadynamic recrystallization,
R is the mole gas constant which is equal to 8.314 J/K-mol, T is the deformation temperatures (K)
when recrystallization occurs between passes, A and r are the material dependent constants. The
value of A and r could also be obtained by fitting followed by Eq. (5) under natural logarithm:

Intys =InA +rlné+% (6)

Error! Reference source not found. displays the results and fitting between Iné and Intos which
is able to identify the value of r equal to the slope as -0.13 on average.
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The value of Q can be addressed as 247930 J/mol through the fitting curves of 1/T and Intos shown
in Error! Reference source not found.. Finally, A can be achieved as 1.08 x 10 based on the above

calculation.
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Figure 6. Relationship between and Iné and Intys in different temperatures.

The kinetic behavior of the metadynamic recrystallization of CP800 steel described by Eq. (3)
and Eq. (5) is presented as follows:

t 0.77
Xm=1-exp [ -0.693 <—) ] (7)
tos
247930
tos = 1.08 x 10" Pexp ( = ) ®)

The comparison of experimental results and calculation fitting according to Eq. (7) and Eq. (8) is
shown in Error! Reference source not found.. It seems that the results match well where the
maximum and average biases are 6.2% and 2.3% of the fraction of metadynamic recrystallization.
These kinetic equations of CP800 steel are potentially useful for qualitative semi-empirical analysis
and for setting a fundamental frame of the rolling process. From the fitting profiles of Xm draw in
Error! Reference source not found.a, it can be read that the metadynamic softening occurs
sufficiently at any strain rates at more than 10 s interpass time at 1373 K deformation. However, it
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seems the metadynamic softening was hardly carried out at 1173 K under most conditions even given
a longer interpass time. It suggests that it would be beneficial to finish the rolling deform at least
higher than 1173 K if a mixed grain size is not welcome in the steel design. Hence, the number of
rolling passes, roll spacing, rolling speed, etc. need to be carefully considered to meet the suggestions.
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Figure 7. The comparison of the experimental (scatted dots) and the simulation (lines) metadynamic softening
fraction at (a) different deformation temperatures, and (b) strain rates.

3.4. Initial grain size effect on the metadynamic softening of CP800 steel

In the compact steel production process, the temperature would be different between the head
and tail of continuous casting billet before rolling since this compact process generally saves or is
insufficient in the holding procedure before rolling, which leads to the differential of the initial
austenite grain size before rolling deformation. Hence, two different sizes of initial austenite grains
were constructed in this study to identify how initial grain size influences metadynamic
recrystallization. 42 um and 92 pm initial austenite grains were produced by 10 min and 30 min
holding at 1200 °C before isothermal double compression. The flow stress-strain curves and
metadynamic softening fraction at 1 s strain rate of different initial grain sizes are presented in Error!
Reference source not found.. From Error! Reference source not found.a, the flow stress of 92 pm
initial austenite grains samples is lower than the 42 um samples which is influenced by the fine grain
strengthening. The basic behavior such as the effect of deformation temperatures on flow stress, or
the relationship between interpass time and metadynamic softening fraction are reasonably
consistent with each other no matter which condition. Error! Reference source not found.b also
draws the picture that there is no worthy change and an interesting pattern, indicating that the
metadynamic recrystallization behavior of CP800 steel is independent of the initial grain size. Sun et.
al [36] explained that the nucleation of metadynamic recrystallization that occurred in the first
compression didn’t change along with the grain size, which makes the similar softening behavior
during interpass.
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Figure 8. Metadynamic recrystallization behavior of CP800 steel in 42 pm and 92 pm initial austenite grains, (a)
flow stress-strain curves in the double isothermal compression at different deformation temperatures, and (b)

effect of the deformation temperature on the metadynamic softening.

