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Studies of Bainitic Steel for Rail Applications Based
on Carbide-Free, Low-Alloy Steel

BOGUSŁAWA ADAMCZYK-CIEŚLAK, MILENA KORALNIK, ROMAN KUZIAK,
KAMIL MAJCHROWICZ, and JAROSŁAW MIZERA

This paper describes the development and characterisation of bainitic steel for rail applications
based on carbide-free, low-alloy steel. The results show that after rolling and subsequently
cooling, the designed carbide-free bainitic steel exhibits better mechanical performance than
standard pearlitic steel. This is because of its fine, carbide-free bainitic microstructure, which
consists of bainitic ferrite and retained austenite laths. Microstructural and mechanical property
analysis was carried out using scanning and transmission electron microscopy, X-ray
diffraction, hardness measurements, tensile and low-cycle fatigue tests. The obtained results
demonstrate that during low cyclic deformation, a partial transformation of the retained
austenite into deformed martensite a¢ takes place, and strain-induced martensitic transformation
occurs. The initial strengthening of the material during low-cycle fatigue was caused by the
transformation of austenite into martensite and the increase in the dislocation density of the
steel. In addition, an optimal amount of retained austenite in the form of thin layers and islands
(dimensions not exceeding 1 lm) made it possible to obtain a high yield while maintaining the
high plasticity of the steel. These microstructural features also contributed to the high crack
resistance of the tested carbide-free bainitic steel.
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I. INTRODUCTION

SOME of the most popular and widely used types of
rail steel are pearlitic carbon–manganese steels. These
materials (e.g. R260 grade or carbon–manganese steels
used for the production of heat-treated materials)
develop moderate strength after rolling, followed by
continuous cooling without heat treatment.[1] However,
harder steels (e.g. R350HT) are used in certain rail
locations, such as turnouts or bends with radii up to 800
m, because these sections of rail typically wear out more
intensively during service. For turnouts and rail cross-
ings that are most subject to wear and damage as a
result of cracking, Hadfield steel is used to produce the
most wear-resistant and durable structures.[2] When
designing new steels for railway solutions, attention
should also be paid to the rate at which contact—fatigue
phenomena occur. In cases where materials with lower
hardness are applied, continuous and more intensive

abrasion of the surface layer is possible, resulting in
micro-crack removal. However, this phenomenon can
cause excessive and rapid tribological wear of the rails.
The initiation of micro-cracks on a rail surface is
inhibited for high hardness steels, although the limited
wear may increase their propagation rate. One potential
solution that mitigates most of the problems inherent to
the pearlitic steel structure is to use bainitic steels. It was
found that the microstructure of the degenerated upper
bainite with retained austenite (RA), present in the form
of layers between bainitic ferrite (BF) laths, gives the
best relationship between strength and ductility.[3,4]

However, the use of traditional bainitic steels in rails
solutions is severely limited due to the presence of
carbide particles at lath boundaries of bainitic ferrite,
which contribute to an increase in rail brittleness.[5] In
lower bainite, fine dispersion cementite precipitates
occur in the form of plates inside ferrite laths are
arranged parallelly at the angle of 55 to 65 deg to the
lengthwise laths’ axis.
Therefore, intensive research efforts have focussed on

carbide-free bainitic steels, which can be obtained
through appropriate modification of the chemical com-
position, or through optimised heat treatment and
rolling processes.[6–8] Hasan et al.[9] designed two new
carbide-free bainitic steels with minimal alloying addi-
tions and processed to achieve high strength and
toughness. The microstructure of steels consisted laths
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of bainitic ferrite and retained austenite, mainly in the
form of thin films.

The desired microstructure can be achieved by incor-
porating an appropriate silicon content, which effec-
tively suppresses cementite precipitation during the
bainitic transformation, resulting in carbide-free
microstructures composed of bainitic ferrite laths and
carbon-enriched retained austenite with thin films and
blocky morphologies.[10–12] Moreover, the grain size of
primary austenite decreases with an increase in silicon
content. The bainitic transformation occurs at austenite
grain boundaries. An increase in Si content in steel
reduces the carbon diffusion rate from ferrite to neigh-
bouring austenite, causing inhibition of bainite nucle-
ation and growth.[13] In addition, increased carbon
content stabilises untransformed austenite, such that the
volume fraction of this phase can reach up to 20 to 25
pct. It is also important to note the impact of carbon on
the decreasing temperature value at the beginning and
end of the martensitic transformation. In turn, the
proper concentration of Si content suppresses the
precipitation of brittle cementite during bainitic trans-
formation and increases the amount of BF and retained
austenite. The transformation of RA present in the
microstructure to strain or stress-induced martensite
strengthens the steel, resulting in higher ductility.[14]

These steels are characterised by excellent mechanical
properties, (e.g. high hardness, tensile strength and
resistance to brittle cracking), while maintaining high
ductility. These unique properties result from the
submicron or nanometric grain size of bainitic ferrite
and the appropriate content of retained austenite
(blocky as well as filmy). The carbide-free bainitic steel
developed by Das et al.[15] has about 80 pct of bainitic
ferrite and 20 pct of retained austenite. This microstruc-
ture provided the ultimate tensile strength ~ 1400 MPa
and total elongation above 20 pct. Ultra-fine (~ 100 to
130 nm thick) BF laths with high dislocation density are
responsible for ultra-high strength. A sufficient amount
of RA that is thermally stable at room temperature but
transforms to martensite under strain affects the excel-
lent ductility of steel. RA can also improve wear
resistance by transforming into martensite under the
influence of frictional stress.[16] This increases the
material’s hardness via work hardening at the contact
point, which has a positive effect on abrasion resistance
relative to conventionally treated pearlitic steels sam-
ples. With a properly designed chemical steel composi-
tion, austenite can be stabilised during annealing and
bainitic transformation because of the increasing carbon
concentration in austenite crystal lattice.

