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High-strength low-alloy (HSLA) steels are an important class of steels that meet combinations of varied
properties demanded by critical engineering applications. Microstructures of this class of steels are engi-
neered to meet the targeted mechanical properties. Thorough understanding of phases that evolve during
decomposition of austenite in these steels after hot working or after austenitizing treatments is essential to
optimize their key processing parameters. This is achieved through establishment of continuous cooling
transformation diagrams. These diagrams shed light on details of cooling transformations like the phases
formed during transformation, sequence of transformation when multiple phase transformations are in-
volved and the temperatures at which the transformations start and end, all as a function of cooling rate.
These diagrams are constructed from dilatometry experiments together with corroborating microstructural
investigations and mechanical property assessments. However, analyses of dilatograms, identification and
quantification of microstructural constituents and correlating the same with mechanical properties (usually
hardness) are not trivial, especially, in low-carbon HSLA steels where the microstructure is often composed
of martensite and bainite that have rather similar morphological features and practically difficult to
distinguish from each other. Advanced data processing of electron backscattered diffraction (EBSD) data
has been used in recent times with considerable success to differentiate bainite and martensite. This work
highlights the salient aspects involved in decomposition of austenite in an indigenously developed Cu-
bearing HSLA steel. Details of methodology employing grain average misorientation obtained through

EBSD experiments to identify and quantify martensite and bainite are discussed in detail.
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1. Introduction

Materials for structural applications in naval vessels should
have reasonably high strength, good resistance to fatigue and
various forms of corrosion, and excellent impact toughness
down to temperatures as low as —60 °C. It is also necessary that
the material has adequate formability and excellent weldability.
These demands have led to the development of high-strength
low-alloy (HSLA) steels, which are micro-alloyed steels better
than conventional carbon steels in respect of the above
demands. They contain very low-carbon levels, and contain
substitutional alloying elements, such as manganese, nickel,
chromium and molybdenum for hardenability and copper for
precipitation hardening (Ref 1). HSLA steels are not considered
to be alloy steels in the normal sense because they are designed
to meet specific mechanical properties rather than a chemical
composition (Ref 2). HSLA steels of varying strength levels
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find main application in oil and gas pipelines, bridges, offshore
structures and naval vessels. Depending on the property
requirements dictated by the application, yield strength levels
of HSLA steels range from 275 to 1100 MPa (Ref 3, 4). Such a
range in mechanical property levels are achieved in HSLA
steels through tailoring of microstructural constituents which
could range from pearlitic to acicular ferritic (Ref 5) to ferrite +
pearlite to ferrite + martensite/bainite (Ref 6) to tempered
martensite/bainite, etc. (Ref 7).

After gaining expertise of developing relatively lower
strengths (up to ~ 600 MPa), low-carbon HSLA steels in the
past (Ref 8), a new copper bearing HSLA steel has been
produced targeting minimum room temperature yield strength
of 780 MPa together with a minimum Charpy V-notch impact
toughness of 78 J at —40 °C (Ref 9, 10). The steel developed
has been produced in limited quantities on an industrial scale
successfully meeting the targeted properties, largely relying on
the past experience in processing similar class of steels.
However, a thorough understanding of phase transformations
involved in the steel is yet to be developed. Ability to tailor its
microstructures to meet targeted mechanical properties in a
robust manner calls for a thorough understanding of the
physical metallurgical aspects of the steel especially phase
transformations and transformation products. More importantly,
knowledge of transformation products under industrial contin-
uous cooling conditions is of importance to understand phases
present in it and to optimize the heat treatments accordingly to
meet the targeted combination of properties. For the studied
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class of steel, after austenitization during cooling, the austenite
decomposes to different low-temperature phases/aggregates,
viz., ferrite, pearlite, bainite and martensite or a mixture of these
phases depending on the cooling rate adopted. Specimens
cooled from austenitic regime at different controlled cooling
rates undergo volume changes depending on the transformation
products generated. The associated change in its linear
dimension can be accurately captured through a dilatometer
as a function of temperature. Dilatograms generated as a
function of cooling rate can be analyzed to track start, progress
and end-of-phase transformations (Ref 11). The constituents of
the resulting microstructure are assessed through standard
metallographic techniques and correlated with hardness mea-
surements made on cooled sections. The results are presented
typically in the form of continuous cooling transformation
(CCT) diagrams showing the envelope of start and end of
transformations as a function of cooling rate together with the
details of transformation products and their hardness levels.

