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Abstract: The quenching and partitioning (Q&P) process of advanced high strength steels results
in a significant enhancement in their strength and ductility. The development of controlled rolling
and cooling technology provides an efficient tool for microstructural design in steels. This approach
allows to control phase transformations in order to generate the desired microstructure in steel and,
thus, to achieve the required properties. To refine grain structure in a Fe-Si-Mn-Nb steel and to
generate the microstructure consisting of martensitic matrix with embedded retained austenite grains,
hot rolling and pressing combined with ultrafast cooling and Q&P process is employed. The slender
martensite in hot rolled Q&P steel improves the strength of test steel and the flake retained austenite
improves the plasticity and work hardening ability through the Transformation Induced Plasticity
(TRIP) effect.

Keywords: hot-rolled Q&P steel; ultra-fast cooling; microstructure; mechanical property;
work hardening

1. Introduction

Along with the rapid development of the automobile industry, more issues are being raised
concerning the environment, energy and safety. Lightweight automobiles can reduce fuel consumption,
save energy, and improve the stability of automobile operation and collision safety. As 70% to 80% of
body material is steel, it must have high strength and excellent ductility. The aim is to develop the
new generation of steel materials with improved strength, service life and security, and to reduce the
weight of steel products as well as total consumption [1,2]. Obtaining a martensite matrix structure
is an effective means to achieve this goal. Therefore, the studies on strengthening and toughening
martensite steel have crucial significance in the development and application of steel materials.

In recent years, the research focus, in the field of advanced high strength steels (AHSS) for
automobiles, has been on the development of third generation automobile steel with high strength
and good formability. Speer et al. (2003) put forward a new process for the preparation of high
strength automobile steel—Quenching and Partitioning (Q&P) [3]. The Q&P process consists of the
following steps: (1) with a partial or full austenitizing heat treatment; (2) quenching to a temperature
below the martensite start temperature (M) but above the martensite finish temperature(Ms); (3)
an isothermal treatment at the same or higher temperature, in order to enable the diffusion of
carbon from the supersaturated martensite to the residual austenite, and then quenching to room
temperature [4]. The latter step stabilizes carbon-enriched retained austenite against transformation
upon final quenching to room temperature. Thus, processed high strength Q&P steels demonstrate
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the Transformation Induced Plasticity (TRIP) effect, which results in their improved ductility and
toughness. Along with better formability, the martensite constituents guarantee the strength of the
steel and the residual austenite improves the ductility of the steel due to transformation-induced
plasticity during the deformation, which is higher than that of the first generation dual-phase
(DP) steel [5,6]. In order to further improve the strength of steels and maintain adequate ductility,
a quenching—partitioning—tempering (Q-P-T) process was proposed [7,8] for medium manganese
steels, though it is characterized by longer processing time and higher cost.

In 2009, Speer and Matlock [9] put forward the idea of producing high-performance hot-rolled
sheets directly by Q&P process after hot rolling. Xiaodong [10] et al. took 0.21C-1.65Mn-1.675i-0.2V
steel as the research subject and performed the Q&P process after hot deformation. It was found that
the tensile strength of the steel was greater than 1300 MPa, and it had better ductility and impact
toughness than the traditional heat-treated samples. Similar results were also obtained by others [5,11].
The effectiveness of quenching and partitioning treatment after thermal-mechanical processing has
been well studied and confirmed by the improvement of the performance of steel sheets.

At present, most of the hot rolled high strength steels produced and applied in the world achieve
high strength through the addition of a large number of alloying elements [12], but this method not
only increases the production cost but also deteriorates the weldability of the steel. The development
of controlled rolling and cooling technology provides an efficient tool for microstructural design in
steels. At the same time, a large number of studies have focused on the use of ultra-fast cooling (UFC)
technology to obtain ideal microstructures and properties [13]. However, its role in the retention
of a large number of deformed substructures and in phase transformation, relaxation, and carbon
diffusion has rarely been reported [14,15]. In order to reduce alloy content, grain refinement under high
temperature and high pressure is used to control the microstructures, while the composite structure of
martensite and retained austenite with soft phase in hard phase is prepared by combining UFC and
Q&P processes. The mechanism of improving mechanical properties through this process is reported
in this article, thereby providing a reference for the large-scale industrial production of hot-rolled
Q&P steel.

