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A B S T R A C T

The microstructural mechanisms operating during the decomposition of austenite in a high-Si, medium‑carbon
steel (Fe-0.53C-1.67Si-0.72Mn-0.12Cr) subjected to quenching and isothermal holding at temperatures above
and below the martensite start (Ms) temperature for times up to 1 h have been investigated using a Gleeble 3800
thermomechanical simulator. Dilatometry and metallography using laser scanning microscopy, transmission
electron microscopy, scanning electron microscopy together with X-ray diffraction and hardness measurements
have been employed. Treatment with the quench stop and isothermal hold both above and below Ms lead to the
formation of both martensite and bainite. In the case of isothermal treatment above Ms, at 350 and 300 °C,
high‑carbon martensite is formed during the final cooling to room temperature. In the case of isothermal
treatment at temperatures below Ms, at 250 and 200 °C, the initial martensite formation and subsequent carbon
partitioning to austenite is followed by the formation of bainite containing carbides and high‑carbon martensite
that forms during the final cooling to room temperature. Despite the presence of the high silicon content, car-
bides are able to form even at the lowest temperature studied (200 °C). All treatments led to the presence of
carbon enriched retained austenite, which ranged from 4 to 18 vol%. The variation of room temperature
hardness as a function of isothermal holding time at the various temperatures is rationalized in terms of the
microstructural development.

1. Introduction

With the ever-increasing demand for reducing greenhouse gases,
there has been stringent requirements for tighter vehicle emissions
necessitating the development of new materials and processes that can
help meet the desired goals. Modern design concepts promote light-
weight, structurally sound and safe automotive structures through the
continuous development of Advanced High Strength Steels (AHSS)
[1–3]. The AHSS are characterized by unique combinations of complex
multi-phase microstructures achieved through innovative process de-
sign to meet the performance requirements of the vehicles [4].

Multiphase steels comprising complex microstructures including
martensite, bainite and retained austenite, such as TRIP steels, bainitic/
nanobainitic steels and quenching and partitioning (Q&P) steels, are
considered as the futuristic potential candidates for automotive and

lightweight structural applications because of the possibility of
achieving desired combinations of mechanical properties [5,6]. A re-
search program has, therefore, been taken up to develop TRIP-aided
medium carbon bainitic steels with an excellent combination of ultra-
high strength (tensile strength ≥ 2000 MPa, yield
strength ≥ 1200 MPa) with reasonable ductility and good low tem-
perature toughness [7]. This, however, necessitated that the phase
transformation results in extremely fine bainitic microstructure (pre-
ferably, nanostructured) with significant fractions of austenite retained
at room temperature, for which the steel needed to be alloyed with high
silicon (or aluminium) content to prevent or, at least, delay the carbide
formation [5,8]. A temperature close to the martensite start (Ms) tem-
perature was considered appropriate for quenching and isothermal
bainitic holding (Q&B) to achieve the desired microstructure. It is well
known that a small fraction of martensite in the microstructure
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promotes accelerated bainite formation and hence, the study was ex-
tended to see the bainite formation below the Ms temperature in the
presence of a small fraction of martensite, which is essentially a
quenching and partitioning (Q&P) process. The occurrence of bainite
formation below Ms vis-à-vis isothermal martensite formation has been
debated in the literature, cf. [6,9–11] and will be briefly reviewed here.

In the 1980s, Oka and coworkers performed several investigations
on the isothermal decomposition of austenite at temperatures near Ms

in hypereutectoid steels with carbon concentrations from 0.85 to
1.80 wt% [12,13]. The microstructures obtained in isothermal treat-
ments around the Ms temperature depend on the chemical composition
and the temperature of the isothermal holding. Above Ms, in hypoeu-
tectoid steels, researchers largely agree about the nature of the iso-
thermal product obtained from the decomposition of austenite. Micro-
structures generally consist of a bainitic ferrite matrix, with or without
carbides depending on the alloying elements and the isothermal
holding time, and retained austenite in the form of thin films or mar-
tensite-austenite (MA) islands [7–13]. The isothermally obtained phase
product is generally called bainite.

In the Q&P processing, the steel is austenitised, quenched to a
temperature between the martensite start (Ms) and finish (Mf) tem-
peratures and held at a suitable temperature for a particular time to
allow the partitioning of carbon from martensite to austenite, which
can thereby be stabilized down to room temperature. Unlike in the case
of tempering, the formation of iron carbides and the decomposition of
austenite are intentionally suppressed by the use of Si, Al or P alloying
[5].

Some inferences of the partitioning model with respect to austenite
to bainite transformation have been discussed by Speer et al. [14,15]
including the possibility of displacive bainite growth under carbon
diffusion control. Li et al. [3] noted the appearance of a crooked in-
terface between martensite and retained austenite indicating that
carbon partitioning resulted in the movement of the martensite–aus-
tenite interface, viz., isothermal growth of the existing martensite. So-
mani et al. [16] observed that during partitioning, on a logarithmic
scale, the specimen diameter increased slowly due to the formation and
migration of ledges allowing the martensitic laths to grow into the
austenite isothermally thus producing the irregular laths with ledge-like
protrusions and constituted together with carbon partitioning, the re-
gion I. With time, some austenite pools transformed to lower bainite,
i.e., ferrite laths containing carbides aligned in the same direction,
leading to rapid increase in specimen diameter, marked as region II. In
some cases, a third region (region III) could be identified, in which the
steel contracted owing to the tempering of martensite at the high par-
titioning temperatures.

An overview of the mechanisms occurring during the Q&P process
suggested that a high fraction of initial martensite promoted the for-
mation of film-like austenite, whereas a strong presence of allo-
triomorphic ferrite in the initial microstructure led to polygonal
morphologies of austenite [17]. In another study, Santofimia et al. [18]
assessed the volume changes associated with carbon partitioning from
martensite to austenite using theoretical models. Also, different inter-
face mobilities, ranging from a completely immobile interface (assumed
in early Q&P studies) to the relatively high mobility of an incoherent
ferrite-austenite interface, were found to have a strong influence on the
evolution of microstructures during the annealing of martensite-auste-
nite grain assemblies [19]. As listed above, other possible micro-
structural changes occurring during partitioning, therefore, are the
precipitation of carbides [3] as well as the formation of isothermal
martensite [20,21] or bainite [10,22].

In our previous research, the preliminary characteristics of
quenching and isothermal bainitic holding (Q&B) in the bainitic region
close to the martensite start (Ms) temperature were explored in a high-
Si, medium carbon steel grade (DIN 1.5025) [7]. The aim of the present
research is to understand the microstructural mechanisms operating
during quenching and holding at temperatures above (Q&B) and below

(Q&P) the Ms temperature and to assess the influence of the imposed
holding schedules. The approach used was to conduct experiments for
appropriate Q&B and Q&P conditions with the aid of physical simula-
tion on a Gleeble 3800 thermomechanical simulator. The dilatation
behaviours of the Q&B/Q&P samples and metallography studies (in-
cluding laser scanning microscopy (LSM), field-emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD) were combined with the hardness data of
the dilatation specimens to get a comprehensive understanding of the
microstructural mechanisms operating during isothermal holding and
related structural evolution.

