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A B S T R A C T

The multi-step isothermal austempering heat treatment to achieve an ultra-fine bainitic microstructure and
maximum volume fraction of bainite was conducted on a steel containing 0.26 wt% carbon. The microstructural
and crystallographic characteristics, as well as the mechanical properties and fracture behavior were studied.
The results showed that the subsequent austempering heat treatment at a lower temperature, immediately after
partial bainite formation at a higher temperature, would replace the coarse austenite/martensite areas with
much refined bainite consisting nanoscale plates of bainitic ferrite and filmy austenite which ultimately leads to
the refinement of the bainitic microstructure. This microstructural modification, in addition to the increased
yield strength, causes a significant increase in the impact fracture toughness of the multi-step austempered steels.
The EBSD analysis also showed that the subsequent austempering heat treatment at a lower temperature results
in a finer structure of Bain groups and increase in the fraction of high angle grain boundaries leading to higher
resistance against crack propagation and subsequently higher impact energy absorption.

1. Introduction

Nanostructured Low-temperature Bainitic Steels (NLBS) have been
the subject of extensive research due to their excellent mechanical
properties. High strength and improved ductility have made them an
excellent alternative material for producing many high-performance
products. Their exceptional combination of high strength and ductility
is directly related to the unique microstructural characteristics which
can be obtained by isothermal bainitic transformation at low tem-
peratures, i.e. 200–300 °C. The final microstructure consists of ultra-
fine bainite including nanoscale bainitic ferrite plates and carbon en-
riched retained austenite [1–6]. Different parameters involved in ex-
ceptional strength properties of these materials among those, nanoscale
microstructural features and high density of dislocations have the most
significant role. Austenite presents in two filmy and blocky morpholo-
gies within the microstructure. Former has an almost identical thickness
to that of bainitic ferrite subunits and micro blocks of retained auste-
nites separate the bainitic sheaves. It has been shown that presence of
significant amount of austenite films are mandatory to promote the
ductility in these groups of high-performance steels [7–12]. Higher
volume fractions of thinner bainitic ferrites would improve the

mechanical properties to obtain higher yield strength and toughness
[13]. Considering the necessity of very low transformation temperature
to gain ultra-fine bainite, longer periods of time are required to finish
the bainitic transformation and obtain the maximum volume fraction of
bainitic ferrite. On the other hand, adding a significant amount of
carbon (0.8–1wt%) is necessary to reduce the bainite start (BS) and
martensite start (MS) temperatures for conducting the isothermal bai-
nite heat treatment at such low temperatures [1,14]. However, the high
carbon content in the chemical composition restricts the weldability
due to the potential for cracking in the heat-affected zone (HAZ) on
flame cut edges and welds. Therefore, it is vital to reduce the amount of
carbon as much as possible and simultaneously be able to attain the
ultra-fine microstructural characteristics and consequently mechanical
properties [15]. Previously, the partial replacement of carbon with
some substitutional alloying elements such as Ni was proposed as an
effective approach to simultaneously reduce the BS and MS tempera-
tures, increase the hardenability and to keep the carbon at low con-
centrations. However, it has been shown that toughness of steel dete-
riorates with the formation of coalescence bainite [16,17]. Even, it has
been shown that increasing the Ni content in low-carbon steels to
higher than almost 5 wt%, would decrease the BS below the MS
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temperature and consequently, bainite transformation would become
impossible [15]. Accordingly, carbon addition into the chemical com-
position of the steel would be much effective than other alloying ele-
ments in decreasing both BS and MS temperatures and keeping the
temperature gap enough for conducting the desired austempering heat
treatment [14].