2. Materials and Methods

The mechanical property of steel is largely influenced by its chemical composition. The chemical
composition (wt.%) of the investigated material is as follows: C, 0.20; Si, 0.68; Mn, 1.75; Nb, 0.06;
B, 0.0025; P, 0.0064; S, 0.0026; and Fe, balance, and its corresponding phase diagram is shown in
Figure 1. The carbon content is selected at 0.2 wt.% to ensure that the test steel has good formability,
and minimizing the content will ensure weldability. Si is mainly used to inhibit the precipitation
of cementite, while Mn is used to increase austenitic zone, reduce austenitizing temperature, and
to strengthen the solid solution [16,17]. In this study, a single-step method is used for partitioning
treatment [18]. The temperature of the partitioning process was kept at 350 °C, which was slightly
lower than the M point.

For sample preparation, steel was first forged into 45 X 80 x 120 mm billet, then heated to 1200 °C
for 1 h, and was subjected to controlled rolling that was carried out for five passes in a two-roll
reversible hot rolling mill. The conditions for sample preparation were as follows: The reduction rate of
rough rolling with three passes in recrystallization zone was 82.2%; the reduction rate of finish rolling
with two passes in the non-recrystallization zone was 52.5%; the rolling temperature of each pass is
1120, 1060, 1010, 930 and 840 °C respectively, and the rolling interval time of each pass is about 10 s.
The test steel plate, of thickness 3.8 mm, was subjected to partitioning treatment at different timings
beginning with ultra-fast cooling in a salt bath to holding at 350 °C and then water quenching to room
temperature to obtain Q&P steel. Then, so as to compare with Q&P process, the rolled steel sheet was
cooled in a salt bath very quickly to air cooling relaxation at 700 °C for 6 s in the two-phase zone, and
then water quenched to room temperature to obtain DP steel. The test process is illustrated in Figure 2.
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Figure 1. Time-temperature-transformation (TTT) diagram of the test steel.
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Figure 2. Process flow chart of the test steel.
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At the end of the experiment, the metallographic observation surface was ground along the
longitudinal section of the hot-rolled plate and the microstructure observation were prepared by 4%
nitric acid-alcohol solution. The metallographic analysis was carried out with the ZEISS Axioplan
2 Universal microscope (OM, ZEISS, Oberkochen, Germany) and Nova Nano 400 scanning electron
microscope (SEM, FEI, Hillsboro, OR, USA) to quantify the grain size and volume fraction of each
phase in the structure. Subsequently, the sample was mechanically thinned to 0.055 mm, and the
sample for transimission electron microscopy (TEM) studies was byprepared by electropolishing using
Tenupol-5 double-jet electrolyzer (Struers, Ballerup, Denmark). The TEM studies were carried out
using a JEM-2100F transmission electron microscope (TEM, JEOL, Tokyo, Japan). Specimens for tensile
tests were prepared with a gage length of 50 mm and width of 12.5 mm through sparkling cutting.
Tensile tests were conducted using a WAW-500C testing machine (SJ, Jinan, China) with a strain rate of
10~* s7! at room temperature, measuring its mechanical properties and n values.
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The amount of retained austenite was determined by a D/max-2550 X-ray diffractometer (operated
at 0.1541874 nm, 30 kW, 50 mA) with Cu K« radiation. The 20 scanning angles were from 40 to 100° at
a scanning speed of 1.2°/min. Since is it difficult to determine the precise amount of retained-austenite
present in the steel through X-ray diffractometer (XRD), due to the development of the strong texture
during rolling, which can be seen by comparing the change in the {111}fcc nearly invisible and
overerlapping {110}bcc and {220}fcc peak intensities, the volume fraction of retained austenite was
determined semi-quantitatively through comparison with the integrated intensities of the 220y and
211« peaks according to [19]:

Vy =14L, /(I + 1.41,), 1)

where V, is the volume fraction of retained austenite, I, and I are the average integrated intensities
of austentite and martensite, respectively.