2. Experimental procedures

As mentioned earlier, a medium‑carbon commercial grade
DIN1.5025 steel sheet of thickness 1 mm and having the following
chemical composition (in wt%): Fe-0.529C-1.670Si-0.720Mn-0.120Cr
was chosen for this study. Though high silicon content is preferred due
to its effectiveness in preventing (or at least delaying) carbide pre-
cipitation during isothermal transformation of austenite and hence
promoting the partitioning of carbon to the untransformed austenite,
the Mn content was somewhat lower than desired in these types of
experiments for enhanced austenite stabilization during carbon parti-
tioning. Formation of some fresh bainite or untempered high‑carbon
martensite may also take place during final cooling following Q&B or Q
&P experiments, depending on the stability of the austenite, thus
leading to complex micro-composite microstructures during final
cooling [23–25]. In order to develop tough ultrahigh-strength med-
ium‑carbon bainitic steel containing finely divided retained austenite
with or without the presence of martensite microconstituents, suitable
isothermal heat treatment schedules i.e. Q&B and Q&P type experi-
ments close to the Ms temperature were conducted on the steel speci-
mens in a Gleeble 3800 thermomechanical simulator. For this reason,
the determination of critical temperatures, i.e., the start (Ac1) and end
(Ac3) of austenite formation during reheating and the Ms, was con-
sidered essential in order to be able to design suitable heat treatment
cycles. Consequently, the critical temperatures of Ac1 (765 °C), Ac3
(835 °C) as well as Ms (275 °C) for this steel were determined through
dilatometer measurements in the Gleeble simulator at the heating and
cooling rates of 0.2 °C/s and 50 °C/s, respectively. Preliminary CCT
measurements suggested that cooling from the austenitization tem-
perature at a rate > 30 °C/s would avoid phase transformation prior to
reaching the Ms temperature. Accordingly, the heat treatment cycles
were designed for Q&B and Q&P treatments in the Gleeble both above
and below the Ms temperature using specimens with dimensions
30 × 9 × 1 mm having a uniform hot zone of about 4 mm in the center
of the samples. Additional simulation experiments were repeated,
whenever necessary, to create enough material for metallographic
studies.

The heat treatment cycles are schematically shown in Fig. 1a. These
involved heating to the austenitizing temperature (900 °C) at 50 °C/s,
holding for 5 min, followed by cooling at 50 °C/s to different tem-
peratures between 350 to 200 °C in steps of 50 °C. At a given tem-
perature, the samples were isothermally held for different times in the
range 5–3600 s, followed by final cooling to room temperature at 50 °C/
s. Fig. 1b presents the time-temperature-transformation (TTT) diagram
of the selected steel plotted using the JMatPro® version 8.0 software.
The selected isothermal holding above the Ms temperature (350 and
300 °C, Q&B) are marked with the horizontal dashed blue lines,
showing the possible start and end times of bainite transformation at
the points of intersection with the bainite C-curves. The isothermal
holding below the Ms temperature (250 and 200 °C, Q&P) are also
marked with horizontal dashed blue lines, but it is not possible to dis-
cern the start and end of bainite formation by extending the C-curves to
lower temperatures, because the athermal martensite formed during
cooling should have significant influence on the bainite transformation
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kinetics during subsequent holding [10,26]. Quenching to 250 and
200 °C below Ms gave initial martensite fractions of about 20 and 57%,
respectively. Dilatation measurements were made throughout the
cooling from the austenitizing temperature as well as quenching and
isothermal bainitic holding (above Ms) and partitioning (below Ms)
treatments.

To reveal the microstructural features in laser scanning and electron
microscopy, the heat treated specimens were cold mounted, ground and
polished according to the standard ASTM E3 and finally etched with 2%
Nital. Preliminary microstructural investigation was carried out using a
3D laser scanning microscope (model Keyence VK-X200). Selected
specimens were subjected to more detailed metallographic examination
using a FESEM (Zeiss Ultra Plus), and a TEM (Jeol JEM-2200FS). The
volume fraction and mean carbon content of the retained austenite in
the dilatation specimens were determined using XRD (Rigaku SmartLab
9 kW equipment). The measurements were performed by using a CoKα
radiation source at 135 mA and 40 kV conditions with 2θ ranging be-
tween 45 and 130° and the rotation performed at 7.2°/min. The
Rietveld WPPF (whole powder pattern fitting) analysis was used to
determine the volume fraction of retained austenite. The volume frac-
tion and also the lattice parameter of retained austenite were measured
using a direct comparison approach, comparing the integrated in-
tensities of (111), (200), (220), and (311) of FCC diffracted planes with
(101), (002), (112) and (202) of BCC planes, respectively. Also, the
carbon content was determined by using the relationship [27]:

= + + + +a [Å] 3.572 0.033x 0.0012x 0.0056x 0.00157xC Mn Al Si (1)

where aγ is the lattice parameter of the austenite in angstrom and xC,
xMn, xAl, and xSi are the concentrations in weight percent of carbon,
manganese, aluminium, and silicon, respectively.

Vickers hardness measurements were made on all dilatation speci-
mens using a 30 kg load. An average of at least five measurements was
considered for the analysis.

3. Results and discussion

3.1. Martensite fractions at quench stop temperature (TQ) below Ms

The martensite finish temperature (Mf) is quite an indistinct quan-
tity and is often difficult to determine from the cooling curve. The
volume fractions of martensite (vM) at a given quench temperature TQ
can be estimated using the Koistinen Marburger (K-M) equation [28]:

=v 1 exp ( (T T ))M m KM Q (2)

where, αm is a composition-dependent rate parameter and is about
0.011. The corresponding martensite fractions predicted using Eq. (2)
are 24 and 56% at 250 and 200 °C, respectively, which are very close to
the fractions determined on the dilatation curves, as described above.
However, the equation determining the composition dependence of αm,
as expressed by Van Bohemen and Sietsma in the form of a simple linear
relation predicted relatively high volume fractions, presumably as a
consequence of high silicon content in the present steel, which is not
included in the equation for the computation of αm [28]. TKM is the so-
called theoretical martensite start temperature (somewhat lower than
Ms), as proposed by Van Bohemen and Sietsma [28]. However, Ms was
used in place of TKM, because the equation proposed for TKM also gave
somewhat erroneous predictions [28].

