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Abstract

The microstructure and mechanical properties of Bainitic untempered steel at different
positions after air cooling at 1000 ‘C and tempering at 450 C were studied. The
Bainitic untempered steel has a diameter of 200 mm and the sample is cut equidistant
from the center to the edge along the radius direction. The microstructure and
mechanical properties of the large size Bainitic untempered steel were analyzed by
metallographic microscope, scanning electron microscope, X-ray diffractometer, micro-
Vickers hardness testing machine and electronic universal material testing machine.
The results show that the microstructure of the steel is composed of granular bainite and
lath bainite at different positions, with the sampling position closer to the edge, the
content of lath bainite increases first and then decreases, the lath bainite becomes finer,
the content of granular bainite decreases continuously, the size of M/A island and grain
size decrease continuously; The results of mechanical properties test show that the
tensile strength and yield strength of bainite non-quenched and tempered steel increase
first and then decrease as the sampling position gets closer to the edge, and the
elongation decreases first and then increases.
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1. Introduction

Bainite non-quenched and tempered steel is mainly based on medium carbon steel, reducing the
carbon content and adding various microalloying elements and expanding the bainite transition region
(such as Mn, B, Cr, Mo, etc.), adjusting the type and quantity of added elements to obtain different
strength grades!!. Its microstructure is generally lathere-like bainite or granular bainite, in which the
granular bainite is composed of a bainite ferrite matrix and M/A islands distributed on the matrix!?
Its tensile strength can reach around 1000 MPa or even higher®! At present, it has been widely used
in the construction machinery industry, vehicle industry, civil industry, marine field, etc**!. The heat
treatment of bainite non-quenched and tempered steel is usually air-cooled heat treatment, which has
good strength and toughness, and its mechanical properties are stronger than those of typical bainite
steel and quenched and tempered steel 7!, however, in the process of air cooling and heat treatment,
when the diameter of bainite non-quenched and tempered steel parts is large, the surface and core of
the parts in the air cooling process will have uneven mechanical properties due to the difference in
cooling speed® ], which will affect the performance of the parts.

In the existing studies, Xian Fengiang et all'”! designed and developed bainitic untempered steel
XGMnVS with a diameter of 175 mm. The steel structure is a mixed structure of plat bainite +
granular bainite, and its comprehensive mechanical properties are good. The study of Li Monge et
all'!l showed that the test rods of bainite steel with different diametries were all bainite ferrite and
residual austenite after air cooling and tempering, which belonged to the non-carbide bainite structure.
The microstructure of the rods with a diameter of less than 30 mm changed little after heat treatment,
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and the core structure of the rods with a diameter of more than 50 mm was coarsened, accompanied
by an increase in granular bainite content. After heat treatment, the strength and hardness of the bar
tend to decrease with the increase of the diameter of the bar. Wang Siqian et all'?! studied 35CrMoV
forgings with thickness of 100 mm and 140 mm, and the results showed that the mechanical properties
decreased significantly from the surface to the inside, and the microstructure changed from tempered
sorbite to a mixed structure of tempered sorbite and bainite. Therefore, the microstructure and
mechanical properties of Bainitic untempered steel at different positions after air cooling at 950 °C
and tempering at 450 °C are studied in this paper, in order to provide reference for the practical design
and application of large diameter Bainitic untempered steel.

2. Experiment

2.1 Experimental Materials and Experimental Processes

In this experiment, the production process of bainite non-quenched and tempered steel bar is electric
arc furnace smelting (EAF) + ladle refining (LF) + vacuum treatment (VD), and then the ladle molten
steel is continuously cast and drawn into a continuous casting billet for slow cooling, then heated to
1000 °C for hot rolling, rolled into a bar with a diameter of 200 mm, and then air-cooled, after the air
cooling to room temperature, the bar is heated to 450 °C tempered and insulated for 2 h, and then air-
cooled. The bainite type non-quenched and tempered steel is sampled equidistant from the core to the
edge along the radius direction, as shown in Figure 1, and the samples cut from the heart to the edge
are numbered C-0, C-1, C-2, and C-3 in turn.