3. Results and Discussion

3.1. Microstructure of the Test Steel

The material was partitioned at 350 °C for 10s, 60 s and 120 s [7]. Figure 3 shows the microstructure
of the hot rolled steel, which is composed of lath martensite and a small amount of retained austenite.
The results show that a large number of deformation substructures are retained by ultra-fast cooling
after controlled rolling, which promotes atom diffusion, increased nucleation rate, and forms more long
martensite during cooling transformation. At the same time, carbon causes enrichment from martensite
to austenite and stabilizes retained austenite content [20-22]. The residual austenite content of the
specimens was measured by XRD and was found tobe 9.2 +1,10.6 + 1 and 11.3 + 1%, respectively, in the
three processes. According to the measured results, about 10% of the untransformed austenite attains
stability at room temperature due to carbon partitioning [23]. With the prolongation of partitioning
time, the content of the retained austenite and the martensite lath bundle gradually increases along
with the widening of the width of lath. The aforementioned phenomenon can be attributed to the
diffusion and segregation of carbon atoms from the interior of supersaturated martensite lath to the
martensite lath or its bundle boundary for a prolonged period of time, resulting in the enrichment
of carbon atoms in the latter leading to martensite lath to corrode easily. During the partitioning
process, the dislocation recovery of martensite occurs. With the disappearance of the small angle grain
boundary between the slabs or the decomposition of retained austenite, when the partition time is
prolonged, the merging of the martensite plate and the slab occurs, which causes the widening of the
martensite slab. The test steel with ultra-fast cooling + 6 s relaxation treatment (shown in Figure 3d)
contained a massive amount of martensite, which combined to form flakes. The ferrite content was
about 10.3% and the ferrite grain size was about 3.1 pm.
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Figure 3. Microstructures of the test steel with different technology; (a) The partitioning time is 10 s with
quenching and partitioning (Q&P) processing; (b) The partitioning time is 60 s with Q&P processing;
(c) The partitioning time is 120 s with Q&P processing; (d) The relaxation time is 6 s with dual-phase
(DP) processing.

At the same time, SEM observations were carried out on the microstructures under different
processing conditions, as shown in Figure 4. Figure 4a illustrates the typical microstructure of lath
martensite in which an initial austenite grain is subdivided in packages consisting of blocks. When the
partitioning time was prolonged to 60 s, the tempering transformation characteristics of the martensite
structure became prominent and the martensite lath became wider and discontinuous. Visible white
dotted carbide that gets distributed at the interface between lathes or at the original austenite grain
boundary can be observed [24] (as shown in Figure 4b). When the partitioning time was increased to
120 s, the boundaries between martensite laths were blurred and the NbC particles gradually increased
in number (as shown in Figure 4c). The experimental steel treated by ultra-fast cooling with +6 s
relaxation (as shown in Figure 4d) showed more lath bundles and carbide particles in the martensite
body and smaller particles in comparison to the experimental steel treated by the partitioning.
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Figure 4. SEM micrographs of the test steel with different technology; (a) The partitioning time is 10 s
with Q&P processing; (b) The partitioning time is 60 s with Q&P processing; (c) The partitioning time

is 120 s with Q&P processing and carbide energy spectrum; (d) The relaxation time is 6 s with DP
processing. M is martensite, F is ferrite, RA is retained austenite and C is carbide.

3.2. Mechanical Property

The mechanical properties of the test steel at room temperature are shown in Table 1. When the
partition time was extended from 10 s to 120 s, the tensile strength and yield strength decreased from
1201 MPa to 1057 MPa and 765 MPa to 672 MPa, respectively, and the elongation increased from
21.0% to 24.0%. However, DP steel attained fine ferrite after air cooling relaxation and martensite
after phase transformation in the second stage of rapid cooling, which guaranteed high strength but
poor ductility. Its tensile strength was 1446 MPa and elongation was 12.0%. Different heat treatment
processes led to different microstructures, which correspondingly resulted in different mechanical
properties. Compared with the DP steel sample, the toughness of the Q&P steel sample was much
higher and it also maintained strength. These excellent properties could be attributed to the presence of
more retained austenite phases in the structure (Figure 5a) and the remarkable increase in the strength
and ductility was mainly due to the refined dual-phase composite microstructure of retained austenite
and martensite [10]. This refined composite structure also prevented cracking and increased toughness.
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Table 1. Mechanical properties of the test steel.

RA PSE
Process  RT(s) PT(s) (vol%) Rpo.2(MPa) Rm/MPa  Rpo2/Rm  Aso(%) (GPa%) n
Q&P 0 10 92+1 765 + 4 1201 £ 8 0.637 21.0+1 25.225 0.13
Q&P 0 60 106 £1 680 + 4 1083 + 8 0.628 215+1 23.282 0.12
Q&P 0 120 113+1 666 + 4 1056 + 8 0.631 240+1 25.359 0.14
Dp 6 0 <3 1077 £5 1446 + 10 0.745 120+1 17.347 0.07

Tensile properties are averages from three tests. RT—Relaxation time, PT—Partitioning time, RA (vol%)—retained
austenite proportion, RPO,Z—proof stress at 0.2% offset strain, Rm—tensile strength, Asp—plastic component of total
elongation with gage length of 50 mm, PSE—Rp, X Asg (GPa%), n—work hardening value.