The steel studied in this particular work belongs to a class of
low-carbon low-alloy steel. Whenever multiple low-tempera-
ture phases (such as bainite, martensite and ferrite) are possible,
as in our case, it is important to identify them. In the literature,
the conventional metallographic approaches for distinguishing
multiple low-temperature phases are given mainly for medium-
or high-carbon steels, but rarely for low-carbon low-alloy
steels, as unambiguous identification of the phases is impos-
sible in such steels. Nevertheless, a clear identification of the
different phases is crucial in establishing an accurate CCT
diagram. Toward reliable identification of phases, a promising
EBSD-based technique to delineate the various low-tempera-
ture phases in low-carbon low-alloy steels has emerged in
recent times. This indirect technique, pioneered by Zisman and
co-workers (Ref 12, 13), utilizes the expected variation in
dislocation densities between the different phases, which
manifests in the measure of grain average misorientation
(GAM). While Zisman and co-workers have illustrated the
potential of this technique for identifying the phase constituents
at selected cooling rates, we have adopted this approach across
multiple cooling rates spanning from 0.05 to 50 °C/s system-
atically. This novel approach has helped us not only in
delineating the phases essential for generating CCT diagram but
also in quantifying their fractions.

2. Experimental

2.1 Material

The steel under study, designated HSS1, was melted and
continuously cast in an industrial scale. A 50 Ton vacuum
melted heat was produced through electric arc melting followed
by ladle refining and vacuum degassing. The steel was cast into
slabs of dimensions 2800 mm x 900 mm x 250 mm through

Table 1 Nominal composition of the steel studied (wt.%)

C Si Mn Ni+Cu Cr + Mo

0.05-0.10 0.2-0.3 0.8-1.4 4-6 0.4-1.5
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continuous casting route. The chemical composition of steel
under study is shown in Table 1.

Rolling of the slab into plates of various thickness and heat
treatment of the plates were also carried out at an industrial
scale. Prior to rolling, slabs were soaked at a temperature in the
range of 1200-1240 °C. Carefully designed industrial rolling
schedules were employed to achieve the final plate thickness
ranging from 30mm to 70mm. The material for the present
study was extracted from a plate with supply dimensions 7000
mm x 2000 mm x 30 mm with a finishing rolling temperature
of approximately 850-950 °C. While approximately 8-12%
reduction was given during the initial 10 passes, for remaining
passes higher deformation up to 15-20% per pass was adopted.
After rolling, plates were air-cooled to room temperature. Heat
treatment involving hardening and tempering treatments was
carried out on the rolled plate to achieve the targeted
mechanical properties (YS > 780 MPa, UTS > 850 MPa, %
El> 13, a sub-zero Charpy impact toughness > 78J at —40
°C). Hardening was carried out at 900 °C for 2 h followed by
water quenching to room temperature. Subsequently, tempering
was carried out at 610 °C for 3 hours followed by water
quenching to room temperature. The optical micrograph of the
steel in the hardened and tempered condition revealing
tempered martensitic structure is shown in Fig. 1.

2.2 Dilatometry

The geometry of the specimen used to conduct dilatometry
experiments in Gleeble is shown at Fig. 2, which is as per
ASTM standard A1033-10. Temperature of the reduced section
used for dilatometry is measured and controlled through K-type
thermocouple wires (Chromel/Alumel), of diameter 0.02 mm,
spot welded to the specimen at the mid span perpendicular to
the sample axis. Both the wires were spot welded at 32V.
During the experiments, samples were heated to austenitization
temperature of 925 °C (Ref 9) at a heating rate of 5 °C/sec and
held at that temperature for 1 minute. The samples were then
cooled from 925 °C to room temperature at six different cooling
rates of 0.05, 0.2, 0.5, 1, 10 and 50 °C/sec. Cooling rates for
this study were selected based on the cooling rates adopted in

20 ym

Fig. 1 Microstructure in the as-received condition revealing
tempered martensitic structure
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Fig. 2 Specimen dimension for dilatometry experiments in Gleeble

studies published earlier for this class of steels, viz. HSLA 80,
HSLA 100 (Ref 14, 15).

2.3 Hardness Measurements

After the dilatometry tests, the specimens were cut at the
mid-point (where thermocouple wires were welded) and one
half of the specimen was prepared for hardness measurements.
Hardness testing was carried out using a micro Vickers
hardness tester (SSS Instruments, Pune) with an applied load
of 30 Kgf and a dwell time of 10 sec. As the control
thermocouple is located at the middle of the specimen (and for
specimen heated in Gleeble, temperature is uniform across the
specimen thickness), all hardness measurements were carried
out on the mid-transverse section of the specimen. For each
specimen pertaining to a specific cooling rate, three hardness
measurements were carried out and an average hardness value
is reported with error bars.

2.4 Microstructural Characterization

The specimens were cut along the mid-transverse section
and then mounted and metallographically polished. The
polished samples were etched with 2% Nital to characterize
the microstructure. The optical micrographs were captured
using optical microscope (Olympus) at different magnifications.
Scanning electron microscopic (SEM) examinations of the
specimens were carried out on FEI Quanta 400 SEM at 20 kV
acceleration voltage. The electron backscattered diffraction
(EBSD) analyses were carried out in a Zeiss FEGSEM Supra55
attached with Oxford Nordlys EBSD detector and data analysis
were performed using TSL 8.0 software. In order to select an
area for the EBSD GAM analysis, initially, SEM micrographs
were taken at a lower magnification from different regions of
the specimen. Subsequently, the same areas were also examined
at higher magnifications in order to ensure that microstructure is
uniform. One such region at the chosen magnification was
selected for performing EBSD GAM analysis. EBSD scans
were performed with the step size of 0.225 um at 2500x
magnification. Grain average misorientation (GAM) data,
which is obtained from the raw EBSD data, was used as the
main parameter to delineate subtle differences among the non-
FCC constituents viz. bainite and martensite. GAM analysis is
available as a standard part of the TSL 8.0 software. The details
of EBSD analyses are elaborated in Sect. 3.5.2(b).
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Fig. 3 Dilation data captured as a function of temperature during
heating and cooling of dilatometry specimens