3.2. Metallography of dilatation specimens

3.2.1. Laser scanning microscopy
Examples of representative microstructures of dilatation specimens

isothermally held for different durations above and below the Ms

temperature, as recorded by laser scanning microscopy (LSM), are
presented in Figs. 2 and 3, respectively. While Fig. 2 shows the mi-
crostructures obtained on samples held at 350 °C (above Ms) for dif-
ferent times (5, 30, 200, and 3600 s), Fig. 3 presents the microstructures
recorded for different times at the two partitioning temperatures below
Ms (250 °C: 5 and 600 s, and 200 °C: 5 and 3600 s), following quenching
from the reheating temperature at 900 °C, Fig. 1. All the samples were
cooled to room temperature at ~50 °C/s following the dilatation tests.
Referring to Fig. 2, the presence of few bainitic laths (dark phase) in-
dicates that the formation of bainite has just begun at about 5 s
(Fig. 2a), as the microstructure is essentially martensitic (bright region
marked in the figure). After 30 s holding (Fig. 2b), a significant fraction
of bainitic laths (dark) is revealed in the microstructure distributed
throughout the matrix (bright), which is essentially a combination of
retained austenite and fresh martensite (RA-FM), as marked by arrows.
With time, extensive bainite formation progresses (Fig. 2c, 200 s) and is
nearly complete in about an hour (Fig. 2d, 3600 s). Also, in Fig. 2c and
d, some bright regions corresponding to retained austenite and/or fresh
martensite (RA-FM) can be seen in the microstructures, as marked by
arrows. Similar microstructures were seen for the Q&B samples iso-
thermally held at 300 °C, except that the start and end of bainite
transformation are slightly delayed, obviously due to the lower iso-
thermal holding temperature and will be discussed in detail later in
connection with the dilatation behaviour. Any formation of carbides

Fig. 1. (a) A schematic of the heat treatment cycles showing isothermal holding below and above Ms (275 °C) and (b) the TTT diagram of the steel plotted using the
JMatPro® software.
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was not discernable from the LSM micrographs. Following isothermal
holding, the formation of bainite or fresh martensite (FM) during the
final cooling does take place in some samples, but such occurrences are
difficult to identify due to the complexity of microstructures. However,
these can be discerned in dilatation curves that record in situ the oc-
currence of various microstructural mechanisms, cf. [29–31].

As regards holding in the Q&P regime below Ms, the structure is
essentially martensitic for the sample held for 5 s at 250 °C showing
~20% tempered martensite (TM) (dark features in Fig. 3a) and ~80%
untempered high‑carbon martensite formed during final cooling to
room temperature with the possibility of a small fraction of retained
austenite (RA-FM). However, the formation of a small fraction of bai-
nite was noticed in the sample held for 600 s with fine lath morphology
(Fig. 3b) and further holding leads to the formation of more bainite. As
mentioned earlier, the formation of bainite below Ms is well docu-
mented in literature and, in some cases, in connection with the for-
mation of ultrafine, or nanostructured, bainite with fine interlath aus-
tenite [32–34]. With isothermal holding at the lower temperature of
200 °C, the structure is essentially a mixture of both tempered (~56%)
and fresh martensite after 5 s (Fig. 3c) marked as TM and FM, respec-
tively, and may also include a tiny fraction of fine bainite following
holding for 3600 s (Fig. 3d), as the kinetics of bainite formation at this
temperature is quite slow despite the presence of about 56% martensite.
The possible formation of isothermal martensite during partitioning at

250 and 200 °C cannot be discerned with these complex micro-
structures, nor is it possible to identify and characterize the retained
austenite in the microstructure, which may largely be in the form of
interlath films between the martensitic and bainitic laths. Despite the
presence of a high Si content in the steel and the low Q&P temperatures
and/or times, there appears to be a strong driving force for carbides to
precipitate due to the relatively high carbon concentration in the steel
(0.529 wt% C).

3.2.2. FESEM microstructural observations
FESEM studies enabled the observation of the microstructures of

selected dilatation samples at higher magnifications. Some examples
are shown in Fig. 4a–b, depicting the secondary electron images of the
samples isothermally held for 3600 s at 350 °C (above Ms; Fig. 4a) and
250 °C (below Ms; Fig. 4b). While bainitic laths are quite obvious in
both the microstructures, it is, however, difficult to characterize the
retained austenite films or pools. Some areas display ferritic laths
containing interlath carbides aligned in one direction, i.e. a morphology
usually associated with lower bainite (as marked B in figures) and, in
samples quenched to below Ms, martensitic laths can be identified
(Fig. 4a–b). Also, it is possible to see a combination of retained auste-
nite and martensite (RA-M) in the sample isothermally held for 3600 s
at 350 °C, as marked in Fig. 4a. Often it was difficult to distinguish
between various microstructural constituents just based on the lath

Fig. 2. Typical microstructures recorded on Q&B specimens quenched above Ms at 350 °C and isothermally held for (a) 5 s, (b) 30 s, (c) 200 s, and (d) 3600 s. B, FM,
and RA are the abbreviations of bainite, fresh martensite, and retained austenite, respectively.
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Fig. 3. Typical microstructures recorded on Q&P specimens quenched below Ms and isothermally held for different durations: (a) 250 °C/5 s, (b) 250 °C/600 s, (c)
200 °C/5 s, and (d) 200 °C/3600 s. TM, B, FM, and RA are the abbreviations of tempered martensite, bainite, fresh martensite, and retained austenite, respectively.

Fig. 4. Typical FESEM images of specimens isothermally held for 3600 s at (a) 350 °C, and (b) 250 °C.
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structure. Further clarification was therefore sought using dilatation
curves and hardness measurements. Hence, TEM studies were preferred
to clarify some of the features that could not be clearly characterized in
the FESEM examination.

