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Abstract: In the present paper, the medium-C Si-rich steel with a quenched martensite microstructure
was heated to intercritical annealing temperatures at 750 °C, 760 °C and 770 °C after warm rolling
deformation to obtain ferrite with varying volume fractions. Subsequently, bainite/ferrite multi-
phase microstructures were attained via austempering near Ms temperature. The microstructures
of the test steel after different heat treatments were characterized by scanning electron microscopy,
transmission electron microscopy and electron backscatter diffraction, and corresponding tensile and
impact properties were tested. The results showed that, with the increase of intercritical annealing
temperature, the austenite content increased, which limited the growth of ferrite grains, and the grain
size decreased from ~1.6 um to ~1.4 pm. In addition, the degree of ferrite recrystallization was almost
complete. At the same intercritical annealing temperature, compared with austempering above Ms,
prior athermal martensite (PAM) was obtained after austempering below Ms, which effectively re-
fined the size of bainite ferrite lath. Moreover, with the increase of intercritical annealing temperature,
the bainite content of the test steel increased after austempering, resulting in the increase of yield
strength, tensile strength and impact energy. In contrast, while the decrease in ferrite content led
to a significant decrease in uniform elongation. At constant intercritical annealing temperature, the

tensile strength decreased slightly, and the impact property improved after austempering above Ms.

Keywords: medium-carbon Si-rich steel; intercritical annealing; austempering; microstructure;
mechanical properties

1. Introduction

As an important branch of high-strength low-alloy (HSLA) steel, dual-phase steels
have been widely used in some industrial fields because of their excellent mechanical
properties [1-4]. The traditional dual-phase steels are composed of a soft ferrite phase as
the matrix and a small amount of hard martensite phase dispersed in the matrix, in which
ferrite and martensite provide toughness and strength, respectively. Intercritical annealing
is a common heat treatment method for preparing dual-phase steel, e.g., the test steel is
heated to the o + v phase region for partial austenitization to obtain a certain amount
of austenite followed by a controlled cooling rate to make the austenite transform into
martensite. In recent years, researchers have tried to use bainite with better toughness to
replace martensite to form bainite/ferrite dual-phase steel. This approach has improved
the toughness significantly at the expense of strength [5,6]. However, most relevant reports
have used ferrite as the matrix in low-carbon steel to study the effect of introducing a small
amount of martensite or bainite on the mechanical properties, while there have been few
studies on introducing a large amount of bainite into medium carbon steel.
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In the 1980s, Bhadeshia et al. [7-11] first obtained and defined the low-temperature
bainite under isothermal transformation at a low-temperature condition of T = 0.25Tm
(Tm is the absolute melting temperature) for several days in some high-carbon high-silicon
steels. This low-temperature bainite microstructure was composed of ultra-fine bainite
ferrite lath and thin-film retained austenite between laths, which had high strength and
good toughness. Zhao et al. [12] studied low-temperature bainite microstructures by
austempering around nose-tip temperature of the TTT diagram—the tensile strength of the
material reached ~1550 MPa, attained ~30% uniform elongation and the impact toughness
was 80 J. Zhao et al. [13] prepared a low-temperature bainite microstructure with a strength
of 2223-2581 MPa in medium-carbon silicon-rich steel through ausrolling to reduce the Ms.
Tian et al. [14] investigated the preparation of low-temperature bainite microstructures by
austempering below Ms. The results showed that the best combinations of strength and
ductility were obtained in steels by austempering below Ms with an optimum martensite
fraction (~5%). In addition to optimizing bainite, refining ferrite grain is also a key method
to improve the properties of bainite/ferrite steel. Cold rolling or warm rolling with large
deformation (>80%) and deformation-induced ferrite transformation (DIFT) are common
methods to refine ferrite grains. For example, Mazaheri et al. [15,16] conducted 80% large
deformation on the initial microstructure of ferrite and pearlite and heated it to different
intercritical annealing temperatures to obtain ultrafine-grained ferrite with a size in the
range of 1.6-3.8 um. Xiong et al. [17] performed 40% deformation on austenite in low-
carbon steel in the temperature range of 800-700 °C and obtained ~3 um fine-grained
ferrite by DIFT. Although the above methods have played a positive role in the refinement
of ferrite, the operation is relatively difficult and needs to be accurately controlled in the
preparation process.

