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Abstract: In this work, three low-carbon bainitic steels, with different Mo contents, were designed
to investigate the effects of Mo addition on microstructure and mechanical properties. Two-step
cooling, i.e., initial accelerated cooling and subsequent slow cooling, was used to obtain the desired
bainite microstructure. The results show that the product of strength and elongation first increases
and then shows no significant change with increasing Mo. Compared with Mo-free steel, bainite
in the Mo-containing steel tends to have a lath-like morphology due to a decrease in the bainitic
transformation temperature. More martensite transformation occurs with the increasing Mo, resulting
in greater hardness of the steel. Both the strength and elongation of the steel can be enhanced by
Mo addition; however, the elongation may decrease with a further increase in Mo. From a practical
viewpoint, the content of Mo could be ~0.14 wt. % for the composition design of low-carbon bainitic
steels in the present work. To be noted, an optimal scheme may need to consider other situations
such as the role of sheet thickness, toughness behavior and so on, which could require changes in the
chemistry. Nevertheless, these results provide a reference for the composition design and processing
method of low-carbon bainitic steels.
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1. Introduction

Low-carbon bainitic steels are used widely in many industrial fields due to their favorable
combination of strength and toughness. For the composition design of low-carbon bainitic
steels, several alloying elements such as B, Mo, and Cr are usually added to achieve sufficient
hardenability [14]. In doing so, the desired microstructure of bainitic ferrite is obtained during
continuous cooling in industrial production processes.

Since B-Mo bainitic steel was developed by Pickering and Irvine [5], the function of Mo in steels
has been widely investigated by many researchers. It is generally accepted that Mo addition can
separate the bainitic transformation zone to obtain the desired bainitic microstructure over a wide
range of cooling rates [6,7]. Mo is added to decrease the diffusion coefficient of carbon, resulting in the
retardation of ferrite and pearlite transformation. Khare et al. [8] stated that the most dramatic effect of
Mo is to hinder high temperature transformation, but 0.25 wt. % Mo had no significant influence on
bainitic transformation kinetics in a 0.32 wt. % C bainite steel. Sourmail et al. [9] reported that the effect
of Mo on bainite transformation was not clear with negligible or no retardation influence on the bainite
formation kinetics, although the calculated effect on the driving force led to an expected acceleration.
However, Kong et al. [10] claimed that bainitic transformation in a low-carbon alloyed steel containing
0.40 wt. % Mo was slowed down when the cooling rate was below 15 °C/s. Chen et al. [11] reported
that it is necessary to add suitable Mo to improve the toughness and strength of high Nb-bearing
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X80 pipeline steels (0.26 wt. % Mo, 0.07 wt. % Nb). They considered that Mo addition can suppress
pearlite and ferrite (PF) transformation and decrease the transformation temperature, resulting in
refined transformed products, so the mechanical properties are improved.

Although the effects of Mo on transformation, microstructure and properties of low-carbon
bainitic steels have been widely investigated by several studies, an optimal scheme on the amount of
Mo to be added is not fully understood. In most works, the amount of Mo added to low-carbon bainitic
steels is designed to be >0.25 wt. % [12-16], which could be considered an expensive addition in the
modern context. It is necessary to optimize the amount of Mo added for commercial scenarios. So far,
how the comprehensive mechanical properties, especially the product of strength and elongation (PSE),
change with the amount of Mo added has seldom been investigated.

Therefore, in the present work, three low-carbon bainitic steels were designed to investigate the
effect of Mo content on the PSE. The evolution of the bainitic microstructure with Mo addition was
also analyzed. The results provide a theoretical reference for the composition design of low-carbon
bainitic steels.

2. Materials and Methods

Three low-carbon bainitic steels with the chemical compositions given in Table 1 were refined
using a 100 kg vacuum furnace. Steel #1 was free from Mo and acted as a standard with which the
Mo-bearing steels could be compared. The cast ingots were heated to 1250 °C before hot-rolling to
12-mm-thick plates by seven passes. The starting temperatures of the rough roll and finishing roll
processes were 1070 °C and 880 °C, respectively. After hot rolling, the plates were initially fast cooled
to 500 °C at ~30 °C/s, then air cooled to room temperature. This experimental procedure is basically
consistent with the industrial technology. The bainite starting temperature (Bs) and martensite starting
temperature (Ms) of three tested steels were calculated according to the following equations [17]:

Bg =839 — > Pix; — 270 x [1 — exp (—1.33xc)] 1)
i

Ms = 565 — > Kjx; — 600 x [1 — exp (—0.96xc)] )
i
where i = Mn, Si, Cr, Ni, and Mo, and the concentration x in wt. %.