3.5. Grain size after metadynamic softening of CP800 steel

Grain size after 0.1 s strain rate deformation of 42 um and 92 um initial austenite grains steels
are performed in Error! Reference source not found.. As we can see from Error! Reference source
not found.a, the 1173 K line shows a typical change of metadynamic recrystallization refining grain
size following the different interpass times which indicates the fraction of recrystallization increase
by the interpass time, which is consistent with Error! Reference source not found.a and Error!
Reference source not found.a. The trend of the 1273 K line is the same as the 1173 K line in the first
part of Error! Reference source not found.a while slightly going up after 20 s softening, which means
there could be a growth procedure after a recrystallized grain since the longer isothermal time. The
trend of the 1373 K line is the same as the 1173 K line in the last part of Error! Reference source not
found.a while lower after 1 s softening, where many small recrystallized grains formed at the
boundaries dedicate the reduction of average grain size value. This phenomenon was also found in
92 um initial austenite grains samples shown in Error! Reference source not found.b, and it is
reasonable to regard that it could hardly go through full recrystallization within 1 s interpass time in
92 um initial austenite grains samples in the condition as we studied, but there are highly portion of
grains nucleate in such short time pause which implies 92 um initial austenite grains steels have a
higher recrystallization driven energy compared to the 42 um samples. The refinement ratio (%) is
calculated as 100x(D-Dy) /Dy, where D is the average diameter grain size after compression, and Do
is the initial austenite grain size. Since the average grain size of 1 s interpass is meaningless due to
the mixed size of grains, only the refinement ratio bars of 10 s and 20 s are shown in Error! Reference
source not found.. The samples with 42 um initial austenite grains are almost refined to a stable size
during 10 s interpass time compared to 20 s. For the 92 um initial austenite grains samples, it seems
that the refinement still works until 20 s, and the refinement ratios are higher than 42 pm initial
austenite grains samples in all conditions. The most efficient deformation temperature is 1273 K at
the strain rate of 0.1 s! (since 1 s and 5 s also show the same trend with 0.1 s’ which are not shown
here) in both initial austenite grain samples which guide the optimization of rolling temperatures
during production. If we focus on the final recrystallization grain size in every deformation condition,
the 42 um initial austenite grains samples present a smaller size, which might imply that it is not
necessary to hold in the furnace under higher temperatures or longer time for a bigger size before
rolling to satisfy the energy-saving and timeless consuming strategy at the same time under the
premise of ensuring chemical composition homogeneity. Although the manufacturing production is
more complicated than the experimental condition, this study draws an optimization script and is
highly trustworthy for the procedure recommendation.
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Figure 9. Grain size after metadynamic softening curves and refinement ratio bar of CP800 steel at 0.1 s! strain
rate in 1, 10, and 20 s interpass time of (a) 42 um and (b) 92 um initial austenite grains.

4. Conclusions

In this study, the metadynamic recrystallization behavior of CP800 steel was investigated
through the isothermal double compression at deformation temperatures of 1173, 1273, and 1373 K,
and at strain rates 0.1, 1, and 5 s™, under different interpass time of 1, 10, and 20 s. The effect of initial
grain size in 42 um and 92 pm on metadynamic recrystallization was also discussed. The conclusions
are in the following:

1. The metadynamic recrystallization fraction grows higher with the increasing deformation
temperature, strain rate, and interpass time. At 1373 K deformation, the metadynamic softening
occurs sufficiently at any strain rates at 10 s interpass time. It seems the metadynamic softening
was hardly carried out at 1173 K under the studied conditions.

2. The fraction of the metadynamic recrystallization of CP800 steel is fitted as:
Xm=1-exp[-0.693(t/ty5)%7’], and the time (s) for 50% metadynamic recrystallization predicted as:
tg.5=1.08x10"¢ *Pexp(247930/RT). The fitting is in good agreement with the experimental results.

3. The metadynamic recrystallization behavior of CP800 steel is independent of the initial grain size
in this study condition. Although the 92 pm initial austenite grains samples have higher
efficiency (refinement ratios), the 42 um initial austenite grains samples present a smaller size on
the final recrystallization grain size. The most efficient deformation temperature is 1273 K.

4. Based on the above discussion, it is suggested that the final pass of rolling should deform at least
higher than 1173 K to avoid mixed grains. A lower holding temperature and a shorter holding
time before rolling are recommended for compact process and energy saving under the premise
of ensuring chemical composition homogeneity and final deformation temperature.
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