3.2.3. Transmission electron microscopy (TEM) examination
Examples of microstructures from samples treated above the Ms

temperature are shown in Fig. 5a–f. Thin film TEM examinations in-
cluding dark field imaging and diffraction pattern analysis show that
the Q&B specimens isothermally held at 350 °C for different durations
contained fine bainitic laths with high dislocation densities. The sample
held at 200 s clearly revealed the presence of finely divided interlath
films of retained austenite (Fig. 5a), though some pools are also present.
Extensive examination of various thin films failed to reveal any carbides
suggesting that the presence of high silicon in the steel prevented the
formation of carbides despite the significant carbon content in the steel
(0.529 wt% C) and the relatively high isothermal transformation tem-
perature (350 °C). Further holding at 350 °C for longer durations,
however, facilitated the formation of carbides suggesting that high si-
licon in the steel can delay the carbide formation, but cannot prevent it
during longer holding. Carbides in the sample held for 3600 s can be
identified using dark field (DF) imaging, Fig. 5d, using a carbide dif-
fraction spot in the selected area electron diffraction (SAED) pattern
shown as an inset in the corresponding bright field (BF) image, Fig. 5c.
Despite copious carbide precipitation, a significant fraction of austenite
could be stabilized down to room temperature, as will be discussed in
the following sections. Fig. 5e shows the BF image of the bainitic laths
observed in the Q&B sample held isothermally at 300 °C for 3600 s. DF
imaging clearly revealed copious precipitation of carbides (Fig. 5f), like
those seen in the sample isothermally held at 350 °C (Fig. 5d). In a
similar manner, finely divided interlath austenite was revealed in most
samples held at 300 °C, similarly as seen for Q&B samples held at
350 °C. On the other hand, carbides were noticed in some samples held
for long durations both at 300 and 350 °C, as clearly revealed by dark
field imaging. Twinned martensite, presumably formed from carbon-
enriched austenite during the final cooling, can also be seen in some
locations of Q&B samples. An example depicting the twinning in mar-
tensite can be seen in the microstructure of the Q&B sample held at
300 °C for 3600 s (Fig. 5g).

Fig. 6 shows the TEM micrographs from Q&P samples isothermally
held below Ms at 250 (a, b) and 200 °C (c–f) for 3600 s. Thin film
examination clearly showed highly dislocated martensite and fine bai-
nitic laths (Fig. 6a, c). SAED pattern analysis (inset in BF images;
Fig. 6a, c) and DF imaging of the relevant spots in SAED patterns clearly
revealed the presence of finely divided austenite in both the samples
(Fig. 6b, d, respectively), in particular the austenite retained at 200 °C is
extremely fine, a few tens of nanometers in width (Fig. 6d). A simple
analysis revealed that the diffusion of carbon atoms in austenite at this
temperature will be less than about 10 nm in 3600 s, thus most of the
core of the untransformed austenite between the laths is practically not
enriched enough to be stabilized down to room temperature. TEM ex-
amination has clearly revealed the presence of finely divided interlath
austenite films. Despite the low temperature at 200 °C, there seems to
be a strong driving force for the carbides to form. Fig. 6e shows a BF
image of the highly dislocated martensite laths in the Q&P sample held
at 200 °C for 3600 s. As can be seen in the DF imaging (Fig. 6f) of the
concerned diffraction spot in the SAED pattern (inset in Fig. 6e), there is
a fine precipitation of interlath carbides (mostly a few nanometers in
size). The type of the carbides seen at 200 °C has not been analyzed in
this study. Like in the case of Q&B samples, twinning in martensite was
noticed in several samples, presumably as a result of twinned

martensite formation from carbon-enriched austenite during the final
cooling. An example showing the occurrence of twinning in martensite
in a Q&P sample held at 200 °C for 3600 s is displayed in Fig. 6g.

3.3. Retained austenite and carbon content

An example of the XRD spectra recorded at different hold times for
the Q&B treatment carried out at 350 °C is presented in Fig. 7 showing
the characteristic peaks for face centered cubic (FCC-austenite) and
body centered cubic (BCC-ferrite, bainite, and martensite) phases. Since
the temperatures of heat treatments are relatively low (200–350 °C) and
the duration of heat treatment is also short (3600 s max), it is unlikely
that there would have been any significant movement and partitioning
of substitutional elements (such as Si, Mn, etc.). Hence, only movement
and partitioning of C has been considered in these calculations. So the
RA content was estimated using the XRD measurements and the esti-
mation of carbon content in austenite was based on the lattice para-
meter calculations. Table 1 shows the final fractions of austenite re-
tained at room temperature and their average carbon contents as
determined using XRD. The XRD data are graphically presented as a
function of holding time in Fig. 8. Referring to Fig. 8a for the samples
quenched at 50 °C/s to 350 and 300 °C, above the Ms temperature, the
retained austenite fractions initially increased with the holding time
peaking at about 18 and 12% after 200 and 300 s, respectively. This
was followed by a sharp decrease at longer holding times dropping to
about 7 and 6% after 3600 s. The corresponding carbon enrichment,
however, showed markedly different behaviour with time. In the case of
the 350 °C dilatation samples, the carbon content of retained austenite
increased sharply up to about 200 s, but then reached a plateau at about
600 s with the carbon content peaking at about 1.36–1.39% (Table 1).
On the other hand, the dilatation samples quenched to 300 °C showed a
continuous increase in carbon enrichment up to about 1.45% at 3600 s
with a short plateau between 50 and 200 s (0.85–0.87%C). Irrespective
of the holding temperature, there seems to be a limit in respect of
carbon enrichment (about 1.40%) beyond which there appears to be a
strong driving force for carbides to form, as also noticed in TEM sam-
ples (Fig. 5d and f). Hence, the retained austenite fraction seems to
decrease beyond about 200 s at 350 °C, presumably due to continued
bainite formation during holding and subsequent cooling. At lower
holding times (< 200 s), the carbon enrichment is relatively low and
there is a likelihood of new bainite or fresh untempered high carbon
martensite forming during final cooling, thus giving lower retained
austenite fractions.

The dilatation samples quenched at 300 °C show a similar level of
austenite between 200 and 500 s (12.0–11.6%) presumably due to more
bainite formation beyond 300 s and some high‑carbon untempered
martensite formation at low holding times (< 300 s), as the carbon
enrichment of austenite reaches only about 1.2% at 500 s. However,
beyond this stage, as the carbon enrichment increases, there appears to
be a strong driving force for carbides to form leading to the steep drop
in austenite content as was seen in the case of the 350 °C dilatation
samples and further austenite decomposition. It is also possible that
some high‑carbon martensite forms during final cooling at temperatures
close to room temperature.

In contrast to the Q&B samples, the Q&P samples held at 250 and
200 °C showed somewhat different behaviour in respect of the volume
fractions and carbon contents of retained austenite, Fig. 8b. On a
logarithmic scale, quenching at 250 °C showed a slow increase in aus-
tenite content until at least 50 s (4.3–5.7%), beyond which there is a
sharp increase in austenite content at least beyond about 200 s reaching
about 17.8% at 600 s. Beyond this holding time, the austenite content

Fig. 5. TEM images of Q&B specimens isothermally held at (a, b) 350 °C/200 s, (c, d) 350 °C/3600 s, and (e, f, g) 300 °C/3600 s. The SAED patterns are shown inset in
the BF images and the corresponding DF images from the diffraction spots are displayed in the DF images on the right. (a and b) Interlath retained austenite, (c, d, e,
and f) carbides, (g) an example of twinning formed in the martensite of some samples during cooling.
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dropped sharply, i.e. to 10.2 and 7.8% at about 1800 and 3600 s, re-
spectively. Correspondingly, the increase in the carbon content of the
retained austenite also showed three stages: 0.66–0.75% from 5 to 50 s,
0.75–0.90% from 50 to 600 s and 0.90–1.20% from 600 to 3600 s,
giving a gradual increase in carbon partitioning on a logarithmic scale.
While the first stage appears to be mainly due to carbon partitioning
and isothermal martensite formation (due to stress relaxation in aus-
tenite) [31], the second stage appears to be due to extensive bainite
formation below Ms, leading to the rejection of carbon to the adjacent
untransformed austenite. The drop in retained austenite content beyond
about 600 s seems to be due to the formation of carbides, even though
the average carbon content of the austenite seems to be relatively low
(0.90%). Partitioning to the core of the austenite will be limited and the
regions near the martensite/austenite or bainite/austenite interfaces
are enriched with more carbon than the average values estimated using
the XRD, thus leading to the precipitation of carbides and hence, more
bainite formation occurring during continuous holding to longer
durations.