It seems possible to obtain the ultra-fine bainite in low carbon steels
by designing a proper chemical composition and implementing a multi-
step heat treatment. Although MS temperature is not low enough in low
carbon steels, partial ferrite formation within an intermediate tem-
perature range, i.e. the ferrite-austenite region in the Fe-C phase dia-
gram, would result in further carbon enrichment of remaining austenite
and would reduce its MS temperature sufficiently to be able to conduct
the next step of isothermal bainitic heat treatment at lower tempera-
tures. This method has already been used for obtaining TRIP steels even
if the bainite transformation temperature was not that much low to
obtain desired nanoscale bainite [18]. It is essential to use the proper
amount of silicon and apply austempering heat treatment in different
consecutive stages if further microstructural refinements are demanded
in step austempering process. Silicon would retard the cementite pre-
cipitation when carbon partitioned from ferrite to surrounding auste-
nite and carbon will remain in solid solution and will decrease the
austenite MS temperature. This would make it possible to conduct the
bainite transformation in lower temperatures at next step of aus-
tempering. Since conducting the isothermal bainitic transformation in
every other step further enriches austenite with carbon, it reduces the
MS temperature more and more making it possible to obtain finer bai-
nite at lower temperatures. It would also become possible to replace
austenite blocks with austenite films more efficiently [19,20].

In a previous research, Soliman et al. [21] showed that two-step
austempering heat treatment resulted in considerably refined bainitic
microstructure and consequently improved mechanical properties in
alloyed low-carbon steel containing almost 0.26 wt% C. Similarly,
Wang et al. [22] performed two and three-step austempering treat-
ments on an alloyed medium carbon steel and they found that the mean
thicknesses of bainitic plates formed in every next step of austempering
treatment reduced and consequently improved tensile properties could
be achieved compared to that of one-step conventional bainitic heat
treatment. Two-step austempering treatment was also carried out in
TRIP steels in order to reduce the second stage austempering tem-
perature and it has been shown that it was more effective for improving
the mechanical response of the materials in high-carbon TRIP steels
rather than low-carbon steels [23]. Another study on a TRIP steel de-
monstrated that two-step austempering could change the morphology
of the residual austenite from blocky to filmy type and could increase
the mechanical stability of residual austenite during plastic deformation
and thus better ultimate tensile strength and elongation combinations
could be attained [24].

Although a proper chemical composition design and implementing a
suitable heat treatment procedure are essential to gain ultra-fine bainite
in low carbon steels, no clear and obvious relationships have been ex-
plained before between microstructural and crystallographic char-
acteristics and mechanical response of those materials. This article aims
to investigate the microstructural, crystallographic and mechanical
properties evolutions in low carbon steels with ultra-fine bainitic mi-
crostructure obtained after single, two and three step austempering
processes.

2. Materials and methods

Low-carbon steel with suitable chemical composition was designed
using MUCG83™ thermodynamic model [25]. Attention paid to obtain
low enough BS and MS temperatures as well as maintaining a proper
difference between the two temperatures. Steel was melted in an in-
duction furnace under an inert gas atmosphere and cast in a metallic
cube mould with the cross-section of 4×6 cm2. Electroslag remelting

(ESR) process was carried out using Al2O3-30% CaF2 flux powder in
order to obtain clean primary steel free from inclusions. The high so-
lidification rate in ESR process could be also effective in minimizing the
segregation degree of alloying elements [26]. Cast steel was homo-
genized at 1200 °C for 4 h and hot rolled at 900–1000 °C in several
passes to reduce the thickness to about 15mm. The final chemical
composition of steel was Fe- 0.26C- 1.70Mn- 1.42Si- 1.10Cr- 1.10Ni-
0.94Cu- 0.24Mo- 0.10V all in weight percent.

Si was used to prevent the carbide precipitations and to increase the
carbon activity during austempering heat treatment [27]. To control
the grain size of the prior austenite and to prevent grain growth during
the austenitization, 0.10 wt% vanadium was used. The other alloying
elements were added to reduce the Bs and Ms temperatures, to increase
the hardenability, to obtain a higher volume fraction of bainite (by
shifting the T0

/curve to higher carbon concentrations) and to increase
the primary austenite strength in steel. Appropriate heat treatment
cycles were designed based on dilatometric tests being conducted on a
Bahr Dil805A™ instrument using cylindrical specimens of 4mm dia-
meter and 10mm in length. Dilatometric samples were machined from
hot-rolled plate perpendicular to the rolling direction. Primarily the MS,
AC1 and AC3 temperatures of the raw material have been determined
and consequently, kinetics of the bainite transformation and change in
MS temperature of retained austenite at every other stage of step-aus-
tempering processes have been evaluated.

