2 M processes

Article

Effects of Deep Cryogenic Treatment and Controlled Rolling on
Microstructures and Mechanical Properties of an Ultra-High

Strength Steel

Yongli Chen 12#({, Xuejiao Zhou 1'2*, Yuhua Li ? and Fei Tan 2

check for
updates

Citation: Chen, Y.; Zhou, X.; Li, Y,;
Tan, F. Effects of Deep Cryogenic
Treatment and Controlled Rolling on
Microstructures and Mechanical
Properties of an Ultra-High Strength
Steel. Processes 2023, 11, 1349.

https:/ /doi.org/10.3390/pr11051349

Academic Editor: Angeles Blanco

Received: 16 March 2023
Revised: 24 April 2023
Accepted: 26 April 2023
Published: 27 April 2023

Copyright: © 2023 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 (https://
creativecommons.org/licenses /by /
4.0/).

The State Key Laboratory for Refractories and Metallurgy, Collaborative Innovation Center for Advanced
Steels, International Research Institute for Steel Technology, Hubei Province Key Laboratory of Systems
Science in Metallurgical Process, Wuhan University of Science and Technology, Wuhan 430081, China
School of Metallurgical and Materials Engineering, Chongging University of Science and Technology,
Chonggqing 401331, China

*  Correspondence: hubeichyl@163.com (Y.C.); zxj040203017@126.com (X.Z.)

Abstract: The microstructure mechanisms and mechanical properties of 0.23C-1.965i-1.94Cr-1.93
Mn-0.35 Mo ultra-high strength steel treated by the deep cryogenic treatment at —196 °C were
investigated after the steel was hot rolled at different temperatures. Experimental results show that
austenitizing zone rolling with a large reduction in a single pass can comprehensively enhance the
mechanical properties due to the high volume of retained austenite and refined lath martensite
and bainite. The high strain gradient was suppressed, and tensile strength, yield strength, impact
toughness, and total elongation were 2221 MPa, 2017 MPa, 65.5 ], and 16.9%, respectively. In addition,
the austenitizing zone rolling can promote the formation of film retained austenite more than dual
phase zone rolling, and retained austenite was decreased with an increase in rolling pass in a total
rolling reduction of 75%. It is demonstrated that deep cryogenic treatment after austenite zone
rolling with a large reduction is the proper method to enhance strength and toughness via refinement
strengthening and retained austenite. This work not only reveals that the effects of refinement
strengthening and high strain gradients can be markedly improved by deep cryogenic treatment after
austenitizing zone rolling with large reduction strategies, but also provides a realistic preparation
technology for the exploitation of superior steel applications.

Keywords: deep cryogenic; rolling; ultra-high strength steel; retained austenite; strain gradient;

refinement strengthening

1. Introduction

Ultra-high strength steel (UHSS), which has a tensile strength greater than 1000 MPa,
is a versatile and superior steel that has been used in various applications, such as wear-
resistant parts, high strength anti-collision beams, and aerospace structures [1-3]. Some
examples of UHSS include 300 M steel, AerMet 100, Ferrium 853®, 5960, and others [4-7].
Traditional UHSS contains a mass alloy of Nb, V, Ti, Cr, Mo, Co, etc. However, this
limits the increase in strength and reduces toughness [8-10]. Therefore, the adjustment
of the strength and toughness of steel can be achieved by adjusting the microstructure
by changing the processes of controlled rolling and controlled cooling and adapting an
efficient heat treatment. The latest research indicates that controlled rolling and cooling
techniques have important applications in the preparation of UHSS. Li et al. [11] studied the
effects of hot rolling and controlled cooling processes on the microstructure and mechanical
properties of ultra-high strength steel. Xiong et al. [12] investigated the microstructure
and mechanical properties of ultra-high strength steel with a bainitic ferrite/martensite
dual-phase structure. Meanwhile, Guo et al. [13] found that different cooling rates have a
significant impact on the microstructure and mechanical properties of UHSS. These latest
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research results indicate that through controlled rolling and controlled cooling processes,
the microstructure and properties of ultra-high strength steel can be modulated, enabling
wider applications. In addition, deep cryogenic treatment (DCT) is a new method of
improving the mechanical properties of UHSS by cooling it to extremely low temperatures.
This technology has been widely researched and applied in the heat treatment of tool and
cutter steels. It can increase strength and hardness by lowering the temperature of the
steel. However, DCT may also have a significant impact on the microstructure of the steel.
Therefore, comprehensive experiments and tests are necessary to ensure its reliability and
applicability.