The microstructure and tensile fracture morphology of Bainitic untempered steel were characterized
by FEI QUANTA 450 scanning electron microscope (SEM). The microstructure of Bainitic
untempered steel was observed by LEICA DMi8 inverted metallography microscope. Bruker D8
advance X-ray diffractometer (XRD) was used to obtain the diffraction spectra of Bainitic
untempered steel. The hardness test was carried out by HVS-1000Z digital micro Vickers hardness
testing machine of Shanghai Aolongxingdi Company. 10 points were randomly tested, and the
Vickers hardness of the composite was obtained after the average value was taken. According to
GB/T2 28.1-2010, the standard tensile specimen was processed, and the stress-strain curve was
obtained by the electronic universal material testing machine (Z100A. THW)..

Table 1. Chemical composition of bainite-type non-quenched and tempered steels
element C Si | Mn |P S Cr | Ni Mo Al |V Nb | Ti N B
content/% | 0.19 | 0.12 | 2.7 | 0.02 | 0.01 | 0.84 | 0.04 | 0.08 | 0.032 | 0.06 | 0.02 | 0.04 | 0.03 | 0.0003

D=200mm

Fig.1 Schematic diagram of sampling
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3. Experimental Results and Analysis

3.1 Microstructure Analysis

Fig. 2 is the OM diagram of the Bainitic untempered steel at different sampling locations. It can be
seen from the OM diagram that the bainitic untempered steel has a variety of structures, mainly
granular bainite, lat bainite and ferrite, and the ferrite is in block and strip shape. From the C-0 of the
heart to the C-3 of the edge, it can be seen that the C-0 of the heart contains more granular bainite,
but less lath bainite, the lath is the largest, the longest and the largest grain size. The content of
granular bainite at C-1 and C-2 decreased, the content of lath bainite increased, the lath became
thinner, the lath length and grain size decreased. The content of granular bainite and lath bainite
decreased at C-3 of the edge, and the lath was the smallest, the length was the shortest, and the grain
size was the smallest. At the same time, Image-Pro Plus software was used to calculate the average
austenite grain size and ferritic content. The results are listed in Table 2, indicating that as the
sampling position gets closer to the edge, the lath bainite content first increases and then decreases,
the lath bainite lath becomes thinner, and the granular bainite content continuously decreases. This is
mainly related to the cooling rate. Due to the large size of the large-diameter untempered bainitic
steel, the cooling rate will be different in different positions during air cooling, and the core cooling
rate will be slow, resulting in more granular bainite content, less lath bainite content, and longer and
thicker lath length; As the sampling position gets closer and closer to the edge, the cooling rate
increases continuously, resulting in the lath bainite content increasing first and then decreasing, the
lath length and width decreasing continuously, while the granular bainite content decreasing
continuously. The edge is mainly due to the larger ferrite content and size generated, resulting in the
reduction of both lath bainite and granular bainite.

Table 2. Austenite grain average size and ferrite content

Equivalent diameter C-0 C-1 C-2 C-3
Equivalent diameter/um 75.1 69.7 55.7 37.7
Ferrite content/% 4.2 8.4 10.7 15.8

(c)C-2 (d)C-3
Fig. 2 Optical Micrographs at Different Sampling Positions. F, GB, and LB represent ferrite,
granular bainite, and lath bainite, respectively
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Fig. 3 shows the SEM images of Bainitic untempered steel at different sampling locations. It can be
seen from Fig. 3 that the microstructure of Bainitic untempered steel is composed of lat bainite,
granular bainite and ferrite, which is consistent with the results of metallograph. In C-0, C-1 and C-
2, the ferrite content is small, and the ferrite size is small. In C-3, the ferrite content is large, and the
ferrite size is large. At the same time, we can also see some small M/A islands and large massive
M/A islands, as well as some decomposed M/A islands, mainly because high temperature tempering
will cause M/A islands to decompose, reduce the strength of the material and improve the plasticity.
At the same time, Image-Pro Plus was used to count 10 SEM images with 2000 times, and the average
size of M/A island in the experimental steel was obtained, as shown in Fig. 4. It can be seen that the
size of M/A island keeps decreasing as the sampling position gets closer to the edge. This is mainly
due to the fact that during air cooling of untempered bainite steel, the larger the diameter, the different
cooling rates at different locations and the larger the edge cooling rate. The lower the starting
temperature of bainite transformation, the greater the driving force of phase transition, and the less
sufficient the diffusion of carbon atoms, resulting in the fact that austenite can only enrich carbon
within A short distance, the size of M/A island decreases, and the spacing is shortened!!3].
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Fig. 3 SEM Images at Different Sampling Positions. F, M/A, GB, and LB represent ferrite,
martensitic/austenitic islands, granular bainite, and lath bainite, respectively
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Fig. 4 The average size of island M/A at different sampling locations