For microstructural evaluations, the heat-treated samples were
ground and mechanically polished followed by etching using 2% Nital
etching solution. The microstructural studies were performed using
Olympus PMG3™ optical microscope and Tescan MIRA3™ field emission
gun scanning electron microscope. High-magnification SEM images
were used to determine the thicknesses of ferrite plates and austenite
films using the line intercept method [28]. To determine the volume
fraction of residual austenite, X-ray diffraction analysis was im-
plemented. For this aim, samples were etched and polished for several
consecutive stages to obtain an undeformed surface and omit the effect
of mechanical force during grinding stage. Then, the step-scanning was
performed on samples using Brucker-D8 Advance™ Diffractometer with
CuKα radiation at a voltage and current of 40 kV and 40mA, respec-
tively. Scanning was carried out in the 2θ range of 42–105° with a scan
step of 0.01° and dwell time 1 s. The volume fraction of residual aus-
tenite was calculated using the integrated intensities of (200), (220)
and (220) peaks of austenite and (200), (211) and (220) peaks of ferrite
[29].

Hardness tests were carried out based on ASTM E92-82 standard
test method using an HV30 scale and the average of at least 6 mea-
surements from each sample was reported. For tensile tests, the flat
samples were prepared with the gage lengths of 25mm according to
ASTM E8-09 standard method. Tensile samples were cut in the rolling
direction and tensile tests were carried out using the Instron 8502™
tensile testing machine equipped with an extensometer at a strain rate
of 3.3× 10−4 s−1. At least 3 tests were performed for each heat
treatment condition to ensure the reproducibility. Charpy impact test
samples were implemented according to ASTM E23-07 standard using
10× 10×55mm notched samples. Notches were perpendicular to the
rolling direction in all test samples and tests were carried out at room
temperature using Roell Amsler™ impact testing machine. At least 4
samples were tested for each condition and the average values were
reported in each case.

For orientation imaging microscopy (OIM), the heat treated steel
samples were mechanically polished with 1 micrometer diamond spray
and then electropolished in a 90% CH3COOH +10% HClO4 solution at
21 °C and 20 V voltage for 25 s. Finally, the OIM studies were carried
out with electron backscatter diffraction pattern by a Philips ESEM-
XL30™ scanning electron microscope equipped with a field emission
gun operating at 20 kV using scan step size of 100 nm. The clean-up
process of the raw OIM data were carried out by using neighbor con-
fidence index correlation method on data points with confidence index
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lower than 0.1.

3. Results and discussion

Fig. 1a illustrates the time-temperature-transformation diagram
(TTT) of the studied steel based on the MUCG83™ thermodynamic
model according to which the MS temperature was theoretically de-
termined to be 302 °C. TTT diagram consisted of two upper and lower C
curves predicting the kinetics of the reconstructive and shear trans-
formations, respectively. Apart from those predictions by thermo-
dynamic model, a suitable thermal cycle including heating up to 930 °C

with a rate of 5 °C s−1, isothermally holding for 20min and immediate
cooling to the ambient temperature with a rate of 20 °C s−1 was carried
out using dilatometer in order to obtain experimental critical tem-
peratures to assist selecting a more precise heat treatment procedure.
According to the experimental results depicted in Fig. 1b and c, the
practical MS temperature was 321 °C, and the AC1 and AC3 temperatures
were determined to be 736 °C and 841 °C, respectively.

Dilatometric tests were also implemented to characterize the ki-
netics of bainite transformation in the steel. For this aim, the bainite
heat treatment was carried out at 340 °C (20 °C higher than experi-
mentally determined MS of bulk material) and the changes in length
were recorded with respect to the heat treatment until bainite trans-
formation reached to its maximum content. As shown in Fig. 2, the
results indicated that bainitic transformation terminated after almost
3000 s when the change in length of the specimen reached the plateau
and no further change in length with time could be observed in dila-
tometry curve. Additionally, according to the results, about 480 s and
840 s were needed to attain 60% and 80% of the maximum bainite
content within the microstructure at 340 °C, respectively. Dilatometric
measurements were also carried out to determine the martensite start
temperature of the remained untransformed austenite in steel when
60% and 80% of the maximum volume fraction of bainite formed
within the microstructure, i.e. MS2 and MS3, and results have been given
in Fig. 2b. It can be seen that the MS2 and MS3 temperatures reduced to
290 and 262 °C, respectively, considerably lower than the MS of the
bulk steel. This could make it possible to perform the bainite

Fig. 1. (a) TTT diagrams obtained using MUCG83 thermodynamic model, (b)
dilatometric curve to measure the MS temperature and (c) dilatometric curve to
measure the AC1 and AC3 temperatures.