The strength and toughness of UHSS can be enhanced by forming a favorable microstruc-
ture, such as lath bainite, lath martensite, retained austenite, and refined grains [14-17].
Refinement strengthening is the most effective method for improving strength and tough-
ness simultaneously, according to the Hall-Petch equation [18]. The combination of bainite
and martensite (B/M) also helps improve strength and toughness. Refined lower bainite
and lath martensite significantly enhance strength and impact absorption energy [19-21].
Additionally, retained austenite (RA) plays a key role in improving strength and tough-
ness. Film-like RA is more stable than blocky RA and better at hindering the expansion
of cracks [22-24]. Rolling is an effective method for improving mechanical properties,
particularly through thermomechanical processing (TMCP) [25-27].

However, the rolling temperature is an important factor in improving the mechanical
properties of UHSS. While there is a lack of research on UHSS with different starting
rolling temperatures and TMCP rolling strategies, recent studies have investigated the
mechanical properties and microstructural evolution of UHSS under different processing
conditions [28-30]. Further investigation into this area may be worthwhile for the develop-
ment of UHSS in various applications. Therefore, this paper analyzes the effects of different
start rolling temperatures of TMCP and DCT on the microstructure and mechanical proper-
ties of UHSS. In addition, the mechanism for the improvement of mechanical properties
was analyzed via microstructural characterization.

2. Experimental Materials and Procedures
2.1. Materials and Methods

The UHSS utilized in this experiment was melted in a 65 kg capacity vacuum in-
duction furnace. Table 1 lists the chemical composition as 0.23 C-1.96 5i-1.93 Mn-0.35
Mo. The weight percent (wt.%) of P and S was maintained at a low level in order to
minimize any detrimental effects on toughness. The slabs were forged into dimensions of
15 mm X 15 mm x 100 mm (height x width X length) for subsequent rolling experiments.
The slabs were then heated in a muffle furnace for 30 min at 1200 °C. Subsequently, the
slabs were hot-rolled at temperatures of 970 °C and 880 °C using a $350 mm two-roller
high-rigidity mill.

Table 1. Chemical composition of steel (wt.%).

C Si Mn Ni Cr Mo P S Fe
0.23 1.96 1.93 0.07 1.94 0.35 <0.005 <0.002 margin

The experimental routes are shown in Figure 1 and Table 2. The initial rolling tem-
peratures were set at the austenitizing zone and the vy + « dual phases zone. We discuss
two different strategies for hot-rolled process: austenitizing zone rolling and dual phases
zone rolling. During austenite zone rolling, the microstructure of UHSS is austenitic, while
during two-phase zone rolling, it is austenitic + ferritic, resulting in a different rolled
microstructure. Due to supercooling phase transition, strain-induced ferritic transition,
and compositional segregation, a small amount of ferrite will be generated during the
high-temperature zone of austenite. This leads to rolling in the two-phase zone, ultimately
causing a decrease in the material’s strength and an increase in its toughness, as well
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as changes in the ratio of yield strength to tensile strength. Finally, the material’s final
comprehensive performance is related to factors such as fine grain strengthening, the
composition of various microstructures, and crystal orientation, which compete with each
other. Therefore, in hot rolling and compression research, it is necessary to study two
different rolling strategies: austenite zone rolling and two-phase zone rolling. So, the start
rolling temperatures were set as 970 °C (y, austenitizing zone) and 870 °C (y + «, dual
phases zone), respectively, and the finish rolling temperature fluctuated between 550 °C
and 650 °C, measured using the infrared emissivity of 0.95 with a non-contact infrared
thermometer of Delixi electric. The steels were first rolled from 15 mm to 3.75 mm at a
reduction of 75% with multi-pass rolling in the v and (y + x) zone, respectively, then DCT
in a cryostat for 30 min when the surface temperature declined to 500 °C, and naturally
returned to the room temperature eventually. The DCT after the vy zone rolling and (y + o)
zone rolling was marked as ATR and DPR, respectively.