The Transformation-Induced-Plasticity (TRIP) effect
in steels is the particular formation of martensite
induced by plastic deformation. The microstructure of
these steels includes a metastable retained austenite,
bainitic ferrite and acicular ferrite. Under deformation,
the RA transforms into martensite, and the mechanism
is associated with energy absorption resulting in a
hardening of the material.[17] Due to the transformation
effect’s gradual strain hardening mechanism, these steels
offer significant advantages in their mechanical

behaviour (e.g. high strength and ductility). The TRIP
effect also influences low-cycle fatigue (LCF) conditions,
accompanied by cyclic plastic strains assisting retained
austenite transformation. In numerous studies,[18–22] it
has been reported that under cyclic loading, the trans-
formation of austenite to martensite influences the
mechanical properties and fatigue behaviour of steels.
There are also literature reports indicating that the cyclic
strengthening or weakening phenomena in steels are not
only related to the strain-induced transformation of
austenite to martensite.[23,24] Fatigue life is also depen-
dent on the volume fraction of RA. Hu et al.[25]

described that a high level of retained austenite increases
fatigue life due to retarding of crack propagation,
resulting from the strain-induced transformation. Stress
amplitude plays a significant role in the cyclic deforma-
tion behaviour of a material. Ackermann et al.[26] found
that the observed pronounced cyclic hardening
depended on the martensite formation rate and the
plastic strain amplitude. There are also literature reports
indicating that the cyclic strengthening or weakening
phenomena in steels are not only related to the
strain-induced transformation of austenite to marten-
site. Microstructural observation shows that initial
hardening is associated with martensitic transformation
and an increase of dislocation density. In the initial
cycles of fatigue, high numbers of dislocations are
generated during deformation. The dislocations interact
with each other to form many dislocation tangles and
immobile dislocations, reducing the possibilities of
dislocation movement. In contrast, the cyclic softening
is due to the annihilation and rearrangement of large
amounts of dislocations and arise of lower energy
dislocation substructures. On the other hand, Sugi-
moto[27] and Song[28] studied the influence of microstruc-
ture on the fatigue properties of bainitic ferrite steels.
They concluded that the cyclic behaviour is controlled
not only by the RA (form and volume fraction) and the
microstructure of BF but also by the long-range internal
stresses resulting from the difference in flow stress
between the matrix and the other phases. It can be
summarised that the effect of transformation is signif-
icant for the LCF behaviour of steel, but also other
mechanisms such as strain amplitudes, the interaction of
constituent phases, density and mobility of dislocation
affect the material properties.
The aim of the present work was to investigate the

microstructure and mechanical properties of the car-
bide-free bainitic steel with a chemical composition
designed to obtain the optimal relationship between
strength and ductility after continuous cooling. The
results of this study show that it is possible to develop a
new bainitic steel with relatively low production costs
(fewer technological stages on the production line, low
content of carbon and alloying elements). The developed
steel was subjected to low-cycle fatigue (LCF) tests and
microstructural investigations, and the changes in the
dislocation density and the volume fraction of the
retained austenite were analysed after each deformation
amplitude.
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II. MATERIALS AND METHODS

The chemical composition of the designed steel is
given in Table I.

The Si content in this steel was greater than 1 wt pct to
avoid carbide precipitation in the retained austenite during
the bainitic transformation. The chemical composition of
the steel was designed to obtain the optimal microstructure
and mechanical properties after hot deformation followed
by natural cooling in still air. The steel was obtained in the
form of a 70 kg ingot, with a cross section of 100 9
100 mm2, after melting in the laboratory furnace. To
reduce the thickness and to change the cast structure, the
steel was subjected to rolling, which involved six passes into
a bar with a 47 9 70 mm2 cross section. Following subse-
quent cooling to ambient temperature, the barswere heated
to 980 �C, held at that temperature for 1 hour, and then
freely cooled down in still air. Specimens for microstruc-
tural investigation were mechanically polished and etched
with a 2 pct Nital solution to reveal the grain boundaries.
Themicrostructures were examined using aNikonEpiphot
220 optical microscope and a scanning electronmicroscope
(SEM) Hitachi S-3500N. Fracture surfaces and fracture
toughness tested specimens were also examined using the
Hitachi S-3500N. Specimens for transmission electron
microscopy (TEM) were prepared by slicing 100 lm discs.
Further thinning to reach a thickness appropriate for
electron transparency was carried out via electropolishing
at 55 V with a twin-jet unit technique, using a Struers
electrolyte comprising HNO3 acid. Thin foils were then
examined using a Jeol Jem 1200EX microscope operating
at 120 kV. Electron backscatter diffraction (EBSD) mea-
surements were performed for microstructural character-
isation, with an acceleration voltage of 20 kV, a working
distance of 18 mm, a tilt angle of 70 deg, and a step size of
0.2 lm using a Hitachi SU70 scanning electron micro-
scope. The pattern acquisition and solution were deter-
mined using the HKL Channel 5 software. To eliminate
spurious boundaries caused by orientation noise, a low-
er-limit boundary misorientation cut-off of 2.5 deg was
applied. The volume fraction of theRA, the carbon content
in the austenite, and the dislocation density were analysed
via X-ray diffraction (XRD) at room temperature using a
Bruker D8 Discover diffractometer with filtered CoKa
radiation. The retained austenite fractionwas calculated by
comparing the total intensity of the austenite and ferrite
peaks using the Averbach–Cohen method. The XRD data
were also used to calculate the carbon concentration (Cc) in
the retained austenite lattice using the equation proposed
by Dyson and Holmes[29] [1]:

