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An attempt was made to optimize the mechanical properties by tailoring the process parameters
for two newly developed high-strength carbide-free bainitic steels with the nominal composi-
tions of 0.47 pct C, 1.22 pct Si, 1.07 pct Mn, 0.7 pct Cr (S1), and 0.30 pct C, 1.76 pct Si,
1.57 pct Mn, and 0.144 pct Cr (S2) (wt pct), respectively. Heat treatment was carried out via two
different routes: (1) isothermal transformation and (2) quenching followed by isothermal tem-
pering. The results for the two different processes were compared. The bainitic steels developed
by isothermal heat treatment were found to show better mechanical properties than those of the
quenched and subsequently tempered ones. The effect of the fraction of the phases, influence of
the transformation temperatures, the holding time, and the stability of retained austenite on the
mechanical properties of these two steels was critically analyzed with the help of X-ray dif-
fraction, optical metallography, scanning electron microscopy, and atomic force microscopy.
Finally, a remarkable combination of yield strength of the level of 1557 MPa with a total
elongation of 15.5 pct was obtained.
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I. INTRODUCTION

CARBIDE-FREE bainitic steels are emerging as a
very promising class of steels, because they exhibit a
remarkable combination of high strength with good
ductility and can be produced at low costs.[1] The
mechanical properties of carbide-free bainitic steels were
found to supersede those of quenched and tempered
alloys of the same hardness because of their interesting
microstructure consisting of thin plates of bainite in a
matrix of retained austenite. This microstructure can be
generated by quenching to a certain temperature fol-
lowed by a simple isothermal holding treatment route.
The strength of these steels is due to the small length
scale of the microstructure (relative fineness of bainite
lathes) and high dislocation densities, whereas ductility
was attributed to the film of retained austenite present in
between the bainitic lathes.[2–4] The detrimental effect of
carbides is overcome by suppressing their precipitation
with the addition of a sufficient amount of silicon,[5,6]

and the thin film of austenite acts as a cushion for any
crack propagation.[7,8] A carbon-enriched austenite
results in increased stability and thereby helps in
minimizing the fraction of retained austenite transform-
ing to martensite.[9] A series of bainitic steels with
strengths more than 1200 MPa along with an elongation
of 13 pct can be used as high performance alloys
possessing good toughness and tribological proper-
ties.[10] The design criterion for the development of very

strong bainitic steels lies in the engineering of metastable
temperature (To) where the free energies of austenite and
ferrite are the same. Coarse blocks of retained austenite
can be avoided by shifting the To curve to higher carbon
concentrations in austenite.[10–12] One of the best com-
binations of strength and toughness was achieved in a
bainitic steel exhibiting 1600 MPa and 130 MPa
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respectively, by meeting this criterion.[7,8] Chakraborty
et al.[13] recently showed improved mechanical proper-
ties of 52100 steel (1.1C, 1.46Cr, 0.27Si, 0.33Mn, 0.14V,
0.04Ni, 0.02P, balance Fe, all in wt pct) with a dual-
phase structure made of bainite and martensite over
quenched and tempered structure by adopting the
austempering route. Some prior cold deformation was
given to refine the thickness and size of the bainitic
sheaves. A maximum strength of 2250 MPa with an
impact strength of 72 J was achieved. Brown and
Baxter[14] found the isothermal transformation charac-
teristics of a high carbon and high silicon steel, which
exhibited a tensile yield stress of 1673 MPa with an
elongation of 8 pct. They designated them as super
bainitic steels, which are virtually free of any carbides,
and the sheaf thickness is very fine due to the low
transformation temperatures of 473 K to 523 K (200 �C
to 250 �C).
A recent trend in the field of bainitic steels is to

develop carbide-free novel bainitic structures.[15,16] The
cementite particles in bainitic steels are detrimental to
the properties as they are the source of crack and void
nucleation.[10] In the novel bainitic structures, these
cementite precipitates are avoided by adding inhibitors
such as Si and Al. It was shown[17] that an addition of
more than 1.5 wt pct Si results in carbide-free bainitic
steels. Caballero and Bhadeshia[5] have worked on
designing novel high-strength steels and have success-
fully produced a mixed microstructure consisting of fine
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plates of upper bainitic ferrite separated by a thin film of
retained austenite. They were able to achieve strength of
2500 MPa and a toughness of 30 to 40 MPa
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at a
transformation temperature of 398 K (125 �C). With
careful design, Caballero et al.[16] were able to achieve
an impressive combination of a toughness of
130 MPa
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with a strength of 1600 to 1700 MPa.
However, the full benefit of carbide-free bainitic steels is
yet to be realized. The alloy design and its incomplete
reaction phenomena can further be explored to obtain
more impressive properties. Present work investigates
two steels with different compositions. They were
treated isothermally at different temperatures as a
function of time to form bainitic microstructure with
different morphologies. The steels were also quenched to
obtain martensite and subsequently tempered to obtain
hardnesses similar to those of bainitic steels formed by
isothermal treatment, and their mechanical properties
were compared. The objective of the present work is to
develop a structure-property correlation of carbide-free
bainitic steels. It is shown that high strength in combi-
nation with high ductility can be obtained by suitable
heat treatments.

