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The effect of chemical composition and isothermal treatment duration on nano-bainite steels is investigated in this work.
The steels that contain Co, V and Al elements with high C are designed and produced. The nano-bainite microstructures
can be obtained by isothermal treatment in the Co and Al co-alloyed sample. Its mechanical properties and wear
resistance performance are tested. Its microstructures were detected using a FESEM. After the steel is austensitized at
950 °C for 30 minutes and is subsequently isothermally treated at 260 °C for 2 hours, the nano-bainite structures can be
obtained, whose microstructures also contain martenite and residual austenite in addition to nano-bainite. The isothermal
time of 120 minutes is enough to obtain sufficient nano-bainite, which forms due to the addition of both Al and Co,
which accelerate the austenite — bainite transformation, since Al and Co increase the free-energy difference between
ferrite and austensite and the reaction rate for obtaining nano-bainites. The fracture toughness of the nano-bainite steel
obtained by the isothermal transition is obviously better than the quenching + tempering steel for the Co and Al co-
alloyed sample. The fracture morphology of the Charpy impact test shows that the fracture is ductile. Although nano-
bainite steel has poor wear-resistance performance the initial stage compared to quenching + tempering steel, it shows
more and more wear resistance performance with increasing wear time.

Keywords: nano-bainite steel, short isothermal transition time, wear-resistance performance.

1. INTRODUCTION

The ultra-fine bainitic steels with nano-bainite
structures received much attention, since the ultra-fine
bainitic structure was obtained in bainitic steels by
Bhadeshia [1—6]. On the one hand, there are many factors
that influence the bainitic transformation, which include
chemical compositions [7—10], heat treatments [6, 11—
13], deformation conditions [5, 14, 15], etc. On the other
hand, there are complicated service conditions related to
various microstructures of bainitic steels. Therefore, there
is more controversy than any other transformation for the
bainitic steels in physical metallurgy field due to its
complexity [6, 16]. For example, the addition of niobium
has been found to retard the bainitic transformation, while
molybdenum addition effectively promoted the bainitic
reaction in low-carbon bainite steels. A finer bainite
microstructure was obtained in the austempered specimen
below martensite start temperature (Ms) compared to the
specimen held above M;s [6].

It is known that low carbon bainitic steels possess
ultrahigh strength [2, 4] and the bainitic steels with high C
content have high hardness [7]. Generally, the former has
lower hardness and bad wear-resistance and the latter has
low toughness. Nano-bainitic steels possess high strength
and hardness, good wear-resistance and good toughness.
However, generally, nano-bainite can only be obtained by
the isothermal transformation at lower martensite start
temperature for a long time from days to months [7]. The
long transformation time and expensive alloying elements
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hinder the utilization of the ultra-fine bainitic steels in
industry [1, 2, 7, 17]. Therefore, it is necessary to develop
a nano-bainitic steel with high strength, good toughness
and good wear-resistance by the isothermal transformation
for short time and low alloying.

It is known that alloying elements have great effects
on the bainitic transformation and silicon (Si) is a strongly
promoter of graphitization and can effectively hinder the
formation of cementite precipitation. Around 2 wt.% of
silicon is added to inhibit cementite precipitation, which is
a void nucleation phase that is detrimental to the impact
properties of bainitic steels, producing carbide-free mixture
microstructures of bainitic ferrite and carbon-riched
retained austenite. The V element can control the primary
austenite grains [4]. Elements such as Co and Al increase
the stability of ferrite with respect to austenite, thus
accelerating its formation, while Mn and C increase the
stability of austenite [17]. The addition of Al and the
reduction of Mn were used to accelerate the bainitic
reaction [2]. Mn can also suppress the precipitation of both
cementite and sulphide. Mo addition can improve
hardenability and inhibit tempering brittleness. Cr is
known as a ferrite stabilizer and it has a minimal effect on
the free energy difference between austenite and ferrite and
hence does not positively influence the bainitic
transformation kinetics [2]. In this investigation, the
chemical compositions of high C, high Si and medium Mn
are selected with the additions of some Co and Al. On the
one hand, the aim is to increase the free energy difference
between ferrite and austenite and to accelerate the reaction
rate and to reduce the bainitic transformation time. On the
other hand, the nano-bainitic steels with high strength/high
toughness and high hardness/good wear-resistance can be



obtained. The general goals of the present research are to
obtain a nanobainitic steel with high mechanical properties
and wear resistance, as well as to reduce the isothermal
transformation time by simultaneously alloying the steel
with Co and Al