(a) Austenitizing zone rolling (ATR) (b) Dual phase zone rolling (DPR)
1200°C >30min 1200°C>30min
970°C (y zone)
%) g 870°C (y+a zone)
L Air Colling g Air colling
= g
& 500C g 500°C
=1 Total reduction: 75% £ P
E —— ATRI: 1553.75 = ot reduction 7%
ATR2: 15-7.5-3.75 —— DPR2:15—7.5-3.75
—— ATR3: 1551057.553.75 :  DPR3ISM10m7 553,75
Time /min  \-196°C >30min Time /min -196°C>30min

Figure 1. The technical route of TMCP. (a) austenitizing zone rolling and DCT, (b) dual phase zone
rolling and DCT.

Table 2. Mechanical properties of the original steel.

. Start Rolling Rolling
Rolling Process Temperature/°C  Reduction/Mm bcr
Austenitizing ATR1: 15—3.75
zone rolling ATR2: 970 °C 15—7.5—3.75 —196 °C x 30 min
(ATR) ATRS3: 15—10—7.5—3.75
Dual phase zone DPR1: 15—3.75
i (DPR) DPR2: 870 °C 15-7.5-3.75  —196 °C x 30 min
& DPR3: 15—10—7.5—3.75

2.2. Mechanical Properties Testing and Microstructural Characterization

Cylindrical specimens for tensile testing and Charpy V-notch impact specimens were
prepared according to the material test standards ISO 6892. Tensile experiments were
carried out using the WAW-1000 universal tensile machine with a tensile rate of 0.05 mm/s.
Microhardness was tested using the WMHYV-1000 tester with a test pressure of 10 kg,
and the resulting macro Vickers hardness was HV10. To etch the specimens, 4% nital
solution was used, and further characterization was performed using a field emission
scanning electron microscope (FESEM) (JSM-7800F, Japan). Before testing, the specimens
were electrolytically polished for 70 s using a 10% perchloric acid electrolyte with a constant
voltage of 25 V. To acquire orientation information, the electropolished specimens were
tested using electron backscatter diffraction (EBSD) with a scanning voltage of 20 kV and a
step size of 0.15 um, using the Oxford symmetry system. Crystal orientation, grain size,
and texture components were finally analyzed using the HKL-Channel 5 software.
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3. Results and Discussions
3.1. Microstructure and Mechanical Properties of the Original Steel

Figure 2a presents the microstructure of the original steel, which mainly consists of
lath martensite (LM) and bainite (B). Figure 2b shows that crystal orientation is dominantly
focused on [111], with less orientation towards [001]. Figure 2c,d reveals that the steel
comprises a large proportion at 59.2% of low angle grain boundaries (LABs), with GB
values ranging from 2° to 15°. This is due to the generation of low ratio recrystallization
grains during the rolling deformation process. The average grain size is 14.6 um?, with
most of the grains having a diameter below 20 um?, and a relatively low proportion of
grains above 22 um?. Table 3 lists the mechanical properties of the original steel, including
its tensile strength (TS), yield strength (YS), Vickers hardness (VH), and total elongation
(TEL), which are 1743 MPa, 1385 MPa, 300 HV, and 13.8%, respectively.

Figure 2. Microstructure of no-treated steel. (a) band contrast map, (b) invert polar figure,
(c) low/high angle grain boundary, (d) grain size.

Table 3. Mechanical properties of original steel.