In previous work, we have done some research on bainitic/ferritic dual-phase steels [18,19].
In this paper, a novel thermomechanical process for preparing an ultrafine-grained
ferrite/low-temperature bainite microstructure was designed. The quenched marten-
site microstructure was subjected to intercritical annealing and austempering after 60%
warm-rolling deformation, which was applied to medium-carbon Si-rich low-alloy steel,
and different intercritical annealing temperatures were selected to obtain ferrite with dif-
ferent volume fractions (~30%, ~15% and ~5%). The effects of different heat treatment
processes on the microstructure and mechanical properties (including tensile and notch
impact toughness) were compared and analyzed.

2. Materials and Experimental Methods

The chemical composition of medium-C Si-rich steel used in this investigation is as
follows: 0.47C-1.00Mn-1.61Si-0.20Mo0-0.49Cr-0.001P-0.003S, balance is Fe, all in wt. %. The
steels used in this study were smelted in a vacuum induction furnace and cast into ingots
with a diameter of 180 mm. The ingot was homogenized at 1150 °C for 40 min, hot-rolled
into a round bar with a diameter of 40 mm at the final rolling temperature of 850 °C and
air-cooled to room temperature. Furthermore, the hot-rolled round bar was kept at 880 °C
for 15 h and cooled to 400 °C in a furnace, followed by air cooling to room temperature
for annealing.

The annealed round bar was machined into rectangular samples with a thickness of
30 mm, a width of 20 mm and a length of 80 mm by wire cutting machine, and then subjected
to the thermomechanical process, as shown in Figure 1. Firstly, the samples were heated to
Acz + 40 °C and held for 30 min to attain full austenitization. Subsequently, the samples
were quenched to room temperature to obtain martensite. The Acz temperatures determined
by a dilatometer were 810 °C (Figure 2a). Secondly, the quenched samples were reheated to
500 °C and held for 1 h, followed by 60% warm-rolling deformation, and the final thickness
of the sample was 12 mm. The warm rolling was completed in nine passes and the reduced
amount of each pass was 2 mm. To ensure that the rolling temperature was maintained at
500 °C, the sample was kept at 500 °C for 2 min after every three rolling passes. Finally, the
deformed samples were subjected to different temperatures at 750 °C, 760 °C and 770 °C for
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intercritical annealing. In order to achieve complete recrystallization of ferrite and complete
dissolution of previously generated carbides, the holding time was finally determined to be
6 h through multiple experiments. Subsequently, the samples were immediately transferred
to a salt bath furnace (potassium nitrate and sodium nitrite with a weight ratio of 1:1)
for austempering. The austempering temperatures were selected as Ms £ 20 °C. The Ms
temperatures after intercritical annealing at 750 °C, 760 °C and 770 °C were determined
to be 210 °C, 250 °C and 270 °C, respectively, using a Gleeble-3800 thermomechanical
simulator (Figure 2b). Therefore, the austempering temperatures corresponding to 750 °C
were 190 °C and 230 °C, the austempering temperatures corresponding to 760 °C were
230 °C and 270 °C and the austempering temperatures corresponding to 770 °C were 250 °C
and 290 °C, respectively. The holding times of all heat treatment processes were all 12 h.
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Figure 1. Schematic illustrations of the thermomechanical process.
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Figure 2. (a) Dilation-temperature curves to measure the Ac3 temperature, (b) dilation—temperature
curves to measure the Ms temperature after intercritical annealing.

The microstructures of the austempering samples were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The samples
were etched with 4% nitric acid alcohol solution after grinding and polishing and the
microstructures were observed by Hitachi SU-5000 SEM. TEM samples with a diameter
of 3 mm were prepared by cutting 0.5 mm thick slices followed by mechanical grinding
to ~30 pum in thickness and double-jet thinning to perforation at a voltage of 29 V. The
electrolyte used was a solution of 7% perchloric acid in ethanol. The TEM characterization
was completed using FEI Tolas F200X at an operating voltage of 200 kV. The electron
backscatter diffraction (EBSD) analysis was conducted using a Hitachi SU-5000 equipped
with EBSD equipment. The treatment of the EBSD sample was the same as that of the
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TEM sample. The acceleration voltage was 70 kV and the scan step was 0.1 pum for EBSD
analysis. The volume of the retained austenite was measured by X-ray diffraction (XRD)
using a Rigaku D/max-2500/PC diffractometer [20], with Cu-K« radiation, the 20 range
was 40-105°, the scanning rate was 2 °/min and the working voltage and current were
40 kV and 200 mA, respectively.

