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Abstract— Mechanical parts on ships and automobiles are diverse in shape, size, and working conditions. They operate with static,
cyclic, and shock loads in various environments at low and high temperatures. Therefore, materials need to be highly durable to ensure
the reliability of parts and structures on ships and automobiles. Currently, materials used in the shipbuilding and automotive industry
are diverse, and steel is commonly used. Therefore, the shipbuilding and automotive industry requires increasingly higher steel
mechanical properties. Among the advanced high-strength steel families, low Mn steels with phase change, thanks to the plastic
deformation process, are steel lines with high durability, flexibility, and good fatigue resistance. Therefore, low Mn steel is suitable for
manufacturing load-bearing parts that undergo deformation to create the required shape. This work presents general studies on the
effects of some elements, such as Mn, Si, and C, on the microstructure and mechanical properties of TRIP steel. This article also presents
the mechanism of the phase transformation process of TRIP steel when heated and cooled under some conditions, the thermodynamic
basis of the formation of TRIP-type bainitic ferrite steel structure, and the influence of C, Mn, and Si on the formation kinetics of TBF
steel structure. Through these review studies, the article synthesizes and identifies a number of phase transformation mechanisms for
steel; the influence of certain alloying elements on the microstructure and mechanical properties of steel has been determined.
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material technologies are regarded as the key development
I. INTRODUCTION direction for each country if they want to build the industry.
Among these, foam iron production technology provides the
metallurgical industry with an advanced raw material with
low carbon content and impurities. Due to this reason, foam
iron-based steels have higher durability and ductility than cast
and scrap steel. Fig. 1a shows structural steel grades classified
according to strength limit and elongation [25]. Unlike
conventional high-strength steels, which are strengthened by
solid solution and dispersed phase secretion, advanced high-
strength steels are strengthened by phase transformation and
often contain ferrite, bainite, residual austenite, and possibly
martensite, as shown in Fig. 1b [26].

These steels have high strength, and some have good
ductility (suitable for forming), so they are widely and
increasingly used. An increase in manufacturing structural
details in the automobile industry, marine industry, and
defense industry to meet technical and safety criteria. Among
the advanced high-strength steel families, low Mn steels with

The shipbuilding and automotive industry recently had
great opportunities to gradually recover and grow production
when shipping and automotive activities are recovering
strongly [1]. Thus, developing supporting industries is one of
the solutions to promote the development of the shipbuilding
and automotive industry, in which the development of
supporting industries in the shipbuilding and automotive
industry requires the coordination and linkage of the
mechanical industry, metallurgy, and chemicals [2], [3]. For
the shipbuilding and automotive industries, material
technology, including welding technology and welding
treatment [4]-[7], nonferrous alloy [8]—[12], thermochemical
treatment to increase durability [13]-[17], composite [18],
[19], and finding new materials with high-durability and
good-mechanical properties [20]-[24] is considered as the
key to developing these two important industries. Indeed,

309



phase change due to plastic deformation are steel lines with
high strength, ductility, and good fatigue resistance; they are
very suitable for manufacturing load-bearing mechanical
parts by the deformation process [27].
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Fig. 1 a) Relationships between strength and elongation for some steel types [25],
b) Thermal processing routes for AHSS [26]

The phase transformation effect due to plastic deformation
was introduced by Zackay et al. [28] when studying the
austenite transformation into martensite that appears during
the deformation process of some types of stainless steel, as
shown in Table I.

TABLEI
TRIP STEEL CHEMICAL PROPORTION [28]
C Si Mn Cr Ni Mo
0,31 1,92 2,02 8,89 8,31 3,8
0,25 1,96 2,08 8,88 7,60 4,04
0,25 1,90 0,92 8,80 7,80 4,00
0,25 - - - 24,4 4,10
0,23 - 1,48 - 22,0 4,00
0,24 - 1,48 - 20,97 3,57

The special point is that the residual austenite in the
structure of TRIP steel is rich in carbon and sensitive to
deformation [27]. When subjected to plastic deformation,
residual austenite will transform into martensite and become
the challenging phase in the matrix, as shown in Fig. 2a.
Thanks to that, this type of steel has both high ductility due to
the initial residual austenite in the structure and high
durability after plastic deformation due to the austenite
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transforming into martensite. This type of steel has been and
is being used to produce many details in the automotive and
maritime industry and is expected to be one of the steel types
of the future automotive industry, as shown in Fig. 2b.
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Fig. 2 a) Phase transformation in TRIP steel during tensile testing [28],
b) Application of TRIP steel in industry [29]

TBF steels may be manufactured by a hot rolling process
similar to other Advanced High Strength Steel (AHSS)
grades. Hot-rolled transformation-induced plasticity (TRIP)
steels offer some benefits compared to typical hot-rolled TRIP
steels. Traditional TRIP steels consist of a polygonal ferrite
matrix in their microstructure. The manipulation of
multiphase microstructure is achieved by altering the cooling
rate and duration following the hot rolling of austenite in
several stages [30]. Producing high strength levels in ordinary
TRIP steels is challenging because of the restricted quantities
of carbon, manganese, and silicon. Past research has
attempted to use other alloying elements to address this issue.
Hashimoto and colleagues enhanced the tensile strength of
TRIP steels by incorporating molybdenum and niobium [31].
The polygonal ferrite matrix causes low tensile strength and
poor stretch-flange ability [32]. Hot-rolled TBF steels were
designed to address these concerns. TBF steels, when hot-



rolled, need a simpler procedure than traditional TRIP steels
to get a bainitic matrix that offers enhanced strength and
increased  ductility. Mn  segregation bands and
martensite/austenite islands develop following hot rolling
[33]. Producing TRIP steel billets must go through two stages:
the smelting and refining stage to create casting billets and the
thermomechanical processing stage to create steel plate billets
with proper structures [34]-[37]. In the world, most countries
smelt steel from ore and then refined and mixed alloy
elements. After casting, it will be thermo-mechanically
processed according to the hot rolling or cold rolling process.
However, this process makes the molded sample vulnerable
to defects [37]-[41]. The second trend is to process
continuous rolling casting equipment. However, this process
is complex and requires advanced technology.