D Pixi = 86Xpin + 23x; + 67xcr + 67xNi + 75Mo (3)

1

D Kixi = 31xyin + 13xg; + 10xcr + 183 + 12200 (4)

1

Table 1. Chemical compositions of steels (wt. %).

Steel C Si Mn Mo P S Bg Mg
#1 0.223 1.523 2.187 0 <0.01 <0.003 546 357
#2 0.219 1.504 2.095 0.134 <0.01 <0.003 543 360
#3 0.225 1.519 2.034 0.273 <0.01 <0.003 538 358

The aim of calculating Bs and Ms is to design the finishing temperature point of the fast cooling
stage and the results are given in Table 1. The specimens were mechanically polished and etched with a
4% nital solution for microstructure examination using optical microscopy (OM) and scanning electron
microscopy (SEM). The morphology of bainitic ferrite was examined using a Nova 400 Nano field
emission scanning electron microscope (FEI, Hillsboro, OR, USA) operated at an accelerating voltage
of 20 kV. In addition, the fine microstructure was observed using a JEM-2100F transmission electron
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microscope (TEM, JEOL, Tokyo, Japan). The volume fractions of retained austenite (RA) in different
samples were determined using an X'Pert diffractometer (Panalytical, Almelo, The Netherlands) with
Co K radiation under the following conditions: acceleration voltage, 40 kV; current, 150 mA; and
step, 0.06°. Tensile tests were performed using a UTM-5305 electronic universal tensile machine
(Instron, Norwood, MA, USA) at room temperature. Tensile specimens were prepared according to
ASTM standards and the strain rate was ~4 x 1073/s. Vickers hardness tests were performed with a
HV1000A micro-hardness tester (0.2 kg-1960 mN, Matsuzawa, Tokyo, Japan). The average value of
at least ten individual measurements was calculated, including several martensite bands and bainite
blocks in the microstructure.

3. Results and Discussions

3.1. Characteristics of Microstructure

Optical micrographs of the specimens are presented in Figure 1. It can be seen that bainite was
obtained in all samples with or without Mo addition. In steel #1 (Figure 1a), the microstructure mainly
consists of bainite with a very small amount of martensite/austenite (M/A) islands. The microstructure
is fine due to the initial fast cooling rate of ~30 °C/s. Martensite in bands (darker regions in Figure 1b,c)
appears in Mo-added steels. Actually, microstructural bands are caused by the segregation of the
substitutional alloying element of manganese, which is abundant in these materials. Compared to
steel #1, the microstructure of steels #2 and #3 is finer.

Figure 1. Optical micrographs of steels with different Mo content: (a) steel #1, Mo-free; (b) steel #2,
0.134 wt. % Mo; (c) steel #3, 0.273 wt. % Mo.

In order to further clarify the changes in the microstructure, SEM micrographs of steels with
different Mo additions are given in Figure 2. The microstructure in the Mo-free steel consists of
granular bainite (GB) and M/ A islands, shown by the arrow in Figure 2a. With a 0.134 wt. % Mo
addition, lath bainite (LB), GB and M/ A islands are observed (Figure 2b); the amount of GB decreases
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and the M/A islands become finer. From Figure 2c, it can be seen that the amount of LB increases
with increasing Mo. The results indicate that Mo can decrease the amount of GB transformed by
undercooled austenite, and contributes to obtaining LB and fine M/ A islands during the continuous
cooling process.

Figure 2. SEM micrographs of steels with different Mo contents: (a) steel #1, Mo-free; (b) steel #2,
0.134 wt. % Mo; (c) steel #3, 0.273 wt. % Mo.

The appearance of LB and M/ A islands demonstrates that bainite transformation in Mo-containing
steel occurs at a lower temperature range than in Mo-free steel. As the strong carbide-forming element
Mo is added to the steel, the carbon diffusion activation energy in austenite increases and the carbon
diffusion coefficient decreases [10]. Bainite transformation is closely related to carbon diffusion.
Therefore, bainite transformation starts at a lower temperature range when Mo is added. As the
Bs point decreases, the parent austenite transforms into LB at a low transformation temperature.
In addition, a phenomenon called “incomplete transformation” usually occurs because bainite
transformation stops prematurely before the equilibrium amount is attained [18,19]. Thus, residual
austenite after bainite transformation partially transforms to martensite.