3. Results and Discussion

The steel being studied was developed through modifica-
tions to the composition of an established and productionized
600 MPa class steel (DMR249B) through thermodynamic
calculations and published knowledge on HSLA steels like
HSLA 80 and 100. Hence, it is expected that there would be
many similarities with other quenched and tempered steels in
terms of its microstructure and other physical metallurgical
characteristics. The characteristics of austenite decomposition
exhibited by the steel during continuous cooling at different
cooling rates captured through dilatometry are presented in
following sections together with hardness and supporting
microscopy.

3.1 Heating and Cooling Transformations

Dilatation data on the specimens were captured as a function
of temperature during heating (at 5 °C/sec in all tests) to an
austenitization temperature of 925 °C and cooling from there at
six different cooling rates in the range of 0.05-50 °C/sec (see
Fig. 3). From the heating segments of the dilatation curves in
Fig. 3, a major phase transformation involving reduction in
volume is noticed at about 700 °C. This represents the
transformation to austenite; the start (Ac;) and end (Acsz) of
the transformation to austenite were determined to be 698 &+ 13
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°C and 765 £ 7 °C, respectively, using lever-rule method (Ref
16). Unlike Ac; and Ac; temperatures that are same in all tests,
as they are captured from heating curves, which were all at 5
°C/s, cooling transformation temperatures captured from cool-
ing curves are known to vary with cooling rate as the
transformation products and the nature of transformation vary
with cooling rate. Start of a transformation can be clearly
spotted from the deviation in linearity of the cooling curves at
around 400-500 °C. Similarly an end of a transformation can be
picked up at around 200-300 °C below which the cooling
curves start to exhibit linearity again on cooling. While an
overall volume increase is clear between the two linear cooling
segments, closer examination of the segment of the cooling
curve between the two linear segments revealed minor slope
changes indicative of the potential presence of more than one
transformation. This is not uncommon as steels are known to
exhibit multiple phase transformations upon cooling from
austenite at certain cooling rates. However, identification of the
start and end points of such transformations from the dilatation
curves is difficult by conventional line deviation methods as the
slope changes are minor and not easily noticeable. The cooling
curves can be further complicated by the precipitation of
various phases within the austenitic or the ferritic matrix.
Although the cooling curves show indications of more than
one transformation, the two major transformation points were
first estimated through lever-rule method (Ref 16), which
ignores the presence of any additional transformations in
between. To define other transformation points present in

between the major transformation points, first and second
derivatives of the cooling curves were employed. This is
illustrated in Fig. 4 using the cooling curve pertaining to 10 °C/
sec as an example. While Fig. 4(a) shows the full cooling curve,
Fig. 4(b) shows the portion of the cooling curve selected for
determination of transformation points. Figure 4(c) and (d)
shows the first and second derivatives of the selected segment
of the cooling curve with identical x-axes as that of Fig. 4(b).
Taking clues from the manifestations of the subtle slope
changes in dilatation curves on their first and second deriva-
tives, start and end points of two transformations could be
identified as indicated by the vertical dotted and dashed lines.
The identified transformation points are marked as 1, 2, 3 and 4
for illustration in Fig. 5 on the corresponding cooling curve
pertaining to 10 °C/s. Similar exercise was carried out for all
the cooling curves to identify the transformation points. In all
the cases, the two major transformation points identified
through phase fraction approach matched very well with the
first and last transformation points identified through use of
derivatives. Four transformation points could be identified at all
cooling rates except the slowest cooling rate of 0.05 °C/s where
only two transformation points could be identified. Boundaries
demarking the transformed phases are generated by joining all
the transformation points corresponding to 1st, 2nd, 3rd and 4th
transformations (Fig. 5). However, identifying the phases
involved in transformations at different cooling rates requires
assessment of the resultant microstructures and their hardness
as discussed in the subsequent sections.
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Fig. 4 Procedure for analyzing the obtained dilatometry data for determining critical transformation temperature for cooling rate 10 °C/sec
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Fig. 5 CCT diagram for the steel under study

3.2 Hardness

The individual hardness values (i.e., an average of three
values determined) on any given section did not vary by more
than 9 VHN in any of the specimens. These hardness values are
quite accurate representation of hardness pertinent to the
corresponding microstructure dictated by the cooling rate. The
Vickers hardness of the investigated steel HSS1 is also shown
in Fig. 5 for different cooling rates (0.05-50 °C/sec). The
hardness values are also plotted against cooling rate in Fig. 6.
The most marked increase in hardness is seen when the cooling
rate is increased from 0.05 °C/sec to 1 °C/sec (from 347 to 398
VHN), but thereafter the increase is gradual, reaching up to a
maximum of 416 VHN. Further, the overall increase in
hardness is only about 20% (Min: 347 VHN to Max: 416
VHN) even when the cooling rates increase by three orders of
magnitude (i.e., 0.05-50 °C/sec). Such rather marginal increase
in hardness with cooling rate is an indication that the
constituents of the microstructures resulting from different
cooling rates are not significantly different. The details of
microstructure will be discussed in the following sections.