Due to their versatility and excellent formability, there is a
high expectation that TRIP bainitic-supported ferrite TBF
alloy steels and partition quenching steels will emerge as 3rd
generation high-strength steels [42], [43]. The bainite
transformation is recognized as a semi-diffusion phase
transformation with the participation of a slip mechanism
similar to the martensitic transformation and a diffusion
mechanism, in which the slip mechanism preferentially
occurs first [44]. In TBF steel, the initial bainite
transformation product is C-supersaturated ferrite bainitic. A
sliding mechanism and untransformed austenite form it
because the sliding kinetics depend on the temperature
gradient. When retaining heat, C will diffuse from the
supersaturated bainitic ferrite to the surface of austenite to
form a C-rich region. However, due to the presence of
elements Si, Al... available in steel, the cementite secretion
process has yet to occur because it takes time for these
elements to diffuse from the cementite formation area [42],
[45], [46]. Due to this reason, C continues to diffuse and
enrich the untransformed austenite. Indeed, the kinetics of
bainite transformation depend on many factors, including the
proportion and chemical composition of austenite upon
heating, temperature, and bainite retention time. Therefore, to
control the proportion of residual bainite and an austenite
phase, it is necessary not to maintain both the heating
temperature and holding time and the isothermal cooling
temperature and time [47]-[50]. Thus, this paper aims to
comprehensively understand Bainite phase transformation
and its mechanism in TBF steel.

II. MATERIALS AND METHOD

This paper aims to present a comprehensive understanding
of the Bainite phase transformation mechanism in TBF steel.
Thus, the relevant publications in the Scopus/Wos/Google
Scholar database were carefully selected for review. Some
criteria relating to inclusion and exclusion were used to ensure
the quality and quantity of papers.

After reviewing these selected papers, three elements of C,
Mn, and Si are the main ones that significantly affect the
transformation mechanism in TBF steel [37], [42], [45], [51]-
[54]. In addition, we found that the temperature and retention
time in the heating process are important parameters. Indeed,
to have the required low Mn steel structure, it is necessary to
choose a quenching environment with a cooling rate more
significant than the critical cooling rate when cooling the steel
from the vital zone to the bainite zone. If the cooling rate is
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slow, it can lead to pearlite formation, reducing the proportion
of residual bainite and austenite and leading to a reduction in
the strength and ductility of the steel [42], [47], [55].

The two basic parameters of the isothermal cooling process
are the temperature Tp and the heat retention time tg in the
bainite region [49], [56]-[58]. These two parameters control
the ratio and solubility of C in the two phases, bainite and
residual austenite. When the heat is kept too short, the
untransformed austenite has a C content that is not rich
enough for thermal stability. Therefore, when cooled to room
temperature, they partially transform into carbon-saturated
ferrite (martensite), causing the final residual austenite
fraction to decrease. If the heat is kept too long, the
untransformed austenite will be saturated with carbon, and it
will quickly release cementite, causing the fraction and C
content in the untransformed austenite to decrease, so the final
fraction of residual austenite obtained is low. Therefore, an
optimal holding time exists to obtain the maximum residual
austenite fraction. Summarizing through some documents,
this time value is in the range of 2-20 minutes. On the other
hand, the fraction of untransformed austenite is low, while the
diffusion of C takes place slowly, requiring a long time for the
austenite to be rich enough in C for thermal stability.
Therefore, the final residual austenite fraction is also low.
Thus, an optimal temperature exists in the range of 350 -
450°C to receive the most significant proportion of residual
austenite [59].

III. RESULTS AND DISCUSSION

A. Mechanism of TBF Transformation

1) Austenitization transformation

At room temperature, steel has a two-phase organization:
ferrite and cementite. When heating steel to the temperature
range between Ac; and Acs, the two-phase structure of ferrite
and austenite will be obtained, as shown in Fig. 3. When steel
is cold rolled before calcination, there will simultaneously be
recrystallization of ferrite and the formation of austenite after
calcination.

TBEF steel transformation mechanism: Austenite formation
includes two stages: nucleation and germination.

e Nucleation: In the crystallization theory, there are two
forms of nucleation: independent nucleation and
nucleation on an existing substrate. Many research
projects have confirmed that austenite seeds mainly
form at the Fe-cementite boundary because carbon
accumulation is detected at the grain boundaries [48],
[62]-[68].

o Germination: After being formed, the germ continues to
grow to form austenite, although the newly formed
austenite is not yet uniform in chemical composition
[62], [65], [66], [69]-[73].

The austenite sprouts form in contact with cementite and
ferrite. As the austenite grain grows, its boundaries move
toward the ferrite and cementite. When first formed, because
the carbon concentration in austenite is still low, the carbon in
cementite will enter the austenite, causing its carbon
concentration to increase. The boundary surface must grow
toward the cementite to ensure equality at a given
temperature. On the other hand, increasing the carbon
concentration in austenite also unbalances the carbon



concentration at the ferrite-austenite interface [49], [50], [62],
[65], [70], [74]-[76].
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Fig. 3 a) Heat treatment of TRIP steel, b) the changes in the structure after
IBT treatment [72], [73]

Factors affecting the transformation process are included
as follows: Initial structure (for steels with fine structure, there
will be a ferrite-cementite grain boundary, increasing the
austenite transformation process); Carbon content (when
carbon content increases, the conversion speed also
increases); Alloying elements (must consider how alloying
elements affect the stability of the carbide as well as the
fineness of the carbide) [38], [53], [77], [78].

When studying the crystallization process from liquid,
there are two nucleation mechanisms: autogenous nucleation
and parasitic nucleation. The process of autogenous
nucleation can only occur with an immaculate monolithic
system, the nucleation at this time is only based on the energy
and structural three-kinetic factors. Such a nucleation process
is uniform nucleation, meaning that the probability of starting
to encounter nucleation in the entire volume is the same [79]—
[82]. Due to the appearance of preferential nucleation regions,
an uneven nucleation mechanism is created with the parasitic
nucleation process. It can be seen that the nucleation of new
phases in solid phase transformation only exists in priority
regions for nucleation of new phases because, in the crystal
lattice of the solid phase, there are always different types of
lattice defects. Indeed, various types of lattice defects always
increase the system's free energy and thus favor three kinetic
energies when nucleating new phases. In addition, it should
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consider how each type of crystal lattice distortion affects the
nucleation of new phases [83]-[90].

