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In the present investigation, a carbide-free bainitic steel has been produced in the laboratory
through the air cooling route. Optimization of the alloying elements was done based on
thermodynamic and kinetic calculations. Emphasis was given to obtain ultrafine bainitic
microstructure by maximizing the driving force and lowering the transformation temperature of
bainite formation. In addition to bainite, the microstructure contained a small amount of
austenite and martensite. It was observed that Mn decreases DGc fi a to a greater extent as
compared to Cr and Si. Therefore, a low Mn-high Cr alloy exhibited large driving force and low
Bs temperature. Si promoted carbon partitioning in the adjacent austenite to make it more
stable. Therefore, the transformation of deformation-induced martensite from the retained
austenite during the deformation process was restricted, resulting in higher toughness of the
alloy. Thus, the air-cooled bainitic steel produced in lab scale showed better strength, toughness,
and hardness than the conventional bainitic steel produced by the isothermal route.
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I. INTRODUCTION

BAINITIC steel with fine bainitic laths and film type
of retained austenite sandwiched between two bainitic
laths are proven to provide a good combination of
strength and toughness.[1,2] Such steels are developed by
two-stage processing with heat treating the steel to the
austenite zone and cooling subsequently to a bainitic
bay. Further, the steel is isothermally heat treated in a
bainitic bay for a period until the formation of bainite
and is subsequently cooled to room temperature.[3,4]

However, instead of the two-stage cost of intense
processing to obtain a desired combination of strength
toughness, an air-cooled bainitic steel could provide a
cost-effective material with the desired properties.[3,4] In
this respect, attempts have been made either by alloy
modification or altering the processing route. The
generic design principles of such steels were explored
by Gomez et al.,[3,4] and they used Mn content of< 0.1
wt pct to avoid banding in bainitic steel during
solidification.[3] Nickel is also added in such steel to
improve the toughness of steel by stabilizing the retained

austenite. Lowering of Cr content was done to maximize
the amount of bainitic transformation, and Al was
added in a small amount for deoxidation.[3] Sourmail
et al.[5] reported the possibility of carbide-free bainite
formation during air cooling. In terms of process
modification, isothermal treatment was considered for
obtaining ultrafine high strength steel.[6,7] However, the
process is not economically viable because of the long
holding time required for isothermal treatment. Adjust-
ment of composition in the steel is one of the preferred
routes to obtain bainitic microstructure during air
cooling after austenitization.[5,6,8] It is reported that
the air-cooled bainitic steel has a higher amount of
bainite and better mechanical properties than austem-
pered bainitic steel.[9] Continuously cooled bainitic steel
has shown a very good combination of strength and
toughness.[5,6] Das and Haldar[8] made an attempt to
design bainitic steel that could be produced directly in a
hot strip mill by accelerated cooling on the run-out
table followed by coiling and reported a tensile strength
of ~ 1370 MPa with ductility of 21 pct.[8] Phases, such as
allotriomorphic ferrite, Widmanstätten ferrite, marten-
site, and blocky austenite, are to be avoided to improve
the toughness of the steel.[10] Other researchers[11–15]

