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Abstract
The effect of the novel controlled thermomechanical treatment, including torsion components in the elastic strain range 
during the isothermal holding on the microstructure and mechanical properties of the high-carbon nanobainitic steel, was 
investigated. TEM observations of the thermo-mechanically treated steel revealed bainitic ferrite laths with an average size 
of 68 ± 40 nm and films of retained austenite with an average size of 34 ± 17 nm, along with the blocky morphology of 
retained austenite in sub-micron scale. The XRD synchrotron diffraction allows estimating the amount of retained austenite 
at 43.1 ± 1.2% volume fraction with a carbon concentration of 1.17 ± 0.09 wt.%. Furthermore, the deconvolution of (200) 
Fe-γ reflections corresponding to two different low-carbon and high-carbon retained austenite peaks and, simultaneously, 
the blocky and film-like retained austenite was performed. In addition, the Nishiyama–Wassermann (N–W) crystallographic 
orientation relationship between bainitic ferrite and retained austenite was described as dominant using the misorientation 
distribution function (MDF). The crystallographic texture results indicated that the main growth of bainitic ferrite plates 
occurred after removing external stress during isothermal holding. The tensile tests and hardness measurements showed a 
high tensile strength achieved mainly by nano-metric bainitic ferrite plates and a high dislocation density. The high level of 
elongation is most likely attained due to a high amount of retained austenite in steel and both TRIP and TWIP effects during 
tensile deformation.

Keywords Stress-induced bainitic transformation · Microstructure · Mechanical properties · TRIP and TWIP effects · High-
carbon nanobainitic steel

1 Introduction

The carbide-free bainitic (CFB) steel represents the 3rd gen-
eration of advanced high-strength steels (AHSSs) with a low 
alloying element content and the transformation-induced 
plasticity (TRIP) effect during deformation [1]. The typi-
cal microstructure of CFB steel consists of very fine bai-
nitic ferrite plates (αBF) and austenitic films (γf) or blocky 
types of retained austenite (γb) in the volume fraction range 
between 20 and 50% [2]. In this context, the distribution 
of carbon is controlled by alloying the steel with Si and/or 
Al. In the case of nanostructured bainitic steel, a minimum 
silicon content close to 1.5 wt.% is required to suppress the 
cementite precipitation. Aluminum exhibits a similar effect 
just if the Si and Al content is balanced. This, in turn, allows 
for achieving carbon-enriched austenite [1, 3]. On the other 
hand, some contributions, such as Qian and co-workers 
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[4], dealing with carbide-free bainitic steel microstructure, 
report a small fraction of martensite, which indicates slug-
gish carbon transfer. In light of the above, a whole spectrum 
of microstructures in CFB can be obtained depending on 
the treatment conditions. For instance, a good combination 
of the ultimate tensile strength (UTS) at approximately 2.2 
GPa, hardness values of about 600–670 HV, uniform elonga-
tion in the range of 5–30%, and a good toughness up to 130 
MPa  m1/2 is reported in [5, 6]. Such mechanical properties 
provide a wide application of the advanced CFB steels, e.g., 
in the defense industry (as armor elements), mining industry 
(as elements with high abrasive wear resistance), and in the 
aerospace industry (as elements of an aircraft landing gear), 
or in the bearing industry [7, 8]. However, to obtain the 
nanobainitic microstructure with excellent mechanical prop-
erties, isothermal heat treatment has to be carried out at very 
low temperatures ranging between 125 °C and 325 °C. Nev-
ertheless, from an economic point of view, this temperature 
should not exceed 200 °C. To perform a complete bainitic 
transformation, the steel needs a very long treatment time, 
reaching even a few hours or days [9, 10]. One of the first 
high-carbon nanobainitic steels, which achieved a hardness 
of 600 HV, was isothermally held at 200 °C for 9 days [11]. 
In the case of another high-carbon nanobainitic steel, the 
modification of chemical compositions by adding the boron 
or titanium did not shorten the total time of bainitic transfor-
mation. In both cases, the time needed to complete bainitic 
transformation was more than 9 days [12, 13]. Therefore, 
economic and ecological factors require the acceleration 
of the kinetics of bainitic transformation, thereby reduc-
ing the total time needed to obtain the nanobainitic micro-
structure. In this context, the main effort of further research 
on high-carbon nanobainitic steel is to find a process that 
shortens the bainitic transformation time. In recent years, 
many research papers have utilized such methods since can 
accelerate the kinetics of bainitic transformation. First, the 
kinetics of bainitic transformation can be accelerated by 
refining the grain size of parent austenite. Refined austenite 
grains increase the density of nucleation sites for bainitic 
ferrite and accelerate its nucleation [14]. This phenomenon 
leads to the formation of the nanostructured bainitic steel 
with a hardness of 625 HV, UTS of 2154 MPa, and elon-
gation at 13.0%, simultaneously decreasing the isothermal 
holding time to 24 h at 220 °C following austenitization at 
1000 °C for 30 min [15]. The quenching to martensite is 
the next applied procedure accelerating the kinetics of the 
bainitic transformation of high-carbon nanobainitic steel, 
followed by a low-temperature isothermal bainitic transfor-
mation [16]. The generation of dislocations near the mar-
tensite/austenite interfaces leads to a higher frequency of 
nucleation sites for the bainitic ferrite plates and decreases 
the nanobainitic transformation time [16, 17]. However, two 
of the most perspective methods to accelerate the kinetics 