3.3 Optical and Scanning Electron Metallography

The optical micrographs of specimens cooled at different
cooling rates are also shown in Fig. 6 together with the plot of
variation in hardness with cooling rate. The observations on
optical micrographs described below are based on inferences
made from careful scrutiny of multiple microstructures at every
cooling rate at various larger magnifications than presented in
Fig. 6. It can be said that barring the microstructure at the
slowest cooling rate of 0.05 °C/sec, microstructural features of
all other cooling rates have many similarities to varying extents
depending on the cooling rate. In the micrograph pertaining to
0.05 °C/sec (Fig. 6b), small particle like features (shown
encircled) could be seen within the lightly etching grains,
whose grain boundaries are mostly visible. In micrographs
pertaining to 0.2 (Fig. 6¢) and 0.5 °C/sec (Fig. 6d), the grain
boundaries are not readily seen although traces of their
presence can be seen at a few locations. At these cooling
rates, many thick and dark etching parallel linear features
(encircled) could be seen to populate the grain interiors. At 0.5
°C/sec, in addition to the dark etching linear features, fine linear
lath like features could also be seen at a few locations on
careful examination (shown encircled). They seem to start from
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grain boundaries and increase in length till obstructed by
another grain boundary. At 1 °C/sec and higher cooling rates,
the discontinuously aligned dark features become difficult to
distinguish clearly while the rest of the microstructure seems to
get engulfed with increasing amounts of regions that etch
relatively darker. The interior of these dark etching regions
contain aligned dark and light etching regions (shown encir-
cled) although their linear lengths are relatively short compared
to that observed at 0.5 °C/sec. At cooling rates, above 1 °C/sec
grain boundaries are extremely difficult to delineate and it
becomes impossible at 50 °C/sec. Although subtle changes in
microstructure with cooling rate could be observed in optical
micrographs, it is difficult to categorically ascertain from
optical micrographs as to what could have resulted in the
marginal increase in hardness observed with increase in cooling
rate. The minor variations in hardness on successive changes in
cooling rate can, in general, be attributed to subtle changes in
size of features: finer the feature, harder the material. Increase
of cooling rate results in a refinement of the microstructure.
SEM micrographs of two extreme cooling rates together with
their corresponding optical micrographs at the same magnifi-
cation of 1000x are shown in Fig. 7. No direct correlation could
be derived from the details of the microstructural features
captured in SEM and optical microscopy. Interpretation of SEM
microstructures of this kind of steels is not straight forward as
these secondary electron images also capture topology of the
etched specimen together with microstructural features sub-
jected to different contrast mechanisms at much higher
resolution.

3.4 Possible Microstructural Constituents

As optical and SEM micrographs could not help in
unambiguously identifying the microstructural features ob-
served in the steel studied, a brief survey of microstructural
constituents reported in the literature in this class of steels was
carried out to list down probable and potential microstructural
elements, summary of which is presented here. The same
nomenclatures as used by the authors in their respective works
are used here to describe the microstructural features. In HSLA
80/ASTM A710 steel, austenite transforms first to polygonal
ferrite, and, subsequently, the remaining carbon-enriched
austenite transforms to a variety of complex microconstituents
depending on the cooling rate adopted (Ref 1). At cooling rates
>5 °C/s, the transformation product mixture contains granular
ferrite, acicular ferrite and martensite, all associated with films
or islands of retained austenite. At cooling rates < 5 °C/s, the
mixture consists of lower bainite, upper bainite and martensite
with retained austenite associated with martensite. In modified
ASTM A710 HSLA steel, the dominant micro-constituent at a
large range of intermediate cooling rates was granular bainite
characterized by laths of ferrite and inter-lath particles of
martensite and/or austenite (Ref 17). Fully martensitic
microstructure was reported at cooling rates >4 °C/s on
HSLA 100 steel with 0.04 and 0.06% C by Dhua et al.(Ref 14)
and A D Wilson et al. (Ref 18), respectively. Between 0.4 and 4
°C/s, the microstructure was predominantly granular bainite
and rest martensite. However at <0.4 °C/s, while the steel with
0.06%C revealed pro-eutectoid ferrite and granular bainite, the
steel with 0.04%C did not reveal pro-eutectoid ferrite but
revealed massive ferrite and granular bainite. A review of
HSLA line pipe steels by NJ Kim (Ref 6) also pointed to
presence of ferrite, bainite and martensite in similar steels. It is
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Fig. 6 Optical micrographs of specimens corresponding to different cooling rates; shown here along with their hardness values