Fig. 4 illustrates the initial idea of cold-rolled TBF steels,
which includes complete austenitization followed by rapid
quenching to a temperature higher than the austempering
stages, resulting in a microstructure with RA grains inside a
bainitic matrix. In the partly austenitized TBF steel idea, a
multiphase microstructure may be achieved with fine-grained
ferrite and RA grains surrounded by bainitic islands [33]. At
elevated intercritical temperatures, a decrease in the
concentrations of carbon and manganese in the intercritical
austenite is expected to cause a shift of the bainitic
transformation curve to the left and higher temperatures.
Consequently, it is necessary to elevate cooling rates and
reduce the transformation period by raising the intercritical
temperature to promote bainitic transition. An increase in Ms
temperature was reported due to reduced quantities of C and

Mn in intercritical austenite at higher intercritical
temperatures [33].
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Fig. 4 Partial authentication and the conventional process in TBF steels [33]

2) Influence of phase interface structure on solid phase
transformation:

When a new phase is formed within an original (parent
phase) phase, a border will appear between the new and old
phases (condition for phase stability). However, the phase
interface has many different structural forms, specifically:

 Self-interstitial: It is a crystal lattice of two continuous
phases; however, there is a change in the size of the
lattice parameters, as shown in Fig. 5a. The
characteristic of the crystal lattice structure is that the
elastic energy is significant, and the surface energy is
negligible. Thus, if the newly created phase has an
inter-lattice structure, it will minimize the surface
energy and, therefore, be easier to form (at the
beginning of building a new phase) [48], [61], [89]-
[91].

o Semi-coherent: The crystal lattice of the parent phase
and the new phase has both a continuous and
interrupted structure, as shown in Fig. 5b. Thus, the
elastic energy will gradually decrease due to the
compression of the two solid phases and the
interruption of elastic waves in the crystal, while the
surface energy will slowly increase due to the formed
phase interface [48], [61], [90].

e In-coherent: It is a structure in which the newly formed
phase has a separate lattice position from the parent
phase, and the continuity of the crystal lattice is
eliminated, as shown in Fig. 5c. At that time, the phase



interface reaches its maximum value and is stable.
Therefore, the surface energy is the largest, and
correspondingly the elastic energy is the most minor
[48], [61], [62], [81], [90], [92], [93].

Thus, with the three structural types of the phase interface
mentioned above, it can be seen that, when creating a new
phase, the lattice parameters positioning the lattice direction
are far different from the original parent phase, leading to very
high surface energy. Therefore, to reduce surface energy, the
new phase always connects with the parent phase. Because of
this self-interstitial tendency, the crystal faces and directions,
as well as the lattice parameters of the new phase, must have
a definite correlation with the parent phase. The process
continues with the growth of the latest phase accompanied by
an increase in surface energy and a decrease in elastic energy.
Therefore, in reality, many new phase formation processes
must go through the intermediate stages of self-interstitial —
semi-coherent— in-coherent [48], [61], [62], [70], [75], [76],
[94]-[96].
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Fig. 5 Types of grain interface structures; a) Self-interstitial; b) Semi-
coherent; c¢) In-coherent; o - Parent phase, 3 - New phase [90][48], [61]

3) Nucleation of new phase crystals on grain boundaries:

As mentioned, crystal grain boundaries are a form of lattice
defects, so the grain boundaries themselves have high energy
levels. Therefore, when nucleating a new phase on the grain
boundary, part of the surface energy is lost to provide energy
for the nucleation of the latest phase. On the other hand, for
many-atom systems, grain boundaries are favorable places for
creating the phenomenon of elemental composition of
elements. Therefore, it is suitable for generating three-
component kinetics, by the component concentrations of the
new phase. With the above analysis, it can be seen that the
grain boundary is one of the priority regions for new phase
nucleation. The concentration of alloying elements on grain
boundaries is explained as follows: alloying elements have
size differences with solvent elements (atomic diameter,
lattice parameters). Therefore, when these elements are
secreted along grain boundaries, they will cause less
disruption of the solvent crystal lattice. Experiments also
show that alloying elements are mainly concentrated at grain
boundaries. Quantitatively, the following formula can be used
to calculate the alloy element content at grain boundaries [48],
[56], [60], [70], [74], [95], [97]-[100]:

oo 7]
Corain boundary — —E (1)
1+ Cyexp [ﬁ]
Where:
C, = Concentration of alloying element;
E = Energy difference when alloying elements
dissolve in grains and grain boundaries;

K Boltzmann constant;
T = Kelvin temperature (°K).
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Experiments also show some poor alloying elements on the
grain boundaries. These elements are not concentrated on
grain boundaries mainly due to chemical effects and electron-
shell interactions between solute and solvent. Another
important thing for the nucleation of new phases at grain
boundaries is that the diffusion of substances at grain
boundaries is relatively easy compared to diffusion within
crystal grains. According to the experiment, the energy to
activate the diffusion process at the grain boundary is only
one-half that in the crystal grain, and the diffusion coefficient
D on the grain boundary is about 1000 times compared to that
in the grain. Therefore, it can be concluded that the grain
boundary is a very favorable region for the formation of new
phases [45], [80], [81], [84], [93], [101]-[103].