of bainitic transformation are related to chemical (ΔGchem) 
and mechanical (ΔGmech) driving forces. The first, which 
increases the chemical driving force of bainitic transforma-
tion and refines the austenite grains, relies on introducing 
the alloying elements such as Al, Co, or both to a solid solu-
tion. Such an approach causes a shorter isothermal holding 
time, i.e., about 78 h at 200 °C in the case of high-carbon 
nanobainitic steel [18, 19]. The latter includes the appli-
cation of external stress or strain during isothermal heat 
treatment leading to a drastic decrease in isothermal heat 
treatment time by increasing the mechanical driving force 
of bainitic transformation. This method is also referred to 
as stress-induced or strain-induced transformation [20, 21]. 
In a situation where the additional stress was applied to the 
steel during bainitic transformation, the total driving force 
of the system ( ΔG�→�) can be decomposed into the ΔGchem 
and ΔGmech, where ΔGmech is defined in Eq. 1 [22]:

where σN is the normal stress on the habit plane, τ is the 
shear stress component on the habit plane, ϛ is the dila-
tation component of the shape deformation (0.03), and s 
is the shear component of the shape deformation (0.26). 
In Ref. [23], the authors indicated that the high-carbon 
nanobainitic steel can be obtained by applying additional 
compressive stress during bainitic transformation due to an 
increase in the rate of bainite nucleation. In addition, intro-
ducing the additional mechanical driving force increases 
the bainite start temperature and simultaneously acceler-
ates the kinetic of bainitic transformation [24]. The exter-
nal stress can be applied above or below the yield strength 
of austenite (σγ) that corresponds to plastic strain or elastic 
deformation, respectively. Large deformation can delay the 
bainitic transformation by forming mechanically stabilized 
austenite [23, 25]. In contrast, the stress in the elastic range 
accelerates the kinetics of bainite transformation, mainly by 
growing the bainitic ferrite plates. Furthermore, it can sup-
press or eliminate cementite precipitations. Moreover, the 
employment of the external stress to austenite (below the 
yield strength of austenite) is very effective at the extremely 
low bainitic transformation temperature i.e., just above the 
martensitic start temperature (MS). In these conditions, the 
bainitic transformation is suddenly accelerated, mainly in 
the early stages of austenite decompositions [26–29]. The 
role of elastic stress in the nanobainitic transformation in the 
case of high-carbon bainitic steel has been described in Ref. 
[23]. The authors emphasize that the additional elastic stress 
(compressive uniaxial stress) during bainitic transformation 
increases the bainitic start temperature and accelerates the 
transformation due to the growth of compliant variants, lead-
ing to an organized microstructure. Another effect of exter-
nal stress application is variant selections that favored the 

(1)ΔG
mech

= �N� + �s
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growth of specific crystallographic orientations of bainite. 
This is especially the case for the stresses below the yield 
stress of austenite [30, 31]. This in turn produces anisotropic 
plastic bainite deformation (transformation plasticity (TP)). 
The effect increases with the magnitude of external stress 
and results in anisotropic volume change [32, 33]. The devel-
opment of microstructure upon TP strain is explained by 
Magee [34] and Greenwood-Johnson [35]. To summarize, 
applying additional stress before the bainiticreaction and 
after austenitization can shorten the time needed to obtain 
the nanostructured bainitic steel even down to 90 min [28, 
36].

Although several types of research indicated that the 
potential of strain-induced bainitic transformation in the 
context of a high-carbon nanobainitic steel, the actual 
knowledge of the influence of external elastic deforma-
tion causing the acceleration of the bainitic transformation 
kinetics (stress-induced bainitic transformation), especially 
in the case of shear stress and high-carbon nanobainitic steel 
required complementation. Therefore, the main aim of this 
study is to determine the influence of elastic stress using 
torsion deformation during the first stage of isothermal heat 
treatment on the microstructure and mechanical properties 
of high-carbon nanobainitic steel obtained by the novel con-
trolled thermomechanical treatment.

2  Materials and methods

2.1  Material manufacturing

The high-carbon nanobainitic steel was supplied as a bar of 
80 mm in diameter. The chemical composition of experi-
mental steel is Fe–0.78C–1.67Si–2.45Mn–1.35Cr–0.2
1Mo–1.30Al (all in wt. %). The thermomechanical treat-
ment process consists of homogenization at 1250 °C and 
hot-rolling during austenitization, where the minimum roll-
ing temperature was 950 °C. Before being slowly cooled to 
room temperature into the air, the sample was rapidly cooled 
to bainitic transformation temperature using water under 
pressure, obtaining an average Prior Austenite Grain (PAG) 
size of 12 ± 2 μm. Next, 30 s after reaching the bainitic 
transformation temperature of 200 °C, the external stress 
below the yield strength of parent austenite (250 MPa) was 
applied to the steel for 10 s and then cooled to 190 °C, where 
the sample was held for 30 min to obtain the nanobainitic 
microstructure Fig. 1. The σγ was determined in the torsion 
test. During this test, after the austenitization at 950 °C for 
5 min and rapid cooling to the bainitic transformation tem-
perature of 200 °C and holding for 30 s, the maximum tor-
sion stress generated by the simulator was applied. In this 
way, the torque relationship in the function of the twist angle 
was plotted. Based on this, using a Huber–Mises–Hencky 

criterion, the equivalent stress–strain curve was determined, 
and the 0.2% proof strength was 438 MPa. According to the 
literature [26], the stress used to induce the bainitic trans-
formation was estimated at 250 MPa as the 60% of yield 
strength of parent austenite to avoid significant plastic defor-
mation during isothermal holding.