Tensile samples with a gauge length of 25 mm, a width of 6 mm and a thickness
of 4 mm were used for tensile tests on a MTS810 servo-hydraulic tensile tester, and the
tensile speed was 3 mm/min. The impact toughness of the U-notched standard impact
samples was tested by a 300 ] Charpy impact machine. The size of the impact samples was
10 x 10 x 55 mm. The tensile and impact properties of samples in each state were tested
three times to ensure the accuracy of the test results.

3. Results and Discussion
3.1. Microstructures

The SEM microstructures of the test steel austempered below and above Ms after
intercritical annealing at different temperatures are shown in Figure 3. With the increase of
intercritical annealing temperature, the content of ferrite in the test steel decreased obviously.
The content of ferrite was determined by the statistic results of SEM microstructures. To
ensure the accuracy and reliability of statistics, 20 SEM images in each state of the steel were
counted. According to the statistic results, the content of ferrite reached ~30%, ~15% and
~5% after intercritical annealing at 750 °C, 760 °C and 770 °C, respectively. In addition, the
ferrite grain sizes also decreased slightly to ~1.6 um, ~1.4 pm and ~1.2 um after intercritical
annealing at 750 °C, 760 °C and 770 °C, respectively. This was due to increased austenite
content at increased intercritical annealing temperature, limiting the growth of ferrite
grain [21,22]. Moreover, the austenite grain size increased with the increase of intercritical
annealing temperature. The average length of bainite ferrite laths increased, reaching
~8 um, ~4.6 pym and ~10.5 pm after intercritical annealing at 750 °C, 760 °C and 770 °C,
respectively. Furthermore, a certain amount of prior athermal martensite (PAM) was
obtained after austempering below Ms, and it was tempered at subsequent holding, as
exhibited in the locally enlarged diagrams in Figure 4a—c. The shape of PAM was irregular,
and its size was significantly larger than that of the bainite ferrite lath.

Figure 3. SEM microstructures of the test steel at different heat treatment processes. (a): 750-190 °C,
(b): 760-230 °C, (c): 770-250 °C, (d): 750-230 °C, (e): 760-270 °C, (f): 770-290 °C.
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Figure 4. TEM microstructures of the test steel at different heat treatment processes. (a): 750-190 °C,
(b): 760-230 °C, (c): 770-270 °C, (d): 750-230 °C, (e): 760-270, (f): 770-290 °C.

Figure 4 displays the TEM microstructures of the test steel austempered below and
above Ms after intercritical annealing at different temperatures. Many entangled disloca-
tions existed in the polygonal ferrite and the bainite was composed of the bainite ferrite
laths and the thin-film retained austenite between the laths. In addition, tempered marten-
sitic microstructure, e.g., PAM, could be observed in the TEM images after austempering
below Ms. The thickness tp of the bainite ferrite lath was obtained by measuring the average
linear intercept Lt perpendicular to the lath’s direction and crystallographic correction
with the formula tg = 2L7/mr [23], summarized in Table 1. The thickness of the bainite ferrite
lath obtained after austempering below and above Ms was 74-123 nm and 112-165 nm,
respectively. Many scholars have studied the reasons for refining bainite ferrite lath after
austempering below Ms, which can be summarized as follows. Firstly, austempering below
Ms has a greater undercooling when compared to austempering above Ms, which improved
the nucleation rate and refined bainite laths [24-26]. Secondly, the PAM obtained after
austempering below Ms divided the parent austenite grains into smaller parts, limiting the
growth of bainite ferrite laths. Furthermore, martensite /austenite interfaces provided more
nucleation sites for bainite formation, which further refined the bainite ferrite lath [26].

Table 1. Thickness of bainite ferrite laths and content of retained austenite after different processes.

Heat Treatment Processes 750-190 750-230 760-230 760-270 770-250 770-290

Thickness of bainite ferrite (BF) laths, nm 74+3 112 £8 108 £7 146 £ 18 123 +12 165+23
Volume fraction of retained austenite (RA), vol. %  125+03 153+06 9.6+03 13.1+06 58+04 86105
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Figure 5 presents the image quality and inverse pole figure (IQ + IPF); grain boundary
distribution, image quality and kernel average transportation (IQ + KAM); and image
quality and grain orientation spread (IQ + GOS) diagrams of the test steel austempered
above Ms after intercritical annealing at 760 °C and 770 °C. The red lines in the grain bound-
ary distribution diagram represent the high-angle grain boundaries (15° < HAGB < 65°)
and green lines represent the low-angle grain boundaries (2° < LAGB < 15°). The GOS
demonstrates the average value of the difference between the average grain orientation
and orientation of each nucleus in the grain. Lower GOS indicates lower grain orienta-
tion gradient, which connotes a smaller degree of lattice distortion. It can be seen from
the IPF that the color inside the ferrite grains was basically the same, which illustrates
that the orientation inside the grain was consistent, and there was no obvious distortion
(Figure 5a,e). In addition, the interfaces in the microstructures were mainly HAGBs, while
a few LAGBs existed at the ferrite grain boundaries and at the interfaces between ferrite
and bainite ferrite (Figure 5b,f). For the KAM diagram, it could be observed that the strain
concentration occurred at the interfaces between ferrite and bainite ferrite laths, and at the
interfaces of bainite ferrite laths (Figure 5c,g). Moreover, for the GOS diagrams, the ferrite
grains after intercritical annealing at 770 °C displayed a more blue color when compared to
the ferrite grains after intercritical annealing at 760 °C, (Figure 5d,h), indicating an almost
complete degree of recrystallization.