II. EXPERIMENTAL PROCEDURE

Two medium carbon steels of different compositions
were chosen. They are identified as S1 and S2. S1 is an
EN45 grade material while S2 is a high silicon high
manganese steel. Their chemical compositions are
shown in Table I. The basic philosophy for choosing
these alloy compositions (with high silicon and low
carbon) is to obtain carbide-free bainitic morphology to
achieve sufficient strength. Sufficient Mn is added so that
some fraction of austenite is retained after transforma-
tion to give adequate ductility. The as-processed steels
have a ferrite pearlite microstructure. To obtain a
bainitic microstructure, the steels were austenitized at
1173 K (900 �C) for 20 minutes and then quenched in a
salt bath kept at a desired isothermal transformation
temperature within the bainitic start (Bs) and the
martensite start (Ms) temperatures. The salt mixture
used here consists of 80 pct KNO3 and 20 pct NaNO3.
For both steels, the isothermal transformation temper-
atures were selected over a range between Bs and Ms

temperatures. The bainitic and martensitic transforma-
tion temperatures were calculated by the following
equations:[18,19]

Ms
�Cð Þ ¼ 539� 423 pctCð Þ� 30:4 pctMnð Þ

� 17:7 pctNið Þ� 12:1 pctCrð Þ� 7:5 Mo; W; Sið Þ
½1�

Bs
�Cð Þ ¼ 630� 45 pctMnð Þ � 40 pctVð Þ � 35 pct Sið Þ

� 30 pctCrð Þ � 25 pctMoð Þ � 20 pctNið Þ
� 5 pctWð Þ ½2�

The calculated Bs and Ms temperatures for steels S1
and S2 are shown in Table I. Based on the preceding
calculations, the isothermal transformation temperatures
were kept at 573 K and 623 K (300 �C and 350 �C) for
steel S1. In the case of steel S2, the transformation
temperatures were chosen to be 598 K, 623 K, 648 K,
and 673 K (325 �C, 350 �C, 375 �C, and 400 �C). The
time duration for the transformation was varied from 10
to 120 minutes. The samples were also subjected to water
quenching and tempering to achieve high hardness and
strength levels. Samples were austenitized at 1173 K
(900 �C) for 20 minutes and water quenched. Tempering
was done at 673 K (400 �C) for 60 minutes for steel S1
and at a temperature of 623 K (350 �C) for 90 minutes for
steel S2 in order to reduce the brittle behavior, and at the
same time, the hardness of the quenched and subse-
quently tempered steel becomes nearly equal to that of the
isothermally treated samples. The treatment routes and
parameters followed in the case of both the transforma-
tion routes are shown in tabular form in Table II.
The amount of retained austenite in the heat-treated

samples was determined by X-ray diffraction using Cr
Ka radiation (wavelength = 2.2909 Å) in a Siefert ISO-
DEBYEFLEX 1001 diffractometer (RICH SEIFERT &
Co. GmbH & Co. KG, Ahrensburg, Germany) operated
at 40 KV and 30 mA fitted with a graphite monochro-
mator. The diffracting angle (2h) was scanned from 60 to
130 to include the strongest reflection from ferrite. The
scan rate was 3 deg per minute with a step size of 0.05.
The optical metallography of the steel samples was
carried out in a Zeiss optical microscope. Scanning
electron microscopy (SEM) was carried out using an
FEI Quanta scanning electron microscope (FEI Co.,
Hillsboro, OR) operated at 20 kV using the secondary
electron mode. In the case where martensite co-existed
with bainite, quantitative analysis was done using image
analyzer software. Atomic force microscopy (AFM) was
also carried out to clearly reveal the ultrafine morphol-
ogy of the heat-treated samples. There was also a need
to see any other phases or carbides present in the
microstructure. The AFM was done in the contact mode
with a Solver Pro NT-MDT atomic force microscope
(NT-MDT Co., Moscow, Russia) at a frequency of
1 KHz. The samples for metallography as well for AFM
analysis were mechanically ground using emery paper
down to mesh number 800, followed by cloth polishing
with 5-lm and then 1-lm alumina paste. They were
etched with 2 pct nital to reveal the microstructure in
optical microscopy and SEM. For AFM, these samples