2.2  Material characterization

Optical observations of the samples were performed using 
a Leica DMIRM light optical microscope (LOM). For this 
purpose, the samples were initially ground, polished on sil-
ica suspension, and finally etched in 4% Nital. The thermal 
etching [37], in conjunction with LOM micrographs and 
ImageJ software, was carried out to reveal the PAG size. 
More detailed microstructure observations were carried out 
using scanning electron microscopes (SEM) FEI E-SEM 
XL 30. Samples for SEM observations were polished on 
silica suspension and etched in 4% Nital by 15 s. Secondary 
electron (SE) and backscatter electron (BSE) detectors in 
Z-contrast were used with an accelerating voltage of 20 kV. 
The FEI Quanta 3D 200i FEG-SEM microscope was also 
used for electron backscatter diffraction (EBSD) meas-
urement. The specimens for the EBSD examination were 
prepared by mechanical grinding and final polishing with 
a colloidal silica slurry. The accelerating voltage of 20 kV, 
a tilt angle of 70°, and a step size of 0.1 μm were applied to 
study the orientation relationships between the microstruc-
ture’s constituents, and the variant selection mechanism of 
bainitic ferrite plates. Microstructural characterization in the 
nanoscale was performed using a Tecnai FEG G2 F20 Super 
Twin transmission electron microscopy (TEM) at 200 kV. 
Thin foils to TEM observations were electro-polished using 
a Tenupol-5 jet-polisher in an electrolyte consisting of 10 
vol.% of  HClO4 in methanol at − 25 °C. The true thickness 

Fig. 1  The thermomechanical treatment procedure employed to man-
ufacture the high-carbon nanobainitic steel
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of bainitic ferrite plates was measured using the mean lin-
ear intercept method [38]. To further confirm the presence 
and the volume fraction of identification phases and global 
texture, X-ray synchrotron radiation (λ = 0.0142342 nm) was 
used [39, 40]. The Rietveld refinement was performed to 
determine lattice parameters and volume fraction of ferrite 
(α-Fe) and austenite (γ-Fe) using High Score Plus. The car-
bon concentration of retained austenite ( C

�
) was calculated 

using Eq. 2 [28]:

where a
�
 is the austenite lattice parameter in Å. In addition, 

using the X-ray synchrotron diffraction pattern, the disloca-
tion density (ρ) in α-Fe and γ-Fe was calculated using Eq. 3 
[41]:

where ⟨�2⟩1∕2 is the lattice microstrain (depending on meas-
ured broadening and 2θ position of peaks determined based 
on Williamson–Hall plot), b is a Burgers vector (for body-
centered cubic (BCC) metals, b along < 111 > is 

√
2

2
a
�
 , for 

face-centered cubic (FCC) metals, b along < 110 > is 
√
3

3
a
�
) 

of dislocations in nm and D is a crystallite size for austen-
ite and ferrite also determined based on Williamson–Hall 
plot. Diffraction experiments were performed in transmis-
sion geometry in order to ensure good statistics, while the 
microstructure investigations were done on the traverse 
cross-section to the rolling direction (TD). Mechanical 
properties were selected based on the uniaxial tensile tests 
using an MDS 830 Bähr Thermoanalyse testing machine 
at the strain rate of 1  s−1. This testing machine was also 
used to determine the kinetics of bainitic transformation by 
applying torsion deformation during isothermal holding at 
200 °C for 10 s after austenitization at 950 °C for 5 min 
and before holding at 200 °C for 10 min and yield strength 
of parent austenite. Tests were carried out under nitrogen 
protect atmosphere, and changes in length and radius were 
measured by the laser measurement system. Furthermore, 
using a Bähr 805A high-resolution dilatometer, the kinetics 
of bainitic transformation and critical temperatures (with-
out applying external stress) were determined. An induction 
heating coil supported the heating and cooling of specimens 
with 4 mm in diameter and 10 mm in length. The tests were 
also carried out under nitrogen protect atmosphere, and 
quartz push-rods in direct contact with the sample measured 
the longitudinal changes in length. The temperature was con-
trolled using thermocouple type S in both dilatometric tests 
with and without additional external stress during bainitic 
transformation. In addition, the Vickers hardness tests were 

(2)C
�
≈

a
�
− 3.5780

0.033

(3)� =
2

√
3�21∕2

Db

carried out using a Zwick/ZHU 250 (HV5) machine with 
a load of 49 N for 15 s. The impact tests were conducted 
at room temperature with a Zwick/Roell RKP 450 testing 
machine on samples with a dimension of 10 × 10 × 55 mm 
with U-shaped notches.

3  Results and discussion

3.1  Determining bainitic transformation’s kinetic

To determine the bainitic transformation’s kinetic of tested 
steel, dilatometric measurements and torsion deformation 
in the range of isothermal holding were carried out. During 
the thermal simulation, samples were heated up to 950 °C 
with 5 °C/s to austenitization temperature, held for 5 min, 
and rapidly cooled down to 200 °C, i.e., bainitic reaction 
temperature. After reaching the isothermal temperature, the 
samples were held for 30 s and subsequently subjected to 
torsion deformation using stress below the yield strength 
of parent austenite (250 MPa). After that, the samples were 
held for 10 min to analyze the behavior of bainitic trans-
formation kinetics. Figure 2a shows the thermal dilatation 
curve indicating a negative relative change in length (RCL) 
in the longitudinal direction (black curve) and a positive 
relative change in radius (RCR) in the radial direction (red 
curve). The negative effect of RCL, which has been chiefly 
reported when nanobainitic transformation occurs under 
external stress, particularly below the yield stress of austen-
ite, may be explained by variant selection giving rise to ani-
sotropic transformation [37]. In addition, Ref. [42] indicates 
that the RCR should not be used to determine the bainitic 
transformation kinetic under stress and emphasize that the 
best way to analyze the kinetic of bainitic transformation 
under stress is a relative volume change (RCV). Hence, 
Fig. 2b shows the RCV determined based on reference [43] 
in the function of bainitic transformation time. In addition, 
according to the following literature [44], one of the methods 
to determine the end of bainitic transformation proposed by 
Santajuana et al. was applied. It is the 4% of the maximum 
value of the normalized first derivative of the relative change 
volume (Normalized RCV). Figure 3 shows the Normal-
ized RCV in the function of isothermal holding time during 
bainitic transformation. Analyzing this result, it is clear that 
the end of bainitic transformation in the case of tested steel 
is less than 10 min. These results indicated that the bainitic 
transformation significantly accelerates after applying the 
torsion stress for 10 s.