ac ¼ 3:578þ 0:033wCc þ 0:00095wMn � 0:0002wNi

þ 0:0006wCr þ 0:022wN þ 0:0056wAl � 0:0004wCo

þ 0:0015wCu þ 0:0031wMo þ 0:0051wNb

þ 0:0039wTi þ 0:0018wV þ 0:0018wW

½1�

where w is the concentration of different elements in
weight (pct).
The lattice parameter (ac) of austenite was calculated

based on the four diffraction peaks: (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) using Bragg’s law. Then, a precise
lattice parameter of austenite was determined by corre-
lating the values from Bragg’s law against the Nel-
son–Riley (N–R) function,[30] calculating a linear
regression, and finding the y-intercept (where the N–R
function, and thus Da/a goes to zero). The lattice
parameter was obtained by averaging the results of the
three X-ray diffraction patterns.
The XRD method was also used for quantitative

analysis of the dislocation density (q calculated using
Eq. [2]) in the investigated steel. A broadening of the
individual lines was calculated from the diffraction peak
using a modified Williamson–Hall plot[31] [2]:

q ¼ A 22

Fb2
½2�

where A for bcc materials equals 14.4 with the Burgers
vector of dislocations b along 111h i and for fcc metals, A
equals 16.1 with b along 110h i, e represents the internal
strain, and F is a constant depending on the strain
distribution, the value of F was assumed to be 1. The
Burgers vectors for bcc and fcc crystal structures were
estimated from the unit cell measurements determined
using XRD.
Tensile testing was carried out in accordance with

ASTM D638 at room temperature using an MTS810
hydraulic machine. The yield strength (r0.2), ultimate
tensile strength (rm) and elongation at break (A) were
determined from the obtained stress–strain curves based
on the average value of three samples. The strain
hardening exponent (n) and the strength coefficient (K)
were assessed using Eq. [3]:

r ¼ Ken ½3�

The values of n and K can be obtained from a log–log
plot of the true stress (r) and true strain (e) up to the
maximum load.
The low-cycle fatigue tests were performed at room

temperature with an asymmetry ratio of R = � 1, in
stress-controlled mode. The following levels of plastic
deformation were adopted: Dep/2 = 0.75, 1 and 1.25
pct. The experiment was carried out for three samples at
each plastic deformation level, also using the MTS810
test machine. In addition, the fractured samples after
LCF tests were analysed using SEM.
Following the standard, ASTM E399-90, the fracture

toughness of the material (KIC) was determined using
the three-point bending (TPB) test. Bending specimens
were prepared with the following specifications: 143 mm
length, 34 mm width, 17 mm thickness, and 15 mm

Table I. Chemical Compositions of the Investigated Steel (Wt Pct)

Sample C Si Cr Mn Ni Mo Al Other Fe

S612 0.23 1.09 1.38 1.38 0.28 0.12 0.009 0.024 bal.
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initial notch length. The tests were performed using a
servo-hydraulic testing machine (MTS810) with a load
capacity of 100 kN. The tests were carried out under
displacement control with a sufficiently stiff loading
machine. The maximum deflection at midspan was
measured to be 0.49 mm, at which point, the specimen
was unloaded.

The hardness of each sample was measured by the
Brinell method using a tungsten carbide ball with a 2.5
mm diameter under a 1.8 kN load with a 10 seconds
dwell-time, according to the ASTM E10 guidelines. The
average value of the hardness measurements was deter-
mined based on 10 indentations for each steel sample.

III. RESULTS AND DISCUSSION

A. Before LCF

The optical microstructures and scanning electron
micrographs of the bainitic steel before the LCF test are
shown in Figure 1. The main component of the
microstructure was bainitic ferrite (BF) with retained
austenite. This type of bainite is known as degenerated
upper bainite (DUB), and it is formed because of an
incomplete transformation of the prior austenite and
stabilised as a result of carbon diffusion.[32] The BF is
often arranged in packets that can cut whole grains of
the primary austenite. Therefore, it is clear that RA
adopted a different morphology and form, i.e. thin

layers (a few nm in thickness) located between the
bainite laths and blocks. Since carbon has limited
solubility in the ferrite phase, it tends to precipitate
out as a cementite. Appropriate silicon content in the
steel composition suppresses the formation of carbides
and inhibits cementite precipitation from the austenite
during the bainite transformation. The most common
assumption is that 1.5 wt pct addition of silicon is
sufficient to completely avoid carbide precipitation in
the retained austenite.[33–36] Preventing carbide forma-
tion ensures that the carbon is available for stabilising
the remaining austenite. In addition, carbon is rejected
from the bainite into the RA, where it is significantly
more soluble. The mechanical properties of the exam-
ined steels were strongly influenced by the stability of
the retained austenite, which depended on multiple
factors, including the chemical composition, morphol-
ogy, size, distribution, stress state, temperature, isother-
mal bainite transformation parameters, and strength of
the surrounding phases.[37–40] Solutes dissolved in the
austenite phase played a crucial role in determining the
austenite stability during the transformation following
cooling. For example, C and Mn are austenite stabilisers
that reduced the temperature at which the transforma-
tion of austenite to martensite began (Ms). Carbon has a
stronger stabilising effect than manganese,[41–43] but Mn
also hinders the transformation from austenite to BF
during treatment.[44–47] Retained austenite with a block
morphology governs the mechanical properties because