Properties TS/MPa YS/MPa HV/Kgf/mm? TEL/%
Values 1743 1385 300 13.8

3.2. The Mechanical Properties of DCT Steel

In Figure 3, we can see the mechanical properties of processed steel. The yield strength
(YS) was measured using the 0.2% offset method. Compared to the original non-tread
(NT) steel, the tensile strength (TS), yield strength (YS), Vickers hardness (VH), and total
elongation (TEL) were increased by 15.1%, 8.5%, 3.7%, and 3.6%, respectively. Based on
Figure 3c, it was observed that, in general, the higher the single pass reduction during
hot rolling, the higher the yield strength and tensile strength ratio of the material during
subsequent deep cold treatment, regardless of whether ATR or DPR processing condi-
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tions were used. As the number of pass reductions increased, the yield-to-tensile ratio
under both processing conditions decreased. A careful comparison between ATR and
DPR conditions indicated that the change in yield-to-tensile strength ratio was more grad-
ual (0.88-0.084) under DPR processing conditions, while the decrease in ATR was more
significant (0.91-0.75). This may have been due to the fact that, under ATR conditions,
dislocations formed by rolling deformation recovered at high temperatures, resulting in a
larger overall grain size of the material and a decrease in its yield-to-tensile strength ratio.
However, under DPR processing conditions in the two-phase region rolling, the generation
of strain-induced ferrite and the formation of more internal dislocations through rolling
deformation resulted in a relatively high and stable yield-to-tensile strength ratio, as the
recovery temperature was relatively lower than that under ATR and the recovery effect
was poor. This represents a significant improvement in TS/YS without sacrificing TEL. The
TS, YS, and TEL decreased gradually with an increase in rolling reduction with multi-pass.
When the starting rolling temperature was 970 °C, they showed a decreasing trend, while
they showed the opposite trend when the starting rolling temperature was 870 °C. ATR1
achieved the maximum improvement in TS and TEL simultaneously, with TS, YS, impact
energy, and TEL at 2221 MPa, 2017 MPa, 65.5 ], and 16.9%, respectively. Therefore, we can
conclude that ATR is beneficial for strengthening UHSS and provides significant technical
guidance and support for producing UHSS.

(a) V) Tensile strength (b) V////) Hardness 36
— 3000 [ ] Yield strength 700 | [ |Total elongation ’
£ — 132
2250 5 3 . 8 2 6001 18 ®
E %g e L S e IS 2500 2 g s 2 =
22000 ¢ A?g e ?§ ?; 2 7 5 = 2 7 124 ¢
5 A sk /ml/m 2400 o = < s 2 {20 5
1500 ) & = = S = = o S = o= s
£ 2300 2 = 2| 116
Q & .?3
21000 Za00l 112 €
L%D 500 > 18 "
100 - 14
0
Primary ATR1 ATR2ATR3 DPR1 DPR2 DPR3 0 NT ATR1 ATR2 ATR3 DPR1 DPR2 DPR3 0
0941 (c) —m—ATR 80 H(d) 7] ATR
0.92 + 091 —A—DPR [_Jopr
0.90 | 0 655
0.88 A = 60r 55 56.5
2086 0.88 %050 L 50 49.5
5] =
S0.84F A 5 05
3 o 082084 5401
EShaadl S0l
0.80 079, . g 30
0.78 | 0.7 20
0.76 (:75 10F
074F ‘ ‘ ‘ 0
NT ATR/DPR1ATR/DPR2 ATR/DPR3 ATRI/DPR1  ATR2/DPR2  ATR3/DPR3

Figure 3. Mechanical properties. (a) tensile strength and yield strength, (b) hardness and total
elongation, (c) yield ratio, (d) Charpy impact absorption energy at room temperature.

3.3. The Evolution of Microstructure under the Different Starting Rolling Temperatures

As shown in the SEM images presented in Figure 4, the microstructure of the different
starting rolling temperatures consisted of grain boundaries, lath boundaries, and retained
austenite. In the secondary electron imaging process of SEM, the contrast of SEM was
due to the absorption and reflection of secondary electrons by the material surface height
and composition. Since the plate martensite LM was in the form of plates, and the bainite
was in the form of intragranular nodules, they could be directly identified from SEM. RA
was distributed in the form of a thin film at the grain boundary due to its high carbon
content, and due to its high electron scattering, it has a high contrast, appearing as a thin
film and brighter state. The ATR1-3 microstructure was composed of lath martensite (LM),
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massive bainite (MB), and retained austenite (RA), while the DPR 1-3 microstructures
contained LM, MB, RA, and ferrite (F). Comparing the microstructure under ATR and
DPR, the LM under ATR had a wider lath width, while DPR was shorter and thinner.
Notably, there was a significant increase in the refinement of LM with the increase of rolling
reduction. Additionally, the volume of MB under DPR was relatively larger than ATR. The
SEM images also showed a visible difference between the RA films. Combining the SEM
images with the volume fraction of RA in Figure 4g, the volume fraction of RA under ATR
was significantly greater than DPR. Furthermore, the fraction of RA decreased with the
increase of rolling reduction. This indicates that rolling at the y zone (970 °C) promotes the
formation of RA and its volume is negatively correlated with rolling reduction.