2. EXPERIMENTAL PROCEDURES

Steel ingots with different chemical compositions
(seen in Table 1) were prepared using a ZG-50 vacuum
induction furnace under Ar-protection and the ingots are
hot-forged at 1100 °C into a rectangle. The No.1l alloy
compositions are designed according to Ref. 9 to compare
with the No. 3 alloy and the former compositions are
approximate to the compositions (0.98C-1.46Si-1.89Mn-
0.26M0-1.26Cr-0.09V wt.%, bal. Fe) in Ref.9. These
ingots are cut with a dimension of 100 x 40 x 40 mm. The
rectangle samples are homogenized at 1200 °C for
12 hours, making the compositions of the samples uniform.
All specimens are cut from the rectangle samples, having
various sizes. Subsequently, the specimens are heated to
950 °C for 30 minutes, then cooled rapidly to 260 °C kept
for 2 hours and 2.5 hours, respectively in nitrate-nitrite
salt-bath furnace, at which the bainite transformation step
is completed. In addition, the other specimens are
quenched from 950 °C into water and then tempered at
260 °C for 2 hours, as shown in Fig. 1. All three specimens
are heat treated by the same method.

950 °C, 30 min 950 °C, 30 min

260°C
120 min or 150 min

20°C/min
260 °C,120 min
water /QO“C/mln

Times, min

Temperature, °C
Temperature, °C

/ZO“C/mm

Times, min

a b

Fig. 1. Schematic diagram of the heat treatment process:
a—isothermal transformation; b —quenching+tempering

The mechanical properties (ob, 002, 0, ¥, where oy is
tensile strength and oo is conditional yield strength, ¢ is
the elongation and ¥ is the reduction of the cross-section
area) of flat tensile test are measured with gauge lengths of
25 mm according to the ASTM E8-09 standard method
which were cut in the forging direction. The specimen size
of the tensile test is @5 x 25 mm. The Charpy impact test
specimens are prepared with a U-notch shape with a
dimension of 10 x 10 x 55 mm in which notches are
perpendicular to the forging direction. The impact tests are
implemented at room temperature and -50 °C according to

the ASTM E23-07 standard. Three tests are performed for
each specimen, and the average value is taken at the end.
The wear test is finished on dynamic load grinding
material wear testing machine MLD-10 tester (Xuanke
Testing Machine Manufacturing Company in China) and
the specimen sizes are 10 x 10 x 40 mm, polished by
1200 grit silicon carbide sandpaper. The impact absorption
energy of the hammer is 4 J, and the impact frequency is
set to 100 times/min, the abrasive size is quartz with a
particle size less than 0.4 mm, with a corresponding flow
rate of 6 g/s. The duration of a single test is 50 minutes. All
mechanical experiments are repeated five times for the
identical specimen. The wear experiments of the No. 3
specimen with different isothermal transforming time are
carried out. The presented values in Table 2 were the
average values, obtained after 3 tests. In addition, the wear
tests are also completed. In addition, the wear mass of the
No. 3 specimens with different isothermal transformation
time (5, 30, 90, 120, 180, 360 minters) are also tested.

The specimens for microscopic examination and
hardness  measurements have a dimension of
10 x 10 x 5 mm are polished and etched using 4 % nitrate
alcohol solution. The FESEM (Field Emission Scanning
Electron  Microscopy) is used to observe the
microstructures of the No. 3 specimens with different IT
time. The hardness values of the specimens with a size of
10 x5 x5mm are measured using a Japan FTFM-700
hardness tester. The load is 2 kg (1.96 N) and the hold time
is 60 s. Each specimen is tested 3 times, and the average
value is taken at the end.

Table 1. The tested steel with three chemical compositions, wt.%

Alloy] C Si [Mn| Mo | Cr | V | Co| Al | Fe
1 ]095]|1.46]1.92]0.23|1.05|0.10 Bal.
2 ]0.85[149|1.90]0.26|0.98 1.56 Bal.
3 ]0.78[145)1.88]0.22|1.03 1.62 | 0.97 | Bal.

