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ABSTRACT

This article analyses the effects of deformation on the structure of CMnSi steel at various deformation levels. After hot
forging, the structure of CMnSi steel comprises coarse-sized alpha and pearlite particles. The average grain size of steel
after forging was 100 um. After hot rolling, the grain size gradually decreases, with the average size of the ferrite and
pearlite grains measured as 60 um. After that, CMnSi steel was subjected to cold deformation at levels of 40%, 60%,
and 80%. The grain size of the CMnSi steel sample after 80% cold deformation reached level 7, corresponding to about
25 um. For a deformation level of 40%, the grain size was level 5, corresponding to 40 um, while a deformation level
of 60% produced a grain size of 35 um, corresponding to level 6. In addition, scanning electron microscopy showed
that after 80% deformation, smaller particles with a size of about 5 um appear inside the parent particles. Moreover,
energy-dispersive X-ray spectroscopy analysis revealed the carbide appearance in the form M23C6, with M being
a mixture of Fe and Mn. These carbides have a fine size of about 1-2 ym and contribute to the prevention of particle

growth during subsequent heat treatments.
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INTRODUCTION

Currently, the world’s metallurgical industry is aiming to
develop steel that is more durable and flexible, with lower prices
and more environmentally friendly technology. Indeed, there are
alarge number of materials-related technologies that have been
studied and developed aiming to enhance efficiency, as well as
improve the applicability of these materials to industry [1]-[4].
In the shipbuilding industry, research and production of high-
strength steel is required as the application of high-strength steel
in shipbuilding could increase the carrying capacity of ships
[5], [6]. At the end of the 20™ century, the global steel industry
experienced many technological revolutions, enhancing the
quality of steel. These include the direct reduction of iron

ore aiming to produce reduced cast iron products, including
sponge iron with low C and P contents, as well as a reduction
in S impurities; technology for electric furnace steelmaking
and secondary refining to significantly remove impurities;
continuous casting technology; and thermomechanical
technology aiming to create special structures with enhanced
mechanical properties [7], [8]. Among these, advanced high-
strength steel (AHSS) is of particular interest, including dual-
phase steel (DP), transformation-induced plasticity steel (TRIP),
and (TRIP)-aided bainitic ferrite steel (TBF) [9], [10].

AHSS steel belongs to the CMnSi low alloy steel group, with
a C content of up to 0.4%, a Min content ranging from 1% to 2.5%,
and a Si content of up to 2.2%. Other elements, such as Cr, Al,
Ti, Nb, and V, may also be present. As reported, AHSS has high
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cleanliness, in which the required P and S content (P < 0.025%,
S < 0.015%) is much lower than HSLA steel [11]. P and S are two
elements that are very harmful to steel, causing cracking during
mechanical work and reducing the overall mechanical properties.
Thus, P and S should be thoroughly removed from the steel [12],
[13]. Furthermore, very low amounts of non-metallic impurities
and gases (O,, H,, N,) are required to produce AHSS steel with
superior properties. Thus, to ensure the mechanical properties and
the chemical composition of AHSS steel, it is necessary to use special
steelmaking technology [14]-[17]. AHSS steel is strain-hardened
by the multiphase structure effect combined with traditional
durability principles, such as solid solution durability, dispersed
phase secretion, and grain reduction. Thus, by alloying with suitable
elements, in combination with impact technology aiming to change
the structure and create high-strength solid bainite/martensite
phases, the residual austenite is dispersed within a flexible ferrite
matrix that has a small grain size (< 20 um) along with isolated
phases (i.e., martensite, residual austenite with a grain size < 5 um).
The ferrite phase plays a bonding role, controlling the ductility of
steel, while the solid phases act as reinforcing molecules, influencing
the durability and ductility of steel.