Likewise, the retained austenite fraction in samples quenched at
200 °C (57% martensite) initially increased slowly up to about 300 s
(5.4–8%), beyond which the fraction of austenite increases rapidly on a
logarithmic scale with the highest fraction seen at 3600 s (17.2%).
There is no data beyond this point and hence, the third stage does is not
reached in the time available. Similarly, the carbon enrichment in the
retained austenite shows a slow increase up to 300 s (0.72–0.93%),
presumably due to slow carbon partitioning, as the temperature is quite

low (200 °C). Beyond this, there is a slight pick-up in the carbon par-
titioning rate marking the second stage, but the temperature is too low
for bainite transformation to take place despite the possibility of ac-
celerated bainite formation in the presence of martensite. Also, the
carbon content of the austenite is about 1.17% after 3600 s, which

Fig. 6. TEM images of Q&P specimens isothermally held below Ms at (a, b) 250 °C/3600 s, and (c–g) 200 °C/3600 s. The SAED patterns are shown inset in BF images
and the corresponding DF images from the diffraction spots are displayed in the corresponding images to the right. (b, f) interlath carbides, (d) interlath austenite,
and (g) an example of twinning in martensite seen in some samples (marked by an arrow).

Fig. 7. An example of the XRD spectra recorded at different hold times for the Q
&B treatment carried out at 350 °C.

Table 1
Average retained austenite fractions and corresponding carbon contents of Q&B (TQ = 350, 300 °C) and Q&P (TQ = 250, 200 °C) specimens isothermally held for
different durations.

TQ (°C) RA/CC % Isothermal holding time (s)

5 10 30 50 200 300 500 600 1000 1800 3600

350 RA 4.7 10.9 18.0 12.7 6.9
CC 0.60 0.85 1.27 1.36 1.39

300 RA 4.4 4.2 7.9 12.0 11.6 8.5 6.0
CC 0.54 0.60 0.85 0.88 1.21 1.36 1.45

250 RA 4.3 5.7 8.1 11.9 17.8 10.2 7.8
CC 0.66 0.75 0.85 0.88 0.91 1.10 1.21

200 RA 5.4 7.1 7.6 8 12 17.2
CC 0.75 0.78 0.88 0.94 1.02 1.20

Fig. 8. Volume fractions of retained austenite and corresponding carbon con-
tents plotted against the isothermal holding time (on a logarithmic scale) for Q
&B and Q&P samples held above (a) and below (b) the Ms temperature, re-
spectively.
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suggests that the movement of carbon atoms in austenite is slow. As
mentioned earlier, even in the presence of high dislocation densities,
carbon partitioning in austenite may not exceed 10 nm in the stipulated
3600 s, suggesting a non-uniform distribution of carbon in austenite
[29,35]. The formation of carbides even at 200 °C, as seen in TEM study
(Fig. 6f), suggests that the carbides may be forming in carbon-rich re-
gions near the ferrite-austenite interfaces, as discussed earlier.

There is a likelihood of formation of high‑carbon martensite during
final cooling as discussed in connection with the dilatation behaviour
described below.

3.4. Hardness of dilatation samples

The as-quenched hardness of the steel has been determined as
800 HV30, which is very close to the theoretical hardness of the steel
estimated as 790 HV [36]. Fig. 9 shows hardness as a function of
holding time both above and below the Ms temperature. Referring to
Fig. 9a, it is clear that the hardness at 350 °C and 300 °C following a
short hold of 5 s remains at about 725 HV30 irrespective of the
quenching temperature, as there is little or no bainite formation and the
final cooling results in similar hardness due to the formation of more
martensite. However, the hardness drops sharply beyond 30 s holding
(700 HV30) for Q&B samples quenched and held at 350 °C, and drops to
about 488 HV30 in 200 s, presumably due to extensive bainite forma-
tion and high retained austenite stabilized in the sample at room tem-
perature (Fig. 8a). Beyond 200 s holding, there is a slight increase in

hardness presumably due to more bainite formation and less retained
austenite stabilized in the samples, and a small increase in hardness due
to carbide formation. The hardness of the sample quenched to 300 °C
and held for 200 s remains quite high at 650 HV30, but drops sharply to
550 HV30 at about 500 s presumably due to extensive bainite formation
and less amount of retained austenite (12%) in the sample. However,
there is a small increase in hardness (575 HV30) recorded at 3600 s,
presumably due to carbide formation, facilitating more bainite forma-
tion with a consequent decrease in retained austenite (6%).

Referring to Fig. 9b, the behaviour of the Q&P sample quenched to
and held at 250 °C is very similar to that of the Q&B sample quenched to
and held at 300 °C, except that there is a practically constant hardness
in the range 725–740 HV30 up to about 200 s, beyond which there is a
steep drop in the hardness, showing a minimum at 600 s (525 HV30).
This corresponds to extensive bainite formation below Ms at this point
and thus the highest retained austenite fraction (17.8%) stabilized
down to room temperature at this condition (Fig. 8b and Table 1).
There is a small increase in hardness beyond this point due to carbide
formation facilitating further decomposition of unstable austenite to
lower bainite, thus leading to less retained austenite in the steel (7.8%
at 3600 s; Table 1). As regards the hardness of the Q&P sample quen-
ched to and held at 200 °C (Fig. 9b), initially the hardness changed
marginally from about 725 HV30 at 5 s to 738 HV30 at 200 s, followed
by somewhat faster decrease to 650 HV30 in 3600 s. This decreasing
trend in hardness with increasing isothermal holding time can partly be
attributed to a reduced dislocation density due to recovery, though an
enhanced retained austenite fraction, besides martensite tempering,
also results in decreased hardness, similarly as reported in previous
research reports [37,38].