In addition, the bainitic ferrite volume of the three IT
specimens with different isothermal transformation time at
200 °C, 250 °C, 300 °C is investigated and estimated by
observation of FESEM, respectively.

3. RESULTS AND DISCUSSION

The chemical compositions of the tested steels are
detected using a chemical analysis method as shown in
Table 1. The mechanical properties of three specimens
with different heat treatments are listed. In Table 2, oy is
the tensile strength and o2 is the conditional yield
strength; J is the elongation and ¥ is the reduction of area.
KU2 is impact energy and HV is Vickers hardness.

Table 2. The mechanical properties of three specimens with different heat treatments

He:rtotéggg?:m SpeNC'OrTm” oo, MPa | o002, MPa 5, % ¥, % 'g"opfg energy 'fs%zgcj HV2
Isothermal 1 1128+50 1073+50 16+2 66+4 67.7+10 553420
transformation 2 hours 2 1118+50 1062+50 14+2 64+4 66.6+10 549420
3 1132+50 1079+50 1642 64+4 147.1£10 102.7+10 560+20
1 1411+50 1335+50 11.5+2 55+4 49.7+10 545+20
Quenching + tempering 2 1434450 1327450 10+2 53+4 53.5+10 537+20
3 1438+50 1354450 13+2 56+4 107+10 69+10 559420
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From Table 2, it can be seen that the No. 3 specimens
have the best mechanical properties under both of IT and
QT states among the three steels, indicating that a single
Co element has no effect on the improvement of the
mechanical properties for both isothermal transformation
(abbreviated as IT, as the same below) and
quenching + tempering (abbreviated as QT, as the same
below) treatments. Also, it can be noticed that both yield
strength and tensile strength of the IT specimens are
smaller than those of the QT specimens with the same
compositions and both elongation and reduction rates are
exactly opposite. Nevertheless, the former of the product
of strength and plasticity is larger than the latter, indicating
that the toughness of the former is better than the latter. In
particular, the low-temperature impact toughness value of
the No. 3 IT specimen is obviously larger than those of the
No. 3 QT specimen. The IT specimens have a higher
hardness than the QT specimens with the compositions.

Fig. 2. The SEM images of the No. 3 IT specimen for isothermal
transformation 120 minutes with different magnification:
a— 4x10%times; b—20x10° times

Fig. 3. The SEM images of the No. 3 IT specimen for isothermal
transformation 150 minutes at 260 °C with different
magnification: a—5x108 times; b—20x108 times

Fig. 2 shows the FESEM images of the IT specimen
No. 3. Its microstructures consist of nano-bainite and a few
residual austensite grains and a little martensite. Fig. 3 the
SEM images of the No.3 IT specimen for isothermal
transformation 150 minutes at 260 °C. There are no
obvious differences in their structures and volume of nano-
bainite with a size of about 200—300 nm and residual
austensite for the two specimens. The IT time is drastically
reduced compared to the alloy in Ref. 7 and Ref. 9, whose
IT time is several days, indicating that the additions of Al
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and Co elements accelerate  evidently the
austenite — bainite transformation. From Fig.2a and
Fig. 3a, it can be noticed that the microstructure of the
isothermally treated No.3 specimen for 2.5 hours is
coarser than the one for 2 hours, possibly resulted from
longer transforming time or inhomogeneous distribution in
microstructures of bainite, austenite and martensite.
Obviously, the thin bainitic plates were separated with
austenite microblocks and each sheaf consisted of parallel
layers of bainitic ferrites and austenite films. Carbon
rejects from bainitic ferrite to surrounding austenite during
the bainite transformation and bainite formation stops
when the austenite carbon content reaches that predicted
by the TO diagram [9], whose results are like the reports in
Ref. 4. The center region of the latter is especially poor in
carbon content, which would lead to higher thermal and
mechanical stability of filmy morphology compared to that
of blocky austenites according to Ref. 4 and Ref. 18 and
therefore the center regions of the austenite blocks tend to
transform to martensite during cooling to room
temperature at the end of the bainite transformation.