Table I. Chemical Composition of the Investigated Steels S1 and S2

Element (Wt Pct) C Si Mn Ni Mo Cr S Al P Fe Bs [K (�C)] Ms [K (�C)]

S1 0.47 1.22 1.07 0.04 0.01 0.7 0.01 0.01 0.01 balance 833 (560) 563 (290)
S2 0.30 1.76 1.57 0.045 0.025 0.144 0.016 0.04 0.022 balance 765 (492) 579 (306)
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were further polished with 0.1-lm diamond paste and
etched with 2 pct nital. Hardness measurements were
done in a Rockwell hardness tester in C scale using
150 kg load and a Brale indenter (Wilson, American
Chain & Cable Co., New York). Tensile tests on the
steel samples were carried out in a LR 10 K Lloyds
Tensile Testing Machine (Lloyd Instrument Ltd., West
Sussex, UK). The crosshead speed was kept at 0.2 mm/min
to maintain a strain rate of 2.66 9 10�4 s1. The samples
were made according to the ASTM E8M standards for
subsize round specimen.

III. RESULTS AND DISCUSSION

Figures 1(a) and (b) show the XRD patterns of steels
S1 and S2 at 623 K (350 �C) for different durations,
respectively. The XRD patterns were indexed and a
predominantly ferritic microstructure was observed. The
presence of martensite is not reflected in the XRD

patterns as peak splitting is not observed. This suggests
that any martensite formed on water quenching after the
isothermal transformation might be of low tetragonality
and approximately of the same lattice parameter as that
of ferrite. However, martensite was observed during
metallographic analysis. The diffraction patterns of steel
S2 in Figure 1(b) indicate the presence of ferrite and
retained austenite. The XRD patterns did not show any
carbide peaks. This suggests that the carbide precipita-
tion was suppressed due to the presence of silicon, to the
extent that the amount of carbide is below 1 pct (the
threshold limit for its detection by XRD). The diffrac-
tion patterns of steel S2 in Figure 1(b) show the presence
of retained austenite, which is completely absent in the
XRD patterns for steel S1 in Figure 1(a). This indicates
that in the steel S1 almost all the retained austenite
transformed to martensite on water quenching from the
salt bath. To complete the understanding of microstruc-
tural evolution, metallographic examinations of these
steel samples were made, as discussed subsequently.

Table II. Different Heat Treatment Cycle Followed for Both the Steels S1 and S2

Isothermal Transformation in Salt Bath

Steel

Soaking
Temperature
and Time

Salt Bath
Temperature

[K (�C)]

Holding Time (Min)

10 30 60 90 120

S1 1173 K (900 �C) for 20 min 573 (300) X � � � X
623 (350) � � � � �

S2 1173 K (900 �C) for 20 min 598 (325) � � � � �
623 (350) � � � � �
648 (375) � � � � �
673 (400) � � � � �

Water quenching followed by isothermal tempering
Steel Soaking Temperature and Time Tempering Temperature and Time
S1 1173 K (900 �C) for 20 min 673 K (400 �C) for 60 min
S2 1173 K (900 �C) for 20 min 623 K (350 �C) for 90 min

Note: �—done, and X—not done.

Fig. 1—X-ray diffraction patterns of (a) steel S1 and (b) steel S2, treated at 623 K (350 �C) for different isothermal holding durations.
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Figures 2(a) through (d) show the optical micrographs
of steel S1 heat treated at 623 K (350 �C) for 10, 30, 60,
and 90 minutes, respectively. Major fraction of the
microstructures is bainite with some amount of mar-
tensite at all the holding durations. Figures 3(a) and (b)
show the optical micrographs of S1 heat treated at
isothermal transformation temperatures of 573 K and
623 K (300 �C and 350 �C) for a holding duration of
30 minutes, respectively. It was observed that at lower
transformation temperature, the microstructure is more
refined and the fraction of martensite is more than that at
higher temperatures (Figures 3(a) and (b)). This can be
attributed to the fact that at higher transformation
temperatures, the rate of transformation is faster and the
fraction of retained austenite available for the formation
of martensite is less. Figures 4(a) and (b) show the SEM
micrographs of steel S1 isothermally treated at 573 K
and 623 K (300 �C and 350 �C) for 30 minutes. They
showmainly a bainitic microstructure with some amount
of martensite. The sheaflike structure is bainite and the
less resolved regions are martensite, leading to an easy
distinction between martensite and bainite.