4) Nucleation of new phase crystals on the dislocation line:

When considering the dislocation model in the crystal, it
can be seen that the crystal lattice is dislocated around the
dislocation axis, which creates favorable conditions for the
concentration of alloying elements along the dislocation axis,
making the crystal lattice connection between the old phase
and the new phase more accessible [79], [84], [86], [88],
[102], [104]. At the same time, it can be seen that the
dislocation line itself has energy, and therefore, when
nucleating on the dislocation line, the dislocation will give up
some of the energy to the nucleation work. Another feature is
that along the Cottrell dislocation axis, there exists a high
concentration of alloying elements, creating favorable
conditions for the formation of new phases with high
concentrations of alloying elements. The last thing is that
when nucleating a new phase on a dislocation line, the growth
of a new phase is more manageable because the ability of
atoms to diffuse along the misaligned axis is more favorable,
called the Tunen diffusion mechanism [49], [60], [61], [64],
[70], [105], [106]. The diffusion activity along the dislocation
axis is one-half compared to that in the grain, and the
nucleation rate on the dislocation axis (N) is 1078 times that of
autogenous nucleation. Thus, the deflection lines are also
priority areas for creating new phases very powerfully and
effectively.

5) Nucleation of new phase crystals on misaligned
surfaces:

In crystals, defects always exist, including misaligned
defects, which can change to an order of another lattice type.
Therefore, if the newly created phase has a lattice type
corresponding to the new order, it will be favorable for
creating a new phase. When misaligned surfaces are formed,
the atoms of the solutes tend to concentrate in the old phase
transition zone. Misaligned surfaces create a Suzuki
atmosphere, which is favorable for generating a new phase
with high-concentration solutes. Besides, at the boundary of

misaligned surfaces, incomplete dislocations (m< one lattice
parameter) are formed, creating favorable conditions for
nucleation. With the above characteristics of misaligned
surfaces, this is also a priority area for new phase nucleation.
This is especially meaningful when creating new phases of
materials through plastic deformation due to the high degree
of lattice dislocation for misaligned surfaces. This could be
because the increased dislocation density results in many
grain boundaries [86], [107]-{113].



6) Nucleation of new phase crystals on solid impurity
particles:

In the crystal structure of a solid, solid impurities always
exist. When solid impurity particles appear, if the new phase
formed on the impurity particles will have a surface tension
of v, the surface tension between the latest phase and the old
phase is y. Therefore, creating new phases on solid impurity
particles will be easier if y' < y (ie reducing surface energy),
as shown in Fig. 6. On the other hand, because the thermal
expansion coefficients of the solid impurity particles and the
old phase are different, heat treatment on the interface
between the base phase and impurities will create surface
misalignment, which will create favorable conditions for
nucleation. However, nucleation on solid impurity particles
plays a secondary role because their length is too small
compared to other defects.

New phase

Impurity particles

A X
/oo;o,o’o’o 5

Base phase

(a) (b)

Fig. 6 Diagram of new phase nucleation on solid impurity particles ; a) y* <
v : Nucleation on impurity particles; b) y* >y : Nucleation on base phase [48],
[61], [90]

In addition, it can be seen that there always exist many
microscopic undulations in the crystal, including the main
types such as microbubbles, microcracks, and microbumpy
that are formed a lot due to the slip process during plastic
deformation. These microscopic undulations can exist on the
outside or inside of the crystal. When microscopic
undulations appear, they will have the prominent
characteristic of causing breaks and fractures, causing loss of
continuity of the elastic medium, and loosening the elastic
field. Then, the germination of the new phase at the
microscopic undulation will be generated more quickly
because the elastic energy is negligible. However, in reality,
the nucleation of new phases in solids does not follow only
one mechanism. Still, it is always a combination because
many different types of defects always exist in the crystal
lattice. The problem is which mechanism plays the dominant
role, resulting in a complete dependence on the initial state of
the crystal types [45], [78], [118], [83], [90], [107], [111],
[114]-[117].

7) Transformation of bainite and formation of residual
austenite:

When cooling steel from the critical temperature zone to
the bainite temperature zone, austenite will transform into
different products, such as new ferrite, pearlite, bainite, and
residual austenite, depending on the cooling rate. If the
cooling rate V. is greater than the critical cooling rate Ve, no
new ferrite and pearlite will form. When retaining heat, C will
diffuse from C-saturated bainitic ferrite to the surface of
austenite, forming a C-rich region. The C diffusion process
stops when the C concentration in austenite reaches the

New phase

Base phase
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equilibrium line To, where the free energies of austenite and
ferrite are equal, as shown in Fig.7.

Fig. 7 Optical micrographs of the TBF steels austempered at; a) 325°C,
b) 350°C, ¢) 375°C, d) 400°C, e) 425°C, f) 450 °C and g) 475°C for 20 min
[119]

This leads to incomplete reaction; part of the austenite is
retained even when kept in heat for a very long time. Thus,
the bainite transformation process can be briefly described as
follows: [37], [42], [114], [120], [80]-[83], [85], [92], [93],
[102]:

Y =Vt oversanurated > @p satrated T VRich carbon > @b saturated T Y Rich carbon T (x+0)

Kinetics of bainite transformation in TRIP steel [121]:

AG’
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d  f,
According to Fu and colleagues [39], residual austenite in
TBEF steel is a C-rich phase (about (0.6% - 1.8% C). Therefore,
it has high durability thanks to the stabilizing effect of the
solid solution of C and the high content of Mn and Si elements
(about 1% - 2%). According to the law of mixing phases, for
TBF steel to have high durability, the strength of the ferrite
base phase must be increased. According to the principle of
dislocation braking, it is possible to introduce some soluble
elements of small enough size into the o -Fe lattice to improve
stability. Based on the chemical element's universality, TBF
steel contains C elements in interleaved soluble forms and Mn
and Si in alternative soluble forms [122]. Moreover, elements
such as Nb and Ti could be added to TBF steel, aiming to act
as modifiers to generate small and fine ferrite particles by

k(AG, -G,)
rRT

(= £, ).+ B.fo . f,)-exp[



forming solid compounds NbC, NbN, TiC, and TiN with
petite sizes (< 400 nm), scattered in the ferrite matrix,
hindering grain growth [123]. However, according to some
studies, Nb has the effect of increasing the durability and
maintaining ductility of TBF steel. Indeed, adding Ti strongly
increases durability and decreases elongation significantly.
The reason is that Ti interacts strongly with C, causing the
loss of C in austenite in the critical region and, at the same
time, accelerating the transformation of bainite, thus reducing
the proportion of residual austenite in the steel, reducing
elongation. Meanwhile, Nb has the opposite effect [124],
[125].