In addition, the critical transformation temperatures from 
dilatometric heating and cooling tests were measured. In 
the case of steel subjected to bainitic transformation with 
external stress below the yield stress of parent austenite, the 
 AC1,  AC3, and martensitic start  (MS) temperatures without 
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and after this treatment were determined at 730 °C, 850 °C, 
122 °C, and 31 °C, respectively.

Moreover, using the equation given in Ref. [45], the bai-
nitic start  (BS) temperature was calculated as 316 °C. Deter-
mining initial  MS and  BS temperatures are essential because 
these temperatures define the range of the nanobainitic trans-
formation. In our case, the temperature interval in which 
nanobainitic transformation takes place falls within the 
range between 122 °C and 316 °C. Moreover, knowing that 
the additional external stress can increase the bainitic trans-
formation temperature up to 60 °C applying the stress on the 

200 MPa in the case of high-carbon nanobainitic steel [23], 
and for economic reasons, the bainitic transformation of the 
reference steel was carried out at 280 °C for 3 days. The 
isothermal holding at 200 °C for 3 days was also carried out; 
however, the bainitic transformation was not completed. In 
addition, the obtained austenite was not stabled (MS > RT). 
The martensite start temperature of the tested steel, obtained 
by conventional heat treatment, was determined based on 
dilatometric measurements. During dilatometric tests, the 
steel was subjected to austempering treatment consisting of 
austenitization at 950 °C for 5 min, rapid cooling to 280 °C, 

Fig. 2  The dilatometric curves showing the nanobainitic transformation kinetic’s at 200 °C with applied torsion strain of experimental steel: a in 
the radial (red curve) and in the longitudinal (black curve) direction, b in the volume (blue curve) of the specimen

Fig. 3  The relative volume 
change (RCV), together with 
the normalized first deriva-
tive of relative volume change 
(Normalized DRCV) of the 
sample obtained during dilata-
tion experiments with additional 
external stress
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holding for 3 days, and fast cooling to room temperature. 
Based on these results, the MS temperature was determined 
as below 25 °C, and 3 days is long enough to partition the 
carbon between the microstructure’s constituents and obtain 
high-carbon nanobainitic steel at 280 °C. The chemical com-
position and described thermal simulations can allow obtain-
ing the nanostructured bainitic steel with the microstructure 
consisting of the bainitic ferrite laths and retained austenite 
in the time of bainitic transformation of about 10 min. In 
contrast, without applying additional stress in the range of 
isothermal holding at 280 °C, the same steel needs 3 days to 
complete the nanobainitic transformation. Comparing these 
results, it is clear that applying the novel thermomechani-
cal treatment causes the incredible acceleration of bainitic 
transformation kinetic even at ultra-low transformation 
temperatures.

3.2  Microstructure and phase compositions

The LOM and SEM micrographs of the experimental high-
carbon nanobainitic steel subjected to the controlled ther-
momechanical treatment are shown in Fig. 4. The optical 
image in Fig. 4a shows a typical microstructure consisting 
of bainitic sheaves (darker phase, exemplary marked as 
bainite sheaf) randomly oriented to each other and blocky 
retained austenite (bright phase, marked as �b ) with an aver-
age size of 1.17 ± 0.31 μm measured based on SEM-BSE 
micrographs. Figure 4b shows the SEM-BSE micrograph, 
with the microstructure containing the bainitic ferrite (darker 
phase, marked as �BF ) and retained austenite with different 
morphology in the shape of the thin films (brighter phase, 
marked as �f ).

Figure 5a shows the high-resolution X-ray synchrotron 
diffraction pattern taken from the same sample, which con-
firms two phases, α-Fe and γ-Fe. The volume fraction of 
ferrite 

(
V
�

)
 and austenite 

(
V
�

)
 , as well as their lattice 

pa ramete r s ,  were  found  to  be  56 .9  ±  2 .0%, 
2 . 8 7 2 8  ±  0 . 0 0 0 2   Å  (a

�
)  a n d  4 3 . 1  ±  1 . 2 % , 

3.6166 ± 0.0001 Å, respectively. The carbon concentration 
in the austenite ( C

�
 ) was determined as 1.17 ± 0.09 wt.%, 

using Eq. 1, and dislocation density in bainitic ferrite 
(
�
�

)
 

and retained austenite 
(
�
�

)
 have also been calculated using 

Eq. 2. The peak of (200) Fe-γ is one of the most appropri-
ate for the identification of high-carbon (RA in the shape 
of film-like), and low-carbon (RA in the form of blocky) 
retained austenite [46]. The enlargement of the (200) Fe-γ 
peak is shown in Fig. 5b. The asymmetric peak is decon-
voluted using the Gaussian multi-peaks fitting method 
[47]. Peak separation of the (200) Fe-γ into two independ-
ent peaks provides two areas: the first corresponds to the 
film-like high-carbon retained austenite ( �f  , red curve in 
Fig. 5b) with a carbon concentration of 1.93 ± 0.14 wt.% 
( C

�f
 ), while the second to the blocky retained austenite ( �b , 

blue curve in Fig. 5b) with a carbon concentration of 
1.18 ± 0.09 wt.% ( C

�b
 ). In addition, the volume fraction of 

film-like and blocky retained austenite was also deter-
mined. The obtained parameters for both phases are sum-
marized in Table 1. 