Figures 5(a) through (d) show the optical micro-
graphs of the steel S2 heat treated at isothermal

transformation temperatures of 598 K, 623 K, 648 K,
and 673 K (325 �C, 350 �C, 375 �C, and 400 �C) for
30 minutes, respectively. They clearly reveal a bainitic
microstructure with retained austenite present as a film
form. The difference in the size of the bainitic sheaves
can also be observed. With the increase in temperature,
there is a gradual increase in the thickness of the
sheaves, as observed in Figures 5(a) through (d). It was
also observed that the fraction of retained austenite
decreases with the increase in holding temperature
because of the faster kinetics for austenite to bainite
transformation. It is found that at 598 K (325 �C), some
amount of martensite formed, while at higher transfor-
mation temperatures, the amount of martensite is
almost negligible. Figures 6(a) through (d) show the
SEM micrographs of the steel S2 treated at 598 K,
623 K, 648 K, and 673 K (325 �C, 350 �C, 375 �C, and
400 �C) for 30 minutes, respectively. The retained aus-
tenite appears as smooth and featureless regions in these
scanning electron micrographs.[17] With the increase in
isothermal holding temperature to 623 K (350 �C)
(Figures 6(a) and (b)), there is a decrease in the fraction
of retained austenite. However, the amount of retained
austenite has further increased in the sample heat

Fig. 2—Optical micrographs of steel S1 isothermally treated at 623 K (350 �C) for holding durations of (a) 10 min, (b) 30 min, (c) 60 min, and
(d) 90 min.
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treated at 648 K (375 �C), and it is the same as that of
the sample heat treated at 623 K (350 �C) (Figures 6(b)
and (c)) and at 673 K (400 �C). The fraction of retained
austenite is maximum in Figure 6(d).

Figures 7(a) and (b) show the optical micrographs of
the steel S1 quenched and subsequently tempered at
673 K (400 �C) for 60 minutes and the steel S2
quenched and subsequently tempered at 623 K
(350 �C) for 90 minutes, respectively. The microstruc-
tures show tempered martensite. The temperature and
time for tempering were selected in such a manner that
the hardness of the quenched and tempered steel is
comparable with that of the bainitic steel obtained by
isothermal treatment. Figure 8(a) shows the result of the
quantitative analysis for the volume fraction of bainite
in the case of steels S1 and S2 heat treated at 623 K
(350 �C) for different holding durations. In steel S1
(Figures 2(a) through (d)), the constituent phases are
bainite and martensite. The volume fraction of mar-
tensite is calculated by quantitative analysis, using an
image analyzer. As the fraction of martensite is too little
in steel S2 (Figures 5(a) through (d)), the micrographs

were considered to consist of bainite and retained
austenite. The amount of retained austenite was deter-
mined from the XRD data using the direct comparison
method.[20] The remaining fraction accounts for the
bainite volume fraction in both steels. It can be seen that
the volume fraction of bainite increases with the increase
in holding time at the isothermal temperature (Figure 8(a)).
The amount of retained austenite present in steel S2 is
shown in Figure 8(b). The variation in the percentage of
retained austenite lies within 5 to 8.5 pct.
Figures 9(a) through (c) show the AFM micrographs

of S1 heat treated at 623 K (350 �C) for 30 minutes. A
large fraction of bainite is clearly visible, with martensite
being the minor phase constituting the microstructure.
This clearly supports the optical observation, as shown
in Figures 2 and 3. The sheaves of bainite can be seen in
Figure 9(b). Figure 9(c) shows the topographical view
of the region. The light regions are bainite, whereas the
dark regions are martensite. Figures 10(a) through (c)
show the AFM micrographs of the steel S2 heat treated
at 623 K (350 �C) for 30 minutes. The microstructures
confirm the presence of bainite and retained austenite.

Fig. 3—Optical micrographs of steel S1 treated for a holding duration of 30 min for isothermal transformation temperatures of (a) 573 K
(300 �C) and (b) 623 K (350 �C).