Min Max

mem 2° 15° LAGB DO_ 5 | 0 10

mm 15° 65° HAGB

Figure 5. (ae) IQ + IPFE, (b,f) grain boundary distribution, (¢,g) IQ + KAM and (d,h) IQ + GOS
diagrams of the test steel austempered above Ms after intercritical annealing at 760 °C and 770 °C.

The XRD patterns of the test steel following different heat treatment processes are
shown in Figure 6. BCC (ferrite) and FCC (austenite) phases were detected in all the samples.
The corresponding constituents of retained austenite as calculated by the XRD diffraction
peak are summarized in Table 1. When the intercritical annealing temperature increased
from 750 °C to 770 °C, the retained austenite content decreased from 12.5-15.3% to 5.8-8.6%.
As the intercritical annealing temperature increased, the corresponding austempering
temperature increased and the time required for complete bainite transformation decreased.
When the holding time (12 h) was the same, the higher the austempering temperature, the
more complete the bainite transformation, resulting in a decrease of the retained austenite
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content. In addition, when the intercritical annealing temperature was constant, a small
amount of PAM was preferentially obtained by below-Ms austempering, which accelerated
the bainite transformation at the initial stage [25], making the bainite transformation more
complete. Therefore, the retained austenite content below Ms was less.

s 2 =
a o s
= a
- I ]
= 5 =
H S &
< L—’L o 750-190
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'E' \ J\ 750-230
[=F]
E LA % 760-230
|- R | 760270
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ﬁ*"‘ LJ\» . j\ A A
40 50 6 70 8 9 100 110

20 (°)
Figure 6. XRD patterns of the test steel following different heat treatment processes.

3.2. Mechanical Properties
3.2.1. Tensile Properties

Figure 7 displays the tensile stress—strain curve of the test steel following different
heat treatment processes. The specific tensile properties are shown in Figure 8. The tensile
strength and yield strength increased as the intercritical annealing temperature increased.
After intercritical annealing at 750 °C and austempering below and above Ms, the tensile
strength attained 1523 MPa and 1424 MPa, and the yield strength was 727 MPa and 908 MPa,
respectively. However, after intercritical annealing at 770 °C and austempering below and
above Ms, the tensile strength increased to 1867 MPa and 1738 MPa, and the yield strength
attained 1488 MPa and 1420 MPa, respectively. The difference in elongation after fracture
of the test steel subjected to different heat treatment processes was not significant, which
was in the range of 8.0-10.5%, but the difference in uniform elongation was significant.
The uniform elongations reached 8.2% and 5.3% after intercritical annealing at 750 °C
for austempering below and above Ms, respectively, but reduced to 3.2% and 2.1% after
intercritical annealing at 770 °C and austempering below and above Ms, respectively. In
addition, when the intercritical annealing temperature was constant, the tensile strength
obtained after austempering below Ms was higher than that after austempering above Ms,
and the uniform elongation decreased slightly.
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Figure 7. Tensile stress—strain curves after different processes.
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Figure 8. (a) Tensile strength (TS), yield strength (YS), (b) total elongation (TE) and uniform elongation
(UE) after different processes.

It can be deduced from the analysis of the microstructure and properties that as the
intercritical annealing temperature increases, the bainite content increases, thus, increasing
the yield strength and tensile strength, while the uniform elongation decreases significantly.
During the tensile test of the samples, the soft ferrite phase preferentially deformed, disloca-
tion density increased, work hardening occurred and the stress continued to increase. When
the stress at the phase interfaces reached the yield stress of hard phases (bainite /martensite),
the strain began to transfer from soft phases to hard phases [27]. With a further increase in
deformation, the overall cumulative strain in the sample continued to increase until the
sample necked and the stress decreased. After intercritical annealing at 750 °C, the content
of the soft phase was more when compared to the intercritical annealing temperatures
of 760 °C and 770 °C. The initiating time of strain transferring from soft to hard phase
was delayed; thus, the uniform elongation improved. Moreover, when the intercritical
annealing temperature was constant, compared with the austempering above Ms, PAM
was obtained after austempering below Ms. Therefore, the strain was transferred from the
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soft phases to the multiple hard phases during tensile deformation, which increased the
strain transfer process, resulting in a greater uniform elongation.

