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Both laser scanning confocal and transmission electron microscopy were employed for
detailed microstructural characterization, supported by dilatometry, X-ray diffraction, and
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hardness measurements. In the case of isothermal treatment above Ms at 300 ◦ C, besides

Steels

bainite transformation marked by typical S-shaped dilatation curve, high-carbon martensite

Martensitic transformation

is formed during the ﬁnal cooling to room temperature. In the case of isothermal treatment

Twinning

below Ms at 250 ◦ C, the initial martensite formation and subsequent carbon partitioning

-phase

to austenite is followed by the formation of bainite containing carbides and some high-

Phase transformation

carbon martensite that forms during the ﬁnal cooling to room temperature. Also, selected

Bainite

area diffraction patterns (SAED) for both of Q&B and Q&P heat treated samples showed

Retained austenite

there are extra weak diffraction spots, presumably due to the presence of omega phase ()
as an intermediate phase during fcc (face- centered cubic) austenite to bcc (body- centered
cubic) martensite transformation and is considered as a common substructure in bcc metals
√
√
and alloys with a coherent interface with the matrix: a = 2 × abcc and c = 3/2 × abcc that
appeared in twinning martensite or martensite regions with dislocations as a substructure.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Even though steel continues to be one of the most common structural materials in the world as human civilization
advances from the Iron Age to the ongoing Silicon Age,

∗

the knowledge of its microstructure evolution and structureperformance relationship nevertheless remains still incomplete [1,2]. For instance, as a consequence of fast quenching,
transformation of fcc austenite into highly strained, body
centered tetragonal (bct) martensite through a diffusionless, shear-type transformation, has been known for almost
a century. However, the research still continues to understand its nature of formation, the mechanisms governing
displacement and coordinated movement of atoms, lath for-

Corresponding author.
E-mail: mahesh.somani@oulu.ﬁ (M. Somani).
https://doi.org/10.1016/j.jmrt.2020.01.081
2238-7854/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

3439

j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):3438–3446

mation and twinning, etc. [3]. Because of the highly complex
behavior of martensitic transformations in steels, no single
phenomenological theory could suitably explain the underlying mechanism of transformation process so far. Even more
challenging is to understand the existence of high index irrational habit planes best characterized as {259}A and {225}A ,
in some high-C Fe-C alloys and Fe-Ni-C steels, despite strain
accommodation through single (112) transformation twins
[4,5]. On the other hand, the carbon existing in martensite
can have a noticeable inﬂuence not only on the hardness,
but also its morphology and dislocation substructure [6–8].
Depending on the carbon ranges and martensite start (Ms )
temperature, two major martensite morphologies develop in
heat treatable steels: (i) lath- type describing board-shaped
unit of martensite in low and medium carbon steels, and (ii)
plate-type lenticular martensite in high carbon steels, characterized by highly smooth and planar interfaces and the
absence of a midrib, whereas (112) transformation twins of the
{112}<111>-type in plate martensite extend completely across
the entire plate with uniform width and often considered as
substructure in high carbon martensite, similarly as noticed
in other bcc alloys [9,10].
Presence of extra diffraction spots located at 1/3{112} and
2/3{112} positions in TEM observations of martensite were
often attributed to the double diffraction of the twins in some
studies, cf. [11–16]. In recent years, these extra diffraction
spots have been noticed in lath martensite containing substructure, too and explanations are rather contradictory, often
in connection with possible formation of carbides [17–20]. Ping
et al. [1] noticed the presence of extra diffraction spots in a
medium-carbon spring steel, which could be indexed to identify the formation of typical metastable -phase with carbon
being the stabilizing element of the phase. The possibility of
ﬁrst principles calculations [2,21,22] and access to advanced
equipment enabling structural analysis down to atomic level
have opened new avenues for a better understanding on the
formation of -phase in recent years.
Recently a research program has been taken up at authors’
laboratory to develop TRIP-aided medium carbon bainitic
steels with an excellent combination of ultrahigh strength
(Tensile strength ≥2000 MPa, yield strength ≥1200 MPa) with
reasonable ductility and good low temperature toughness [23].
This, however, necessitated that the phase transformation
results in extremely ﬁne bainitic microstructure (preferably, 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 particle coarsening [24,25]. A temperature close to the martensite start (Ms ) temperature 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 promotes accelerated bainite formation and hence, the
study was extended to achieve 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.
In our previous research studies, the preliminary characteristics of quenching and isothermal bainitic holding (Q&B)
in the bainitic region close to the martensite start (Ms ) tem-

Table 1 – Chemical composition of the spring steel used
in this research.
Alloying
wt.%

C

Mn

Si

Cr

S

P

Fe

0.529

0.721

1.670

0.120

0.023

0.022

Balance

perature were explored in a high-Si, medium carbon steel
grade (DIN 1.5025) [23]. Besides studies were conducted to
understand the microstructural mechanisms operating during quenching and holding at temperatures above (Q&B) and
below (Q&P) the Ms temperature.
Recent research studies regarding -phase reported in
literature concern mainly medium and high carbon steels
after rapid cooling from austenitizing temperature. However, there is no report dealing with the microstructures of
medium carbon steels after quenching and bainitic holding
(Q&B) or quenching and partitioning (Q&P) heat treatments,
where the untransformed austenite enriched with the carbon partitioned from bainite or martensite may form some
untempered, high carbon martensite during ﬁnal cooling to
room temperature. This research study, therefore, aims at the
detailed structural investigation of select Q&B and Q&P heattreated samples in order to detect the possible formation of
-phase using transmission electron microscopy (TEM) at high
magniﬁcations.