One of the most critical factors in the mechanical stabil-
ity of retained austenite is its chemical composition and 
morphology. Films of retained austenite consist of a higher 
carbon concentration (the high level of mechanical stabil-
ity) and are more stable than blocky. Therefore, they do 
not transform into martensite during plastic deformation. 

Fig. 4  Optical microstructure a and SEM-BSE micrograph b of high-carbon nanobainitic steel obtained by the controlled thermomechanical 
treatment
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On the other hand, according to the literature [48, 49], 
when the carbon concentration in austenite is higher than 
1.0 wt.%, it is too stable to transform into martensite. In 
such a case, the TRIP effect may be bypassed.

3.3  Crystallographic orientation relationships 
and texture examination

To confirm the presence of the given phases and to deter-
mine the crystallographic orientations between them, the 
SEM/EBSD technique was applied. Figure 6a and b shows 
the phase distribution map and inverse pole figure (IPF) map 
for identified phases, respectively. Based on Fig. 6a, we can 
distinguish only two phases, i.e., the retained austenite rep-
resented by green color, and the bainitic ferrite represented 
by red color. In the IPF color map of bainitic ferrite and 
retained austenite, colors correspond to transverse direction 
according to the stereographic triangle.

Figure 7 shows an IPF map of a cubic oriented grain of 
the parent austenite represented by {001}, and {111} pole 
figures (PFs) and {001}, and {101} PFs of bainitic ferrite. 
The analysis of both PFs confirms Nishiyama–Wasserman 
shows orientation relationships in this grain [50, 51]. This 
orientation relationship can be easily recognized by 4 dif-
ferent orientations located symmetrically concerning each 
of the three main axes of austenite in Fig. 7. For instance, 4 
orientations in the middle of the {001} PF direction can be 
found (red variants rotated a few degrees towards < 110 >). 
In addition, the PFs of bainitic ferrite allow us to notice 
that the cubic oriented grain of parent austenite shows 
three different groups of orientations of bainitic ferrite 
plates after controlled thermomechanical treatment (aus-
tenite orientation indicted by black poles). The orientation 
relationship was also studied with higher statistics using 
the whole EBSD map by misorientation distribution func-
tion (MDF) shown in Fig. 8. These results clearly indi-
cate three different relationships between austenite and 

Fig. 5  The XRD diffraction pattern of the presented high-carbon nanobainitic steel (a), and the deconvolution of (200)Fe-γ peak (b). Red curve 
and blue curve refer to high-carbon and low-carbon retained austenite, respectively

Table 1  Characteristic of bainite microstructure of high-carbon nanobainitic steel

Bainitic ferrite Retained austenite

V
�
 [vol%] a

�
 [Å] �

�
  [1015  m-2] t

�BF
 [nm] V

�
 [vol%] a

�
 [Å] �

�
  [1014  m-2] C

�
 [wt.%]

56.9 ± 2.0 2.8728 ± 0.0002 1.85 68 ± 40 43.1 ± 1.2 3.6166 ± 0.0001 1.07 1.17 ± 0.09

Film-like retained austenite (γf) Blocky retained austenite (γb)

V
�f

 [vol%] a
�f

 [Å] C
�f

 [wt.%] t
�f

 [nm] V
�b

 [vol%] a
�b

 [Å] C
�b

 [wt.%] t
�b [µm]

14.5 ± 1.0 3.6416 ± 0.0003 1.93 ± 0.14 34 ± 17 35.0 ± 1.5 3.6169 ± 0.0003 1.18 ± 0.09 1.17 ± 0.31
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bainitic ferrite: with much stronger N–W than two other 
relations K–S and Pitsch relation. In contrast, Beladi and 
his co-workers [2, 52] highlight that in the non-ausformed 
nanobainitic steel obtained at 200 °C for 10 days with a 
similar chemical composition, the crystallographic orien-
tation relationships between bainitic ferrite and austenite 
is closer to K–S than N–W. Therefore, a few authors indi-
cated that applying the ausforming process results rather 
in obtaining the nanobainitic steel close to N–W than 
K–S crystallographic ORs between bainitic ferrite laths 
and austenite [30, 48]. For illustration, Fig. 8b presents 
the phase distribution map with select crystal orientation 
relationships. The boundaries between bainite and austen-
ite are colored red, navy blue, and green for N–W, K–S, 
and Pitsch relations, respectively. The other PFs given in 
Fig. 6 show the typical relation between the most closed-
packed plane of BCC and FCC lattice with the parallelism 
of {110}α and {111}A.

This analysis concludes that applying the stress-induced 
nanobainitic transformation prefers the N–W crystallo-
graphic orientations of bainitic variants in the range of not 
only one austenite grain but also from the global perspec-
tive [2, 52]. In addition, specific crystallographic orientation 
variants of the bainitic ferrite phase on the presented pole 
figures are slightly blurred, which indicates some rotation 
and is associated with that shear deformation during apply-
ing deformation in the elastic strain range. According to 
some references [37, 43, 53], the very low temperature of 
bainitic transformation and stress-induced or strain-induced 
bainitic transformation are the reasons for bainitic ferrite 
variant selection during bainitic transformation and built 
the anisotropic microstructure. These considerations were 
confirmed by dilatometric measurements presented in the 
discussed section.