Fig. 1—Microstructures of the examined steel: light microscope image (a), EBSD results with phase identification (b), SEM images (c, d); DUB
degenerated upper bainite, M/A martensite/austenite constituent, RA retained austenite (Color figure online).
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of its potential to transform into martensite under stress.
This is related to its lower stability and carbon concen-
tration, which contribute to its facile transformation
into martensite.[47–54] In contrast, film-like RA is more
stable for undergoing the martensitic transformation. In
this case, the high carbon content in the austenite and
the smaller surface on which the transformation into
martensite can occur improves its mechanical stability.
Therefore, it is clear that to obtain a more stable mi-
crostructure, it is necessary to undergo a large degree of
bainitic transformation because of the reduced overall
volume fraction of block-like coarse RA and the higher
carbon content in this phase. This effect can be achieved
by optimising the chemical composition and applying
appropriate heat treatment conditions. When the inves-
tigated steel was cooled to room temperature, the
untransformed austenite could be changed into mor-
phologically complex phase components, especially in
the middle of the grains where the austenite was less
stable. This phase is generally known as a martensite/
austenite island (M/A), which is characterised by
enriched carbon.[55]

The observed austenite islands in the investigated steel
were small (not exceeding 10 lm), which positively
impacted their stabilisation. The RA layers were
stabilised by the compressive stress exerted by the
surrounding bainitic ferrite laths. Obtaining a
microstructure consisting of bainitic ferrite laths sepa-
rated by a thin film of RA, a small fraction of blocky
austenite and M/A islands ensures high-strength prop-
erties and significant cracking resistance. This is because

micro-crack must overcome numerous interfaces (e.g.
bainitic ferrite/austenite boundaries) and pass through
the austenite area, which is a plastic phase. In this case,
the energy of crack propagation can be absorbed by the
plastic deformation of austenite.[56] The average thick-
ness of the bainitic ferrite laths was approximately 13 ±
1 lm, and the size of the retained austenite in the form
of blocks ranged from 0.3 to 0.9 lm. EBSD studies also
confirmed that austenite existed in the form of thin films
between the bainitic ferrite and block-like forms. The
red colour in Figure 1(b) represents bainitic ferrite and
blue represents austenite. The yellow lines correspond to
the high angle grain boundaries (HAGBs; misorienta-
tion ‡ 15 deg) and the black lines denote low angle grain
boundaries (LAGBs; misorientation 2 to 15 deg). The
misorientation angle distribution in this steel was also
analysed in this work and is discussed later in the text.
The tested steel’s microstructure was also observed

with TEM for a more detailed analysis, and the results
are summarised in Figure 2. Figure 2(a) shows the
bright-field TEM micrographs and the selected area
electron diffraction (SAED) pattern of the examined
steel. The results indicated that the microstructure was
primarily composed of thin films of RA (varying
between 30 and 40 nm in thickness) located between
fine BF laths (thickness ~ 150 nm). There was also a
secondary phase in the form of small blocks of retained
austenite, which contained very small laths (lengths <
0.7 lm). The electron diffraction patterns suggested that
the lath structure comprised twinned martensite (a¢)
(Figure 2(c)) with a near standard Kurdjumov–Sachs

Fig. 2—Bright-field TEM: laths of bainitic ferrite and retained austenite and their corresponding diffraction patterns (SADP) (a), blocky RA and
the high density of dislocations in ferritic bainite (b), twinned martensite a¢ (c), SF stacking faults in retained austenite (d).
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orientation relationship with the austenite matrix. This
area is generally known as a martensite–austenite island,
which was formed during continuous cooling to room
temperature and was enriched with carbon.[47] This type
of microstructure indicated that the high concentration
of carbon in the M/A islands was a consequence of
carbon partitioning into austenite during the transfor-
mation.[57–59] Another important element of the
microstructure that was visible during microscopic
observations was the presence of stacking faults (SF)
in the thin layer of RA. During the bainitic transfor-
mation, the growth of BF induced the relaxation of the
retained austenite and the formation of a high density of
dislocations in the BF phase and SF. This phenomenon
impacted the growth of bainitic ferrite by restricting the
mobility at the bainitic ferrite/austenite interface and
determined the size of the BF laths. This behaviour of
the material supported a displacive mechanism during
transformation. Similar results were also obtained for
high-strength bainitic steel (Fe–0.27C–1.55Mn–1.30Si–
0.5Cr–0.03V–0.15Mo wt pct), where the bright-field
TEM images show the formation of SF during bainitic
growth.[60] It should be noted that a high density of
dislocations was observed (Figure 2(b)) in the matrix
around the M/A islands, and these dislocations were
generated as a result of the volume change during the
displacive transformation of austenite into marten-
site.[55,61] The dislocation densities of the bainitic ferrite
and retained austenite were determined to be 2.73 9
1015 and 1.36 9 1014 m�2, respectively, based on the
diffraction peaks.