reported that carbide-free bainite microstructure with
high silicon provides very good wear resistance (rolling/
sliding). The unique combination of strength and
toughness of high Si bainitic steel were attributed to
the synergistic effect of ultrafine microstructure and
absence of coarse carbides.[11–15] Fang et al.[16] reported
the development of manganese containing carbide-free
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bainite/martensite steel by air cooling; however, this
steel contained granular bainite, which was undesirable
considering the poor toughness of steel. A continuous
cooling transformation (CCT) diagram for low-carbon
microalloyed steels under the simulated welding thermal
cycle process (10 to 600 seconds) was developed by
Kong and Qiu.[17] They showed that the faster cooling
rate resulted in the formation of a mixture of bainite and
martensite, whereas the slower cooling rate resulted in
the formation of granular bainite. It was also reported
that the granular bainite formed due to a slower cooling
rate possessed lesser toughness than the acicular ferrite
formed in the weld metal.[18] The effect of Mn on the
bainitic transformation in the weld metal was studied by
Keehan et al.[19] Formation of coalesced bainite resulted
in a lower impact toughness in the weld metal with 2 wt
pct Mn in comparison to 0.5 wt pct Mn. Mo addition
was done to eliminate austenite grain boundary embrit-
tlement caused by phosphorus. Fine bainite formation
was reported in 0.30 to 0.35 wt pct C steel.[8] In all the
preceding illustrations, the main disadvantage is the use
of a higher extent of carbon (0.25 to 0.35 wt pct) in the
alloys. Carbon in this range generally deteriorates the
weldability of the steel. Also, in a few cases, Ni and
other costly alloying elements were used. To eradicate
the preceding limitation, in the present endeavor, a new
generation of air-cooled bainitic steel with improved
properties was developed in a laboratory scale. A major
thrust has been given on (1) the reduction in carbon
content along with readjustment of the composition of
steel and (2) the co-relation between the mechanical
behaviors of the alloy with the processing route for
optimizing the alloy design parameters.

II. ALLOY DESIGN

A. Strengthening Mechanism of the Steel

For steels having predominantly bainite and austenite
microstructures, the sources of strengthening are lim-
ited. The contribution toward strength comes from solid
solution strengthening of phases, dislocations that are
generated during bainitic transformation, and the pres-
ence of fine bainitic laths. The theoretical strength of
such microstructures can be expressed as[20]

r ¼ rFe þ
X

rss;i þ rC þ KLL
�1 þ KDq

1
2

D þ KPd
�1 ½1�

where KL, KD, and KP are constants, rFe is the
strength of pure annealed iron, rss,i is the solid solu-
tion strengthening due to substitutional elements i, rC
is the solid solution strengthening due to carbon, L is
the bainitic ferrite plate thickness, qD is the dislocation
density, and is the distance between successive carbide
particles. For carbide-free bainitic steels, the last term
can be ignored. The effect of solid solution strengthen-
ing can be illustrated per Table I, which shows the
contributions for different alloying elements.[21] The
dislocation density of bainite can be empirically given
by Reference 20. For the calculation of the dislocation
density, an average of bainitic start and martensite

start temperatures is considered to be the transforma-
tion temperature for bainite formation:

log qDð Þ ¼ 9:2820þ 6880:73

T
� 1; 780; 360

T2
½2�

where qD is the dislocation density (length/m3) and T
is the absolute temperature in degree Kelvin. The
strengthening due to dislocation can be estimated as[22]

rq ¼ 0:38lbq1=2D ½3�

where l and b are the shear modulus and the magni-
tude of the Burgers vector, respectively. Low transfor-
mation temperature is desirable for high dislocation
density. In bainitic steels, the strengthening term rG is
due to the fine lath structure of bainite, which depends
inversely on the mean value of the larger diameter of
slip planes. The mean slip plane diameter is governed
by the thickness of the plates/lath and may be corre-
lated in the form of Eq. [4].[23] A transmission electron
microscope (TEM) is used to determine the true plate
thickness of bainite, t, by measuring the mean linear
intercept L in a direction normal to the bainite plate
length:

L ¼ pt
2

½4�

where L is the mean lineal intercept measured at ran-
dom operations on random sections. The strengthen-
ing, which can then be expected from fine plates or
laths of bainite, can be estimated as[20,24,25]

rG ¼ 115

L
½5�

Thus, the bainite lath thickness is an important param-
eter. The thickness of the bainite lath in a silicon-rich
steel depends primarily on the characteristics of the
austenite phase at the transformation temperature, the
austenite strength, and the chemical-free energy avail-
able for the bainite transformation.[26] Using the pre-
ceding empirical relations and reconsidering the aim of
the investigation, the following aspects were considered
during design of the alloys.