Figure 3 shows TEM micrographs of the microstructure of the three tested steels.
The morphologies of GB and LB are clearly presented, as shown in Figure 3a—c. The bainite in
steel #1 (Mo-free) is almost GB with little LB, whereas the microstructure in steel #2 (0.134 wt. % Mo)
consists of GB and LB (Figure 3b). With the increase of Mo, the amount of LB increases and the width
of the bainitic laths decreases (Figure 3c). In addition, net-like dislocation lines are observed on the
surface of LB, as shown in Figure 3d. When adding Mo to steel, the morphology of bainite changes
from GB to LB and dislocation begins to occur. This is due to the decrease of the transformation
temperature, which changes the mechanism of bainite transformation. The relatively high dislocation
density associated with bainitic ferrite is often attributed to the shape deformation caused by displacive
transformation [20]. Caballero et al. [21] investigated the influence of the transformation temperature
on the dislocation density and the corresponding bainitic ferrite thickness. They found that the
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dislocation density increased with a decrease in the transformation temperature and the corresponding
bainitic ferrite thickness decreased.

~+=—Dislocation

. .aDislocation

Figure 3. TEM micrographs showing the morphology of bainite and dislocation: (a) steel #1, Mo-free;
(b) steel #2, 0.134 wt. % Mo; (c) steel #3, 0.273 wt. % Mo; (d) micrograph in high magnification of the
square zone in (b).

3.2. Quantitative Analysis

The calculation of RA is based on integrated intensities of the (200)«, (211)x, (200)y, (220)y
and (311)y diffraction peaks obtained by X-ray diffraction (XRD). The volume fractions of RA were
calculated according to Equation (5) and the value is the average of V; [22].

1

M e ?

where Vj is the volume fraction of austenite for each peak, I and I, are the integrated intensities
of ferrite and austenite peaks, respectively, and G is a certain value for each peak. As bainite and
martensite have a similar crystalline structure, it is difficult to distinguish them in the diffraction
diagrams. The volume fraction of bainite was evaluated using the method in Reference [23]. The results
of the quantitative analysis are given in Table 2. In order to minimize error, an average value of each
case was obtained from at least 10 individual measurements. The volume fraction of GB decreased with
Mo content, whereas the volume fractions of LB and M increased. The Mo-containing steels had more
RA than the Mo-free steel, demonstrating that Mo addition contributes to the stabilization of austenite.

Table 2. Quantitative data on the microstructure of different steels.

Sample Vgs Vis VM Vy
#1 (Mo-free) 0.69 + 0.04 0.05 + 0.01 0.19 + 0.02 0.07 £ 0.01
#2 (0.134% Mo) 0.39 + 0.03 0.25 + 0.02 0.25 + 0.03 0.11 £ 0.01
#3 (0.273% Mo) 0.06 + 0.01 047 +0.03 0.37 £0.03 0.10 £ 0.01

Notes: Vg, volume fraction of granular bainite; Vi, volume fraction of lath bainite; Vy;, volume fraction of
martensite; V., volume fraction of RA (determined by electron micrographs and XRD).
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3.3. Mechanical Properties

The tensile test results of the three steels are given in Table 3. The results are the average values of
four tests. The yield strength (YS) and ultimate tensile strength (UTS) are improved by the addition
of Mo. Meanwhile, the total elongation (TE) first increases and then decreases within a small range.
The percentage reduction of area (Z) also changes a little with varying Mo content. As mentioned
previously, the addition of Mo decreases the transformation temperature of bainite, resulting in a finer
bainitic microstructure and a certain amount of martensite. Moreover, LB provides a higher phase
strengthening effect than GB. These two reasons lead to the increase in strength of the Mo-containing
steel compared to the Mo-free steel. It should be noted that the increment of UTS (112 MPa, Mo from
0 to 0.134 wt. %; 56 MPa, Mo from 0.134 wt. % to 0.273 wt. %) reduces with the increment of the
Mo content. For the industrial production of low-carbon bainitic steels, comprehensive mechanical
properties are normally considered. Thus, the value of PSE, i.e., UTS x TE (GPa %), versus Mo
addition is plotted in Figure 4. It can be observed that the PSE showed no significant change when
the Mo content went beyond 0.134 wt. %. This is due to the slow increase in strength and decrease
in elongation. In many current studies, the amount of Mo added to low-carbon bainitic steels is
normally designed to be >0.25 wt. % [12-16]. However, in the present study, it is demonstrated that
it is more suitable to add Mo at ~0.134 wt. % considering the production cost. It should be noted
that an optimal scheme sometime needs to consider other factors such as the role of sheet thickness,
toughness behavior and so on which could require changes in the chemistry. Nevertheless, the result
of the present work provides a reference for the composition and processing design of low-carbon
bainitic steels.