pertinent to note that in all the studies cited above, barring
polygonal (Ref 1) and massive ferrite (Ref 14), which could be
observed in optical microscope (Ref 14), identification and
characterization of all other phases were carried out through
transmission electron microscopy. On certain other Russian
grade HSLA steels such as 09KhN2MD and 09KhN4MDFalso,
the presence of a mixture of martensite and bainite has been
reported, based on advanced analyses carried out using electron
backscattering diffraction (Ref 12, 13). On the basis of these
published findings, it can be expected that the transformation
products in the HSLA steel being studied would also involve
predominantly a mixture of martensite and bainite, relative
fractions of which will be a function of cooling rate. However,
to assess presence of other phases as well to differentiate and
quantify the amount of bainite and martensite, advanced
metallographic techniques will need to be resorted to (described
in Sect. 3.5.2 (c)).

CCT diagrams of the above three HSLA steels were also
reviewed to assess the sequence of microstructural evolution as
a function of cooling rate. In HSLA 80 plate steel, initially a
ferritic transformation (polygonal or Widmanstatten) and
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subsequently a bainitic transformation takes place before
martensitic transformation during cooling (Ref 1). It was seen
that at cooling rates < 10 °C/s, a mixture of upper and lower
bainite forms at higher temperatures before martensite forms at
lower temperatures. AD Wilson’s work (Ref 18) on HSLA 100
plate steel revealed that while only martensite forms at higher
cooling rates, the formation of granular bainite precedes the
formation of martensite at lower cooling rates. In modified
ASTM A710 HSLA steel, initial transformation to granular
bainite over a large range of cooling rates was followed by
martensitic transformation at lower temperatures (Ref 18). On
the basis of these observations on similar HSLA steels, it can be
summarized that decomposition of austenite involves the
following transformations in the following order: 1. ferritic,
2. bainitic and 3. martensitic. While ferritic transformations
happen at higher temperatures and martensitic transformations
happen at lower temperatures, bainitic transformations occur at
intermediate temperatures.

The CCT diagram generated in this study (Fig. 5) is
examined in light of these observations. Among the four
transformations represented in Fig. 5, martensitic transforma-
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Fig. 7 Optical & SEM micrographs of specimens cooled at 0.05 °C/sec (a),(c) and at 50 °C/sec (b),(d) at 1000 x magnification

tion is considered athermal (Ref 19) in nature. As athermal
martensitic transformations do not need time to proceed and
need only a sufficient thermodynamic driving force (that is
obtained by significant undercooling below the critical temper-
ature) (Ref 20), the temperature for start of martensitic
transformation, M, does not typically vary with cooling rate.
Following a refined empirical approach (Ref 21), M, for the
composition of the steel studied is estimated to be 345 °C.
Combining these two aspects, the third transformation in Fig. 5
can be considered to correspond to martensitic start transfor-
mation. Since a bainitic transformation that precedes the
martensitic transformation is expected as in other HSLA steels
discussed above, the first and second transformations can be
presumed to correspond to bainite start, B; and bainite finish, B,
transformation points. This leads us to conclude that the fourth
transformation corresponds to martensite finish, M all of
which are marked in Fig. 5. Details of microstructural studies
carried out to confirm the above transformations are detailed in
following Sections.

9066—Volume 31(11) November 2022

3.5 Quantitative Microstructural Characterization

During determination of the CCT diagram, the steel is taken
into the austenitic region and then cooled at various rates down
to 200 °C during which the austenite transforms, depending on
the cooling rate, into various low-temperature microstructural
constituents. These include ferrite (F), pearlite (P), bainite (B)
and martensite (M). It is important to note that, among these,
only F represents a pure phase in the thermodynamic sense; P,
B and M (specifically when tempered martensite) are all
essentially not pure phases, but are aggregates of ferrite and
carbides (Ref 22), differing between each other in the
mechanisms of nucleation and growth, which lead to differ-
ences in final microstructural features such as the size,
morphology and orientation. For example, pearlite results from
a diffusional transformation in which there is concurrent growth
of ferrite and cementite in a lamellar form (Ref 23) and it can be
distinguished without much difficulty, either using SEM or
TEM. Similarly, depending on different evolution mechanisms
that operate ferrite can also be present in different morpholo-
gies, viz., polygonal, massive, Widmanstatten, acicular, gran-
ular, etc. (Ref 24). However, often, as mentioned in the
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previous section, it is not easy to distinguish between B, M and
F in acicular morphology.