In addition, the TRIP effect provided by retained austenite also has a great influence
on work hardening performance and uniform elongation [28-31]. It can be seen from the
SEM and TEM images that the test steel mainly obtained stable film-like retained austenite
after austempering, and no obvious block-retained austenite was observed, while the stable
retained austenite extended the TRIP effect time to improve the uniform elongation. When
relatively more retained austenite was obtained after intercritical annealing at 750 °C,
the TRIP effect was more pronounced, resulting in higher uniform elongation. However,
after intercritical annealing at 770 °C, the retained austenite was reduced and the uniform
elongation was significantly decreased.

3.2.2. Impact Properties

The impact energy of the test steel at different heat treatment processes is shown
in Figure 9. The impact energy increased with the increase of intercritical annealing
temperature. After intercritical annealing at 750 °C and austempering below and above
Ms, the impact energy was 10 J and 18 ], respectively. When the intercritical annealing
temperature increased to 770 °C, the impact energy value was enhanced to 34 ] and 53 ]
after austempering below and above Ms, respectively. This indicates that the impact energy
obtained after austempering above Ms was higher than that after austempering below Ms.

60

B velow Ms
- above Ms

50

[ () =
—] (=] (=]

Impact energy (J)

p—
[—]

750 760 770

Figure 9. Impact energy after different processes.

Bainite contributes more to the improvement of the impact energy when compared to
ferrite. More austenite was obtained at increased intercritical annealing temperature and
bainite content after austempering increased. Therefore, the maximum impact energy was
obtained after intercritical annealing at 770 °C. Similar experimental results were reported
by Gurumurthy et al. [32]. In addition, at constant intercritical annealing temperature,
the impact energy of bainite ferrite increased with increasing austempering temperature,
resulting in higher impact energy after austempering above Ms.

4. Conclusions

In the current study, ultrafine-grained ferrite/low-temperature bainite multiphase
microstructure was obtained in the medium-C Si-rich steel through intercritical annealing
followed by austempering heat treatment. Compared with the previous study, the process
designed in this paper adopted a simple quenching + warm rolling treatment before
intercritical annealing. Under the premise of not needing large deformation, the original
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microstructure was refined and the driving force for ferrite recrystallization was provided
at the same time, achieving the purpose of refining ferrite. In addition, the holding time of
the intercritical annealing had little effect on the size of ferrite, thus accurate control was not
required in the actual production process. Subsequently, low-temperature bainite obtained
by austempering ensured a considerable strength. The main results can be summarized
as follows.

(1) After intercritical annealing at 750 °C, 760 °C and 770 °C, the volume fractions of
ferrite of ~30%, ~15% and ~5% were obtained, respectively. At increasing intercritical
annealing temperatures, the average ferrite grain size decreased slightly to ~1.6 um,
~1.4 um and ~1.2 um at 750 °C, 760 °C and 770 °C, respectively. The bainite ferrite
laths were obtained after austempering below and above Ms, and a certain amount of
prior athermal martensite (PAM) was obtained after austempering below Ms, resulting
in a finer bainite ferrite lath.

(2) The interfaces in microstructures obtained by different processes were mainly HAGBs,
while a few LAGBs existed at the ferrite grain boundaries and at the interfaces between
ferrite and bainite ferrite. There were obvious strain concentrations at the interfaces
between ferrite and bainite ferrite laths, and at the interfaces of bainite ferrite laths.
In addition, the degree of recrystallization in ferrite grains was almost complete at
increasing intercritical annealing temperature.

(3) With increasing intercritical annealing temperature, the bainite content increased,
resulting in the increase in yield strength and tensile strength, while the uniform
elongation decreased significantly. This was due to the formation of the soft ferrite
phase at lower intercritical annealing temperatures. The initiating time of strain
transferring from soft to hard phase was delayed; thus, the uniform elongation
improved. In addition, the tensile strength decreased slightly and the impact property
improved after austempering above Ms at the same intercritical annealing temperature
when compared to austempering below Ms.
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