Table II presents the total volume fraction of the
identified phases, as determined via X-ray analysis.
These data revealed the presence of bainitic ferrite and
austenite. No diffraction peaks derived from carbides
were observed, thus confirming that the carbide-free
bainite structure was formed during the steel produc-
tion. Also, no other phases were found, e.g. martensite,
which has been identified in the bright-field TEM
micrograph. This phenomenon can be attributed to the
detection threshold of the XRD experiment and the
small fraction of the a¢ phase in the volume of the S612
steel. Following the Reference 62, it is possible to
determine the fraction of retained austenite in the form
of thin films and blocks using the relation (Eq. [4][62]):

Vcf

Vcb
¼ 0:15Vab

Vc � 0:15Vab
½4�

where Vab—volume fraction of bainitic ferrite, Vc—total
volume fraction of retained austenite, Vcf—volume
fraction of retained austenite in the form of thin layers,
Vcb—volume fraction of retained austenite in the form
of blocks.

According to the calculations using Eq. [4], the
retained austenite in the forms of thin films corre-
sponded to approximately 13 pct (volume fraction).
It is known that bainitic microstructures formed at

low temperatures contain retained austenite mainly in
the form of thin films because the bainitic transforma-
tion occurred to a greater extent. In addition, the RA
with a layered morphology gives the optimal relation-
ship between strength and ductility. However, when the
thickness of RA is a few nm, the transformation-in-
duced-plasticity effect cannot occur. This could be
because of the high carbon content in the RA or
because the transformation was stopped by the com-
pressive stress exerted by the surrounding bainitic ferrite
laths.[63,64] Austenite in a block-like form contains a
lower carbon concentration than the thin films and plays
a crucial role in the initialisation of cracks, owing to its
low stability; this can bring about an unexpected
transformation of retained austenite into martensite.
The analysis of the volume fraction of RA and micro-
scopic observations of the investigated S612 steel
indicated that the thickness and volume fraction of the
austenite thin films allowed the TRIP effect to occur.
The mechanical properties evaluated based on the

engineering tensile stress–strain curve (Figure 3), as well
as the hardness measurements and the fracture tough-
ness coefficient are presented in Table III. In general, the
S612 steel combined high strength with good ductility,
and simultaneously exhibited behaviour characterised
by moderated strain hardening. Most importantly, its
resistance to crack propagation was also higher than the
requirements for traditional steel rails. The well-bal-
anced amount of elements in the chemical compositions
of the studied steel stabilised the austenite phase at room
temperature and induced favourable mechanical prop-
erties. For example, Si has very low solubility in Fe3C
and hence kinetically retards precipitation during the
bainitic transformation (low mobility of Si compared to
C). Consequently, Si-containing steels show an increase
in austenite stability via C partitioning, which results in
improved yield strength, ultimate tensile strength and
toughness.[65]

Table II. Volume Fraction of Detected Phases in S612 Steel

and Carbon Content Cc (Pct)

Vab Vc Vcf Vcb Cc

85 15 13 2 1.22
Fig. 3—Stress–strain curve for S612 steel.
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This behaviour of the material during deformation
resulted from its microstructure, which controlled the
degree of uniform elongation. The smaller size of the
RA particles, which supported the greater stability of
the transformation, contributed to a more uniform
elongation by delaying the necking of the material.
Comparing the obtained KIC coefficient with literature
references, it was clear that the value obtained in this
work was higher compared to other steels with similar
chemical compositions and microstructures.[66–68] How-
ever, in Reference 69, the reported KIC value was higher
by 28 pct (98 MPa 9 m0.5). This effect is related to the
presence of nanometric bainite and the special thermo-
mechanical treatment. However, in that case, the steel
contained expensive elements, the presence and high
proportion of which significantly increased the produc-
tion costs of rails.

One common method for describing the work-hard-
ening characteristics of the carbide-free bainitic steel
during tensile deformation is the Hollomon equa-
tion.[70–73] The obtained lnr�lne curve of the tested
S612 steel was non-linear and indicated the presence of
multiple strain hardening mechanisms. The different
stages of work hardening were related to different
activated deformation mechanisms over the strain range
corresponding to each state. The first state had a high
strain hardening exponent (n1 = 0.11), while the second
stage had a lower one (n2 = 0.02). The corresponding
strength coefficients, K, were 1633 Pa and 1286 MPa,
respectively. In the first stage, work hardening occurred
because of changes in the distribution, density, and
movement of mobile dislocations in the microstructure.
Additionally, the presence of RA in the forms of thin
films located between the bainitic ferrite laths inhibited
the initiation of cracks and increased the n and K
parameters. Moreover, the chemical composition of the
S612 steel contained substitute alloying elements, which
strengthened the material by blocking dislocations in
their initial positions and inhibiting their movement by
limiting cross-slip. The n parameter and the K coefficient
of the second stage of work hardening were lower than
for the first stage. Following increased deformation, in
the deformed microstructure, the dislocation tangles
created during the initial hardening into cell structures
were annihilated and rearranged, resulting in a rapid
decrease of the n and K values.