3.5.1 Limitations of Optical Metallography. Light opti-
cal metallography relies on differentiating microstructural
constituents primarily with the help of their morphologies
delineated by the metallographic etching process adopted. Both
M (Ref 25) and B (Ref 26, 27) are known to exhibit lath
morphology whose typical average lath width in this class of
HSLA steel is about 500nm (Ref 14). B is known to etch darker
(Ref 28) as they are associated with carbides: inter-lath carbides
in upper B and intra-lath carbides in lower B. Similarly
boundaries between variants of M laths, blocks and packets are
also high-angle boundaries (Ref 29) like grain boundaries and
as a result they too etch dark. Considering that M and B, both
with similar lath morphology coexist within fine austenite
grains whose boundaries also etch dark, differentiating them
under an optical microscope is an arduous task even in the best
of etched specimens. Retained austenite, whenever present, is
typically in the form of very thin films and sometimes in the
form of isolated small islands (Ref 1) in small quantities. These
characteristics also render them difficult to identify from optical
micrographs. While the general characteristics of the
microstructure presented in Fig. 7 suggest the presence of B
and/or M in the steel being studied, no quantitative information
on its constituents could be ascertained from these optical
micrographs for reasons explained above. Such difficulties in
microstructural characterization of complex constituents in
steels through optical metallography are rather well known and
documented (Ref 30, 31). Similar challenges exist with
conventional SEM investigations as well. However, from the
optical micrographs at Fig. 7, it is clear that featureless and light
etching polygonal ferrite (Ref 1) and massive ferrite (Ref 14)
seen in certain other HSLA steels are obviously not present in
the steel studied (Fig. 7). Thus, we can safely conclude that the
primary matrix constituents in the present case are M and B, the
distinction and quantification of which needs other techniques.
While transmission electron microscopy (TEM) studies can
shed light on crystallographic and morphological aspects of
phases in the microstructure, only a limited area is analyzed and
hence quantification of the relative volume fractions of the
different matrix microstructural constituents can be only
indicative in the best of circumstances and downright mislead-
ing at times. Hence, quantification of relative fractions of B and
M in steels, especially low-alloy low-carbon steels such as the
one presently under study, has always been a challenge.
However, in recent times, advanced techniques based on
electron backscatter diffraction (EBSD)-based analyses have
been shown to be remarkably successful in providing reliable
estimates of the relative fractions of the matrix microstructural
constituents in these steels (Ref 12, 13). Our attempts of using
these techniques to understand the microstructures that result
from the different cooling rates in the present study are
described in the following section.

3.5.2 Electron Backscatter Diffraction Analysis. EBSD
is a powerful technique, usually employed in conjunction with
SEM, and gives crystallographic information about the
microstructure at length scales ranging from tens of nanometers
to several hundred micrometers. EBSD can be quite effectively
employed in steels when seeking to separate austenite (which
has the FCC crystal structure) from the transformed low-
temperature phases such as F, B or M, which are predominantly
BCC in nature (Ref 32-34). While M is strictly BCT, in low-
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carbon steels, the tetragonality is too small to be discernible in
EBSD, and thus all the low-temperature constituents index as
BCC. 1t is therefore non-trivial to distinguish between F, B and
M (Ref 30) using EBSD techniques. It is especially difficult to
distinguish B and M.

Several strategies have been employed to attempt to
distinguish between the phases indexed as BCC in EBSD
analyses. All these rely on post-processing of the EBSD data
(Ref 35, 36) and exploit information such as image quality,
confidence index, kernel average misorientation (KAM) or
grain average misorientation (which is KAM, but within a
single parent grain). Of these, KAM and GAM have been found
to be very effective for low-carbon low-alloy steels. As the
focus in this study is to differentiate and quantify B and M,
primarily of lath morphology, the width of the lath was
considered as an important parameter while finalizing the scan
step size such that at least five scan points across a typical lath
are ensured for adequate data collection. Therefore, in our case
after conducting several trials, the EBSD scan conditions were
carefully chosen keeping a balance between scan step size
(scan-resolution) and the magnification to meet the objective of
identification and quantification of B and M constituents. All
the specimens were scanned at an optimized magnification of
2500x and a step size of 0.225 um.

3.5.2.1 High- and Low-Angle Boundaries. As an example,
the typical results from the basic EBSD data for the specimen
cooled at 0.05 °C/sec are shown in Fig. 8. The band contrast
(BC) is a measure of the quality of the Kikuchi pattern obtained
from each pixel, and therefore, it often reveals boundaries that
are sometimes not visible even in an electron image Fig. 8(a)).
It must be noted that the pattern quality, & hence the BC image,
is also affected by things such as residual strain and sample
preparation. Nevertheless, other things being equal, the BC
image can be used to obtain at least a semi-quantitative
understanding of the nature of the boundaries in the microstruc-
ture. Figure 8(b) shows the BC image with an overlay of the
detected boundaries, delineated by the limits given in Fig. 8(c).
It can be seen from the frequency histogram of boundaries
(Fig. 8(c)) that there is a negligible number of boundaries in the
20-40° range. This is observed for all the samples investigated
in this study, and is a characteristic feature of mixed B/M
microstructures with negligible amount of other phases such as
untransformed austenite or polygonal ferrite (Ref 25, 27, 29).
The low-angle boundaries (2-20°) exist essentially between
different lath packets, while the high-angle grain boundaries
(40-65°) could be either due to prior austenite grain boundaries,
or due to different variants of B/M. Figure 8(d) is an inverse
pole figure (IPF) image with an overlay of the high-angle
boundaries. It is, however, clear that none of these images
typically generated through EBSD can help in identifying
whether the microstructural constituent in a particular location
is B or M.