As a type of AHSS, DP steel has a two-phase structure
composed of ferrite and martensite, in which the martensite
phase is in the isolated form, accounting for about 10%-40% of
the total microstructure and is evenly distributed on the ferrite
base. The main alloying elements used in DP steel are C, Mn, Si,
and Cr. TRIP steel has a three-phase structure of ferrite, bainite,
and residual austenite. Residual austenite, which makes up at least
5% of the total microstructure, is a carbon-rich phase (~1% C)
that is evenly distributed in the ferrite/bainite matrix. In addition,
there may be a small amount of martensite (< 5%), depending on
the technological process [18]. The typical structure of TRIP is
50%-60% ferrite, 25%-40% bainite, and about 5%-20% residual
austenite. TBF steel has a multiphase structure depending on
the heating temperature. If heated above Ms (martensite start)
temperature Ms, the obtained TBF is composed of the pro-
eutectoid ferrite, bainite-ferrite, and residual austenite phase [19].
If heated below temperature Ms, the obtained TBF is composed
of the pro-eutectoid ferrite, bainite-ferrite, residual austenite,
and martensite phases. The outstanding mechanical properties
of TBF steel are obtained by adjusting the alloying element
composition and processing technology. Generally, increasing
the C and Mn contents increases the strength of TBF steel but
decreases the elongation. Increasing the Si content has the effect
of increasing both durability and elongation, along with the
durability coefficient. This effect of Si is due to an indirect effect
on the structure, mainly making austenite redundant, resulting
in increasing durability and plasticity. The effect of Si in TBF
steel is completely different from HSLA steel. For HSLA steel, an
increased Si content increases steel strength; however, ductility
and toughness decrease sharply. In general, C, Mn, and Sinot only
play critical primary roles but also interact with each other, thus
affecting the structure and mechanical properties of TBF steel.

In the literature, there are many studies on TBF steel,
primarily utilising C, Mn, and Si. These works mainly focus
on studying the cooling deformation process of CMnSi steel and
the subsequent effects of these cooling deformation processes
on the mechanical properties of CMnSi steel [20], [21]. Some
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authors have researched the effects of heat treatment conditions
on the structure and mechanical properties of CMnSi steel. In
addition, they have shown the influence of the final structure
(after completing heat treatments) on the mechanical properties
of CMnSi steel [22]-[24]. Unfortunately, there are not many
studies analysing the effects of varied hot rolling conditions on
the structure and mechanical properties of CMnSi steel [25].
However, this hot rolling process is just the preparation stage
for the next cold deformation process of CMnSi steel. Some
authors have presented research on the effects of some trace
elements, including Nb, Cu, and W, on the microstructure and
mechanical properties of TBF steel [26]-[28]. These studies have
shown the influence of alloying elements on the microstructural
formation process and mechanical properties of CMnSi steel.
However, there has been no study investigating the effects of cold
deformation on the structure of CMnSi steel, even though the
cold deformation stage has important consequences regarding
the microstructure and properties of steel. Therefore, in this
work, we study the influence of the degree of cold deformation
on the microstructure of CMnSi steel, with special attention
given to the grain size and carbide phases.

MATERIALS AND METHODS

In this work, CMnSi steel with a C concentration in the range
0£0.2%-0.24%, Mn in the range of 1.5%-2%, and Si in the range
of 1.4%-1.6% was used. The impurity content was very low, in
accordance with AHSS steel standards (P < 0.025%, S <0.015%).
Additionally, the gas content was very low (O, H, N). These
compositions in CMnSi steel are guaranteed by the refining
process. The composition of the CMnSi steel sample is given

in Table 1.
Tab. 1. CMnSi steel composition (mass %)
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To evaluate the effects of the degree of cold deformation on
the microstructure of the CMnSi steel, the sample is prepared
as follows:

— After casting, the billet is cut into blocks with a cross-sectional
size of 80 * 70 mm and annealed to generate a uniform
composition, addressing the segregation that occurred during
casting. In this phase, the sample is annealed at 1000 °C for
3 hours.