3.5. Dilatation measurements

3.5.1. Dilatation behaviour at temperatures above Ms

Fig. 10a–d displays the dilatation measurements made on Q&B
samples quenched and isothermally held above Ms temperature at 350
(a–b) and 300 °C (c–d). Fig. 10a and c shows change in width during
cooling from the reheating temperature at 900 °C, which essentially
show expansion during isothermal holding at 350 and 300 °C, respec-
tively. It is obvious that there is a small scatter in the initial slope during
cooling (Fig. 10a) that may be due to experimental variation in data
acquisition during the dilatometer tests. Referring to Fig. 10a–b, bainite
transformation at 350 °C holding seems to start at ~6 s (Fig. 10b)
marked by a S-type curve on a logarithmic time scale that can be de-
scribed by Avrami-type function and is practically complete in about
3600 s, whereby a small fraction of austenite (about 7%; see Table 1) is
stabilized down to room temperature. Since the bainite formation is not
significant at least up to about 30 s, there is a significant formation of
martensite during final cooling marked by sharp inflexions in the curves
(Fig. 10a) at about 275 and 250 °C following holding at 350 °C for 5 and
30 s, respectively. This is reflected in high hardness in these dilatation
samples, Fig. 9a. However, subsequent holding at higher times ≥200 s
did not show any noticeable martensite formation during final cooling
and is marked by copious carbide precipitation beyond 200 s holding
(Fig. 8a), as also seen during metallography (see Fig. 5d, for instance),
which resulted in further decomposition of austenite.

Referring to Fig. 10c–d for Q&B sample isothermally held at 300 °C,
the dilatation behaviour seems to be quite similar to that at 350 °C and
shows the start of bainite transformation at about 10 s (Fig. 10d).
Hence, further cooling below 300 °C after 5 s holding shows sharp in-
flexion in the curve marking the start of martensite formation at about
275 °C with high hardness (Fig. 9a). The extent of bainite formation is
about 55–60% complete at 200 s holding and approaches near com-
pletion in about 3600 s (Fig. 10d), though the kinetics seems somewhat
slower than that at 350 °C (Fig. 10b). The corresponding cooling curve
following 200 s holding shows a sharp inflexion at about 75 °C marking
the formation of a small fraction of high carbon untempered martensite

Fig. 9. HV30 hardness vs. holding time (logarithmic scale) for Q&B and Q&P
samples held above (a) and below (b) the Ms temperature.
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(Fig. 10c). Formation of martensite, if any, following ≥500 s holding is
not easily discernible from the figure. As discussed earlier, there is a
continuous decrease in hardness for Q&B sample held at 300 °C with a
minimum at about 500 s (Fig. 9a), beyond which carbide precipitation
leads to a sharp decline in retained austenite (< 12%) due to decom-
position of austenite to bainite (Fig. 8a).

From the dilatation behaviour of Q&B samples held at 350 and
300 °C, it is evident that the per cent change in width of the sample at
300 °C (0.38%; Fig. 10d) is much higher than that at 350 °C (about
0.3%; Fig. 10b) following 3600 s holding, despite the fact that the re-
tained austenite content is practically same at about 6.9 and 6% at 350
and 300 °C, respectively. Formation of carbides or extent of carbon
partitioning cannot explain this behaviour. It is, however, possible that
higher acicularity of bainite at 300 °C is possibly leading to higher as-
pect ratios in the lath bainite and also, the extent of tempering being
higher at 350 °C may lead to lower per cent change in width at 350 °C,
though other possibilities such as texture in the bainitic ferrite can also
affect the result, which needs further studies and is beyond the scope of
this work.

3.5.2. Dilatation behaviour at temperatures below Ms

Fig. 11a–d displays the dilatation measurements made on Q&P

samples below the Ms temperature at 250 (a–b) and 200 °C (Fig. 11c–d).
Fig. 11a and c shows the change in width during cooling following
reheating at 900 °C, corresponding to expansion during isothermal
holding at 250 and 200 °C, respectively. The scatter in the initial slopes
of the cooling curves (Fig. 11a and c) prior to martensite transformation
is due to experimental variation in data acquisition during the dilat-
ometer tests on thin sheet samples, as also observed in Q&B samples
mentioned above. Referring to the plots shown in Fig. 11a–b, the di-
latation curves showed that there was a gradual expansion right from
the start of the holding in sharp contrast to that observed in Q&B
samples, which displayed the beginning of expansion only at about 6
and 10 s marking the start of bainite transformation at 350 and 300 °C,
respectively. The expansion in the case of Q&P sample held at 250 °C
seems to be several times greater than the dilatation predicted for
carbon partitioning alone, implying that transformation of austenite to
bainite continues during the hold. According to a report by Gong et al.
[39], the presence of prior martensite in the microstructure is known to
accelerate the subsequent bainite transformation. Hence, the presence
of initial martensite soon after quenching to 250 and 200 °C should also
accelerate bainite transformation as soon as holding starts and may
cause expansion in dilatation curves several times greater than pre-
dicted simply for carbon partitioning. On a logarithmic scale, the

Fig. 10. Variation of specimen width with temperature (a, c) and isothermal holding time (b, d) for different Q&B treatments at (a, b) 350 °C and (c, d) 300 °C. Note
the logarithmic scales for holding time.
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sample width increases slowly (region I) and then more rapidly at about
60 s, as marked by arrows (region II). In the literature, a third region
(region III) in which the steel contracted has been reported, [30,40].
Examples of expansion during the final cooling are illustrated in
Fig. 11a, more obviously at shorter holding times (5–200 s) showing
extensive martensite formation during final cooling (Fig. 11a). At 600 s
holding, already a significant fraction of bainite has formed (region II)
besides carbon partitioning and possibly, isothermal martensite for-
mation in region I [30,40], thus facilitating a small fraction of high
carbon untempered martensite at about 140 °C. However, the marten-
site formation during final cooling to room temperature is insignificant
following holding for 3600 s, due to extensive bainite formation re-
sulting in about 0.24% total change in width. This can be related to
extensive carbide precipitation that may take place beyond about 600 s
holding leading to extensive decomposition of austenite to bainite and
corresponding lower fraction of retained austenite (7.8%) in the steel
(Fig. 8b and Table 1). As a consequence of this bainite formation and
less martensite in the steel, the hardness seems to have dropped sig-
nificantly (Fig. 9b). Referring to the plots in Fig. 11c–d, the dilatation
behaviour is very similar to that at 250 °C, except for significantly lower
expansion in region I (about 0.025%), followed by region II marking the

start of the slow formation of bainite at about 200 s. The corresponding
cooling curves show marked expansion due to the formation of un-
tempered high‑carbon martensite during final cooling. The Ms of this
martensite gradually drops from 170 to 80 °C as the isothermal parti-
tioning time increases from 5 s to 3600 s. Accordingly, the hardness
data dropped only marginally from about 725 to 650 HV30 over the
long holding of 3600 s. As mentioned above, the metallography of Q&P
samples isothermally held for 3600 s at 200 °C showed the formation of
carbides despite the low temperature (Fig. 6f). It is noteworthy that the
high martensite content in the steel (about 57%) may accelerate the
formation of bainite. Another important reason for a small decrease in
hardness at this partitioning temperature can be a reduction in dis-
location density with increase in isothermal holding time up to 3600 s.