Fig. 2. (a) Dilatation curves showing the kinetics of bainitic transformation for
obtaining 100%, 80% and 60% of the maximum bainite formed at 340 °C and
(b) Dilatation curves to measure MS2 and MS3 temperatures.
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transformation at lower temperatures in step austempering heat treat-
ments.

According to the dilatometric results, four different heat treatment
procedures were designed to achieve the desired low-temperature bai-
nite as indicated in Table 1. A single-step austempering was performed
on the first set of samples (A) as austenitizing at 900 °C and further
austempering at 340 °C (20 °C above the practically determined MS

temperature) for 4 h to achieve full bainitic microstructure. Two-step
austempering (B) was also designed in which samples were austenitized
at 900 °C, partially transformed to bainite at 340 °C for 8min to gain
almost 60% bainite and finally quenched to 305 °C (15 °C above the
practically determined MS2 temperature) and kept for 6 h. The third set
of samples (C) austenitized at 900 °C, partially transformed to bainite at
340 °C for 14min to attain 80% bainite, quenched to 277 °C (15 °C
above the MS3) and held for 22 h. The final set of samples (D) was a
three-step austempering heat treatment in which samples were initially
austenitized at 900 °C, partially transformed to bainite at 340 °C to gain
80% bainite, quenched to 277 °C (above the MS3) and held for 22 h and
finally quenched to 200 °C for 54 h. All heat treatments were carried out
in salt bath furnaces and samples were quenched in water at the end of
the designed heat treatment cycles to ambient temperature.

Further microstructural study was performed using scanning elec-
tron microscopy as shown in Fig. 3. It can be seen that the volume
fraction and morphology of the austenite/martensite microblocks were

different at the end of the different heat treatment cycles. The size of
the blocks decreased significantly by performing two-step austempering
(Fig. 3b and c) and reduced to a minimum by performing three-step
austempering (Fig. 3d). Additionally, results indicated that the various
heat treatment procedures ended in different thicknesses of bainitic
ferrite and austenite plates. Fig. 3a shows the matrix of sample one step
austempered at 340 °C consisting blocky shape austenites and bainitic
ferrite plates of different thicknesses. The two-step austempering pro-
cess has led to the formation of finer bainitic plates in the second stage
(B2) as indicated with arrows in Fig. 3b and c which the average plates
size is less than the first stage (B1) plates. Third generation of the bai-
nitic plates (B3) shown in Fig. 3d, observed in the microstructure after a
three-step austempering treatment which further refined the micro-
structure and reduced the average thickness of the plates. Accordingly,
multi-step austempering heat treatment refined the bainitic ferrites and
austenite films to about 80 and 40 nm thicknesses while they were al-
most 140 and 70 nm thick by the single step austempering, respectively.
Examples of nano-scale bainitic ferrites are shown in Fig. 3d. The re-
sults confirm that, by a proper multi-step austempering heat treatment,
it is possible to achieve nano scale bainitic microstructure in low carbon
steels. The austempering temperature and carbon concentration of de-
composed austenite are the important parameters that affect the size of
the microstructural features [30]. Lower transformation temperatures
result in finer bainitic ferrites and austenite films and micro blocks due
to the higher driving force of the bainitic transformation and higher
strength of primary austenite. Stronger austenite more restricts the
motion of glissile interface of ferrite/austenite and makes it possible to
achieve finer subunits and austenite films. On the other hand, higher
volume fractions of bainitic sheaves can be obtained at lower trans-
formation temperatures which consume more primary austenite and
decrease its average diameter. Considering the multi-step austempering
in this study, conducting the bainite heat treatment at each lower
transformation temperature at second and third stages resulted in

Table 1
Bainitic heat treatment cycles after austenitizing at 900 °C.