ol @ [l
< 20r [ IpPr

11.8
3.7 9.3
%@‘

ATRI1/DPRI  ATR2/DPR2 ATR3/DPR3

Figure 4. The SEM images under corresponding parameters. (a) ATR1, (b) DPR1, (c) ATR2, (d) DPR2,
(e) ATR3, (f) DPR3, (g) the volume fraction of retained austenite.
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3.4. Effect of Star Rolling Temperature on the Fracture Behavior

Fractures in materials are a sign of ageing and failure, making the study of fracture
behavior highly important. To prevent such failure, it is essential to have a comprehensive
understanding of the microstructure morphologies of steels. This understanding is espe-
cially important in industries where failure can result in serious accidents. In this study, the
SEM was used to observe the microstructure morphologies of the steels, which are shown
in Figure 5. Additionally, the Charpy impact absorption energy under different parameters
was analyzed, and the results are presented in Figure 3d. These results indicate that there
are differences in the impact absorption energy depending on the parameters used. The
values observed were 65.5], 50 ], and 49.5 ] in ATR1-3, and 55 J, 40.5 ], and 56.5 ] in DPR1-3,
respectively. These findings highlight the need for further research in this area and suggest
that additional studies could help to refine our understanding of fracture behavior and
improve the safety of industrial materials and structures.

Figure 5. The SEM fracture of treated steels at room temperature. (a) ATR1, (b) ATR2, (c) ATR3 and
partial enlargement, (d) DPR1, (e) DPR2, (f) DPR3 and partial enlargement.

The fracture morphology indicates that the treated steel underwent ductile fracture, as
evidenced by the numerous tearing dimples present, along with the snake slip located on
the inner wall of the dimples. Furthermore, the size of the dimples in ATR was larger than
in DPR. Additionally, no significant cracks were observed under ATR during the increase of
rolling pass, whereas the length of the crack expanded with the increase of rolling pass under
DPR. The cracks observed in both ATR and DPR were transcrystalline and intercrystalline,
as shown in the enlarged image (blue dotted circle) in Figure 5c¢,d. Thus, it can be inferred
that ATR can more effectively promote the enhancement of toughness than DPR.

3.5. The Evolution of the Prior Austenite Grain Boundary

Figure 6 is analyzed based on crystal orientation difference and grain rotation, mainly
analyzing the influence of prior austenite grains under compression deformation. The
prior austenite grain size has a significant effect on the strength and toughness of high
strength steel. In steel production, the size of child grains depends on the size of prior
austenite grains, which are formed during the austenitization process. When prior austenite
grain size is larger, fewer nucleation sites are available during cooling, resulting in larger
child grains. Conversely, smaller prior austenite grains create more nucleation sites and
smaller child grains. Thus, the size of prior austenite grains directly affects the size of child
grains, which impacts the microstructure and mechanical properties of steel. By carefully
controlling prior austenite grain size, it is possible to achieve the desired material properties
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for specific applications. In addition, the Hall-Petch equation elucidates the relationship
between grain size and strength. It shows that decreasing the grain size can achieve the
elevation of strength and toughness simultaneously via increasing the density of the grain
boundary and hindering the movement of dislocation.

Figure 6. The prior austenite grains under corresponding treatments. (a) ATR1, (b) ATR3, (c) DPR1,
(d) DPR3.