8) Characteristics of the bainite transformation:

In terms of structure, bainite is similar to perlite, which is
a eutectoid mixture of two phases of ferrite and carbide.
However, there is a difference in the structure of the two
phases. In perlite, cementite exists as parallel plates
interspersed in ferrite. In bainite, cementite does not exist in
sheet form but is usually in rod shape with tiny size and very
high dispersion. Ferrite in bainite also exists in the form of
fine needles. Bainite is divided into two forms: upper bainite
(when cooled in the range of 500 - 350°C) and lower bainite
(when cooled in the range of austenite (350 - MS) °C. With
upper bainite, the ferrite needles are in the form of clusters,
and cementite is in the form of fine rods distributed on the
contact surface of the ferrite needles, as shown in Fig. 8a. In
the lower Bainite, the Ferrite needles merge to form 60°, rod-
shaped cementite is distributed at the edge of the ferrite
needles, as shown in Fig. 8b.

Xe
/(X

Xe

a’

b,

Fig. 8 Structure of bainite; a) Upper bainite, b) Lower bainite [45], [90],
[126]

The structure of the phases in bainite also has
characteristics that are different from those in pearlite.
Cementite in bainite is essentially just K(g) type carbide with
the formula Fe, 4C; this is a type of carbide that is not as stable
as cementite (Fe;C). Ferrite in bainite structure is a
supersaturated solid solution, unlike pearlite, which is in an
equilibrium or near-equilibrium state. Thus, if comparing
bainite and martensite, the upper bainite has a structure
similar to martensite, while the lower bainite has a structure
identical to tempered martensite. The crystallographic
relationship between bainite and austenite is very similar to
that between martensite and austenite. For example, in lower
bainite, the (111), surface is parallel to the (110)a surface. The
[110], direction parallels the [l111]a direction. In upper
bainite, the (111), surface is parallel to the (110), surface and
the [211], direction is parallel to the [110], direction. In
medium carbon steels, the boundary between upper bainite
and lower bainite is usually 350°C. This boundary is not fixed
but changes according to the carbon content in the steel, as
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shown in Fig. 9 [48], [60], [127], [61], [68], [69], [94], [107],
[112], [114], [115].

0

C
500 By
400
300 Bd
200 | 1 1 | | —
0,2 04 06 0,8 1,0 %C

Fig. 9 The dependence of the upper Bainite and lower Bainite boundaries
on %C [48], [61], [90]

Fig. 10 shows a comprehensive low-magnification TEM
picture of the tested TBF specimens. The T-350 sample has a
distinctive parallel arrangement of bainite laths with a small
width of 100 to 200 nm, contrasting with the blocky bainite
structure shown in the T-450 sample. The size and shape of
RA undergo substantial alterations. RA is equally distributed
throughout the bainite laths in the T-350 sample, displaying a
dominating film-like structure with a narrow width and an
average size of 30-50 nm, as shown in Fig. 10a. This result
suggests that RA stability decreases as IBT temperature

increases [128].
o
-
b

200 nm

Fig. 10 TEM micrographs of typical samples [128]

9) Bainite transformation mechanism.

Bainite transformation occurs at temperatures less than
5000C. Thus, the bainite transformation temperature is lower
than the recrystallization temperature of iron. Therefore, in
this temperature range, the diffusion ability of iron could be
better. However, due to the more significant transformation
temperature (200 - 250) °C, the diffusion ability of carbon is
still very high, and therefore, the diffusion coefficient of
carbon in austenite is large D,“. The mechanism of Bainite
transformation includes two fundamental processes: the
transformation of the crystal lattice from the face-centered
cubic of austenite to the body-centered cubic of ferrite and the
process of redistributing the carbon concentration and
excreting carbide [36], [43], [132], [66], [76], [78], [87], [88],
[129]-[131].

The crystal lattice transition from y to o is carried out
according to the lattice slip mechanism, such as martensitic
transformation. Experimental studies have clearly shown that
bainite transformation also creates ridges on the flat sample
surface, which confirms the presence of lattice slippage. On
the other hand, in some types of steel, especially low alloy
steels, bainite transformation is an incomplete transformation
because there always exists a residual amount of austenite,



and the crystallographic relationship between bainite and
austenite is very close; it is the same as the martensitic
transformation. The implementation of the lattice slip
mechanism is explained by the fact that the transformation
temperature is lower than the recrystallization temperature of
iron; the diffusion coefficient of iron is very weak, so
redistribution of Fe atoms must not be carried out. However,
there is a problem that lattice slippage occurs at temperatures
greater than MS [75], [99], [100], [133], [134]. This explains
that the transformation occurs at higher temperatures (200 -
250) °C, and the diffusion ability of carbon is quite large. Due
to the effect of diffusion, within the volume of martensite,
there are always active regions of carbon content. In carbon-
poor areas, the beginning temperature of the MS martensite
transformation increases. If the Bainite transformation occurs,
v will form o similar to the martensitic transformation (lattice

slip mechanism). Such a sliding process only continues in
carbon-poor regions, and therefore, the rate of formation of a
from y depends on the diffusion ability of carbon, leading to
the difference between the bainite transformation and the
martensitic transformation in terms of the slow rate of
transformation and the Bainite transformation occurs
gradually. The o needles produced have an oversaturated
carbon concentration, and the diffusion ability of Fe is poor,
leading to the secretion of carbide to reduce the carbon
content. In areas rich in carbon, cementite nucleation is
favorable. When cementite seeds develop, the surrounding
areas will become poor in carbon, creating favorable
conditions for the lattice slip process, leading to the formation
of Bainite needles [34], [45], [138]-[140], [51], [52], [56],
[76], [130], [135]-[137]. According to Entin, we have the
following bainite transformation model, as shown in Fig. 11.
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Dislocation

Ferrite

il

Carbide

Create
carbide

Create carbide (FeiC)
Low carbon in Carbide
austenite

Fig. 11 Bainite transformation mechanism model [22], [48], [73], [100], [103]

In the above bainite, carbide is secreted along the ferrite
needle border due to the high transformation temperature and
high diffusion ability of carbon. In lower bainite, due to low
temperature, the diffusion ability of carbon is reduced, so
carbide is secreted right into the ferrite needle.