Figure 9 shows the (111), (200), and (220) synchrotron 
XRD pole figures of bainitic ferrite and retained austenite 

Fig. 6  SEM/EBSD microstructure of presented high-carbon nanobainitic steel: a distribution map and b inverse pole figure (IPF) map orienta-
tion of identified phases

Fig. 7  Inverse pole figure (IPF) map of a cubic austenite grain and 
corresponding superposition of {001}α and {001}A, as well as {101}α 
and {111}A pole figures of bainitic ferrite and austenite presenting 

the N–W orientation relationship. Austenite orientation is represented 
by black poles, while red and green correspond to different bainitic 
variants
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Fig. 8  a MDF for retained austenite/bainitic ferrite with the key rela-
tions: Nishiyama–Wasserman (triangle), Kurdjumov–Sachs (cir-
cle), Pitsch (square), and Bain (diamond). b Phase distribution map 

(ferrite-grey, austenite-blue) with the indicated N–W misorientation 
angles in red, K–S misorientation angles in navy blue, and Pitsch 
misorientation angle in green

Fig. 9   (111), (200), and (220) pole figures of bainitic microstructure components of the high-carbon nanobainitic steel
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of high-carbon nanobainitic steel after the controlled ther-
momechanical treatment. The crystallographic texture of 
retained austenite consists mainly of the shear component 
of (110) < 100 >. In contrast, the bainitic ferrite consists 
of the dominant shear component of (110) < 100 > and, 
less visible, the cubic component of (100) < 001 > . As 
previously mentioned, the application of stress during 
bainitic transformation causes an increase in the total 
driving force by introducing an additional mechanical 
driving force (shear components) which promotes the 
growth of specific variants of bainitic ferrite. In work 
[31], the authors applied the continuous external tensile 
stress of 0 MPa, 50 MPa, and 100 MPa (stress below the 
yield strength of parent austenite) during bainitic transfor-
mation in order to obtain lower bainite. In the case of this 
microstructure, they indicated that more favored variants 
of bainitic ferrite laths are created during isothermal heat 
treatments, with [101]- and [201]-orientations parallel to 

the tension axis. In another work [54], the same authors 
analyzed the influence of external stress, also below the 
yield stress of parent austenite in terms of tensile stress. 
In this case, they reduced the external stress to 0 MPa 
before the bainitic transformation was completed (50% of 
the maximum TP strain). These results, which were also 
obtained in the range of lower bainite, indicate the favored 
variants growth of bainitic ferrite laths. However, the 
external stress is not large enough to continue the growth 
of these variants after removing the stress. By comparing 
these considerations to the results shown in Fig. 9, we 
can recognize the shear component of (110) < 100 > with 
high intensity and the less pronounced cubic component 
of (001) < 001 > of bainitic ferrite plates. This observation 
indicates that the additional loading applied to the sam-
ples after 30 s created the main shear component of bai-
nitic variants. After removing loading, the external stress 
was enough to cause the large TP strain in the structure 

Fig. 10  TEM-BF images and corresponding SAEDPs of presented high-carbon nanobainitic steel showing: a K–S and b N–W orientation rela-
tionships between austenite and bainitic ferrite plates
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and allow for growing the favored variants during further 
nanobainitic transformation.

The TEM observations were employed to resolve fine 
details of the microstructure, especially in the case of nanobai-
nitic structure. Figure 10 presents a set of the bright-field 
TEM micrographs (TEM-BF) and corresponding selected-
area electron diffraction (SAED) patterns. The TEM-BF 
images in Fig. 10a and b confirm that the films of retained 
austenite with an average size of 34 ± 17 nm are parallel to 
plates of bainitic ferrite with an average size of 68 ± 40 nm in 
all observed volumes of the sample. The SAED pattern 
obtained from the whole area of the sample presented in the 
bright-field image in Fig. 10a reveals strong reflections com-
ing from 

(
111

)
 and (002) in the Fe-γ with [110] zone axis, 

whereas weak reflections are from 
(
011

)
 and 

(
110

)
 planes 

from the Fe-α with [111] zone axis. Another Fe-γ and Fe-α 
substructure was discovered based on SAED patterns obtained 
from the microstructure shown in Fig. 10b. In this case, strong 
reflections from 

(
202

)
 and 

(
113

)
 planes of Fe-γ with [121] 

zone axis and weak reflections from 
(
121

)
 and (020) planes 

of the Fe-α with [ 101 ] zone axis were indicated. In addition, 
the SAED pattern shown in Fig. 10b, presents other substruc-
ture of Fe-γ (labeled with yellow color) with [121] zone axis. 
The cementite precipitation on bainitic ferrite/retained aus-
tenite boundaries was not detected because the level of applied 
silicon content in the high-carbon nanobainitic steel is above 
1.5 wt.% [55]. In addition, the aluminum content, together 
with applied external stress during bainitic transformation, led 
to obtaining the carbide-free bainitic steel [23, 26]. It is gener-
ally known that in the high-carbon nanobainitic steel, the ori-
entation relationships (ORs) between austenite and bainitic 
ferrite change from Nishiyama–Wassermann ( (111)

�
 || (011)

�
 , [

112

]

�

 || 
[
011

]

�

 ) to Kurdjumov–Sachs (K–S, (111)
�
 || (011)

�
 , 

[
101

]

�

 || 
[
111

]

�

 ) depending upon the ratio of lattice parame-

ters [56]. Based on the SAED patterns presented in Fig. 10, it 
can be stated that the orientation relationships between films 
of retained austenite and plates of bainitic ferrite correspond 
very well either to Kurdjumov–Sachs ( 

(
111

)

�−Fe
 || 
(
101

)

�−Fe
 , 

[110]
�−Fe || [111]�−Fe ) or Nishiyama–Wassermann ( 

(
111

)

�−Fe
 || 

(
101

)

�−Fe
 , [121]

�−Fe || 
[
101

]

�−Fe
 ) relations, what also was 

observed in Ref. [52].