— After annealing, the steel billet is hot forged with a forging
ratio of y = 4 to eliminate casting structures. Steel billets are
forged into plates 20 mm thick with a width of 70 mm. The
forging starting temperature is about 1200 °C and ends at
about 900 °C.

—After forging, the steel billet is hot rolled. The hot rolling mode
is designed to ensure that a small, even grain size is obtained,
consistent with the equipment’s capabilities. Specifically, the
total thickness reduction is 50%, producing a billet that is
10 mm thick. The starting temperature for each rolling pass
is 920 °C (austenite transformation (Ac;) + 50 °C), while the
temperature of the outside surface of the billet after being



released from the rolling shaft is about 880 °C, as measured
by a pyrometer.

— After hot deformation, the steel billet is cold rolled at different
degrees of cold deformation, i.e., 40%, 60%, and 80%, ensuring
that the sample after deformation has a thickness of 2 mm.
Steel samples after cold deformation were analysed using
a VHX6800 optical microscope.

RESULTS AND DISCUSSION

MICROSTRUCTURE OF CMNSI STEEL AFTER
HOT ROLLING

Fig. 1. Microstructure of CMnSi steel after forging

Analysis of the microstructure after forging shows that the
structure of the CMnSi steel does not have casting defects.
After forging, the microstructure of CMnSi steel is stable,
facilitating the subsequent deformation process. However,
the microstructure consists of coarse light-coloured ferrite
particles dispersed within a sheet-like perlite matrix, as shown
in Fig. 1. The grain size after forging is quite large, measuring
about 80-100 pm. As reported in the literature, the coarse grain
size will affect the mechanical properties of the steel, especially
durability and ductility. This result is similar to the research of
Zhu et al. [23], who reported the formation of ferrite and pearlite
phases in the microstructure of CMnSi steel. In their research,
they also highlighted the role of these phases in forming the
structure following heat treatment of CMnSi steel. Similarly,
Kliber et al. [29] and Cooman et al. [30] also showed that the
phase structure of CMnSi steel after forging resembles that of the
annealed state. However, as key difference lies in the uniformity
of phase sizes. After forging, the phases are more uniform in
size compared to after annealing. This uniformity in phase size
is the most significant distinction between the microstructures
resulting from forging and annealing.

Fig. 2. Microstructure of CMnSi steel after hot rolling

Analysis of the microstructure of CMnSi steel after hot
rolling shows that it consists of pearlite particles with a smaller
size (~60 pm) compared to the sample after forging. Around
the pearlite grain boundary, a dispersed light-coloured alpha
structure, which is finer and smaller in size compared to the
sample after forging, is observed (Fig. 2). Thus, the hot-rolling
process also creates a suitable microstructure for the subsequent
cold deformation process. Scanning electron microscopy (SEM)
image analysis of CMnSi steel after hot rolling indicates the
plate-like pearlite structure, as shown in Fig. 3.

Pearlite plate

Fig. 3. SEM of CMnSi steel after hot rolling

In the study of Tian et al. [25], the structure of TRIP steel
was also shown to have the same composition as the CMnSi
steel. They found that the microstructure of TRIP steel includes
ferrite phases, residual austenite, and isolated areas of martensite-
austenite and bainite. However, they only studied the structure
of steel after hot rolling and subsequent heat treatment at
400 °C, without examining the structural development during
the hot rolling stage. In contrast, the current work analyses the
structure and phase characteristics after hot rolling, a critical
step in preparing the structure for subsequent cold deformation.
Typically, an uniform dispersion and grain size will determine
the size and structure of phases after cold deformation.

MICROSTRUCTURE OF CMNSI STEEL AFTER
DEFORMATION

Analysis of the microstructure of the CMnSi steel sample
after 40% cold deformation shows that the structure of CMnSi
steel consists of a particles (light colour) and pearlite particles
(dark colour) that are evenly dispersed, as shown in Fig. 4. These
particles are smaller and finer in size compared to those present
after hot rolling. The preparation of the CMnSi steel structure with
a small grain size is beneficial for subsequent heat treatments.
Indeed, the structure after cold deformation has an increased
number of grain boundaries, thereby increasing the mechanical
properties of the steel.