(1) Air cooling is faster than the isothermal or
austempering process. Si and Al restrict the
formation of cementite owing to the slower
kinetics of cementite precipitation in air-cooled
bainite.[27–29]

Table I. Solid Solution Strengthening Components in

Low-Temperature Bainite[21]

Elements Strength Contributions

C (wt pct C)1/2 9 1722.5
Si wt pct Si 9 85 MPa/wt pct
Mn wt pct Mn 9 32 MPa/wt pct
Mo wt pct Mo 9 30 MPa/wt pct
Cr wt pct Cr 9 � 30 MPa/wt pct
V wt pct V 9 9 MPa/wt pct
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(2) Total alloy content should be such that the fine
bainitic lath can be produced when Bs becomes
< 500 �C and the bainite nose temperature is
sufficiently above the martensite start
temperature.

(3) With the given composition, complete sin-
gle-phase solid solution can be achieved at
1000 �C to 1250 �C and under normal air cooling
(0.1 �C/s to 0.5 �C/s) bainite can be produced.[4]

(4) It is desirable that the final microstructure of the
steel would consist of carbide-free bainite, films of
retained austenite, and a minimum amount of
martensite.

(5) The presence of blocky austenite is not desirable
in the final microstructure as it transforms into
martensite.[27] The formation of martensite can be
restricted by ensuring adequate carbon concen-
tration in austenite. The carbon content can be
altered by shifting the T0 temperature to a higher
carbon concentration, cT0; the bainitic transfor-
mation temperature (T) can be reduced to
increase cT0; the average carbon concentration,
c, of the steel can also be reduced to increase the
volume fraction of bainite and, hence, austenite
blocks can be consumed:[7,30]

Vb ¼
CT0 � C

CT0 � C/bð Þ ½6�

where Vb is the maximum volume fraction of
bainite that can form and cab is the carbon content

that remains in the bainite after the excess has
been partitioned into the retained austenite.

(6) Avoidance of allotriomorphic ferrite, Wid-
manstätten ferrite, and pearlite formation is nec-
essary to reduce heterogeneity in the structure.[4]

B. Thermodynamic Evaluation

To promote bainitic transformation, a few thermo-
dynamic conditions are illustrated in the open domain
literature.[30] DGc fi a should be as negative as possible
so that a greater volume fraction of the refined
microstructure can be obtained. The effect of alloying
elements has been studied through a Fortran computer
program, combined with Thermo-Calc to calculate the
Gibbs free energy of bainite formation (Figure 1).[31]

It can be seen from Figure 1(a) that carbon plays a
dominant role in the reduction of DGc fi a. The incre-
ment of carbon to the tune of ~ 0.3 wt pct reduces
|DGcfia | by 106 J mol�1. Silicon has a meager effect as
0.3 wt pct addition of Si causes no change in DGc fi a

(Figure 1(b)). In this context, a 0.3 wt pct Cr addition
changes |DGc fi a| by 36 J mol�1 (Figure 1(c)). Mn
significantly decreases DGc fi a and a 0.3 wt pct addition
of the same element results in a reduction of |DGc fi a |
by 70 J mol�1 (Figure 1(d)). Carbon, manganese, and
chromium additionally have a strong influence on
reducing the bainitic transformation temperature.[32–36]

High undercooling (below Bs) triggers bainitic trans-
formation profusely; it not only increases the volume

Fig. 1—Effect of alloying elements in the free energy of transformation of bainite: (a) carbon, (b) silicon, (c) chromium, and (d) manganese.