43



International Core Journal of Engineering Volume 10 Issue 5, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202405_10(5).0007

3.2 Mechanical Properties Analysis

Fig. 5 shows the tensile stress-strain curve of Bainian type unmodulated steel. The results show that
the tensile stress increases rapidly with the increase of strain, and decreases gradually after reaching
the maximum value until fracture. At the same time, it is observed that the tensile strength of Bainitic
untempered steel decreases at the edge.

Fig. 6 shows the relationship between the tensile strength, yield strength, elongation and sampling
position of bainite non-quenched and tempered steel. As the sampling position is closer to the edge,
the tensile strength and yield strength of bainite non-quenched and tempered steel first increase and
then decrease, and the elongation decreases first and then increases. The tensile strength and yield
strength reached the maximum values of 1050.3 MPa and 669.3 MPa when the sampling position
was C-2, and the elongation reached the maximum value of 15 % when the sampling position was C-
3 at the edge.

The change of tensile strength first depends on the relative content of granular bainite and lath bainite.
According to the microstructure observation, from C-0 in the heart to C-3 at the edge, the content of
lath bainite first increases and then decreases, while the content of granular bainite continuously
decreases. Compared with granular bainite structure, lath bainite has a greater strengthening effect on
low carbon steel, and the strength of lath bainite type low carbon steel is superior to that of granular
bainite type low carbon steel!'*!%!. The tensile strength of low carbon steel increases with the increase
of the volume fraction of lath bainite and M-A island!'®!"), so the tensile strength first increases and
then decreases. Therefore, as the sampling position is closer to the edge, the tensile strength increases
first and then decreases. The maximum tensile strength at C-2 is 1050.3 MPa, and the minimum
tensile strength at C-0 is 950.1 MPa.

The change of yield strength first depends on the size of the grain. According to the grain statistics,
as the sampling position gets closer to the edge, the grain becomes smaller, and the size of the grain
determines the number of grain boundaries. At room temperature, the grain boundaries have an
obstacle effect on sliding and affect the initial plastic deformation resistance of the experimental steel.
According to the Hall-Petch formulal'®l:

0. = 0g + kd™1/2 (1)

Where: is the yield strength of the polycrystal; d is the average grain diameter; Is the resistance to
deformation in the crystal, equivalent to the yield strength of a very large single crystal; k is the
influence coefficient of grain boundary on deformation, which is related to grain boundary
structure!'”). When the average grain diameter of the polycrystal decreases, the yield strength of the
polycrystal will increase.Therefore, the yield strength is highest at C-2, but when the sampling
position is the edge, the ferrite content is too much and the size is too large, resulting in a decrease in
the yield strength of the edge.

1200
1000 -
800 B
600
4004
— 0
200 e |

—C-2
—C3

Engincering stresses/Mpa

=
!

0 2 4 6 8 10 12 14 16
Lingineccring strain/%

Fig. 5 Stress-Strain Curves at Different Sampling Positions
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Fig. 6 Mechanical Performance Variation in Bainitic Non-Quenched and Tempered Steel

4. Conclusion

(1) The microstructure of the bainite type non-quenched and tempered steel at different positions is
granular bainite and lath bainite, and the bainite content of the lath increases first and then decreases
as the sampling position gets closer to the edge, the lath bainite slats become thinner, the granular
bainite content decreases, and the M/A island size and grain size decrease.

(2) As the sampling position is closer to the edge, the tensile strength and yield strength of bainite
non-quenched and tempered steel increase first and then decrease, and the elongation first decreases
and then increases. The tensile strength and yield strength reached the maximum values of 1050.3
MPa and 669.3 MPa when the sampling position was C-2, and the elongation reached the maximum
value of 15 % when the sampling position was C-3 at the edge.
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