Bainitic heat treatment cycles

Sample A 340 °C - 4 h
Sample B 340 °C - 8min/305 °C - 6 h
Sample C 340 °C - 14min/277 °C - 22 h
Sample D 340 °C - 14min/277 °C - 22 h/200 - 54 h

Fig. 3. SEM micrographs of (a) sample A, (b) sample B, (c) sample C and (d) sample D.
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thinner bainitic ferrites and austenite and consequently decreased the
average thickness of the microstructural features comparing to that of
obtained by the ordinary single step austempering.

Formation of bainitic ferrite during the first and second aus-
tempering stages and carbon partitioning from bainitic ferrite to the
surrounding austenite during the transformation increased the auste-
nite carbon content at each heat treatment stage comparing to that of
the previous one. As a result, the austenite that was decomposed to
bainite in every other stage possessed higher carbon content and had
lower MS and BS temperatures. The higher amount of carbon in solid
solution in austenite further enhanced the austenite strength.
Therefore, it was not a surprise to gain thinner microstructure by each
second and third step of austempering comparing to that obtained by a
single step heat treatment. Consequently, multi-step austempering
made it possible to reduce the average thickness of bainitic ferrite and
austenite and the more volume fraction of bainite formed at the second
and third steps would further reduce the average size of the micro-
structure. Higher volume fractions of bainite formed at the second and
third stages of heat treatment cycles and consequently more con-
sumption of primary austenite explain the lower volume fraction of
high carbon retained austenite and finer sizes of austenite/martensite
blocks. According to the results, multi-step austempering treatment
reduced the average size of A/M micro block from 2.8 µm in Sample A
by the one-step austempering treatment to 0.83 µm after two-step
austempering (Sample C), and 0.7 µm after the three-step process
(Sample D).

Fig. 4 shows the variations of the volume fraction of residual aus-
tenite and hardness of the samples with respect to the heat treatment
procedures. Quantitative values showed that using the two- and three-
step austempering treatments reduced the volume fraction of residual
austenite content and increased the hardness of the steels. This can be
rationalized due to the further decomposition of parent austenite to
bainite at lower transformation temperatures during the second and
third stage of heat treatments. Additionally, since bainitic ferrites are
harder than retained austenite, it is expected to gain higher hardness
values. The highest amount of bainite in sample D resulted in the
highest hardness value in this sample comparing to that of other test
specimens.

Fig. 5 compares the engineering stress-engineering strain curves of
the multi-step bainitic transformed steel samples, and the mechanical
properties extracted from those curves are summarized in Table 2. The
results indicate that the one-step austempering resulted in the highest
elongation (15.1%) and considerable work hardening coefficient in
comparison with the other samples. Nevertheless, multi-step aus-
tempering enhanced the yield strength of the steels from 880MPa in
Sample A to 1031, 1059 and 1061MPa in samples B, C and D,

respectively, while there was no noticeable change in the ultimate
tensile strength.

The variations of the mechanical properties are attributed to the
microstructural evolutions by the different heat treatment procedures.
High carbon retained austenite is the main contributing factor con-
trolling the ductility, and higher volume fraction of retained austenite is
necessary to obtain higher elongation. That is the reason for the higher
measured elongation in sample A while it is lowered in samples B, C
and D due to reduced austenite content. Care must be taken to the point
that, besides the austenite content, its morphology and mechanical
stability also affect the ductility of the steels in this study. The higher
volume fraction of austenite films and consequently higher mechanical
stability are mandatory to be able to reach a higher ductility. To sum-
marize, austenite volume fraction, its morphology and its mechanical
stability must be considered simultaneously during ductility assess-
ments [23,31,32]. However, it seems that the higher volume fraction of
austenite was the dominant factor in this study.