R

Figure 5. TEM image of the test steel with different microstructure feature; (a) The retained austenite
feature when the partitioning time is 10 s with Q&P processing; (b) The dislocation cell of ferrite when
the relaxtion time is 6 s with DP processing. M is martensite, F is ferrite, RA is retained austenite and C
is carbide.

Moreover, the results showed that the partitioning time also contributed to the increase in
toughness. During short partitioning for 10 s, a very small amount of carbon atoms could diffuse
into retained austenite, due to a lack of time, which reduced the stability of the retained austenite.
During the final quenching process, the unstable retained austenite transformed into martensite that
improved the tensile strength of the steel but reduced the elongation. When the partitioning time was
extended to 60 s, the carbon atoms had enough time to diffuse into the retained austenite resulting in a
significant increase in the carbon content in the retained austenite. This led to a higher retention of
austenite by steel after quenching, while the martensite content decreased relatively resulting in lower
tensile strength and higher elongation of the steel. However, when the partitioning time reached 120 s,
due to carbides precipitated in the retained austenite, resulting in instability. A similar phenomenon
also occurred in martensite due to tempering, which caused precipitation of carbides and led to reduced
carbon content, and thus, reduced the strength of the martensite. In contrast, the fine dispersed
carbides between martensite slabs could have had a strengthening effect and increased the strength
of steel [25-27]. The ferrite formed by relaxation in DP steel was small in size, had low elongation,
and contributed to the main plastic deformation of the test steel. In the microstructure of the sample
(Figure 5b), a large number of dislocation cells were seen in the ferrite body and the dislocation density
became higher at the cell wall. This can be attributed to a large number of deformation substructures of
austenite attained by rapid cooling after hot rolling under high pressure. The deformed substructures
were retained by the precipitated ferrite and martensitic transformation occurred after the second stage
of rapid cooling, resulting in the further movement of dislocations in ferrite. In summary, the DP steel,
when compared with Q&P steel, showed a higher content of martensite and carbon, which resulted in
the higher yield and tensile strength.
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3.3. Formability

Localization of plastic deformation within an area results in local strain hardening and, in turn, in an
increase in the flow stress. The latter leads to the spread of plastic slip to the surrounding non-hardened
region. The strain hardening index n measures the deformation hardening ability of materials during
plastic deformation, where a high n value indicates high uniformity of plastic deformation. Therefore,
n is closely related to sheet metal stamping formability and is an effective parameter to evaluate it [28].
The low yield ratio causes the material to undergo plastic deformation with larger strain when it
is below the fracture stress, therefore reducing the stress concentration and improving the uniform
deformation of the material. All these effects resulted in good stamping formability.

The stress—strain curves of the test steel at room temperature are shown in Figure 6. A high rate
of work hardening at the initial stage of deformation was observed and there was no yield platform
or upper and lower yield points on the curves implying continuous yield. This could be due to a
high density of mobile dislocations in the retained austenite and the ferrite soft phase obtained by
the martensite phase. The partitioning treatment and relaxation treatment of hot-rolled austenite
led to the absence of carbon atoms pinning in the plastic deformation of the sample. This further
prevented the occurrence of Liiders slip in steel plate processing and avoided surface wrinkles and
other defects in the deep processing of steel plate. During the partitioning process, carbon atoms move
to undercooled austenite, which results in a higher carbon content of the retained austenite than that
of ferrite. Therefore, the yield process of Q&P steel was gentler than that of DP steel and the yield
strength was about 0.63 lower.

1600 -
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Figure 6. The room temperature tensile engineering.