10) Bainite transformation kinetics:

Like pearlite transformation, the kinetic curve of bainite
transformation also has a "C" shape. When isothermally
cooled in the range of (530 - 470)°C, a mixture of fine pearlite
and bainite is obtained. Thus, in this temperature range, the
"C" curves of pearlite and bainite overlap. Cooled
isothermally at a temperature less than 400°C, bainite without
pearlite is completely obtained. With alloy steels, the alloying
elements have the effect of splitting the kinetic curve into
separate pearlite and bainite transformations and thus
obtaining the austenite stability region. Bainite transformation
can occur both through isothermal cooling and continuous
cooling. However, the bainite transformation is incomplete
but has a certain amount of residual austenite; the amount of
residual austenite is even more evident with alloy steels.
Bainite formation during the continuous cooling process also
starts from a Bs temperature and ends at a specific B
temperature, similar to the martensitic transformation. If you
continue to cool the excess austenite after the transformation,
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there will be a martensitic transformation (when the
temperature is lower than Ms), then a mixture of bainite and
martensite will be obtained) [38], [40], [83], [84], [90], [101],
[116], [139], [141].

11) Martensite transformation under mechanical load:

When Austenite is rapidly cooled below temperature Ms,
there will be a transformation into martensite. In terms of
energy, it is due to the difference in free energy between the
two phases.

- Martensite transformation due to stress (Ms to M;°): Fig.
12 shows that the stress applied to austenite to transform into
martensite is less than its yield limit, meaning the austenite is
deforming elastically. The pre-existing martensite crystal
nuclei in austenite will initiate the transformation in this
temperature range. Therefore, martensitic transformation in
this region is called martensitic transformation due to stress.

- Martensite transformation due to plastic deformation (M;*
to M°): Fig. 12 shows that the stress applied to austenite to
transform into martensite exceeds its yield limit, meaning the
austenite has deformed plastically. The mechanical force
required to cause enough stress for transformation must be
significant because the free energy between austenite and
martensite is small. Austenite has deformed plastically, and at
a certain deformation level, there will be shear bands



intersecting to nucleate the martensitic transformation.
Therefore, martensitic transformation in this region is called
martensitic transformation due to plastic deformation.
However, no changes occurred at temperatures greater than
Ms.
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Fig. 12 Relationship between stress-assisted and strain-induced martensite
[142]

Under certain conditions, residual austenite can transform
into martensite when subjected to mechanical loading. When
martensitic transformation occurs, there will be volume
expansion and change in crystal lattice shape, causing plastic
deformation called TBF deformation. Therefore, the
surrounding area (ferrite, bainite, or residual austenite) is also
deformed plastically based on ensuring deformation
compatibility. In general, increasing the proportion of solid
phase bainite and residual austenite will tend to strengthen
enormously, increasing the durability of TBF steel. However,
if the solid phase fraction is too large, the base phase will be
hardened too vigorously, which can cause failure at a trim
deformation level. Therefore, the phase fraction is an essential
organizational characteristic of TBF steel and can be
controlled by controlling the heat treatment parameters. In
summary, the TBF effect is a special effect as an additional
strengthening and deformation mechanism in TBF steel. To
increase the strength and ductility of TBF steel, it is necessary
to create a certain proportion of residual austenite phase to
promote the role of the TBF effect [42], [45], [118], [138],
[143], [144], [80], [81], [83], [87], [92], [93], [102], [104].

12) Start temperature of bainite transformation:

Various efforts have been undertaken to model-predict the
bainite initiation temperature, with some advocating for a
primary empirical method and others opting for a more
advanced technique. Bodnar and colleagues [47] assessed the
Bs temperatures of three steels characterized by high Nickel
and Chromium levels and low Carbon content. They
conducted a linear regression analysis based on a linear
composition dependence. The contributions that emerged
were indicative of the narrow scope of their research. Zhao et
al. [62] conducted a linear regression analysis in a broader set
of alloys, 82 obtained via Isothermal Transformation
diagrams, making the results more widely applicable. Some
writers considered the impact of earlier austenite particle size
and cooling rate in addition to chemical composition [145],
[146]. Some advocated non-linear dependencies, including
exponential or polynomial composition relationships [127].
Mateo et al. [57] acknowledged the limitations of insufficient
input data and chose to utilize a neural network model.
Furthermore, there needs to be an indication about the
importance of the factors or the weighting. The current
method for defining initial temperatures relies on a basic
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statistical technique with a clear interpretation of parameters.
The approach used linear regression analysis to establish a
correlation between the material's temperature and the alloy's
chemical composition to assess the impact of each alloying
element. The current research used a structured and
methodical methodology due to the significant effect of the
individual alloys employed on the results of temperature
experiments and the limited generalizability of the findings to
other alloy data. The study was conducted sequentially on
specific data sets, focusing on isolating the impact of each
aspect as well as feasible. Alloying elements such as Mo, Cr,
Mn, Ni, or Si were evaluated using linear regression analysis
on ternary alloy data, with the two parameters for carbon held
constant in each study. The unified equation results from
analyzing the five Fe-C-M systems, using the fixed carbon
parameter and intercept. The final equation combines all the
coefficients produced [37], [42], [45], [51], [55], [78], [118],
[131], [138].

WB,(°C) = 850 — 206C — 78Mn — 33Ni

—70Cr — 75Mo — 61Si @)

C has the most significant impact on Bs temperature,
followed by Mn and Mo, as shown by the equation. When
utilizing a linear equation, it is assumed that there is no
interaction between the alloying constituents. Furthermore, in
the analyzed ternary systems, an indicator of this impact
would be the discrepancy between the slope of the data and
the projected line for the same composition. While most
people agreed with the data, some data sets tended towards a
steeper slope, suggesting a more significant carbon reliance in
the Fe-C data and a potential interaction impact. However, a
more rigorous examination would need higher-quality data.