3.5.3. Microstructural processes occurring during dilatation
Carbon partitioning begins immediately below Ms during cooling to

the quench stop temperature (TQ) and continues during further holding.
This explains a small part of the dilatation vs. time seen in Fig. 11b and
d (region I) for Q&P samples held at 250 and 200 °C, respectively. The
gradual expansion during partitioning could be due to one or more
processes, such as volume expansion associated with just partitioning of

Fig. 11. Variation of specimen width with temperature (a, c) and isothermal holding time (b, d) for different Q&P treatments at (a, b) 250 °C and (c, d) 200 °C. Note
the logarithmic scales for holding time.
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carbon from supersaturated martensite to austenite and/or isothermal
decomposition of austenite leading to isothermal martensite formation
[29,31]. In contrast, tempering of martensite leads to a contraction
[30]. In order to distinguish the various processes from each other, the
volume changes associated with carbon partitioning need to be esti-
mated and precluded from those connected with austenite decomposi-
tion. Following the approach of Santofimia et al. [18], an estimation of
volume change associated with carbon partitioning was made for the
two Q&P conditions. However, the calculations were not in line with
our expectations based on the dilatation measurements. The equations
given in [18] do not seem to give reliable values for steels with such
high carbon contents (0.529 wt%), especially when quenched to give
only about 20% martensite (Q&P at 250 °C). Another important reason
can be the acceleration of bainite transformation due to the presence of
initial martensite, despite the isothermal holding temperature being
low, as mentioned earlier [39]. Accordingly, a small fraction of bainitic
laths can be seen after just 5 s isothermal holding at 250 °C, see Fig. 3a.
However, the predicted volume expansion was reasonable for the
sample quenched to and partitioned at 200 °C (0.027%), considering
that a small fraction of carbon is combined in carbides.

Alongside carbon partitioning, one of the microstructural changes
that may take place is the formation and migration of ledges that allow
martensite laths to grow into the austenite, i.e. the growth of isothermal
martensite producing the irregular laths with the ledge-like protrusions
[31], and, together with carbon partitioning, may contribute to the
expansion observed in region I of Fig. 11b and d [16]. Following a si-
milar approach, it can be shown that the expansion exclusively due to
carbon partitioning along with isothermal martensite formation (if any)
in about 3600 s will be about 0.031–0.033%, which is slightly larger
than carbon partitioning alone (0.027%) and hence, some isothermal
martensite may have formed during holding at 200 °C. Limited TEM
examination, however, did not reveal any such ledge-like protrusions
on the ferritic laths. Therefore, the possibility of isothermal martensite
needs further investigation.

At the higher temperature of 250 °C, the volume expansion due to
carbon partitioning is expected to be quite low due to limited carbon
partitioning from just 20% martensite into about 80% untransformed
austenite, not to mention the carbon lost in carbide formation. Instead,
there is a possibility for isothermal martensite formation as indicated by
the volume expansion of about 0.06% at 100 s in region I, beyond
which some accelerated bainite formation due to the presence of mar-
tensite marks the beginning of region II despite the low isothermal
holding temperature.

Some austenite transforms to lower bainite (region II; Fig. 11b and
d) as indicated by the ferrite laths containing carbides aligned in the
same direction (see Fig. 6b and f, for instance). As expected, the time for
this to initiate increases as the TQ is decreased indicating that the
chosen partitioning times are largely below the lower bainite nose of
the TTT diagrams relevant to the untransformed austenite. In addition,
bainite will form earlier and faster in austenite with lower carbon
content, i.e. cases with higher TQ and higher initial austenite fractions
(250 °C). However, the bainite reaction may start even before the
carbon partitioning and equilibration in austenite is complete and
hence, both processes may take place simultaneously, as can be seen in
the case of the lower TQ at 200 °C. The bainite nucleation time and its
growth rate cannot be ascertained accurately from conventional phase
transformation models based on the nominal alloy content, as both
interdendritic segregation and carbon partitioning can influence the
predictions. Somani et al. [31] postulated that the austenite pools into
which lower bainite grows will tend to be alloy-rich regions of the
original dendritic structure owing to their lower driving forces for
martensite formation. Also, in the case of TQ < Ms, martensite for-
mation can be responsible for acceleration of the bainite transformation
kinetics. It is beyond the scope of this work to establish the nature of
carbide, but these may probably be transition carbides. While alloying
with silicon hinders cementite formation, it may not completely prevent

the formation of transition carbides. The formation of carbide-free
bainite may be a possibility, particularly at low TQ, but this is normally
difficult to distinguish from the martensite.

Tempering of martensite (and also bainite) during holding and/or
reheating of the samples is marked by contraction [30,40]. Though
there is clear manifestation of carbide formation at all isothermal
holding temperatures above or below Ms, particularly at long holding
times, there is no evidence of contraction due to tempering in the di-
latation curves, presumably because it is offset by the volume expansion
due to continued bainite formation. Somani et al. [31,41] reported a
third region (region III) in dilatation curves of a Q&P processed 0.2C
high-Si steel, in which the steel contracted due to the tempering of
martensite. It is also possible that carbon in martensite is clustering at
low temperature (200 °C) or lower holding times, but whether or not
this is the case requires further clarification.

Examples of expansion due to austenite decomposition during final
cooling are illustrated in Figs. 10 and 11, as discussed before. These
show that on cooling from the bainitic (Fig. 10a, c) and martensitic
(Fig. 11a, c) regions, there are expansions indicative of austenite to
martensite transformation. In a study on the evaluation of Q&P beha-
viour of a 0.2C high silicon steel, Somani et al. [31] reported fcc → bcc
transformation at two points: 1) as soon as cooling starts and 2) in the
vicinity of 200 °C, marking the formation of new bainite and high
carbon martensite, respectively, during the final cooling of Q&P sam-
ples. From the shape of the curves in the current study, the first stage is
difficult to discern, but at lower temperatures, there are inflexions in
the curves indicating the decomposition of some carbon enriched aus-
tenite to untempered high‑carbon martensite, the extent and tempera-
ture of transformation being dependent on the time and temperature of
isothermal holding at temperatures above and below the Ms. Table 2
shows a summary of the start temperatures of high‑carbon martensite
formation determined from the dilatation curves and the corresponding
carbon contents of the carbon enriched austenite computed using em-
pirical equation that is presented in previous reports [38]. It is clear
from the table that the start temperatures of high‑carbon martensite, in
general, are either lower or similar to those computed using the com-
position given by the XRD data (Table 1). It is obvious that the carbon
contents of the enriched austenite vary from one location to another
and hence, the high‑carbon martensite transformation begins first at
locations with lower carbon contents than average and tends to con-
tinue toward regions with higher carbon contents as the cooling pro-
gresses. Similar results have been reported earlier during the tensile
straining of the Q&P samples, where the retained austenite content

Table 2
Carbon contents of austenite following Q&B/Q&P processing and corresponding
high‑carbon martensite transformation temperatures.