2094—VOLUME 50A, MAY 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A



fraction of bainite but also promotes finer bainitic
lath.[37] During austenite decomposition, carbon is
rejected into austenite by the nucleating phase and
saturates it until the reaction is completed. Thus, a large
driving force is required for achieving the fine laths and
higher volume fraction of transformation products.
Considering the effects of alloying elements, as described
previously, two alloys were made in the present inves-
tigation. Alloy I was prepared with lower manganese
(0.54 wt pct). Lower manganese reduced the harden-
ability and increased the transformation temperature.
So, Cr (3.0 wt pct) was added to compensate the
lowering of the transformation temperature and com-
pensate for the loss of hardenability. The steel was
further modified with the addition of Mo (0.2 to 0.4 wt
pct) to push the pearlite and ferrite bay toward the right.
The DGcfia for alloy I is � 615 J mol�1 with a Bs

temperature of 544 �C. Alloy II was prepared with low
Cr (0.68 wt pct) and medium Mn (~ 1.6 wt pct) content
for reducing the transformation temperature. Mo (0.20
to 0.4 wt pct) was added to delay the pearlite and ferrite
transformation as before. The DGcfia for alloy II is
estimated to be � 592 J mol�1 at a Bs temperature of
550 �C. In both alloys, Si was added to avoid the
formation of carbide within bainite.[27–29] The effective-
ness of boron to provide hardenability deals with its
ability of segregation at the austenite grain boundary
where it prevents the formation of grain boundary
allotriomorphic ferrite. However, boron can still form
some amount of Fe23(C, B)6 precipitate.

[33] This happens
at the austenite grain boundary particularly when boron
and carbon content become excess. In such cases, the
addition of Mo improves the efficiency of B by the
intragranular Mo-C cluster. The cluster formation
reduces the diffusivity and activity of boron at the
austenite grain boundary.

III. EXPERIMENTAL PROCEDURE

A. Preparation of Heat

Alloys were prepared in an air induction furnace and
100 9 100 9 500 mm3 ingots were cast. Ingots were
homogenized at 1523 K for 24 hours, followed by
forging to ~ 70 9 70 mm2 thick bar. The forged bar was
air cooled to room temperature. The chemical compo-
sition of the alloys is collated in Table II.

B. Sampling, Its Preparation, and Microscopy

Standard metallography practices were applied to
observe the microstructure under an optical microscope.
The samples were polished using emery papers with
increasing fineness followed by polishing with 0.6- and

0.1-lm diamond pastes. Subsequently, the samples were
etched with 2 pct Nital solution to reveal the microstruc-
ture. Samples were examined in the optical microscope
(Leica DM300) equipped with an Axio-Vision 4 soft-
ware system for image analysis. To reveal the finer
structural details, the same specimens were studied
under a scanning electron microscope (SEM, FEI Nova
430 Nano SEM). Defect characterization and structural
characteristics in the sub-nanoscale were investigated in
a TEM (TEM, JEOL* JEM 2200FS). For TEM sample

preparation, a thin slice from bulk alloy was cut using
the electrodischarge machine. The thickness of the slice
was reduced to ~ 0.1 mm by mechanical grinding and
3-mm-diameter coupons were produced by shear punch-
ing. Further thinning was done by a twin jet electropol-
isher (Fischione I10) using a mixture of ethanol and
Perchloric acid in a ratio of 9:1.

C. Mechanical Testing

Bulk hardness measurements were done in a Brinel
Hardness scale at 3000-kg load with a 10-mm-diameter
ball. Five such readings were taken to check the repro-
ducibility of the data. Tensile properties were evaluated
per standard ASTM E8-2007 using a cylindrical speci-
men. Charpy V notch impact testing was performed on
samples with dimensions 10 9 10 9 55 mm3 per stan-
dard ASTM E23-2007.Three specimens were tested in
each case (for tensile and impact testing) to obtain an
average value with standard deviation.

D. X-ray Diffraction Analysis

X-ray diffraction was done (Bruker’s D8 advance)
with a step size of 0.020 in the range of 40 to 100 deg
(= 2h) at 45-kV applied potential and 45-mA current
with filtered Cu Ka radiation. Lattice parameters were
calculated using Cohen’s method, taking care of errors
in counter diffractometers.[37–41] The phase fractions
were determined using the Maud.[42,43] The carbon
concentration in austenite was determined using Dyson
and Holmes’ equation, which relates the austenite lattice
parameter to alloy composition.[44,45]

