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In this research, the effect of manganese content on the microstructure and tensile properties of
dual-phase steels was studied. At first, three low-carbon steels with fixed carbon and silicon and
variable amount of manganese (0.76-2.3wt.%) were produced by melting and casting method.
Then the cast steels were hot rolled in several stages to create sheets with a thickness of 2 mm. To
create dual-phase ferritic-martensitic structure in steels, they were subjected to intercritical
annealing process at three different temperatures of 750, 775 and 800 °C for 20 minutes and then
quenched in cold water. According to the variables of intercritical annealing temperature and
manganese content, different ratios of volume fraction of ferrite and martensite phases were
created in steels. In order to study the role of manganese in dual-phase steels, these steels were
subjected to microstructure and tensile properties. The relationship between tensile properties and
microstructure was cleared. Increasing Mn at a constant intercritical annealing temperature
significantly increased the martensite volume fraction. Meanwhile, the effect of annealing
temperature on the volume fraction of martensite was less. The uniaxial tensile test on steels
showed that manganese reduces the ductility of steels due to the increase of martensite volume
fraction, while it increases their strength. The effectiveness of tensile strength was more than yield
strength.

Extended Abstract

1. Introduction

ncreasing demand in the automotive industry for low weight materials to reduce fuel consumption has led to
the expansion of new high strength steel sheet production. Since the formability of many steels decreases with
an increase in their strength, many of the researches conducted for the production of high strength steels have
been focused on the issue of optimizing their formability [1]. A study in 1976 showed that the intercritical
annealing of low alloy steels in the dual-phase range of austenite and ferrite leads to the creation of steels with a
ferritic-martensitic microstructure, which, in addition to having high strength, has better ductility than other high
strength low alloy steels [2]. The characteristic of these steels is continuous yield point, low yield strength, high
tensile strength, as well as high work hardening rate and ductility, increasing total length more than normal ferritic-
pearlitic steels [3-5]. The unique mechanical properties of these steels are due to their microstructural pattern,
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which consists of two main components: martensite and polygonal ferrite [6. 7]. These properties depend on
microstructural parameters such as martensite volume fraction, martensite morphology, ferrite grain size, etc. [8-
10].

The temperature and time of intercritical annealing in the a+y two-phase range are factors affecting the volume
fraction of phases, the shape of phases, the distribution of alloying elements in them, the hardenability of austenite
and the size of ferrite grain [9-11]. By increasing the temperature or the intercritical annealing time, because more
austenite is formed, the carbon content of austenite decreases. This certainly causes a decrease in the hardenability
of austenite [12]. Therefore, some manganese, silicon or chromium is added to the steel composition to improve
the hardenability of austenite [13-15]. The amount of martensite carbon content in dual-phase steels is mainly
dependent on the intercritical annealing temperature, or in other words, on the volume fraction of martensite [16].
Since the austenite transforms into martensite and its carbon content is actually the same as the carbon in austenite;
Therefore, the carbon in martensite will increase with decreasing annealing temperature [17]. In addition to the
annealing temperature, which controls the chemical composition and percentage of austenite in the dual-phase
region, the amount of alloying elements and the cooling rate of the dual-phase region are also effective on the
products created as a result of transformation [14. 18]. It has also been reported that the cooling rate is effective
on the amount of martensite carbon content [19]. According to the studies conducted on dual-phase steels, these
steels are generally low carbon steels and manganese is a common element in their composition [20]. After carbon,
manganese is the most important chemical element in the composition of steels. Manganese is an effective element
on the hardenability of steel, which is also economical [21]. Many researches show that the chemical composition
of dual-phase steels only contains carbon and manganese and no other elements are present in their composition

22-24]. The increase of manganese generally increases the volume fraction of martensite in steel. Therefore, it
affects the properties of dual-phase steel. The microstructural changes made due to the presence of manganese
cause changes in the yield strength and tensile strength of steel. By increasing the annealing temperature in the
dual-phase range, the strength of the dual-phase steel increases, but the slope of these changes is different for
different percentages of carbon and manganese [25].

Although scattered research has been done on the performance of manganese on dual-phase steels, there is no
exact consensus on this matter. The purpose of this work is to know as much as possible the effect of manganese
on the microstructure of dual-phase steel and its relationship with the tensile behavior of this group of advanced
steels. This is important along with the change in the volume fraction of martensite caused by heat treatment
variables and also the change in the chemical composition of the steel due to the change in the amount of
manganese in the steel. The simultaneous examination of these two factors affecting the volume fraction of
martensite and consequently the mechanical properties of steel together can be interesting and challenging.

2. Experimental procedure

In this research, three plain carbon steels with different amounts of manganese in the range of 0.76 to 2.30
wt.% were used. The alloys were melted in an induction furnace with a maximum frequency of 3000 Hz, a
maximum power of 75 kW and a maximum voltage of 1200 V, under an atmosphere of argon gas, and then cast
into 8 kg ingots with an approximate cross-sectional area of 10x10 cm. The chemical composition of steels is given
in Table 1. According to the amount of manganese, these steels were named A, B and C. All the cast ingots were
homogenized under a temperature of 1100°C for 18 hours under argon gas atmosphere to minimize segregations
caused by casting. Next, in order to reduce the thickness of the samples, they were heated at 1050 °C at a speed of
6 rpm and in 7 rolling stages. Finally, sheets with a thickness of 2 mm were created.