B. After LCF

Figure 4 presents the cyclic stress responses of the
investigated steel at various strain amplitudes as a
Wöhler plot and hysteresis loops for different strain
amplitudes. In the early fatigue cycles, cyclic hardening

occurred, thus indicating changes in the microstructure,
such as increased dislocation density or phase transfor-
mation. Afterwards, the material showed cyclic soften-
ing at all strain amplitudes. However, the amount of
cyclic softening increased with increasing strain ampli-
tude, and the duration of the cyclic saturation stage
became shorter. For half of the fatigue life cycle (Nf/2),
it was considered a saturated cycle for generating a
cyclic stress–strain curve. The relevant literature states
that various bainite steels can exhibit both cyclic
hardening and softening during low-cycle fatigue.[74,75]

Cyclic hardening is associated with many factors related
to the evolution of microstructure. First, it is caused by
high numbers of dislocations generated in the initial
cycles of deformation. When the density of the mobile
dislocations decreases, the initial cyclic hardening
occurs. Second, the transformation of the retained
austenite to martensite increases stress during the initial
deformation stage. In contrast, the cyclic softening
behaviour is related to the deviation of the material
from the equilibrium state, removal of dislocation
pinning, generation of unpinned dislocations and
dynamic recovery leading to a reduction in the internal
stress.[76–79] The number of cycles to failure (Nf) and the
range of plastic deformation (Dep) are related according
to the Coffin–Manson equation (Eq. [5]):

Dep
2

¼ e0f 2Nf

� �c ½5�

The determined values of the fatigue ductility coeffi-

cient e0f

� �
and the fatigue ductility exponent (c) were 9.29

and -0.4, respectively. For many metals, the e0f coefficient

is approximately equal to the true fracture strain, e0f, while
the value of the c exponent usually varies between � 0.5
and � 0.7. A smaller value of c indicates in a longer
fatigue lifetime.[80] In the investigated S612 steel, similar
values of the fatigue ductility exponent were obtained.
The determined fatigue ductility coefficients were similar
to values obtained in other work.[19,81] Comparing the
investigated steel with previously tested pearlitic steel[82]

revealed that the bainitic steel exhibited approximately 40
pct higher yield strength and twice the total elongation.
The steel with a bainitic structure broke earlier at all
strain amplitudes, but at much higher stress values than
the pearlitic steel, this means that the S612 steel can work
at higher stress values.
The cyclic hardening ratio (CHR) and cyclic softening

ratio (CSR) are two important parameters for charac-
terising the cyclic deformation behaviour of materials.
Therefore, these parameters were determined based on
Eqs. [6] and [7], respectively:

Table III. Mechanical Properties of the S612 Steel

HB2.5/187.5 KIC (MPa9m0.5) r0.2 (MPa) rm (MPa) A (Pct) E (GPa)

377 71 780 1250 17 205
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CHR ¼ rmax � r1
r1

½6�

CSR ¼
rmax � rNf=2

rmax
½7�

where r1, rmax, and rNf/2 represent the stress amplitude
at the first cycle, the maximum stress amplitude, and the
stress amplitude at the half lifetime, respectively. The
CHR and CSR are plotted in Figure 4(c) as a function
of the total strain amplitude. When the value of the
strain amplitude was < 1, the cyclic hardening ratio
increased rapidly. At values > 1, the CHR parameter
continued to increase, but more slowly. In contrast, the
CSR decreased at all tested amplitudes. Accordingly, the
CSR was smaller than the CHR at any given strain
amplitude. The only exception from this tendency was at
the lower amplitude Dep/2 = 0.75 pct.

The macroscopic changes in the material during cyclic
deformation are related to the shape of the cyclic
hysteresis loop. One common fundamental method for
describing the low-cycle fatigue of a material involves
analysing the loop and cyclic deformation curves. The
area under the hysteresis loops provides information
about the plastic strain energy of the material under
fatigue. The hysteresis loops for all amplitudes exhibited
slight asymmetry because the compression peak stress
was higher than the tension. This phenomenon is prob-
ably related to the transformation of RA into martensite
during deformation. Martensite formation is accompa-
nied by an increase in the volume of the unit cell in
relation to austenite, which leads to a rise in the specific
volume and the introduction of compressive stresses.
Their presence is visible on the hysteresis loop, mani-
festing itself in a higher compressive stress value. In
addition, the presence of serrated flow can be observed
on the hysteresis loops in the initial cycles of the

Fig. 4—Results of the low-cycle fatigue tests: evolution of the stress amplitude vs the number of strain cycles (a), stabilised hysteresis loops at
half fatigue life (b), cyclic hardening and softening ratios vs the total strain amplitude (c), exemplary hysteresis loops for stress amplitude 0.75
pct at the tenth cycle and half fatigue life (d).
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working material, and after approximately Nf/2 cycles,
this effect intensified significantly (Figure 4(d)). Also,
note that the serration phenomenon is more pronounced
during compressive stress. The effect of force oscillation
during low-cycle fatigue is visible across all applied
deformation amplitudes. This material behaviour could
be a manifestation of the dynamic strain ageing (DSA)
occurrence in steel,[83] which may occur at room
temperature in low-alloy, low-carbon steel following
cold working, i.e. static strain ageing (SSA), or during
plastic deformation, as is the case with the tested steel.
Strain ageing strengthens the steel as a result of pinning
dislocations by interstitial atoms present in the solid
solution (mainly carbon and nitrogen atoms,[84] but
could also be atoms of other elements, e.g. Cr[85]). The
rapid release of dislocations into the atmosphere was
accompanied by a decrease in the stress–strain curve
because these dislocations can continue their movement.
After applying several cyclic loads, the serration phe-
nomenon gradually disappeared, and the hysteresis
loops became smooth, which is probably due to the
increased dislocation density and their reduced interac-
tions with the dissolved substance atoms. The plastic
instability phenomenon was observed in steels with
Cr content,[86,87] Mn steels,[88] austenitic stainless
steels,[89] and dual-phase steels.[90]