Three potential approaches were initially available. First, a
linear regression analysis is conducted with the C coefficient
held constant while concurrently optimizing Mn and Si. The
second analysis involves optimizing just Si while keeping the
other factors constant, while the third analysis involves
optimizing all three elements concurrently. Three equations
were derived consequently [37], [42], [45], [51], [55], [78],
[118], [131], [138]:

B, = 850,44 — 206,15C — 81,79Mn — 57,61Si  (3)
B, = 850,44 — 206,15C — 78,04Mn — 61,045i  (4)
B, = 833 — 241C — 74Mn — 36Si (5)

when C is held constant in Eq. (3) and Eq. (4), there is a slight
variation in the coefficients for Mn, which is much more
negligible for Si. When all three components are optimized,
the coefficient for Si in Eq. (5) is almost half of the previous
values.

B. Mechanical Properties of TBF Steel

Regarding durability, the durability limit of bainite is
greater than that of martensite because the ferrite needle is
small, the carbide is highly dispersed, and the ferrite solid
solution has a larger oversaturation. Particle size affects
durability according to the Hall - Peten relationship [107],
[110], [114], [115], [126], [147], [148].

8= 80 + K.d"2 (6)



For the upper bainite, the carbide is dispersed on the grain
boundaries, so the effect of hindering dislocation movement
is reduced, and the toughening efficiency is low. For the lower
bainite, the carbide is dispersed in the upper Ferrite needle,
the deflection resistance is thus better, leading to more
substantial dissolution, and the toughening efficiency is high.
Therefore, the durability of Bainite gradually increases as the
transformation temperature becomes smaller [99], [130].
Regarding the plasticity of bainite, it is more complicated than
perlite. For the upper bainite, the carbide is dispersed on the
needle surface because the ferrite needle is large, so the
brittleness increases while the ductility is lower than that of
pearlite. For the lower bainite, the ferrite needle is tiny and
fine; the carbide is dispersed in the ferrite needle, so the
plasticity increases, as shown in Fig. 13.
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Fig. 13 Change in relative elongation of Perlite and Bainite [48], [57], [61],
[76], [100], [149]

1) Carbon: C mainly controls the ratio and solubility
distribution in each phase. The relationship between the
carbon content in austenite (C;A) with the initial carbon

content (C,), ferrite fraction (£, ), and carbon content in

ferrite (C ) is determined according to Eq. (7):

CIA — CO _faca
S 8

The C content in residual austenite depends on the
temperature and time of bainite isothermal treatment (Fig.
14). Thus, the proportion of residual austenite depends on the
initial carbon content C,, temperature, and calcination time.
The C content in Mn steel is low (0.1% - 0.4%). When the C
content is below 0.1%, the residual austenite ratio is not large
enough to promote the TRIP effect, and the durability of the
steel is low. However, when the C content is above 0.4%, the
proportion of the ferrite phase is low, eliminating the role of
the base phase, leading to reduced ductility of steel.
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Fig. 14 Influence of Si, Al, P and Cu on the maximum enrichment of carbon
in the austenite [34][150]

2) Manganese: The most critical effect of Mn is to
increase the stability of residual austenite, making residual
austenite exist at room temperature and, at the same time,
increasing the hardness and durability of the phases (ferrite,
bainite, residual austenite) due to the effect of stabilizing solid
solutions. The Mn content in low Mn steel ranges from (1% -
2.5%). When the Mn content is <1%, the residual austenite is
less stable, causing the low final residual austenite ratio and
the low synthetic mechanical properties of the steel.
Increasing the Mn content, the stability of austenite when
calcined increases, and the transformation of austenite into
bainite occurs more slowly, allowing C to have enough time
to diffuse to enrich the residual austenite, thereby increasing
the proportion of residual austenite and the degree of its
stability [37], [43], [45], [55], [78], [138], [151].

3) Silica: The Si content in Mn steel should be as low as
1% - 2.2%. When the Si content is lower than 1%, the
effectiveness of preventing carbide secretion is poor, the
austenite becomes less stable, and the strength and ductility of
the steel are low. Increasing the Si content could increase the
proportion of residual austenite and its stability, the durability
limit and mechanical properties of TBF steel, and the cold
hardening and durability coefficient R/R,. However, the Si
content needs to be less than 2.2% due to the adverse effects
of Si on steel such as reducing weldability, and the negative
impact on the surface quality of steel when hot-rolled due to
the formation of a tough FeO/Fe,Si04 complex oxide film that
makes it difficult to clean the surface [152]. In addition, Si
also makes austenite particles smaller when calcined, helping
to form a small, uniform second-phase structure, thus
increasing durability and ductility [153][154].

Fig. 15 displays the standard mechanical parameters of
tensile samples. All stress-strain curves in Fig. 15a show
continuous yielding behavior without clear yield spots. As the
IBT temperature rises in TBF samples, the yield strength
increases from 602 MPa to 1180 MPa. The elongation first
rises between 350400 °C and after those declines. This is due
to the existence of inter-critical ferrite. An increased IBT
temperature leads to more excellent work-hardening rates due
to the rising proportion of RA, as seen in Fig. 15b.
Simultaneously, the work-hardening rate falls progressively
as the real strain rises in all samples, suggesting a decrease in
plastic deformability [128]. In addition, Fig. 16 shows
typically elongated microstructures and microvoids in the
sheared affected zone. Indeed, due to severe deformation, the
bainite phases at 350°C exhibit greater elongation and
thickness direction.
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Fig. 15 Mechanical properties of tested specimens [128]

Fig. 16 Secondary electron images of the punched specimens [128]

In the study by Nguyen et al. [155], they presented heat
treatment of low Mn steel. The steel is heated to austenite
temperature, holding the heat at a particular time to ensure a
uniform process. Then, the steel is cooled to the Bainite
transformation zone, retaining appropriate heat to obtain a
three-phase structure of Ferrite, Bainite, and Austenite.

Finally, the steel is quenched in water to prevent austenitic
degradation. After heat treatment, the results show that fine
grain size is obtained with light and dark phases, which
demonstrates the microstructure consisting of ferrite and
austenite. Moreover, the mechanical properties of steel before
and after heat treatment can be given in Table II.