Table 3. Mechanical properties of samples with different compositions.

Steel YS (MPa) UTS (MPa) TE (%) Z (%) PSE (GPa %)

#1 561 1015 15.6 41 15.8
#2 583 1127 18.3 37 20.6
#3 610 1173 16.8 38 19.7
22
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Figure 4. The product of strength and elongation (PSE) in steels with different Mo contents.

Figure 5 shows the results of the Vickers micro-hardness tests. The average value of the
micro-hardness in steel #1 (4.83 GPa) is the lowest of all the steels. The highest hardness values
of steels #2 and #3 reach ~5.5 GPa, which corresponds to the M/ A constituents in the microstructure.
In addition, the ratio of the high hardness value in steel #3 is larger than that in steel #2, which is due
to the larger amount of martensite. Moreover, the bainite matrix is harder in the Mo-containing steel
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than in the Mo-free one. The occurrence of LB contributes to the increase of the hardness of the matrix.
The results of the hardness tests are closely related to the microstructure (Figures 1 and 2).
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Figure 5. Vickers micro-hardness values of samples with different Mo content: (a) steel #1, Mo-free
(b) steel 2#, 0.134 wt. % Mo, (c) steel #3, 0.273 wt. % Mo.

3.4. Design of Processing

As discussed above, the constitution and morphology of the microstructure are changed by
adding Mo into steels. It is inferred that the transformation kinetics are affected by the addition of
Mo. Time-temperature-transformation (TTT) diagrams are often used as references for the design of
the composition and processing technology of low-carbon bainitic steels [24,25]. Figure 6 shows the
TTT diagrams calculated based on the compositions of tested steels by MUCGS83 [26,27]. Compared to
the Mo-free steel, both steels #2 and #3 have an obvious bay between the two C-curves (one at high
temperature representing reconstructive transformation and the other at low temperature representing
displacive transformation [27]). This is due to Mo enhancing the hardenability of the steel, causing
a separation of the bainite C-curve. In addition, when the Mo content is increased from 0.134 wt. %
to 0.273 wt. %, the C-curves show no significant change. Kong et al. [9] reported that 0.40 wt. % Mo
can further reduce the Bs when the cooling rate is low, but the difference is not obvious when the
cooling rate is above 30 °C/s. The calculated TTT diagrams suggest that a two-step cooling regime is a
promising method for producing an optimal bainite microstructure. The results in the present work

provide a practical reference for the design of the composition and processing routes of low-carbon
bainitic steels.
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Figure 6. Calculated TTT diagrams for the Mo-free steel (#1) and the Mo-containing steels (#2 and #3).

4. Conclusions

Three low-carbon bainitic steels were designed to investigate the effects of Mo addition on the
microstructure and mechanical properties. The results show that the microstructure in Mo-free steel
consists of GB + M/A with little LB, whereas the microstructure in Mo-added steels consists of
GB + LB + M/A. With increasing the Mo, the amount of LB increases and the bainite laths become
finer. The product of strength and elongation first increases and then shows no significant change with
further Mo addition. Lath-like bainite and M/ A islands in the Mo-bearing steels contribute to the
increase in strength and the improvement in elongation compared to the Mo-free steel. However, the
elongation may decrease with increasing Mo. From a practical viewpoint, the content of Mo could be
~0.14 wt. % for the composition design of low-carbon bainitic steels in the present work. It should
be noted that an optimal scheme sometime needs to consider other factors such as the role of sheet
thickness, toughness behavior and so on which could require changes in the chemistry. Nevertheless,
the result of the present work provides a reference for the composition and processing design of
low-carbon bainitic steels.
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Abbreviations

The following abbreviations are used in this manuscript:

PSE product of strength and elongation

LSCM high temperature laser scanning confocal microscopy
Bs bainite starting temperature

Ms martensite starting temperature

oM optical microscopy

SEM scanning electron microscopy

TEM transmission electron microscope

XRD X-ray diffractogram

M/A martensite/austenite

GB granular bainite
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LB lath bainite

RA retained austenite

YS yield strength

UTS ultimate tensile strength

TE total elongation

TIT time-temperature-transformation
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