3.4  Mechanical properties

The tensile tests and Vickers hardness tests were conducted 
to determine the mechanical properties of the presented 

high-carbon nanobainitic steel. Figure 11 shows the repre-
sentative stress–strain curve, and Table 2 summarizes the 
obtained results. The novel thermomechanical treatment 
application leads to obtaining an ultra-high strength and duc-
tility steel after an incredibly short time of isothermal hold-
ing (30 min). Due to well-known factors, the high-carbon 
nanobainitic steel achieved the ultimate tensile strength of 
approximately 1862 ± 140 MPa and yield strength of approx-
imately 1287 ± 90 MPa. The strength properties mainly 
depend on the mean thickness of the bainitic ferrite plates 
and the dislocation density [55]. In addition, increasing the 
Al content from 0.5 wt.% to nearly 1.5 wt.% can improve 
the tensile strength and enhance elongation [57]. The high 
elongation at 11.8 ± 0.7% was obtained first due to the high 
amount of retained austenite in steel [49]. In comparison, 
the uniform elongation of described steel is slightly lower 
(9.8 ± 0.8%) than the total elongation. In addition, the impact 
toughness of tested steel is 88 ± 7 J/cm2 and is higher than 
that of the steels obtained by conventional heat treatment 
and compiled in an article [6]. These results indicated excel-
lent mechanical behavior.

Further improvement in mechanical properties enables 
the transformation-induced plasticity effect (TRIP effect) 
[58]. As well known, the TRIP effect relies on transform-
ing retained austenite into martensite during a tensile test 
because of large deformation. The mechanical stability of 
austenite mainly depends on the carbon concentration in the 
retained austenite and its morphology [49]. Olson and Cohen 
[59] indicated that the Ms temperature slightly increases with 
the first stage of applied deformation (in the range of elas-
tic deformation). As commonly known, the blocky retained 
austenite has a lower carbon concentration than thin films of 

Fig. 11  The stress–strain curve of high-carbon nanobainitic steel fab-
ricated by controlled thermomechanical treatment
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retained austenite. Hence, the blocky retained austenite can 
be favored for martensite transformation during the tensile 
test.

The first evidence for the TRIP effect during tensile 
deformation took place and its increasing of the total hard-
ness in the distance a few millimeters from the place of the 

fracture surface of the specimen after the tensile test, which 
is approximately 662 ± 37 HV5. In addition, Fig. 12 com-
pares the XRD synchrotron diffraction patterns of the high-
carbon nanobainitic steel before (marked as a black line) 
and after (marked as a red line) tensile deformation. Based 
on these results, the basic parameters were determined. The 
volume fraction of retained austenite in the sample after the 
tensile test decreased from 43.1 ± 1.2 to 28.2 ± 1.5 vol%, 
with a higher lattice parameter of 3.6305 ± 0.0001 Å and 
a higher carbon concentration of 1.59 ± 0.12 wt.%. In addi-
tion, peaks of martensite, which are created during tensile 
deformation, and ferrite have the same 2θ positions, and 
the peaks of martensite are shifting and broadening toward 
ferrite. The same changes of mentioned parameters in the 
nanobainitic steel after deformation, which confirmed that 
the TRIP effect occurred, are described in Ref. [3]. These 
results demonstrate that the TRIP effect took place dur-
ing tensile deformation and increases the total elongation 
of experimental steel through the transformation of blocky 
retained austenite into martensite because this morphology 
of retained austenite requires lower driving force for mar-
tensite nucleation. In addition, the blocky morphology of 
retained austenite has a smaller carbon concentration and 
can transform into martensite, especially in the first stage of 
deformation strain [60].

Apart from the TRIP effect, the twinning-induced 
plasticity (TWIP) effect can increase the yield strength 

Table 2  The summarized 
mechanical properties of high-
carbon nanobainitic steel

UTS [MPa] YS [MPa] TE [%] UE [%] Hardness [HV5] Impact 
toughness 
[J/cm2]

1862 ± 140 1287 ± 90 11.8 ± 0.7 9.8 ± 0.8 586 ± 16 88 ± 7

Fig. 12  The XRD synchrotron pattern of high-carbon nanobainitic 
steel after tensile deformation

Fig. 13  a High- and b low-magnification TEM-BF micrographs with the stacking faults (mechanical twins) in the film of retained austenite of 
experimental steel after tensile deformation
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of steel [61, 62]. This effect was also observed in the 
presented experiment. Figure 13a and b shows the TEM 
images observed in the bright field. The detailed TEM 
observation of the specimen after tensile deformation 
reveals that the stacking fault exists in the retained aus-
tenite, which can be created by partial dislocation move-
ment across the austenite grain on the (111) slip plane 
[63]. The mechanical twinning can occur in the film-like 
retained austenite due to higher mechanical stability than 
blocky retained austenite [64]. In addition, Poddar and 
his co-workers [65] emphasize that stacking fault in the 
microstructure is attributed to lower stacking fault energy 
(SFE) of retained austenite, which confirms that twins 
are formed during tensile straining and improve ductil-
ity. In this work, the authors suppose that stacking fault 
(mechanical twins) with an average size of 29 ± 5 nm 
growth in film-like retained austenite when the SFE is 
large enough. In addition, the boundaries of twins can 
interact with dislocations and influence strain hardening 
deformation due to structure refinement [66]. Moreover, 
dislocations are observed near mechanical twins formed 
in the film of retained austenite. According to Ref. [67], 
the kind of deformation mechanisms (twinning or disloca-
tion glide) in the face-centered cubic metals is strongly 
connected with their stacking fault energy value. In his 
case, twinning and simultaneously TWIP occur when SFE 
is located in the range between 18 mJ  m−2 and 45 mJ  m−2. 
In addition, in this case, mainly the chemical composi-
tion of austenite influences the SFE value. This value 
increases especially by Mn and Al (the dissolved ele-
ments) content in the austenite. The authors, using math-
ematical considerations on the example of TWIP steels 
presented in Refs. [67, 68], estimate the ideal stacking 
fault energy for described steel with raised content of 
C, Mn, and Al is 23 mJ  m−2. Based on this, from a theo-
retical point of view, mechanical twinning during tensile 
deformation is possible. However, more evidence, like 
detailed TEM observations, is necessary to confirm this 
theory because there are no reports on this effect in the 
case of carbide-free bainitic steel obtained by thermome-
chanical treatment.