IV. RESULTS AND DISCUSSION

It has been discussed earlier that fine bainitic lath
formation requires lowering of the transformation
temperature and enhancement of the driving force.[32–36]

Table II. Chemical Composition of Investigated Alloys (Weight Percent)

Steel ID C Cr Mn Si Mo B P S N

Alloy I 0.15 3.00 0.54 1.5 0.30 0.004 0.020 0.025 0.02
Alloy II 0.15 0.68 1.60 2.0 0.25 0.004 0.014 0.016 0.02

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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The effect of Cr, Mn, Si, and C on DGcfia has already
been discussed (Figure 1). Carbon plays a significant
role in the reduction in the driving force. Thus, carbon
was kept at a lower range (~ 0.15). Fine-scale bainitic
lath formation requires a low Bs temperature. To keep
a balance, Cr was kept at the higher side at ~ 3 wt pct
in alloy I, which lowers the bainitic start (Bs)
temperature without reducing the driving force for
transformation. The combination of the increase in
chromium content to 3 wt pct and less manganese
content of 0.54 wt pct provides a high driving force
for bainitic transformation and a lower bainitic start
temperature. Alloy II has higher manganese concen-
tration (~ 1.6 wt pct), which reduced the bainitic start
(Bs) temperature. Cr was kept to a lower limit at 0.68
wt pct in this case. Figure 2 shows the CCT plots for
the two alloys using JMat Pro software.[46] It is
evident from the plots that austenite is getting
transformed into bainite during air cooling (0.1 �C/s
to 0.5 �C/s) in both specimens.

Figure 3 shows the optical micrographs of alloys I
and II exhibiting a uniform distribution of bainite and

austenite phase in the microstructure. Feathery bainitic
matrix and retained austenite have been revealed in
these images (Figures 4 through 6). Fragmented and
degenerated acicular bainite in alloy I and elongated
acicular bainite with lath morphology in alloy II are
depicted in SEM micrographs (Figures 4(a), (b)); these
are in good agreement with the reported litera-
ture.[47–49] M/A constituents are also observed in both
alloys (Figure 4). The white encircled regions in
Figure 4 show the presence of blocky M/A con-
stituents formed in alloy I, which are absent in alloy
II. Figures 5 and 6 show the bright- and dark-field
TEM images depicting the microstructure of bainite
and austenite. A selected area diffraction (SAD)
pattern confirms the presence of retained austenite
and martensite along with bainite (Figures 5 and 6).
TEM investigation revealed the absence of carbide
precipitation in the matrix. It has been envisaged that
the addition of 1.5 to 2.0 wt pct silicon was sufficient
to suppress carbide precipitation in the bainite formed
during air cooling. The width of the bainitic ferrite
plate was measured by the mean lineal intercept L

� �

Fig. 2—CCT plots for (a) alloy I and (b) alloy II.

Fig. 3—Optical micrographs of (a) alloy I and (b) alloy II exhibit uniform distribution of bainite and austenite.
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from TEM images. The true thickness (t) was esti-
mated using equation[23,50]

t ¼ 2L

p
½7�

The thickness of the bainitic lath was found to be in the
order of 100 ± 20 nm for alloy I and 170 ± 20 nm for
alloy II. High Cr (~ 3 wt pct) and low Mn (~ 0.6 wt pct)
content resulted in a low transformation temperature
and a larger driving force for the transformation in alloy

Fig. 5—Transmission electron micrographs of alloy I: (a) bright-field imaging; (b) corresponding dark-field image; and (c) SAD pattern of
austenite (c), martensite (M), and bainite (ab) phases having a 013½ �==M 013½ �==c 112

� �
. L represents the mean linear intercept of bainite lath.