Isothermal holding
temperature (°C)

Isothermal
holding time (s)

Ms of high‑carbon,
fresh martensite (°C)

Average C
content of RA
(wt%)

200 5 178 0.798
200 155 0.852
3600 80 1.029

250 5 235 0.663
50 220 0.698
200 180 0.793
600 140 0.888
3600 125 0.912

300 5 275 0.569
200 140 0.888
500 120 0.935
3600

350 5 280 0.557
30 250 0.628
200 105 0.911
600 125 0.888
3600
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decreased with the increase in tensile strain, but the average carbon
content increased suggesting higher stability for the austenite with
higher carbon contents [6,40–42]. The lower average carbon contents
in the Q&P samples held at 200 °C may be because of incomplete
partitioning in austenite even in 3600 s (< 10 nm), as described earlier.

4. Summary and conclusions

In this study, the main observations on microstructural mechanisms
operating during the decomposition of austenite in a high-Si, med-
ium‑carbon steel (DIN 1.5025 grade; Fe-0.53C-1.67Si-0.72Mn-0.12Cr)
subjected to quenching and isothermal holding above and below Ms

have been investigated using a Gleeble 3800 thermomechanical simu-
lator. Dilatometer measurements and metallography using various mi-
crostructural characterization techniques, such as LSM, TEM, FESEM,
supported by XRD and hardness measurements, have given an insight
into the possible mechanisms that may be operating during both Q&B
(above Ms) and Q&P (below Ms) processing.

The main results obtained in this research can be summarized as
follows.

• It was possible to distinguish between bainite and martensite using
Laser scanning microscopy at short hold times, but it became in-
creasingly difficult for longer holding due to the complexity of the
microstructures and the occurrence of other processes such as the
tempering of martensite/bainite and carbide formation. Carbides
could be revealed by using FESEM, but it was not easy to distinguish
between martensite and bainite.
• TEM imaging clearly revealed lath bainite, interlath retained aus-
tenite, carbides and the occurrence of twinning in martensite formed
during the final cooling in Q&B samples quenched and isothermally
held above the Ms temperature. Besides lath martensite and bainite,
carbon-enriched fine interlath austenite and carbides could be re-
vealed in Q&P samples, confirming the partitioning of carbon atoms
and carbide precipitation at temperatures as low as 200 °C, even
though the mobility of the atoms should be quite slow at low tem-
peratures.
• Isothermal holding at temperatures above the Ms temperature fa-
cilitated bainite formation even at short holding times (for instance,
in ~6 s at 350 °C). However, a small fraction of austenite (about
4.5%) could be retained at room temperature even after 5 s holding
presumably due to auto-partitioning during cooling. Though the
steel contained a low Mn content (0.72 wt%), the presence of a high
Si content (1.67 wt%) prevented carbide formation until at least
200 s and 500 s at 350 °C and 300 °C, respectively, leading to peak
retained austenite contents (18 and 12%, respectively). During
further holding, the retained austenite fraction decreased sig-
nificantly and the carbon enrichment of the austenite slowed down
indicating the occurrence of carbide precipitation in the bainitic
laths.
• In contrast to Q&B conditions, the partitioning process comprising
the transfer of carbon atoms from supersaturated martensite to
austenite in the case of Q&P samples (isothermally held at 250 and
200 °C) also showed stabilization of about 4–5% austenite at room
temperature in just 5 s holding. The volume fraction austenite in-
creased to as high as 18% in 600 s and 17% in 3600 s (max. Holding
time) at the two temperatures. This was accompanied by a con-
tinuous increase in carbon contents, suggesting effective parti-
tioning at these low temperatures.
• Besides interlath films, some pools of retained austenite were ob-
served in the Q&B samples during bainitic holding, particularly at
350 °C. However, most of the austenite retained in Q&P samples
were in the form of interlath films, suggesting that the morphology
of austenite changed from pools to lath-like films, as the holding
temperature decreased.
• There is a marked difference in the dilatation behaviours of the Q&B

and Q&P samples held isothermally above and below the Ms tem-
perature. The occurrence of the bainitic transformation seen as a
typical S-shaped curve constitutes practically all the expansion seen
during bainitic holding in accordance with the predictions of the
TTT diagram. In contrast, the partitioning of carbon atoms from
supersaturated martensite to austenite along with isothermal mar-
tensite formation accounts for the extent of the initial dilatation
observed in the Q&P samples (region I in Fig. 11). Although TEM
studies were unable to clearly reveal isothermal martensite, its oc-
currence cannot be ruled out bearing in mind the extent of the ex-
pansion in region I. While isothermal martensite can form almost
immediately after quenching with the rate of expansion dropping all
the time, the later formation of bainite (region II) seems to follow
the TTT diagram predictions and is marked by an increased rate of
expansion.
• In the case of Q&P samples, during final cooling, some bainite for-
mation is possible close to the partitioning temperatures. During
further cooling, untempered and in some cases, twinned,
high‑carbon martensite forms, marked by inflexions in the dilatation
curves. Also, in the case of Q&B samples, the dilatation curves
corresponding to low hold times showed the formation of un-
tempered, and in some cases, twinned, high‑carbon martensite,
marked by inflexions in the dilatation curves. However, longer
holding did not result in any noticeable untempered, high‑carbon
martensite during final cooling, essentially due to the copious pre-
cipitation of carbides (typically, ≥ 200 s and ≥ 500 s at 350 and
300 °C, respectively). The corresponding average carbon contents
are comparable to or slightly lower than those found with the re-
tained austenite of the Q&P samples, as the high‑carbon martensite
transformation begins first on locations with lower carbon contents.
• Hardness measurements made on the Q&B and Q&P samples further
corroborated the conclusions drawn from the dilatation curves and
cooling behaviour. For Q&B samples, formation of bainite and sta-
bilization of austenite result in a drop in hardness from the max-
imum corresponding to high martensite fractions at low hold times,
but carbide precipitation results in a slight increase in hardness from
a minimum recorded corresponding to highest retained austenite
fractions stabilized. In contrast, the Q&P sample held at 250 °C
showed similar behaviour to that seen for Q&B samples, but the low
quenching and partitioning temperature of 200 °C resulted in a slow
decrease in hardness with somewhat scattered data, even though
carbides also formed at this temperature, too.
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