The SEM image of fracture surface of the Charpy
impact test is shown in Fig. 4. The type of fracture is
ductile fracture. From Table 2, it can be seen that the
absorbed impact energy of the No. 3 QT/IT specimens is
about two times that of the No.1 and No.2 QT/IT
specimens, respectively. The detailed mechanisms have
not been cleared.

=

Fig. 4. The SEM image of the fracture surface of the Charpy
impact test for No. 3 IT specimen

The nano-bainite can be obtained using a short
isothermal transformation time which originates from the
effect of Al and Co. Al enhances the kinetics of the bainite
transition. For high carbon bainitic steel, aluminum can
sharply accelerate isothermal bainitization under low
temperature conditions, which is confirmed by the results
in Fig. 5. The addition of Al and Co elements decrease the
transformation time of austensite — bainite for No. 3 alloy,
as shown in Fig. 5.

From Fig. 5, it can be seen that the present bainitic
ferrite fraction is about 70 % for the No. 3 IT specimen at
250 °C. According to the Todiagram in Ref. 9 and Ref. 19,
carbon content is estimated to be about 1.04 % for the
residual austensite.

Fig. 6 shows the variation of wear mass at different
isothermal transformation time for No. 3 alloy with wear
time.
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Fig. 6. The variation of wear mass at different isothermal
transformation time for No. 3 specimen with wear time
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From Fig. 6, it can be seen that the wear mass of the
specimens with the shorter isothermal transformation time
has higher values than that of the specimens with the
longer isothermal transformation time. Nevertheless, too
long isothermal transformation time has no great effect on
decreasing wear mass. Therefore, the isothermal
transformation time of 120 minutes is enough to obtain the
nano-bainites and decrease the wear mass. There is little
difference in wear performance and microscopic
distinction for two IT times of 120 minutes and
150 minutes from Fig. 2, Fig. 3, and Fig. 5.

Fig. 7 shows the variation of the wear mass of the IT
specimens with different compositions with the wear time.
From Fig. 7, it can be seen that the wear mass of No. 1 IT
specimen initially is lowest and that of the No.3 IT
specimen is highest among three alloys. Nevertheless, the
wear mass of the No.3 IT specimen is reduced with
increasing the wear time, indicating that the wear
resistance of the No. 3 IT specimen increases compared to
the other two alloys.

50
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Fig. 7. The variation of wear mass of the IT specimens with
different compositions with the wear time

The main focus is on studying the trend of wear of
different samples over time in Fig. 6 and therefore the
standard deviation and the confidence intervals are not
given, which do not influence the discussion of relevant
results. This is also true in other parts of the present
investigation.

From Fig. 8, it can be seen that the wear mass of the
QT No. 3 specimen with martensite is initially smaller than
that of the No. 3 IT specimen with nano-bainite.

Nevertheless, the wear rate of the former increases and
that of the latter decreases after 250 minutes wear test,
which is attributed to the martensitic structure in the No. 3
QT specimen. The wear rate decrease of the latter at later
stage is attributed to the refined nano-microstructure and
the austensite — martensitte transformation induced
plasticity (TRIP) effect during the wear process in nano-
bainitic steel [1]. The retained austensite in the IT
specimen will transform into martensite, which increases
wear resistance.
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Fig. 9. The SEM image of surface morphology of the worn
surface of nano-bainitic steel for No. 3 IT specimen

4. CONCLUSIONS

The nano-bainite steel can be obtained by the
isothermal  transformation  and  the  isothermal
transformation time is decreased by the addition of Al and
Co. The nano-bainite steel contains martensite and residual
austenite in addition to nano-bainite. The impact energy of
the nano-bainite steel obtained by the isothermal transition
is obviously better than the quenching + tempering steel at
low temperature for the Co and Al co-alloyed specimen.
The fracture morphology of Sharp impact test shows the
fracture is ductile. Additionally, the Co and Al co-alloyed
IT specimen possesses the best tensile strength among all
specimens and its plasticity is a little worse than the Co
and Al co-alloyed QT specimen.

At the initial wear stage, the wear mass of the Co and
Al co-alloyed IT specimen is about 2.1 times of the Co and
Al co-alloyed QT specimen for 50 minter-wear-test and
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while the wear mass of the Co and Al co-alloyed IT
specimen is about 0.91 times of the Co and Al co-alloyed
QT specimen for 250 minute-wear-test.
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