Fig. 4—SEM micrographs of steel S1 treated for a holding duration of 30 min at isothermal transformation temperatures of (a) 573 K (300 �C)
and (b) 623 K (350 �C).
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The individual sheaf can clearly be observed in
Figures 10(b) and (c).

Figures 11(a) and (b) show the bulk hardness values
of steels S1 and S2 heat treated at different isothermal
holding temperatures for different durations. It can be
noted that high hardness levels are achieved at lower
transformation temperatures. Moreover, there is a
gradual decrease in the hardness level as the holding
time increases at the same isothermal temperature
(Figure 11(a)). This can be attributed to the decreased
amount of martensite that is present in the sample heat
treated for a prolonged period at the same isothermal
holding temperature. Higher hardness of the order of 40
to 48 HRC was achieved in steel S1 due to the presence
of the relatively larger amount of martensite in com-
parison to steel S2 (Figure 11(b)). It is interesting to
note that the hardness level in the case of steel
S2 gradually decreases with the increase in holding
temperature. This can be attributed to the formation
of upper course bainite (Figures 6(a) and (b)) and
increased retained austenite when the isothermal holding
temperatures are 648 K and 673 K (375 �C and 400 �C)
(Figures 6(c) and (d)). However, prolonged holding of
the sample at the same holding temperature does not

show any significant variation in the hardness
(Figure 11(b)).
From the preceding discussion, the following general

outcomes regarding microstructural evolution can be
drawn.

(1) With the increase in the transformation tempera-
ture, the sheaf thickness increases for both steels
S1 and S2. Holding duration does not produce any
significant variation.

(2) The volume fraction of bainite increases with the
increase in holding duration.

Figure 12 shows a representative stress strain curve
for the steel S2 isothermally treated at 623 K (350 �C)
for a holding duration of 30 minutes. Figure 13(a)
shows the variation of yield stress (YS) and ultimate
tensile stress (UTS) along with total percentage elonga-
tion and percentage reduction in area of steel S1 heat
treated at 573 K and 623 K (300 �C and 350 �C) for
30 minutes. There is a drop in both the YS and UTS
along with a corresponding increase in the total elon-
gation and percentage reduction in area as the isother-
mal holding temperature increases to 623 K (350 �C).
At 573 K (300 �C), the strength levels achieved are quite

Fig. 5—Optical micrographs of steel S2 treated for a holding duration of 30 min at isothermal transformation temperatures of (a) 598 K
(325 �C), (b) 623 K (350 �C), (c) 648 K (375 �C), and (d) 673 K (400 �C).
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Fig. 6—SEM micrographs of steel S2 treated for 30 min at isothermal transformation temperatures of (a) 598 K (325 �C), (b) 623 K (350 �C),
(c) 648 K (375 �C), and (d) 673 K (400 �C).

Fig. 7—Optical micrographs of (a) steel S1 quenched and subsequently tempered at 673 K (400 �C) for 60 min and (b) steel S2 quenched and
subsequently tempered at 623 K (350 �C) for 90 min.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 42A, DECEMBER 2011—3927



high but the elongation becomes very poor. The sample
heat treated at 623 K (350 �C) shows YS of 1336 MPa
with an appreciable elongation of 12 pct. Figure 13(b)
shows the same variation for different holding durations
at 623 K (350 �C) for steel S1. As the strength decreases,
the percent elongation and percent reduction in area
increase.

Figure 14(a) shows the variation of YS and UTS
along with the total elongation and percent reduction in
area of steel S2 heat treated at different transformation
temperatures for 30 minutes. At 623 K (350 �C) and
30 minutes, the sample shows a peak in the YS and UTS
data (of the order of 1550 MPa) and a high ductility
(15.5 pct). The elongation and percent reduction in area
increase as the strength decreases with an increase in
temperature. Figure 14(b) shows the same variation for
steel S2 heat treated at 623 K (350 �C) for different
holding durations. Interestingly, with the increase in
holding duration, the YS and UTS are found to decrease
after reaching a peak value for 30 minutes, while the
percent elongation and percent reduction in area
increase. The mechanical properties of the quenched
and subsequently tempered samples in the case of steel
S1 were compared with that of the as-processed and
heat-treated sample at the isothermal holding tempera-
ture of 623 K (350 �C) for 30 minutes (Table III). The
same comparison was shown for steel S2. The tempering
parameters are 673 K (400 �C) with a holding time of
60 minutes for steel S1 and 623 K (350 �C) with a
holding time of 90 minutes for steel S2. The steel sample
heat treated isothermally shows a much better combi-
nation of high strength and large ductility than that of
the quenched and subsequently tempered and as-pro-
cessed samples (Table III).