Upon comparing the cyclic stress–strain curves with
the monotonic behaviour, it was clear that most of the
materials exhibited a mixed type of cyclic behaviour.
The material could undergo cyclic hardening or

softening during each consecutive cycle until saturation
occurred. The same applies to the investigated steel,
which showed clearly visible differences in behaviour
during cyclic deformation. To confirm these phenom-
ena, the volume fraction of retained austenite in
individual states was analysed and microscopic obser-
vations were made using TEM; the results are presented
in Figure 5. The cyclic behaviour of the S612 steel was
characterised by cyclic hardening in the first of several
fatigue cycles, followed by a progressive transition to
cyclic softening without saturation until sample break-
age. In the microstructure of the material during cyclic
hardening, typical interactions between dislocations,
and between dislocations and particles occurred, and
new dislocations were generated in the initial stages of
deformation. For the tested S612 steel, in addition to the
reorganisation and interactions of the dislocations, it
was possible to form martensite from the retained
austenite as a result of stress-induced plastic deforma-
tion. In turn, the softening mechanisms involved the
rearrangement of dislocation tangles created during the
initial hardening into cell structures with lower disloca-
tion density. Unpinning dislocations from solute atmo-
spheres allowed the formation of new mobile
dislocations. During cyclic deforming of the material,
these mechanisms reached a balance, and cyclic satura-
tion was achieved. The results from microscopic obser-
vations confirmed that dislocations underwent
reorganisation and created low-energy configurations,
thereby reducing the material strengthening.

Fig. 5—Bright-field TEM micrographs of the investigated steel after LCF at strain amplitudes of Dep/2 = 0.75 pct (a), Dep/2 = 1 pct (b), and
Dep/2 = 1.25 pct (c)—inside the twinned martensite a¢.
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Analysis of the misorientation angle distributions and
orientation images for samples before and after cyclic
deformation are shown in Figure 6. Four different
orientation relationships (OR) between crystallographic
austenite/ferrite orientations are often cited in the
literature, namely, Bain,[91] Kurdjumov–Sachs
(K–S),[92] Nishiyama–Wasserman (N–W),[93,94] and Gre-
ninger–Troiano (G–T).[95] Furthermore, a diverse com-
bination of intermediate orientation relationships is
often observed. They vary from one another by only a
few degrees (e.g. the difference between K–S and N–W is
about 5.26 deg). The crystallographic OR observed
between austenite and ferrite led to several equivalent
so-called variants of ferrite with one austenite orienta-
tion. For example, the K–S and G–T relationships led to
24 variants of ferrite, the N–W OR led to 12, and the
Bain OR led to three. The distribution diagram in
Figure 6(a) shows two maxima at high angle grain
boundaries (approximately 45 and 60 deg). Based on the
results reported by Beladi et al.[96] for carbide-free
bainitic steel, a misorientation angle of 46 deg repre-
sented the misorientation angle between BF laths and
RA with the ideal N–W orientation relationship.
Boundaries with misorientations < 15 deg are consid-
ered low angle boundaries, which correspond to lath
boundaries of martensite or bainitic ferrite.[97,98] After
the LCF tests, the increased low angle misorientation
was mainly due to the increased deformation

substructure after cyclic deformation. LAGBs are
low-energy dislocation arrangements that are formed
during deformation. There was also a relatively high
fraction of boundaries with misorientations in the range
of 2.5 to 10 deg, which were assigned to martensite.
Typically, these boundaries were located inside the
martensite laths, forming sub-laths.[99] In turn, the
misorientation angles of the materials after cyclic
deformation were in the range of 55 to 60 deg, increasing
with increased strain amplitude. Based on the previously
reported results,[100–102] this range corresponds to the
presence of martensite packages. This microstructure is
characterised by ferrite/martensite crystallographic
packets with austenite in the K–S orientation.
The volume fraction of retained austenite changed

with the level of plastic deformation measured by XRD
(Figure 7). Because of the low intensity of the retained
austenite in the diffraction pattern, it was impossible to
estimate the dislocation density for the strain amplitude,
Dep/2 = 1.25 pct. The RA decreased with increasing
strain amplitudes, the amount of retained austenite at
lower strain amplitudes (Dep/2 = 0.75 pct) was approx-
imately twice as low as the austenite content at the
beginning of the fatigue tests. This suggested that a large
deformation-induced transformation occurred during
fatigue cycling. With increasing deformation amplitude,
the volume fraction of RA in the microstructure of the
S612 steel was further reduced. An appropriate volume