Similarly, microstructural constituents affect the strength proper-
ties. Bainitic ferrites are the main factors determining the strengths of
the heat treated materials. Higher volume fractions of thinner bainitic
subunits are mandatory for enhanced strength. The mean thicknesses of
the bainitic ferrites were decreased by conducting the second and third
step of austempering because the bainite formed at every other step was
finer comparing to previous austempering step. The Hall-Patch equa-
tion and Langford-Cohen equation [13] are two general equations to
express the relationship between grain size and strength. Once the slip
distance is less than one micron, the second equation is more accurate.
Accordingly, the reduced thickness in bainitic plates increased the
strength of the steel in accordance with the above equations.

Fig. 6 shows the results of Charpy impact test at room temperature
for all the heat treated samples. The results indicate that implementing
the two or three step austempering process significantly enhances the
impact energy of the materials comparing to that of ordinary single-step
austempering heat treatment. This could be related to the micro-
structural variations and the change in austenite volume fraction and
morphology. Although the volume fraction of retained austenite

Fig. 4. Changes in the hardness and the volume fraction of retained austenite
(Vγ) after different multi-step bainitic transformation.

Fig. 5. Engineering stress–engineering strain curves of the heat treated steel
samples.

Table 2
Mechanical properties of the heat treated steel samples.

Sample ID YS (MPa) UTS (MPa) El (%)

Sample A 880 1428 15.1
Sample B 1031 1445 14.1
Sample C 1059 1422 12.1
Sample D 1061 1417 11.9
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reduced by applying the second stage and third stage of bainitic heat
treatment, the higher volume fraction of austenite films among a lower
fraction of austenite micro blocks and martensite strongly enhanced the
impact toughness values. It has been shown that the volume fraction of
the retained austenite is not the only factor affecting impact toughness

values in carbide-free bainite and its morphology must also be con-
sidered simultaneously [33]. Austenite blocks are mechanically less
stable and transform to martensite quickly and therefore cannot play
the beneficial role in crack blunting and consequently toughness pro-
motion. However, replacing austenite blocks with austenite films that
are mechanically more stable can be helpful in toughness enhancement
contrary to the lower volume fraction of austenite. Since the highest
volume fraction of austenite films and more effective elimination of
austenite blocks happened at the end of the three-step austempering
heat treatments, it was logical to acquire the highest impact energy
values. To summarize, the morphology of retained austenite, namely
films instead of blocks, was more effective than its volume fraction
when discussing the impact energy in this study. One cannot ignore the
effect of bainitic ferrites on toughness properties. Higher volume frac-
tions of finer bainitic ferrites formed at the end of two and three-step
austempering heat treatments, which aligned in different crystal-
lographic directions. As a result, finer bainitic sheaves in different di-
rections were helpful in arresting and deflecting the cracks and conse-
quently increasing the absorbed impact energy.

Fig. 7 compares the fracture surface of the samples formed by the
Charpy impact test. It is evident that the multi-step austempered sam-
ples contain finer fracture dimples of larger area portion compared to
that of the single-step heat treated materials, which approves a more
ductile fracture mode. Besides, smaller fracture facets are those related
to the smaller austenite micro-blocks present within the microstructure

Fig. 6. Change in the impact energy of the heat treated steel samples.

Fig. 7. Fracture surfaces of the heat treated steel samples after (a, b) single-step austempering (340 °C-4 h) and (c, d) two-step austempering (340 °C - 14min/277 °C -
22 h) observed at different magnifications.
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of the multi-step austempered samples.
EBSD image quality (IQ) maps were acquired from the impact-

fractured samples of one-step (Sample A) and two-step (Sample C)
austempered steels and the results are shown in Fig. 8. Bainitic mi-
crostructure and martensitic islands (black areas) are quite obvious in
the micrographs. The bainitic microstructure of the one-step austem-
pered sample is coarser than that of the two-step austempered, and
correspondingly larger and higher volume fraction of martensite micro-
blocks are present within the microstructure. Formation of larger
martensitic blocks in the fractured sample A can be directly related to
the coarser austenite blocks remained at the end of the one-step aus-
tempering process at the isothermal temperature of 340 °C. Those larger
austenite blocks were thermally and mechanically less stable and they
transformed to martensite during cooling the material to the ambient
temperature at the end of the treatment and also when samples were
mechanically deformed during impact tests. In contrast, in sample C
due to the higher driving force for bainite formation during the second
step of heat treatment, the higher volume fraction of bainitic sheaves
were formed which resulted in more consumption of primary austenite,
and lower volume fractions and smaller austenite blocks were attained.
Larger austenite blocks were replaced with bainitic ferrites and auste-
nite films, the latter being mechanically and thermally more stable
which had a positive effect on toughness enhancement as demonstrated
before.