In order to create a dual-phase microstructure in steels, intercritical annealing was performed at three different
temperatures of 750, 775, and 800 °C in a resistance furnace with an accuracy of = 5 °C for 20 minutes and then
quenched in water. The resulting two-phase samples were studied by SEM with 30 Kv voltage in addition to light
microscopy. The volume fraction of martensite in dual-phase steels was based on the point counting method and
based on the ASTM E562-83 standard. To determine the grain size of ferrite in steels, the planimetric method was
used based on the ASTM E112 standard. The uniaxial tensile test was performed according to the ASTM-ES
standard at room temperature and at a speed of 2 mm/min. Cutting and preparation of flat tensile samples in the
rolling direction was done by wire cutting machine. Brinell hardness test according to DIN 50150 standard was
used to determine the hardness of the samples. Examination of fracture surfaces resulting from tensile test was
done by SEM.
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3. Results and Didcussion

Figure 1 shows the optical microstructure of dual-phase steels annealed at 775 °C inter-critical temperature. It
can be seen from this figure that the distribution of martensite is uniform in all microstructures. Figure 2 shows
the role of manganese and intercritical annealing temperature on the volume fraction of martensite in dual-phase
steels. As can be seen, the amount of martensite increases continuously with increasing amount of manganese
regardless of the annealing temperature. An increase in manganese causes a decrease in ferrite and, as a result, a
decrease in the amount of austenite. Therefore, the volume fraction of formed martensite also increases. Figure 2
shows that regardless of the chemical composition of the steel, increasing the annealing temperature increases the
volume fraction of martensite. The reason for this is the formation of more austenite in the two-phase range with
the increase of intercritical temperature. This can be justified based on phase equilibrium and lever law.

Table 1. Chemical composition of investigated steels (weight percentage)

Sample C Si Mn P S
A 0.12 0.57 0.76 0.011 0.007
B 0.12 0.45 1.76 0.010 0.009
C 0.12 0.47 2.30 0.013 0.015

Figure 1. Optical microstructure of two-phase steels with variable manganese intercritically annealed at 775°C for 20 minutes. A)
steel A, b) steel B and c) steel C
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Figure 2. Volume fraction of martensite change with intercritical annealing temperature in variable manganese steels

The summary of tensile test results is presented in Table 2. All samples show high tensile strength. However,
the yield strength is low in all samples. Also, the ratio of yield to tensile strength (yield ratio) in all samples (except
for the low manganese sample A which was annealed at a low temperature of 750 °C) is low and between 0.55
and 0.65. In all steels, regardless of the amount of manganese in the steel, increasing the annealing temperature
increases the tensile strength of the two-phase steel. The reason for this can be explained in the increase in the
volume fraction of the hard martensite phase with the increase in the annealing temperature. The strengthening
mechanism through martensite, along with the solid solution mechanism caused by the dissolution of manganese,
are factors to improve strength. It can be seen that the yield strength also increases with the annealing temperature
and the percentage of manganese, just like the tensile strength, but the intensity of its increase is less compared to
the tensile strength. When the samples are heated in the dual-phase region of austenite and ferrite, the pearlite
regions turn into austenite, and by quenching the steel, the existing austenite turns into martensite and appear as
island-shaped regions in the ferrite field. Martensite volume fraction changes are equal to austenite percentage
changes. According to the obtained results, it can be said that as the intercritical temperature and the amount of
manganese in dual-phase steel increase, the tensile strength and yield strength increase and the changes in
elongation and ductility decrease.

4. Conclusion

Manganese is used as an economic alloying element in steels. Since the most important application of dual-
phase steel is in the automotive industry, it is necessary for these steels to be low-carbon. In this research, in order
to identify the role of this element on the performance of two-phase steel, three different amounts of manganese
were used with different fractions of austenite in the two-phase region by applying different intercritical
temperatures. Manganese has a significant effect on the volume fraction of martensite and as a result its chemical
composition. therefore; It is expected to affect the tensile properties of dual-phase steels. The highest yield and
tensile strength are related to the highest intercritical annealing temperature and the highest amount of manganese,
which was associated with the highest volume fraction of martensite. This indicates that the volume fraction of
martensite is a more effective factor compared to its chemical composition. Tensile test also showed that with the
increase of martensite volume fraction, the ductility of dual-phase steel decreases, however, the ductility of these
steels at a high strength (more than 700 MPa) still remains acceptable (strain at least 15%). Tensile results indicate
that, in general, the presence of high manganese in the amount of 2.3 wt.% is favorable for tensile behavior.

Table 3. Summary of tensile results of samples.

Sample o, (MPa) UTS (MPa) o,/UTS ey (%) e (%)
A-750 395 460 0.85 20.2 21.7
A-775 430 662 0.65 17.8 19.4
A-800 455 695 0.65 16.7 18.1
B-750 444 718 0.61 16.3 17.8
B-775 457 739 0.61 14.6 16.2
B-800 469 781 0.60 13.5 15.2
C-750 453 788 0.57 14.1 16.1
C-775 475 839 0.56 13.2 15.5
C-800 477 851 0.56 11.6 14
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