Fig. 6—Misorientation angle distributions of the investigated steel before (a) and after LCF at strain amplitudes of Dep/2 = 0.75 pct (b), Dep/2
= 1 pct (c), and Dep/2 = 1.25 pct (d), insets show the EBSD Euler maps (Color figure online).
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fraction of retained austenite led to an increased fatigue
life due to the inhibition of crack initiation and the delay
of crack propagation, both of which resulted from the
strain-induced transformation of RA to marten-
site.[25,103] The TRIP phenomenon is a symptom of
significantly increased plasticity resulting from a phase
change during deformation. The austenite transformed
into martensite (a stronger phase) by a mechanism
associated with energy absorption, which resulting in a
hardening of the material. On the other hand, the
carbon content in austenite increased because the
retained austenite present in the steel contained a
different carbon content; as it cooled freely in still air,
the temperature of its formation was different. However,
the mechanical stability of austenite increased with
increasing carbon content. Thus, during the cyclic
deformation, the austenite with lower carbon content
was transformed in the beginning.

The results indicated that the qb value fell rapidly
from 2.73 9 1015 m�2 (initial state) to 1.54 9 1015 m�2

(Dep/2 = 0.75 pct) and 1.12 9 1014 m�2 (Dep/2 = 1 pct),
whereas the qa rose from 1.36 9 1014 to 1.08 9
1015 m�2 (Dep/2 = 0.75 pct) and 1.58 9 1015 m�2

(Dep/2 = 1 pct). This phenomenon can be explained
by the fact that during deformation, dislocations inside

the bainitic ferrite moved to the ferrite/austenite inter-
face and were absorbed by the softer RA phase.
Moreover, the number of dislocations going into the

retained austenite phase was greater than the number of
dislocations generated in the bainitic ferrite during
deformation, this led to a rapid decrease in their density
in the bainite at the expense of growth in the austenite.
Wang et al. analysed the microstructure of low-carbon
austenitic steel after applying tension at various stages
of deformation, and they observed that the average
dislocation density in bainite during deformation was
lower than that before deformation, a new effect was
used to explain this phenomenon, termed the disloca-
tions absorption by retained austenite (DARA)
effect.[104]

The fractures observed after the fatigue test were also
analysed. Figure 8 shows example images of fractures
related to deformation, Dep/2 = 0.75 pct.
The breakage zone itself contained cleavage ridges

(sharp and extended edges) and cavities characteristic of
malleable cracking (marked with arrows). The presence
of clear plastic deformation traces in the residual
fracture zone was observed in each of the tested samples,
indicating plastic deformation. These results suggested
that the S612 carbide-free bainitic steel underwent
characteristic mixed quasi-cleavable fractures.

IV. SUMMARY AND CONCLUSIONS

This paper presents the microstructural characterisa-
tions and mechanical properties of a novel carbide-free
bainitic steel. Its chemical composition was designed to
obtain a material with optimal mechanical properties
(i.e. high tensile strength at high elongation) after rolling
and air cooling. An appropriate silicon content
increases the carbon activity in the solid solution, which
suppresses the formation of carbides and inhibits
cementite precipitation from the austenite during bainite
transformation. An increase in the volume fraction of
bainitic ferrite in the microstructure is needed to
consume large regions of untransformed austenite,
which under stress transform to hard martensite. The
following conclusions can be drawn based on the results:

Fig. 7—Differences in dislocation density (qa dislocation density in
the austenite, qb dislocation density in the bainite), the volume
fraction of retained austenite (RA) and carbon content in austenite
(Cc) at the initial state and after LCF tests.

Fig. 8—Fatigue fractographs (SEM) of investigated steel after LCF tests at Dep/2 = 0.75 pct.
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1. The analysed steel had a microstructure comprising
degenerated upper bainite, which contained
retained austenite mainly in the form of thin layers
not exceeding 50 nm. Moreover, the retained
austenite in the form of blocks, whose dimensions
ranged from 0.3 to 0.9 lm, were also identified.

2. The obtained microstructure allowed for high-
strength parameters while maintaining high ductil-
ity and resistance to brittle cracking. Retained
austenite in the form of blocks played an important
role in the initiation of cracks, owing to their low
stability, and they induced the unexpected transfor-
mation of retained austenite into martensite. More-
over, the smaller retained austenite size, which had
higher transformation stability, contributed to
higher uniform elongation.

3. During low-cycle fatigue in the tested steel, cyclic
hardening occurred in the first deformation cycles,
but after about 10 cycles, a slight softening of the
material was observed.

4. Microstructural observations and measurements of
the dislocation density revealed that the initial work
hardening of the steel did not only result from the
transformation of retained austenite into marten-
site, but also from the change in dislocation
configuration and their contribution.

5. Misorientation angle distributions indicated that
before the LCF, there is a large fraction of the
retained austenite boundaries were located near 45
deg. Then, as a result of deformation, the contri-
bution of these boundaries clearly decreased, and
increases the low misorientation angles (boundaries
between the martensite laths) and boundaries in the
range of 55 to 60 deg (boundaries between packets
of ferrite/martensite laths) increased.

6. The hysteresis loop analysis showed that during
cyclic deformation, dynamic deformation ageing
occurred in the steel due to pinning of the disloca-
tions by interstitial atoms present in the solid
solution.

7. Analysis of the dislocation density in bainitic ferrite
and austenite indicated that during cyclic deforma-
tion, the dislocation density in austenite increased
with increasing amplitude, while the values in
bainitic ferrite decreased, causing the formation of
cell structures and subgrains.
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