The optical micrographs for S1 at 623 K (350 �C) for
different holding durations in Figures 2(a) through (d)
show the variation in the amount of the phases present.
As concluded earlier, with the progress of the isothermal
transformation, the volume percent of bainite is found

to increase, as shown in Figure 8(a). In steel S2, the
bainite volume fraction is greater compared to that of
steel S1, and this is expected due to its faster kinetics. As
the weight percent of carbon increases in the retained
austenite, it becomes enriched in carbon, which is more
stable to martensite transformation. The hardness val-
ues for S1 in Figure 11(a) decrease with an increase in
holding duration due to the decrease in the volume
fraction of martensite, which is formed from the
untransformed austenite during quenching (Figure 8(a))
and formation of upper bainite. The hardness trend in
Figure 11(b) for steel S2 shows a variation according to
the bainite volume fraction and the scale of the
microstructure, as indicated by the relative size of
bainite lathes with respect to the micron bar (Figures 5,
6, and 10). With increasing length scale of microstruc-
ture because of increasing temperature, the hardness was
observed to decrease. It is evident from Figure 13(a)
that the YS decreases with the increase in the isothermal
holding temperature. Also, it can be seen that there is a
decreasing trend with increasing holding duration after
the initial increase in YS and UTS. It can be seen that
remarkable values of YS (1800 MPa) in the case of the
sample of S1 heat treated at 573 K (300 �C) for
30 minutes were achieved but with a compromise in
the total elongation (~6 pct). The high strength level can
be attributed to the formation of a large amount of
martensite due to slow transformation rates at the lower
isothermal holding temperature. The improvement in
ductility over the quenched and tempered sample
(Table III) is due to the presence of the softer bainitic
phase.
The presence of carbide precipitation in bainitic

sheaves can be of major concern.[10] In the present
steels, no carbide was detected in XRD patterns
(Figure 1). It is known that the precipitation of carbides
from austenite can be suppressed by adding sufficient
silicon to the steel.[17,21] However, Chakraborty et al.[22]

observed carbides even in the XRD pattern after

Fig. 8—(a) Volume fraction of bainite for steels S1 and S2 isothermally treated at temperature 623 K (350 �C) for different holding durations
and (b) amount of retained austenite present in S2.
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austempering. The carbon content in the steel used by
them is much higher (1.1 pct) and the silicon content
(0.27 pct) is much lower than that of steels S1 and S2 in
the present case (Table I). Hence, it is probable that
higher silicon content (~1.76 pct) as well as much lower

carbon content (0.3 pct) in steel S2 does not lead to any
carbide precipitation. Even in steel S1, carbon content
(0.47 pct) is less than half the carbon content and the
silicon content (1.22 pct) is almost 4 times the silicon
content of the steel studied by Chakraborty et al.[22]

Thus, it is expected that the possibility of carbide
precipitation in steel S1 is more than that of steel S2;

Fig. 9—Typical AFM images of the steel S1 treated for 30 min at
isothermal transformation temperature of 623 K (350 �C) showing
(a) 2-D surface topography of scanning area 50 9 50 lm2, (b) 2-D
surface topography of scanning area 15 9 15 lm2, and (c) 3-D sur-
face topography of scanning area 16 9 16 lm2.

Fig. 10—Typical AFM images of the steel S2 isothermally treated
for 30 min at isothermal transformation temperature of 623 K
(350 �C) showing (a) 2-D surface topography of scanning area
50 9 50 lm2, (b) 2-D surface topography of scanning area 5 9 5
lm2, and (c) 3-D surface topography of scanning area 2.0 9 4.2
lm2.
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still, the possibility of formation of carbide is much less
compared to the steel used by Chakraborty et al.,[22] and
hence, carbide is not detected by XRD. In addition,
Caballero and Bhadeshia[5] worked with a steel contain-
ing 0.98 wt pct C, 1.46 wt pct Si, 1.89 wt pct Mn,
1.26 wt pct Mo, and 0.09 wt pct V. It is very clear from
their detailed TEM studies that lower bainite formed at
473 K (200 �C) for 15 days failed to reveal carbides in
the micrographs. More importantly, the carbon content
in the steel studied by Caballero and Bhadeshia[5] is
0.98 pct, which is almost double that of steel S1 and 3
times than that of steel S2. This suggests that silicon of
the level of 1.46 pct is sufficient to suppress precipitation
of carbides in bainite. Hence, the possibility of carbide
precipitation in the present steels with relatively much
lower carbon content and much higher silicon content
compared to the steels used by Chakraborty et al.[22]

and Caballero and Bhadeshia[5] is very much negligible.
Even a very high-magnification SEM micrograph
(Figure 16) of steel S2 isothermally transformed at
623 K (350 �C) for 30 minutes fails to reveal the presence
of any carbide precipitation in the bainitic sheaves.