Fig. 4—Scanning electron micrographs of steels: (a) alloy I and (b) alloy II show bainite (ab) and M/A constituents.
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I than alloy II, as indicated in Table III. The theoretical
strength was estimated using Eqs. [1] through [5] for
alloys I and II (Figure 7). The strengthening due to solid
solution and dislocation was similar in alloys I and II.
The strengthening due to bainite lath was higher in alloy
I (700 MPa) as compared to alloy II (450 MPa), as
shown in Figure 7. This is attributed to the larger
driving force for bainite transformation and lower
bainitic start temperature for alloy I as compared to
alloy II. Thus, the theoretical estimates became at par
with the experimental results (Table IV). XRD for
alloys I and II exhibited the presence of both c and
a-Fe phases (Figure 8). The volume fractions of differ-
ent phases are tabulated in Table V.

Alloy I contained a higher volume fraction of retained
austenite (~ 17 pct) as compared to alloy II (~ 10 pct).
The carbon concentration present in the retained

austenite was also estimated through XRD.[38,39] Alloy
I with 1.5 wt pct Si has 0.50 wt pct C in retained
austenite, whereas alloy II with 2 wt pct Si has 0.66 wt
pct C in retained austenite. A higher concentration of Si
(2 wt pct) steered greater carbon concentration in
retained austenite (0.66 wt pct C) in alloy II as compared

Fig. 6—Transmission electron micrographs of alloy II: (a) bright-field imaging; (b) corresponding dark-field image; and (c) SAD pattern of
austenite (c), martensite (M), and bainite (ab) phases having a 001½ �==c 111

� �
==M 111

� �
. L represents the mean linear intercept of bainite lath.

Fig. 7—Calculated theoretical strength of the investigated alloys.

Table III. Critical Temperatures and Free Energy of Phase
Transformation for Investigated Alloys

Steel ID Bs (K) Ms (K) DGcfia at Bs (J mol�1)

Alloy I 817 680 � 615
Alloy II 823 686 � 592
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to alloy I (0.50 wt pct C).[51] On the other hand, alloy I
exhibited poor toughness. Strength and toughness of
any alloy do not depend on the existing microstructure
only, but also on the strain-induced phase transforma-
tion that may occur during mechanical tests. Alloy II
exhibited a carbon concentration of ~ 0.66 wt pct within
10 vol pct of retained austenite. On the contrary, alloy I
had ~ 0.5 wt pct C in 17 vol pct retained austenite. The
partitioning of carbon in the surrounding retained
austenite shifted the Ms temperature for alloy I to

519 K (246 �C) and for alloy II to 399 K (126 �C). The
Md temperature for 50 pct martensite formation for the
two alloys was calculated by an empirical formula, as
reported by Angel et al.,[52] and the 30 pct deformation
Md(50/30) temperature for alloys I and II was found as
388 K (115.3 �C) and 335.8 K (62.8 �C), respectively.
The deformed samples after tensile testing of alloys I
and II were examined in a TEM. In the case of alloy I,
metastable retained austenite transformed into marten-
site with lath thickness ~ 4 nm (Figure 9). Under the

Fig. 8—X-ray characteristic spectra of alloys I and II illustrating the existence of austenite and bainite phases.

Table IV. Theoretical Prediction and Experimental Validation (at Room Temperature) of Mechanical Properties of Investigated

Alloys

Steel ID
Ultimate Tensile Strength

(MPa)
Yield Strength

(MPa)
Elongation

(Pct)
Hardness
(BHN)

Toughness
(J)

Alloy I 1348 ± 18 835 ± 28 15 ± 1 380 ± 10 20 ± 5
Alloy II 1160 ± 40 801 ± 24 22 ± 2 320 ± 5 40 ± 5

Table V. Phase Fraction, Lath Dimensions, Lattice Parameter, and Carbon (Weight Percent) in Retained Austenite as Calculated

from X-ray Diffraction Study of Steels

Steel ID
Va

(Pct)
VM

(Pct)
Vc

(Pct) Lath Thickness (nm)
aa
(Å)

ac
(Å)

xa
(Wt Pct)

xc
(Wt Pct)

Alloy I 74 9 17 100 ± 20 2.869 3.59 0.033 0.50
Alloy II 80 10 10 170 ± 20 2.869 3.60 0.033 0.66
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Fig. 9—Transmission electron micrographs of mechanically deformed samples of alloy I: (a) bright-field imaging showing formation of
martensite from the retained austenite; (b) corresponding dark-field image; and (c) SAD pattern exhibiting the presence of martensite, ferrite,
and retained austenite.