3.5.2.2 Grain Average Misorientation. As standard EBSD
analyses cannot help in distinguishing F, B and M, approaches
based on dislocation densities have gained importance as F, B
and M have different dislocation densities (Ref 37). In order to
distinguish them from one another, a technique is required that
can measure the changes driven by the change in dislocation
densities. It is well established in the literature that the lattice
distortion (i.e., departure of atomic position from an ideal
structure) is associated with the presence of dislocations. The
extent of lattice distortion depends on density of dislocations
which cause lattice curvature (Ref 38, 39) and is also referred as
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distribution of number fraction of misorientation with misorientation angle; (d) IPF image at cooling rate 0.05 °C/sec. All images were captured

at 2500 x magnification and step size 0.225

Table 2 Thresholds for misorientation spread (*Misorientation spread for various microstructural constituents were

adopted based on Zisman’s approach (Ref 12, 13))

Misorientation spread” , A

Microstructural constituent

Remarks

0 < A < 0.40°

040< A < 0.55°
0.55< A < 0.70°
0.70< A < 0.85°
0.85< A< 5.00°

Ferrite
Bainite (B-I)
Bainite (B-II)
Bainite (B-III)
Martensite

Lowest dislocation density among BCC phases
Dislocation density closest to that of ferrite
Intermediate dislocation density

Dislocation density close to that of martensite
Highest dislocation density

crystal curvature (Ref 40). Though the crystal curvature cannot
be directly deduced from the data obtained from conventional
EBSD (which gives information about only the crystallographic
orientation), however, the orientation differences between the
neighboring points in the map obtained from orientation
imaging microscopy using EBSD are analogous to the crystal
curvature. The lattice distortion due to different density of
dislocations in F, B and M manifests itself as different lattice
curvature in F, B and M, and can therefore be quantified by the
use of suitable parameter such as angular misorientation
between neighboring points (Ref 41, 42). Such changes are
captured by using either of two approaches that deal with
distribution of local crystallographic orientation viz., kernel
average misorientation (KAM) and grain average misorienta-
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tion (GAM) (Ref 34, 43, 44). KAM is the averaged misorien-
tation angle that a pixel makes with the surrounding neighbor
pixels, and is useful for indicating the local lattice curvature
(Ref 45). GAM is a similar function that can be derived in the
grain scale by averaging the intra-granular misorientation
angles between the neighboring pixels. This grain average
misorientation (GAM) is useful for characterizing the accumu-
lation and localization of plastic strain (Ref 46). GAM can in
principle be regarded as the grain average of KAM. The GAM
function is a standard option of the TSL OIM analysis software.
In this work, we have exploited GAM-based analysis to
identify and also quantify fractions of F, B and M.

In order to distinguish F, B and M in the microstructure
using a GAM-based technique, it is necessary to identify the
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Fig. 9 Band contrast images with corresponding GAM images for different cooling rates recorded at 2500X magnification and step size 0.225
(a),(g) for 0.05 °C/sec (b),(h) for 0.2 °C/sec (c),(i) for 0.5 °C/sec. Band contrast images with corresponding GAM images for different cooling
rates recorded at 2500X magnification and step size 0.225 (d),(j) for 1 °C/sec (e),(k) for 10 °C/sec (f),(1) for 50 °C/sec

corresponding thresholds for the chosen parameter, in this case, similar to the one studied by those researchers. Following
the grain average misorientation spread, A. In the present work, Zisman’s approach, the microstructural constituents were
we have adopted the thresholds employed by Zisman et al. (Ref divided into five categories based on the misorientation spread
12, 13), as the steel in the present study is of the same class and as indicated in Table 2. The band contrast images of the
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Table 3 Low and high angle boundary lengths as a function of cooling rate

Cooling Rate Length of LAGB, Length of HAGB, Total length (mm) % % % increase in total length
(°C/sec) mm (2°-20°) mm (40°-65°) LAGB+HAGB LAGB HAGB relative to 0.05 °C/sec
0.05 6.62 7.61 14.23 46.5 53.5 0
0.2 7.69 9.90 17.59 43.7 56.3 23.6
0.5 10.10 9.19 19.29 524 47.6 35.6
1 10.30 8.27 18.57 55.5 44.5 30.5
10 14.30 7.59 21.89 65.3 34.7 53.8
50 16.10 7.74 23.84 67.5 32.5 67.5
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Fig. 10 (a) Change of grain boundary (LAGB & HAGB) percentage in specimens cooled at different cooling rates, (b) variation of low-angle,

high-angle and total boundary length with cooling rate
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Fig. 11 Change of fractions of martensitic and bainitic (calculated
by combining three types bainite; B-I, B-II and B-III) as a function
of specimen cooling rates