' 5 *1000
Fig. 4. CMnSi steel sample after 40% deformation
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Analysis of the microstructure of the CMnSi steel sample
after 60% and 80% deformation shows that the degree
of deformation of the sample increases and the grain size
of the sample decreases, as illustrated in Fig. 5 and Fig. 6.
The cold deformation process also generates more evenly
rounded grains compared to the samples after forging and hot
rolling. At an 80% deformation level, the grains are fine and
evenly distributed, with an average grain size of about 25 pm,
compared to 35 pm for samples deformed at 60%. Overall,
the high degree of cold deformation results in the appearance
of very small, finely sized particles that are evenly dispersed
throughout the microstructure.
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Fig. 6. CMnSi steel sample after 80% deformation

Some existing studies assess how the degree of deformation
influences the microstructure of CMnSi steel [25], [31],
[32]. These studies generally show that as the degree of
cold deformation increases, the grain size after deformation
and heat treatment decreases. However, these studies often
focus on the final results of various heat treatment modes,
without thoroughly investigating the preparation stage
(cold deformation stage). Indeed, they do not show how the
morphology and phase distribution of the structure change
before heat treatment.

Grain size analysis of CMnSi steel at different deformation
levels shows that after 40% deformation, the CMnSi steel
sample has an average grain size of level 5, corresponding
to about 40 um (Fig. 7). At a deformation level of 60%, the
average grain size is level 6, corresponding to a grain size of
about 35 um, as depicted in Fig. 8. When the deformation
level is increased to 80%, the average grain size is level 7,
corresponding to about 25 pum, as shown in Fig. 9. Additionally,
the microstructure of the sample after extensive deformation
features fine, small-sized particles that are evenly dispersed
within the CMnSi steel matrix.
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Fig. 7. Average grain size of CMnSi steel sample after 40% deformation
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Fig. 8. Average grain size of CMnSi steel sample after 60% deformation

Pearlite particles Ferrite particles

Fig. 9. Average grain size of CMnSi steel sample after 80% deformation

As shown in Fig. 10, increasing the degree of cold deformation
creates fine and small-sized particles. These particles are
evenly dispersed in the matrix, consequently enhancing the
mechanical properties after heat treatment. This phenomenon
can be attributed to the significant energy accumulation during
extensive deformation, facilitating subsequent heat treatment
processes. Indeed, small-sized particles increase the number of
accumulated boundaries and the number of nucleation centres
for subsequent heat treatments. A high degree of deformation will
increase the accumulation of dislocations at grain boundaries,
contributing to the stabilization process of steel.
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Fig. 10. SEM analysis of CMnSi steel sample after deformation;
a) 40% deformation, b) 60% deformation, and c) 80% deformation



Analysis of the microstructure after deformation to varying
degrees shows that increasing deformation levels gradually
reduce the grain size, corroborating findings from optical
microscopy analysis. However, SEM image analysis shows that
increasing the deformation level to 80% creates fine particles with
asize ofless than 5 pm. Furthermore, within the microstructure,
the presence of carbide-like particles comprising Mn, Si, and Fe
along with C is discernible, a conclusion supported by energy-
dispersive X-ray spectroscopy (EDS) analyses, as depicted in
Fig. 11 and detailed in Table 2.

Fig. 11. EDS analysis of CMnSi steel sample after 80% deformation

Upon examining Spectra 5 and 6, it becomes evident that
carbides consisting of Mn, Si, Fe, and C are present. From the
analysis in Table 2, it shows that these carbides are located
mainly in the grain boundary regions. Notably, these carbide
grains serve a pivotal role in impeding grain development
during heat treatments, as illustrated in Fig. 12.