In order to compare the mechanical properties of pre-
sented high-carbon nanobainitic steel manufactured by 
the controlled thermomechanical treatment to the steel 
obtained by conventional heat treatment, we refer to Ref. 
[69], where the authors obtained high-carbon nanostruc-
tured bainitic steel by isothermal holding at 200 °C for 
3 days without additional external stress in the range of 
bainitic transformation with the similar chemical compo-
sitions to presented experimental steel. In this case, the 
steel also contains cobalt (Co) at 1.37 wt.%, and as well 

known, this alloying element reduces the total time of 
bainitic transformation [18]. The mentioned high-carbon 
nanobainitic steel has achieved the UTS of approximately 
2.2 GPa, YS of approximately 1.4 GPa, and total elonga-
tion at 8%. However, despite the higher strength proper-
ties, it is noted that the total time of nanobainitic transfor-
mation was reduced to 30 min, and the total elongation is 
higher in the case of steel obtained by thermomechanical 
treatment because during tensile deformation, probably 
the TWIP effect was noticed in contrast to steel obtained 
by conventional heat treatment. We can also find other 
examples of steels obtained by conventional heat treat-
ment with isothermal transformation at 200 °C for 3 days 
with chemical compositions similar to the presented 
experimental steel [70] and steel shown in Ref. [59]. 
In the case of nanostructured bainitic steel, the authors 
obtained high-strength properties with UTS below 2.0 
GPa and YS below 1.9 GPa, but the total elongation of 
this steel is around 1%. This steel needs 3 days to obtain 
the nanobainitic microstructure, and plastic properties 
are inferior compared to the presented experimental steel 
obtained by controlled thermomechanical treatment. In 
the case of tested steel isothermally treated at 280 °C for 
3 days without external stress during bainitic transforma-
tion (reference steel), the basic strength properties were 
determined in the uniaxial tensile tests. Compared to 
the steel manufactured by controlled thermomechanical 
treatment, ultimate tensile strength, yield strength, and 
elongation of the steel obtained by the conventional heat 
treatment are lower and are 1386 ± 16 MPa, 989 ± 4 MPa, 
and 4.5 ± 0.4%, respectively. Applying the described ther-
momechanical treatment enhances the UTS, YS, and A 
by about 476 MPa, 298 MPa, and 7.3%, respectively. To 
summarize, this has to be emphasized that the bainitic 
transformation time of tested steel allows obtaining the 
nanobainitic microstructure was reduced from 3 days to 
30 min, and simultaneously the mechanical properties 
were improved.

Figure 14 shows the SEM microstructures of the fracture 
surface in the places marked as regions 1 and 2. The fracture 
of the tensile sample consists of the cup and cone, which do 
not exist in the area of the external surface of the specimen 
at the region marked as 2. In the region marked as 1, the 
depth dimples formed by microvoid coalescence, high den-
sity of undulating facets, and tearing edges were observed. 
These factors reveal the ductile behavior of features [71]. 
In addition, the limited quasi-cleavage facets have not been 
observed in region 2, which can partly weaken the plastic-
ity of high-carbon nanobainitic steel. The high resistance of 
cleavage fracture is probably due to the absence of carbide 
precipitation [72].
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4  Conclusions

• Applying the controlled thermomechanical treatment 
consisting of austenitization at 950 °C/5 min, followed 
by applying the external stress on the level of 250 MPa 
at 200 °C and then holding at 190 °C for 30 min led 
to the formation of the nanobainitic microstructure 
comprising bainitic ferrite laths with an average size 
of 68 ± 40 nm and retained austenite in the shape of 
films with an average size of 34 ± 17 nm. In addi-
tion, blocky retained austenite with an average size of 
1.17 ± 0.31 µm was identified.

• TEM observations indicated the K–S and N–W crystal-
lographic orientation relationships between the ferri-
tic and austenitic phases, while SEM/EBSD and MDF 
techniques confirmed that the application of controlled 
thermomechanical treatment produced mainly N–W 
OR in this high-carbon nanobainitic steel.

• The crystallographic texture analysis suggests that the 
main bainitic ferrite growth occurs during isothermal 
holding after removing the external stress in the form 
of torsion stress. A (110) < 100 > shear component 
of bainitic ferrite can indicate that this stress applied 
in the elastic strain range accelerates the growth of 
favored crystallographic orientation and thereby accel-
erates the nanobainitic transformation.

• The high ultimate tensile strength of 1862 ± 140 MPa 
and yield strength of 1287 ± 90 MPa were achieved, 
most probably due to the nano-metric size of bainitic 
ferrite and its high dislocation density. The TRIP and 
TWIP effects were noticed in the samples after tensile 
tests. These effects give rise to a high level of elonga-
tion at 11.8 ± 0.7%.
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