However, the size of child grains is influenced by the size of prior austenite grains.
This section analyzed the evolution of prior austenite grains by reconstructing EBSD data.
As shown in Figure 6, the reconstructed prior austenite grains for ATR1, ATR3, DPR1,
and DPR3 are presented. Under ATR1, many fine prior austenite grains were observed,
with more fine grains nucleated from prior austenite grain boundaries (PAGs). The PAGs
were divided into even finer grains. On the other hand, under ATR3, the nucleation of
PAGs weakened significantly with an increase in rolling pass, and the average size of
PAGs in ATR3 was smaller than in ATR1. In contrast to the PAGs of ATR, there was no
obvious recrystallization in DPR. Most of the PAGs were deformed grains, and some PAGs
were divided during the DPR treatment. With an increase in rolling pass, some PAGs
were eventually divided into two parts in DPR3. Therefore, it can be deduced that large
reduction rolling at the 'y zone of 970 °C more easily promotes the occurrence of dynamic
recrystallization. The large reduction rolling at (y + «) zone of 870 °C has a weak effect
on the activation of dynamic recrystallization. From the combination of the Hall-Petch
relationship and dislocation theory, it can be concluded that more grain boundaries lead to
improved strength and toughness. The child grain will be finer due to the fine parent grain
(PAGs). Therefore, the mechanical properties such as tensile strength (TS), total elongation
(TEL), and impact absorption energy in ATR1 were better than those in DPR1.

3.6. The Evolution of Local Misorientation

Impact energy is a representation of steel toughness. However, the sensitivity of the
microstructure directly affects the steel’s ability to resist impact. Treated steel typically
retains stress from the processing, which leads to the formation of a strain gradient. An
excessive strain gradient affects the stability of the microstructure and can induce the
occurrence of microcracks [31]. To analyze the strain gradient, the Channel 5 program
was used to measure the local misorientation relationship. In Figure 7, we can see the
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local misorientation map (KAM) and the distribution relative frequency. From Figure 7a,b,
we can infer that there are more regions in ATR with a misorientation ranging from 3-5°,
which are indicated by red and yellow colors. Additionally, it is evident that ATR1 has
more such regions than ATR3. These findings suggest that there is a higher probability
of microcracks occurring in these regions, with the most high strain gradient zones being
located in the LM region. On the other hand, the low strain gradient zone was mainly
focused on the B region. It is also worth noting that the high strain gradient zone decreased
as the rolling pass increased, as shown in Figure 7b. This implies that the possibility
of local microcrack formation increased, leading to a decrease in the impact toughness.
Furthermore, we can observe from Figure 7e that DPR has a lower strain gradient than
ATR, which is also supported by the available data. This indicates that the possibility of
microcrack formation in ATR was higher than that in DPR, and hence, the impact toughness
and tensile strength in DPR should be better than ATR. It is interesting to note, however, that
the macro impact absorption energy presented an opposite result. Overall, these findings
suggest that the strength-toughness variation is affected by several factors, including the
misorientation map, strain gradient, and microcrack formation probability. Therefore, it is
important to take these factors into consideration while designing materials and assessing
their properties.

12 —o— ATRI1
Left offset T ATR3

; o —~—DPR1
g —— DPR3
£0.8
=]
IS
2
0.6
o
2
=04
=4

0.2

0.0 1 Ml : 7

0 1 2 3 N ’

Local misorientation/®

Figure 7. KAM in corresponding parameters. (a) ATR1, (b) ATR3, (c) DPR1, (d) DPR3, (e) the relative
frequency of local misorientation, the rainbow legend bar shows the corresponding angle zone of
KAM map.
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3.7. The Interaction of Martensite and Bainite Transformation

B and M are important microstructures that affect the strength and toughness of high
strength steel. As we know, Kikuchi patterns may have a lower intensity due to differences
in lattice imperfections of B/M. Since B has a higher quality Kikuchi pattern than M, the
band contrast (BC) value of M will be weaker than that of B [32]. Using the BC maps from
EBSD data, the volume fraction and distribution of B/M were extracted and are listed
in Figure 8. In ATR and DPR, the volume fraction of M was greater than that of B and
exceeded 50%. The microstructure in ATR and DPR is a complex mix of LM, LB, and some
blocky bainite (BB). Short LB, short LM, and BB accounted for a large proportion, and a
lower proportion of long LB in a PAGs under the ATR1, 3. In contrast, long LB accounted
for a large proportion in a PAGs under the DPR1, 3. The average size of B/M in ATR is
lower than that in DPR due to the size of PAGs, as shown in Figure 6. The Coarsening
of LB and LM is suppressed due to the refinement of PAGs size, and the increases of RA,
refined BB, and decreases in coalescent B would benefit the improvement of strength and
toughness [33,34]. Therefore, combined with the mechanical properties, Figure 8 shows that
there are more refined LB, BB, and LM in ATR than in DPR. The coalescent B is also reduced
in the DPR. The size of PAGs directly affects the size of B/M, and the transformation of B
will be weakened in the ATR with the increase of rolling pass and strengthened in the DPR
with the increase of rolling pass. However, the transformation of M is located in the main
stage in ATR and DPR. The volume fraction of B/M is slightly different, with M and B in
the range of 56.8~59.6% and 40.4~43.2%, respectively. It can be inferred that decreasing the
PAGs and refining the BB in the ATR is more beneficial than in the DPR for improving the
strength and toughness of the steel.