Cementite lamellac Spherical cementite particles

Grain boundary cnrljdﬁ
Ferrite

Ferrite

Fig. 12. Strengthening mechanism of CMnSi steel through grain
boundary [33]

The findings of this study align closely with previous research
investigating the impact and significance of carbides on grain
development during subsequent heat treatments [18],[20],[21]
[22],[23]. The study by Hojo et al. [34] showed the influence of
NbC carbides on the microstructural formation of steel after
heat treatment. The investigations by Kowalski et al. [35], [36]
highlighted the substantial influence of material thickness on
mechanical properties, particularly in terms of brittle fracture
mechanisms. Wang et al. [33] underscored the contribution of
certain carbides to the steel hardening process.

In the structural evolution of steel after forging, hot rolling, and
cold deformation, the presence of carbides at grain boundaries is
notable. These carbides serve as catalysts for the steel’s hardening
process during heat treatments. The carbides are dispersed both at
the grain boundaries and in the steel matrix, with an average size
of 1-2 pm. They are believed to act as nucleation sites, facilitating

Tab. 2. Composition of elements in CMnSi steel at various points
in the microstructure after 80% deformation

Element Line Type Weight % V\;i;grl:l;% Atomic %
Spectrum 1
C K series 2.92 0.36 11.98
Si K series 2.60 0.08 4.56
Mn K series 1.52 0.14 1.36
Fe K series 92.96 0.38 82.10
Spectrum 2
C K series 3.81 0.36 15.31
Si K series 1.84 0.07 3.17
Mn K series 2.46 0.16 2.16
Fe K series 91.88 0.38 79.36
Spectrum 3
C K series 5.24 0.37 20.16
Si K series 1.68 0.07 2.77
Mn K series 2.57 0.16 2.17
Fe K series 90.51 0.39 74.91
Spectrum 4
C K series 3.27 0.38 13.26
Si K series 2.84 0.09 4.91
Mn K series 1.51 0.14 1.34
Fe K series 92.38 0.39 80.49
Spectrum 5
C K series 7.60 0.39 27.30
Si K series 1.71 0.07 2.63
Mn K series 2.50 0.15 1.96
Fe K series 88.19 0.41 68.11
Spectrum 6
C K series 9.23 0.42 31.69
Si K series 1.75 0.07 2.57
Mn K series 2.75 0.16 2.06
Fe K series 86.26 0.43 63.68

the recrystallization process to strengthen the steel during heat
treatments. In addition, carbides at the grain boundaries will
prevent grains from growing during the heat treatment stage.
These carbide particles have a similar structure to M23C6, in
which M is a mixture of Fe and Mn metals.

CONCLUSION

This work shows the structural changes of CMnSi steel exposed
to a variety of deformation modes. Following forging, the CMnSi
steel sample exhibits light-coloured alpha particles and coarse
pearlite, with sizes reaching about 100 um. After hot rolling, the
microstructure consists of pearlite plates with a grain size of about
60 um. Additionally, the alpha particles are more evenly dispersed in
the matrix. After cold deformation, the grain size becomes smaller.
Furthermore, with increasing deformation, it is found that the
grain size gradually decreases, while fine and small-sized particles
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are dispersed throughout the CMnSi steel matrix. With a cold
deformation level of 40%, the granularity is level 5, corresponding
to a grain size of 40 pum. When the cold deformation level is 60%,
the granularity is level 6, corresponding to a grain size of 35 pm.
For a cold deformation level of 80%, the granularity is level 7,
corresponding to a grain size of about 25 um. In addition, particles
with a size smaller than about 5 um were observed inside the parent
particles at a deformation level of 80%. SEM and EDS revealed the
presence of carbide particles dispersed in the matrix, while some
complex M23C6 carbide particles are formed at grain boundaries.
These carbide particles, typically measuring about 1-2 pm, serve to
strengthen the grain boundary and act as nucleation sites for the
recrystallization process.
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