Fig. 11—Rockwell hardness values of (a) steel S1 and (b) steel S2
isothermally treated at different temperatures and holding durations.

Fig. 12—Representative stress strain curve of steel S2 isothermally
treated at 623 K (350 �C) for a holding duration of 30 min.

Fig. 13—Variation of yield stress (YS) and ultimate tensile stress
(UTS) along with total elongation and reduction in area for steel S1
(a) isothermally treated at 573 K and 623 K (300 �C to 350 �C) for a
holding duration of 30 min and (b) isothermally treated at 623 K
(350 �C) for different holding durations.
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Large elongation in combination with relatively lower
YS and UTS of the samples of the steel S2 heat treated
at higher isothermal holding temperatures [648 K and

673 K (375 �C and 400 �C)] is attributed to the presence
of a large amount of retained austenite, as indicated in
Figure 8(b). A YS of 1550 with a total elongation of
15.5 pct was achieved on the sample of steel S2 heat
treated at the isothermal temperature of 623 K (350 �C)
with a holding time of 30 minutes. This marks the
optimization of strength and ductility. This result can be
attributed to the presence of the optimum amount of
retained austenite present in the microstruture in the
form of film, which governs the ductility obtained in the
steel.[23–25] Retained austenite plays a role in blunting
propagating cracks and reducing their effective fracture
size; thus, it contributes to ductility and toughness.[12,15]

The strength is a function of the scale of the micro-
structure, as indicated earlier. In both steels, it is evident
that at higher transformation temperatures, the strength
values decreased. This can be attributed to two factors.
Primarily, it would be a function of the sheaf thickness.
At higher transformation temperature, the sheaf thick-
ness can be seen to be greater for both steels in Figures 3
and 5; hence, the strength values decreased. Second, the
increasing volume fraction of bainite at higher transfor-
mation temperatures results in a decrease in the
strength.
The preceding observation can be schematically

shown in Figure 15, where the relative positions of the
isothermal heat treatments were marked on the time-
temperature-transformation (TTT) diagram. Bs and Ms

temperatures for both steels are indicated on the
diagram. It is very clear that the bainite that forms in
steel S1 at the higher isothermal holding temperatures is
coarser and the fraction of martensite that is formed
from the untransformed austenite is reduced (Figure 3)
compared to the sample heat treated at 573 K (300 �C).
This leads to the lowering of the hardness and strength
of the steel, as observed in Figure 11(a). It can even be
seen that the microstructure of steel S1 due to isother-
mal heat treatment at a constant temperature contains a
progressively lesser amount of martensite because of
prolonged holding (Figure 2). This relates to the
schematic too. Prolonged holding at the same isother-
mal temperature leads to lowering of the fraction of
untransformed austenite, which transforms to martens-
ite on quenching at the end of holding time. It is
intersting to note that the fraction of retained austenite
is maximum in the sample isothermally treated at 673 K
(400 �C) (Figures 5 and 6) for steel S2. However, the
fraction of retained austenite in the samples isothermally
treated at 648 K and 623 K (375 �C and 350 �C) are
almost on the same level, as seen from Figures 5(b) and
(c) and Figures 6(b) and (c), whereas the fraction of
retained austenite in the sample isothermally treated at
598 K (325 �C) again increased. This observation in
microstructure is clearly associated with the position of
the holding temperatures, as indicated in Figure 15. The
optimization in the microstructure on the basis of
fraction of bainite, retained austenite, and length scale
of microstructure is achieved when the isothermal
treatment temperature is 623 K (350 �C) for a holding
period of 30 minutes. This is also reflected with the
appearance of peak in the YS and UTS in Figures 14(b)
and (c) at the same temperature and time. It is

Fig. 14—Variation of YS and UTS along with total elongation and
reduction in area for steel S2 (a) isothermally treated at 598 K,
623 K, 648 K, and 673 K (325 �C, 350 �C, 375 �C, and 400 �C) for a
holding duration of 30 min and (b) isothermally treated at 623 K
(350 �C) for different holding durations.