Fig. 10—Transmission electron micrographs of mechanically deformed samples of alloy II: (a) bright-field imaging showing few stable austenite
remained untransformed, (b) corresponding dark-field image, (c) bright-field imaging showing few retained austenite transformed to martensite,
(d) corresponding dark-field image.
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same state of deformation, alloy II also exhibited
retained austenite to martensite transformation with
an average lath thickness of ~ 2 nm (Figure 10). The
reason for the difference in the lath width of martensite
between the two alloys was twofold: alloy II contained a
smaller quantity of retained austenite with a lower value
of Md temperature in comparison to alloy I.[31] Thus,
most of the austenite remained unchanged for alloy II
(Figure 10). Untransformed austenite (~ 90 ± 10 nm
thick) contained a high dislocation density (Figure 10).
The stability of retained austenite in alloy II and the
formation of fine martensite facilitated improvement in
toughness and elongation (~ 22 ± 1 pct) as compared to
alloy I. Alloy I exhibited relatively coarser M/A con-
stituents (Figure 4(a)), which further deteriorated the
toughness of the steel. The higher hardness and tensile
strength of alloy I with respect to alloy II might be
attributed to a greater extent of austenite to martensite
transformation in the case of the former compared to
the latter during uniaxial deformation.

Thus, the novel composition with 0.15 wt pct C and 3
wt pct Cr was developed with an extraordinary strength
of 1348 ± 18 MPa and elongation of 15 ± 1 pct, which
can be used efficaciously in various applications. From
the open literature, it is evident that continuously cooled
bainitic steel might be able to achieve a tensile strength
of 1213 to 1370 MPa and elongation of 15 to 21 pct for
a carbon content of 0.25 to 0.35 wt pct.[4,5,8] Ni was also
used in the range of 3.5 wt pct, which made the alloy
costly.[4] Thus, a logical modification in alloy design
along with the appropriate thermal treatment in the
present investigation delivers a promising new genera-
tion of ultrafine carbide-free bainitic steel of improved
strength and hardness (380 ± 10 BHN).

V. SUMMARY

In the present investigation, two types of alloys were
prepared with a variation in Mn, Cr, and Si concentra-
tion. Alloy design was done theoretically based on the
kinetics and thermodynamics of phase transformation
along with the prediction of mechanical properties.
Experimentally, the microstructure and mechanical
properties were evaluated. The major findings are as
follows.

1. Alloys were designed in such a way that carbide-free
bainite was obtained by air cooling. Alloy I exhib-
ited higher driving force for bainitic transformation
than alloy II. This high driving force resulted in
finer lath width in alloy I as compared to alloy II.

2. During phase transformation, carbon was parti-
tioned and migrated to retained austenite. Retained
austenite of alloy I contained less carbon than the
retained austenite of alloy II. This reduced the
stability of austenite for alloy I.

3. Fine-scale bainitic lath provided superior strength
and hardness for alloy I in comparison to alloy II.

4. Metastable retained austenite transformed to
martensite during tensile and impact tests. Marten-
site formation was dominant for alloy I due to the

lesser stability of retained austenite with respect to
alloy II. The high volume fraction of hard con-
stituent (martensite) reduced the ductility and
toughness of alloy I.

5. Improved toughness and ductility of alloy II were
due to the presence of fine-scale martensite (~ 2 nm)
with untransformed austenite having adequate dis-
location density.

6. Bainitic steel with ~ 0.15 wt pct C was produced in
lab scale by the normal air cooling route. Alloy I
with a strength of 1348 ± 18 MPa, hardness of
380 ± 10 BHN, and elongation of 15 ± 1 pct shows
a good combination of mechanical properties.
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