Fig. 9 shows the observed {011}α and {001}α pole figures of pri-
mary austenite grains and the calculated {011}α and {001}α pole fig-
ures based on K-S orientation relationship identified by overlaid black
points in both pole figures. Comparing both calculated and experi-
mental pole figures for the selected primary austenite grain approves
that bainitic ferrites had K-S crystallographic orientation relationship
with austenite. Three different colors in Fig. 9(a) and four different
colors in Fig. 9(b) denoted Bain groups and Close-packed plane (CPP)
groups, respectively. 24 variants based on the K-S orientation re-
lationship were subdivided into four packets within one prior austenite
grain based on K-S orientation relationship, and each packet consisted
of 6 variants with the same habit plane in a single CPP group. In one
packet based on the compression axis due to Bain strain, there are also

three blocks or Bain groups composed of two variants belonging to the
same Bain group. The complete information on the classification of 24
variants into packets and Bain groups as well as their orientation
characteristics with respect to a reference variant (V1) has been given
in previous studies [34,35].

The length fraction of high angle boundaries is another effective
factor which must be taken into account when discussing the absorbed
impact energy by the heat-treated samples, as high angle grain
boundaries are strong barriers against the crack propagation that can
arrest or deflect the crack path [36]. Bain groups map and packets map
have been analyzed in order to study the nature of the boundaries more
precisely as shown in Fig. 10 for sample A and sample C, respectively.
Prior austenite grain boundaries have been highlighted by bold black
lines. It is demonstrated that the boundary between variants belonging
to one Bain group has a low angle misorientation (smaller than 21.1°)
and is marked by white lines in the images while the boundary between
the variants belonging to the different Bain groups exhibits a high
misorientation angle (larger than 47.1°) that is marked by black lines in
the images. According to Fig. 10, the major difference in crystal-
lographic characteristics of the two samples is related to their Bain
group map and there is not a significant difference in the packet map.
The austempering treatment in the second steps at lower transformation
temperatures in step austempering process leads to changes in the Bain
group map compared to the conventional one-stage heat treatment. In
other words, by lowering the austempering temperature in the second

Fig. 8. EBSD image quality (IQ) maps of (a) single-step austempered (340 °C -
4 h) and (b) two-step austempered (340 °C - 14min/277 °C - 22 h) steel samples.

Fig. 9. (a) {001}α and (b) {011}α pole figures of the selected single primary
austenite and overlaid standard pole figures (black dots) calculated assuming an
ideal K-S orientation relationship.
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stage, the adjacent variants are more likely to be located in different
Bain groups. Therefore, the fraction of boundaries between different
Bain groups is increased. Since the boundary between the variants with
different Bain groups is the high angle, the multi-step austempering
treatment increases the fraction of boundaries with large misorienta-
tion. This is demonstrated in Fig. 10 in which it is obvious that step
austempering increased the fraction of the high-misorientation angle
boundaries.

4. Conclusion

Multi-step austempering heat treatment was carried out to achieve
ultra-fine bainitic microstructure and the desired mechanical char-
acteristics of bainitic steel with 0.26 wt% carbon. The heat treatment
process was conducted with partial bainitic transformation at the
temperatures considerably lower than the MS temperature of the steel.
The results showed that the yield strength and impact fracture tough-
ness of the steel were significantly improved by multi-step aus-
tempering treatment. The significant decrease in the volume fraction
and size of the austenite/martensite blocks in the microstructure and
the formation of nanoscale bainitic plates and austenitic films were the
dominant factors in increasing the mechanical properties. It was also
shown that the reduced austempering temperature in the second step
decreased the thickness of the plates in the Bain groups; this change in
the crystallographic characteristic led to an increase in the fraction of
high angle boundaries in the microstructure, which played a significant
role in increasing the impact fracture toughness of the steel.
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