Fig. 15—Schematic representation of the TTT diagram showing the
relative positions of the isothermal heat treatments for steels S1 and
S2 and quenching and subsequent tempering treatment.
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interesting to note that the fraction of untransformed
austenite at the end of the isothermal treatment trans-
forms to martensite in the case of steel S1, whereas it
remains as retained austenite in steel S2. This is also
clearly evident in Figures 9 and 10, where the AFM
images show the presence of martensite in steel S1 and
retained austenite in steel S2 in addition to the major
fraction of bainite. This could be related to the fraction
of untransformed austenite as well as the composition of
two different steels, but it is not understood fully.
However, carbide was not observed during any of the
treatments given to both steels. This must be related to
the higher content of silicon in both cases. The same
observation was also noted earlier, where Si acts as
inhibitors for the precipitation of carbide.[18] It is well
understood that bainite rejects carbon to the remaining
austenite during its formation.[5,26] The carbon percent-
age in the untransformed austenite at the end of
isothermal transformation in the case of S2 is suppressed
higher than that in the samples of S1. This is also evident
in Figure 15, where it was observed that the formation of
bainite is greater in the case of steel S2 compared to steel
S1 at all the isothermal temperatures (Figure 8(a)).

The quenching and subsequent tempering treatment
showed a best result of 1166 MPa as YS and 1313 MPa
as UTS with a total elongation of 11.5 pct for steel S1

(Table III). However, these values are significantly lower
than those obtained by isothermal transformation to
bainite. The best result obtained for this steel from the
isothermal transformation route is YS of 1330 MPa,
UTS of 1517 MPa, with a total elongation of 12 pct. For
steel S2, the quenching and tempering treatment shows a
best result of YS of 1440 MPa and UTS of 1560 MPa
with an elongation of 12 pct (Table III), while the
isothermal transformation route resulted in a YS of
1557 MPa and UTS of 1656 MPa with a total elongation
of 15.5 pct. Exceptional mechanical properties obtained
in the case of steel S2 are better than some of the steels
developed by other investigators.[7,8,14] The toughness for
steel S2 was calculated empirically to be 236 MPa

ffiffiffiffi

m
p

.[27]

The combination of strength of 1557 MPa and toughness
236 MPa

ffiffiffiffi

m
p

is more impressive than a combination of
the strength of 1600 MPa and toughness of 130 MPa

ffiffiffiffi

m
p

reported in the literature.[16,22] The quenching and
subsequent tempering heat treatment cycles for both
steels are shown by the dotted line in Figure 15. Such a
remarkable combination of mechanical properties is
attributed to the bainite morphology.

IV. CONCLUSIONS

Structure-property correlations were developed for
the two steels (S1 and S2) heat treated at different
temperatures and time. The mechanical properties are a
strong function of bainite, retained austenite, and
martensite content in the steels. The volume fraction
of bainite was found to increase with time at an
isothermal holding temperature, and the volume frac-
tion of the same is also closely associated with the
position of isothermal temperature with respect to the
TTT diagram. Finally, the mechanical properties of
both the steels are also a strong function of the
constituents (bainite, retailed austenite, and martensite)
and length scale of the microstructures or finer bainite
lathes. The addition of silicon resulted in carbide-free
bainitic steels. Impressive results (the combination of
strength of 1557 MPa and toughness 236 MPa

ffiffiffiffi

m
p

)
were obtained for intermediate temperature of transfor-
mation due to the optimization in the fraction of bainite
and retained austenite. Finally, it can be concluded that
the isothermal quenching temperature of 623 K
(350 �C) with a holding duration of 30 minutes was
found to be the best processing condition for high
silicon steel (S2).

Table III. Summary of the Best Mechanical Properties Attained with Their Processing Conditions

YS (MPa) UTS (MPa) Elongation (Pct) Hardness (HRC)

Steel S1
Air cooled 586 955 10 19
Q&T (673 K (400 �C), 60 min) 1166 1313 11.5 39
Isothermal transformation at 623 K (350 �C) for 30 min 1336 1517 12 41

Steel S2
Air cooled 549 887 24 23
Q&T (623 K (350 �C), 90 min) 1441 1560 12 37
Isothermal transformation at 623 K (350 �C) for 30 min 1557 1656 15.5 37

Fig. 16—High-magnification SEM micrograph of steel S2 isother-
mally treated at transformation temperatures of 623 K (350 �C) for
30 min.
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