TABLE II
MECHANICAL PROPERTIES OF TBF STEEL
. Phase percentage (%) Mechanical properties

Chemlciaé . Ferit  Bainit Residue Rp Rm A RmxA Ref
compositio et ATe  austenite (MPa) (MPa) (%) (MPa%)
0.1C-1.5Mn-1.5Si- 1 T
0.5Cu 30 l (<3-11) l f f [156]
0.14C-1.5Mn-1.5Si- 1 * T
0.5Cu 30 ! (<3-14) f f [156]
0.4C-1.5Si-0.8Mn 1 ! f - ! f 1 [157]

: 1 1
0.2C-1.44Mn-1.32Si - ) (63-13.5) - ) Glany 1 [77]
0.18C-1.47Mn-1.88i- . 1 | ) 1 [158]
0.28Al (6.5-16) (606-658) (967-940)  (15-24)

319



The impact of averaging temperature (400-450°C) and time
in the bainitic range on microstructure and mechanical
properties was examined in annealing simulations using two
different cooling rates (30K/s and 50K/s) based on accurate
continuous annealing line layouts (III), as illustrated in Fig.
17(a-c). Higher cooling rates result in marginally improved
yield and tensile strengths, but lower uniform elongation
values compared to lower cooling rates, as shown in Fig.17
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(a-b). Quicker cooling reduces pro-cutectoid ferrite and
bainitic ferrite formation during the cooling process. The
highest level of consistent elongation is seen at every
averaging temperature. Increased retention of austenite at
room temperature leads to greater levels of uniform
elongation. The stability of retained austenite is influenced by
chemical stabilizations resulting from an optimal carbon
content in austenite and a size effect [159].

1300
b) J0Kis R, R,
1200 - A00°C
L] A6
1100 a 450°C
) - & A
1060 e — pi—
=
% a00 4
IZ_h B0
E
= 700 =
600
500
T 1 T T T T
o 1040 204 304 400 500 600
1n::;l:E]
dj 0 : -
1 = 30Kis
& S0Kfs
é;_.: W
E 14 -
& 124 .
% wl®
2 ] .
g il !
= Fho -
&£ 3
o Lo
] n
= e
P =
J ~n
-1l T T T T T T T T
ADD 450 501 EEQ E00 E50
T(°C)

Fig. 17 a-c) Effects of the averaging temperature and time and cooling rate on mechanical properties [159]

The low carbon level in TBF steels may induce blocky
austenite grains to convert into fresh martensite, encouraging
the creation of M/A islands. Banding may impact the
mechanical characteristics and fracture behavior in this
scenario. Hot-rolled TBF steels are not as extensively
researched as ordinary hot-rolled TRIP steels, despite the
potential for enhanced mechanical qualities [33]. Chen et al.
[160] achieved an ultimate tensile strength of 1219 MPa and
a total elongation of 21% using a new steel alloy containing
0.21% carbon, 2.04% manganese, 1.04% silicon, 1.10%
aluminum, 0.064% niobium, and 0.2% molybdenum. They
achieved a granular bainitic matrix using final rolling at
890°C. However, dynamic strain-induced ferrite was
identified from a microstructural perspective in relation to the
final rolling temperature. In a recent study by Qian et al.
[161], a bainitic matrix can be achieved in TRIP steel with the
composition  0.28C-1.96Mn—-1.62Cr-0.67Si—1.19A1-0.34
Ni—0.23Mo by using Austenite reversion transformation
annealing during intercritical annealing, followed by long-
duration isothermal bainitic treatment at 320°C for 2 hours.
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They achieved an ultimate tensile strength of 1 GigaPascal
and a total elongation of 29% after intercritical annealing of
the martensitic starting microstructure.

Fig. 18a displays the stress-strain curves of partly
austenitized TBF730, TBF770, and TBF800 steels. Fig. 18b
shows how the yield strength (YS), ultimate tensile strength
(UTS), uniform elongation (Ag), TE, and the product of UTS
and total elongation (PSE) vary according to the intercritical
annealing temperature. An inverse relationship is seen in the
YS as the inter critical temperature rises. This tendency is due
to the rising levels of RA triggering the TRIP effect when
samples deform [33]. Fig. 19 compares the Ultimate Tensile
Strength (UTS) and Total Elongation (TE) of the TBF steels
tested in this research with those of TAM and TBF steels
found in previous literature. The TBF730 steel has reduced
mechanical characteristics because of a low intercritical
temperature. Partial austenitization at 730°C results in
decreased mechanical characteristics in TBF770 and TBF800
steels due to variables including the absence of residual



austenite and the presence of carbides at a lower intercritical
temperature, unlike in other scenarios [33].
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Fig. 18 a) Changes in engineering flow due to partial austenitization in TBF
steels; b) Mechanical properties of TBF steel in case of partial austenitization [33]
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Fig. 19 Total elongation and tensile strength of TBF and TAM steels [33],
[160]-[168]
IV. CONCLUSION

The article has presented the phase transformation
mechanism, especially the bainite phase transformation for
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TRIP steel. The article also overviews the relationship
between bainite transformation temperature and the
composition of the studied steel. Thermodynamic analysis of
TBF steel has also been reviewed and determined. The
influence of alloying elements on the transformation
mechanism and thermodynamics of TBF steel has also been
studied and presented in this article. Overall, the general
analysis of low Mn steels has been analyzed and presented in
this work. Research results have shown the role of
deformation and heat treatment in the stabilization of low Mn
steel, as well as the influence of phases on the structure and
properties of steel. The article has presented general research
results on phase transformation theory and phase
characteristics. Besides, the role of phases in steel durability
is also analyzed. The following studies will also analyze the
optimal heat treatment process, the interaction between
phases, the mechanism of phase formation during
deformation and heat treatment, and the role of deformation
in strengthening steel. The article also analyzed and showed
the structural forms formed after deformation and heat
treatment for TBF steel. The article also analyzed and showed
the influence of microstructure on the mechanical properties
of researched steel.
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