Figure 8. Cont.
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Figure 8. The distribution of bainite and martensite based on the EBSD data. (a) ATR1, (b) ATR3,
(c) DPR1, (d) DPR3, (e) the volume fraction of B/M and the band contrast map (BC) on the left, phase
map in the middle, and frequency distribution fitting graph (Gaussian) of BC on the right.

Based on the information presented, it can be concluded that the strength-toughness of
treated steel is influenced by various factors that produce different mechanical properties.
As shown in Figure 3, ATR1 exhibited better TS, YS, and impact absorption energy than
DPR1. It was observed that the mechanical properties of ATR3 and DPR3 were affected
by the increase in rolling passes. The difference in mechanical properties can be attributed
to the issue of strengthening the coordination of mechanisms, which can be explained
by microstructural characterization. Figure 4 illustrates the distribution and quantitative
expression of RA. The volume fraction of RA was higher in ATR1,3 compared to DPR1,3,
and the volume fraction decreased with rolling pass in the same total reduction. The
volume fraction of RA was 12.7%/9.9% and 9.3%/6.6% in ATR1/DPR1 and ATR3/DPR3,
respectively. Film-like RA was observed to be superior to blocky RA in terms of impact
toughness. Moreover, PAGs in Figure 6 show that ATR is more effective in refining PAGs
than DPR, resulting in the formation of refined child grains. As per the Hall-Petch equation,
refinement strengthening has a more significant impact in ATR than DPR. The strengthening
effect of fine grain strengthening and retained austenite mitigates the influence of excessive
strain gradient, which is why the mechanical properties of ATR1 exceeded those of DPRI1.
Furthermore, even though DPR has low refinement strengthening, the low strain gradient
enhances plasticity by reducing the sensitivity of the microstructure and decreasing the
probability of microcrack formation. Therefore, there is more TEL in DPR than ATR.

4. Conclusions

The DCT and TMCP were utilized to exploit the evolution of the mechanical prop-
erties and microstructure of 0.23C-1.965i-1.94Cr-1.93 Mn-0.35 Mo UHSS. Innovation and
practicality conclusions were listed as follows:

(1) The ATR1 with a large reduction realized the maximum strength-toughness, and
the TS, YS, TEL, and impact energy were 2221 MPa, 2017 MPa, 65.5 ], and 16.9%,
respectively. This shows that the large reduction rolling in 970 °C in 'y zone is beneficial
to the maximum optimization of strength-toughness.

(2) According to the division of the B/M phase map, the B and M are the main microstruc-
tures during ATR and DPR, there is more refined LM, BB, LB, and no excessive
coalescent B in ATR, and the improvement of strength-toughness would be better
than in DPR.

(3) ATR will enhance the strain gradient of local misorientation, the refinement strength-
ening, and the existence of high-volume fraction film-like RA, and it can effectively
compensate for the adverse effects of excessively high strain gradients.
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Abbreviations and Notations List

ATR Austenitizing zone rolling

B Bainite

DCT Deep cryogenic treatment
DPR Dual phase zone rolling

EBSD Electron backscatter diffraction

F Ferrite

FESEM  Field emission scanning electron microscope
LM Lath martensite

KAM Local misorientation map

LABs Low angle grain boundaries

M Martensite

PAGs Prior austenite grain boundaries
RA Retained austenite

TS Tensile strength

TMCP  Thermomechanical processing
TEL Total elongation

UHSS  Ultra-high strength steel

VH Vickers hardness

YS Yield strength
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