samples cooled at different cooling rates ranging from 0.05 to
50 °C/s are shown in Fig. 9(a)-(f). The corresponding GAM
images are shown in Fig. 9(g)-(1) with color scale as per
Table 2. The ability of GAM to differentiate B from M is
immediately clear. The band contrast image in Fig. 9(a) is able
to show the different boundaries, but it is not apparent as to
which regions are B and which ones are M. However, through
the corresponding GAM image segmented with thresholds
suggested by Zisman (Fig. 9(g)), it is now possible to visually
distinguish B and M. It can also be seen easily that the content
of M progressively increases (Fig. 9(g)-(1)) with increase in
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cooling rate (48% at 0.05 °C/s to 94% at 50 °C/s). Considering
the fraction of B and M in specimens cooled at different cooling
rates and the way B and M are distributed in the microstructure
(evident from Fig. 9(g)-(1)), it is obvious that this EBSD-based
approach is far more powerful in identifying and quantifying B
and M contents as it samples much larger areas that that would
be possible through TEM. Another aspect evident from
figures in Fig. 9(b)-(f) is that the overall structure gets finer,
i.e., more number/length of boundaries with increase in cooling
rate. In order to understand quantitatively the increasing
fineness of the structure, we can make use of the boundary
length information shown textually in the plots of misorienta-
tion angle distribution (Example: Fig. 9(c)). Boundary length
data compiled for all the cooling rates is shown in Table 3 and
plotted as Fig. 10 for easy reference. It can be seen that the
overall boundary length increases 67% on going from a cooling
rate of 0.05 °C/s to 50 °C/s. Closer analysis reveals that the
increase is largely due to the increase in the length of low-angle
grain boundaries (2-20°), from 46.5% of the total for 0.05 °C/s
to 67.5% of the total for 50 °C/s.

3.5.2.3 Quantification of Bainite and Martensite Area
Fraction. As our primary interest is to look at relative fractions
of B and M, the overall B content at a given cooling rate was
determined by summing up the fractions of B-I, B-II and B-III.
The volume fraction of M and B determined as a function of
cooling rate is shown in Fig. 11. With increase in cooling rate,
the content of M is seen to increase together with a reduction in
content of B. While B content reduced with increase in cooling
rate (~49% at 0.05 °C/s to 6% at 50 °C/s), even at the highest
cooling rate studied, i.e., 50 °C/s, B could not be fully avoided
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(~94% M and 6% B). Volume fraction of B-III, which is more
closer to martensite in terms of dislocation density, is seen to be
higher at all cooling rates compared to B-I and B-II (Figs. 9g-1).
At no cooling rate did ferrite fraction exceed 1.2%, which is
quite consistent with the observations made through optical
microscopy. Identification of B and M described in the previous
section and its quantification described here are experimental
validation and confirmation of B, By, Mg and M; temperatures,
which were, to start with, assigned and marked in Fig. 5 on the
basis of estimated Ms temperature and logical reasoning built
on observations on other similar steels.

3.5.3 Microstructural Correlation with Hardness. Hav-
ing identified and quantified M and B constituents of the
microstructure as a function of cooling rate (as discussed in
Sect. 3.5.2 (b) and 3.5.2 (c) above), its correlation to overall
hardness is understood by plotting both hardness and volume
fraction of M against cooling rate as shown in Fig. 12. It is
evident that the increase in hardness with cooling rate correlates
very closely with the associated increase in M content. As
hardness of M is known to be higher than that of B for any
given carbon content (Ref 28) (p. 304), owing primarily to high
carbon super-saturation and high dislocation density associated
with displacive transformation through which M forms, the
increase in hardness with increasing martensite content is on
expected lines.

4. Conclusions

Austenite decomposition during cooling of an indigenously
developed Cu-bearing HSLA steel has been studied through
systematic dilatometry experiments carried out at cooling rates
ranging over three orders of magnitude (0.05-50 °C/s). Key
outcomes from the work are:

e During cooling, across all the cooling rates explored in
the study, austenite is seen to transform predominantly to
a mixture of martensite and bainite.

e An EBSD-based methodology utilizing GAM as a tool
could be employed to differentiate martensite from bainite
and quantify their volume fractions.

e Martensite content increases and bainite content decreases
with increase in cooling rate. While martensite content in-
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creased from 48 to 94% with increase in cooling rate from
0.05 to 50 °C/s, bainite content decreased from 49 to 6%
over the same cooling rate.

* Microstructural observations correlate well with the in-
crease in hardness observed with increase in cooling rate.

e CCT diagram for the steel has been constructed through
careful analyses of the dilatograms together with advanced
EBSD analyses of microstructure and correlations with
hardness measurements.

e The present work provides an understanding of the
microstructural constituents of the steel as a function of
cooling rate imposed. Alternately, from the hardness mea-
sured, one can estimate the microstructural constituents
and the cooling rate imposed. These findings will prove
useful for resolving problems when desired properties are
not met in the product after industrial heat treatment. Fur-
ther, through a correlation between the hardness and other
mechanical properties such as strength and sub-zero im-
pact toughness (which have not been investigated in the
current study), the results from this study can be used to
identify the minimum cooling rate that would be neces-
sary to achieve desired mechanical properties in the final
product during industrial production.
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