Dislocation movement can be even more complex when plastic deformation occurs. Dislocation
interaction, blocking of dislocation accumulation, solute atoms and second phase in materials will
all hinder dislocation glide and result in the work hardening of materials. Dislocation strengthening
has effects on both ductility and toughness of steel. On the one hand, the combination and the
accumulation of dislocations in the barrier will promote the formation of cracks, thus reducing the
plasticity of materials; on the other hand, the movement of dislocations in the plastic zone at the crack
tip can alleviate the stress concentration at the crack tip, thereby improving the toughness of materials.
For the test steel treated by Q&P process, martensitic transformation occurs in retained austenite
under stress, while for DP steel, the successive deformation of ferrite soft phase and martensite hard
phase take place. During deformation, the transformation of the soft phase or compression produces
new dislocations, which impacts the work hardening rate of the test steel.

e d
7’1—(—)_)(% (2)

where 7 is the strain hardening exponent; o and ¢ are true stress and true strain, respectively.
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Figure 7 shows the relationship between the instantaneous strain hardening exponent n and the
true strain and it can be observed that at the beginning of tension, the soft phase of austenite begins to
yield. With an increase in stress, the residual austenite phase will cause hardening, the main load will
transfer to the martensite phase, and plastic deformation will begin to take place. The microstructure
stress caused by the volume expansion of phase transformation will result in a large number of mobile
dislocations in the matrix, which is beneficial to the n value [29-31]. However, in the DP process, plastic
strain incompatibility at the boundary between ferrite and martensite occurs, as the ferrite experiences
a priority plastic deformation, and martensite has only elastic deformation. This leads to a higher
value of n at the initial stage of plastic deformation due to dislocation plugging entanglement in ferrite
near the interface, which is caused by the incompatibility at the boundary. As the strain progresses,
external forces cause the accumulated dislocations in the deformed structure to pass through the
barriers resulting in plastic deformation of martensite, relaxation of the local stress concentration in the
tensile deformation, and reduction of strain inconsistency between the two phases. When the strain
increases to 2%, the hardening effect of martensite becomes difficult to manifest and its n value that
was stable at about 0.07 gradually decreases to 0.

1.0

—— qap-10s
—— Q&P-60s
—— Q&P-120s
—]x

0.8

True strain/%

Figure 7. Relationship between n value stress—strain curves of the test steel and true strain of the
test steel.

The change in the n value is caused by the change in microstructure. As manifested by the fine
microstructure of the sample (Figure 8a), numerous fine martensite strips and thin sheets of retained
austenite of width about 0.2 um were found in Q&P steel and this effectively increased the grain
boundary area between austenite and martensite. The martensitic transformation expansion resulted
in the enlargement of mobile dislocation density at the interface, which in turn strengthened the
interfacial impediment of dislocation movement during the deformation process. More low angle
grain boundaries will increase the interfacial area, the more unfavorable it is to crack propagation
and to coordinate the deformation ability of the material [32,33]. The increase of plastic strain causes
the transformation of retained austenite into martensite. It can also effectively improve the strength
and uniform deformation ability of the material [34,35]. In this case, the n value was found to be
0.13. DP steel had more massive and elongated martensites, with a width of about 0.7 um in different
orientations (Figure 8b). The width of the elongated martensite was larger than that of the samples
treated by the Q&P process. Moreover, the impact of movable dislocations produced by martensitic
transformation on the n value was lower leading to a relatively lower value of n (0.07). Therefore, it can
be concluded that the hot-rolled test steel after ultra-fast cooling and Q&P process exhibits excellent
mechanical properties.
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Figure 8. TEM image of the test steel with different martensite characteristics; (a) The partitioning time
is 60 s with Q&P processing; (b) The relaxation time is 6 s with DP processing. M is martensite, RA is
retained austenite and C is carbide.

4. Conclusions

In this work, Fe-S5i-Mn-Nb steels containing 0.2 wt% C were designed, then subjected to the Q&P
process and the DP process with UFC process, respectively. Higher carbon content resulted in a higher
strength of hard phase-martensitic matrix and a higher volume fraction of soft phase-retained austenite.

In contrast to the traditional DP steel, refined retained austenite in hot rolled Q&P steel prevents
cracking and increases toughness, and the TRIP effect. Moreover, there are numerous fine martensite
strips in the interior, which can effectively increase the grain boundary area between austenite and
martensite. The martensite transformation expansion increases the mobile dislocation density at the
interface, strengthens the interfacial impediment of dislocation movement in the deformation process,
and effectively improves the strength and uniform deformation ability of the material.

The designed steel has the better mechanical property and formability. The highest
strength-ductility of 25.359 GPa% together with n value of 0.14 is obtained through hot rolling
followed by Q&P treatment at 350 °C and 120 s. This finding is crucial for the design of steels with
high strength and ductility by ultra-fast cooling and Q&P process.
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