2.

Experimental procedures

A medium-carbon, low alloy commercial grade DIN1.5025
spring steel received in the form of a 1 mm thick sheet with
the chemical composition shown in Table 1 was chosen for
this study. The high silicon content of 1.67% was desirable
due to its effectiveness in preventing (or at least delaying)
carbide precipitation during the isothermal transformation
of austenite and promoting the partitioning of carbon to the
adjacent untransformed austenite areas, thus facilitating stabilization of a part or whole of the carbon-enriched austenite.
Mn-content, though somewhat low (0.72%), is a strong austenite former and would further enhance austenite stabilization.
In order to develop tough ultrahigh strength medium carbon
bainitic steel containing ﬁnely divided retained austenite with
or without the presence of martensite, suitable isothermal
heat treatment schedules i.e. Q&B and Q&P type experiments
close to the Ms temperature were conducted on the steel specimens using an electrical resistance furnace for reheating and
a salt bath furnace for quenching and isothermal holding. For
this purpose, the determination of critical temperatures, i.e.,
the start (Ac1 ) and end (Ac3 ) of austenite formation during
reheating and the Ms , were considered essential in order to be
able to design suitable heat treatment cycles. Consequently,
the critical temperatures of Ac1 (765 ◦ C) and Ac3 (835 ◦ C) as
well as Ms temperature (275 ◦ C) for this steel were determined
through dilatometer measurements in a Gleeble simulator at
the heating and cooling rates of 0.2 ◦ C/s and 50 ◦ C/s, respectively.
The heat treatment cycles employed for Q&B and Q&P
experiments are schematically shown in Fig. 1. Suitable specimens were ﬁrst normalized (step 1) after heating to an
austenitizing temperature at 900 ◦ C, soaking for 5 min and
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Table 2 – Hardness data, average retained austenite
fractions and corresponding carbon contents of Q&P
(250 ◦ C) and Q&B (300 ◦ C) samples.

Fig. 1 – The schematic of heat treatment cycles showing the
isothermal holding conditions above (Q&B) and below (Q&P)
the Ms (275 ◦ C) temperature.

ﬁnally air cooling to room temperature in order to achieve a
more homogenized and reﬁned starting microstructure in the
samples. The normalized specimens were then again austenitized at 900 ◦ C for 5 min, followed by salt bath quenching at
300 ◦ C (above Ms ; Q&B) and 250 ◦ C (below Ms ; Q&P) and isothermal holding for 1 h, followed by water quenching.
In order to better understand the outcome of the heat
treatment cycles, phase transformation behavior was studied
by conducting the dilatometer measurements in the Gleeble simulator at the heating and cooling rates of 50 ◦ C/s.
Microstructural investigations were made by using both a 3D
laser scanning confocal microscope (LSCM; model Keyence
VK-X200) as well as a Jeol JEM-2200FS transmission electron
microscope (TEM). Thin foils for TEM investigation were prepared by punching 3 mm disks from mechanically thinned
specimens ( ≈100 m thick) of the Q&B / Q&P samples using
a Gatan disc punch system, followed by twin-jet electropolishing of the punched disks using a chemical solution of
10 % HClO4 and 90 % ethanol as the electrolyte maintained
at −20 ◦ C. The foils were examined in the TEM operated at
200 kV for structural characterization and detection of possible -phase formation. The volume fraction and mean carbon
content of the retained austenite in the dilatation specimens
were determined by X-ray diffraction (XRD) technique using
a Rigaku SmartLab 9 kW equipment. The measurements were
performed by using a CoK␣ radiation source at 135 mA and
40 kV conditions with 2 ranging between 45 and 130◦ and the
rotation performed at 7.2◦ /min. Vickers hardness measurements were made on all dilatation specimens using a 30 kg
load. An average of at least ﬁve measurements was considered
for the analysis.

3.

Results and discussion

3.1.
Phase transformation during quenching and
isothermal holding
Fig. 2 displays the dilatation measurements made on the
Q&P and Q&B samples quenched and isothermally held below

Sample code

Hardness
(HV30kg )

RA Vol.
fraction (%)

Carbon
Content (wt.%)

250 ◦ C-1 h
300 ◦ C-1 h

600
584

7.8
6

1.21
1.45

(250 ◦ C) and above (300 ◦ C) the Ms temperature, respectively.
Fig. 2a presents the per cent change in width during cooling
from the austenitizing temperature (900 ◦ C), which also shows
the expansion during isothermal holding at 300 ◦ C (Q&B sample) and 250 ◦ C (Q&P sample) due to bainite transformation.
In the case of Q&P sample, there exists a signiﬁcant fraction
of athermal martensite (about 24%) formed during continuous
cooling past the Ms temperature (275 ◦ C) and this is known to
accelerate the bainite transformation kinetics during isothermal holding [26–28]. Though not straightforward, formation of
some high carbon, untempered martensite during ﬁnal cooling to room temperature can be discerned from the inﬂexions
in the dilatation curves, as also demarcated by dashed lines
(Fig. 2a).
Fig. 2b presents the per cent change in width plotted
against the isothermal holding time. Referring to the Q&B
sample isothermally held at 300 ◦ C, the dilatation curve
presents the start of bainite transformation at about 10 s and
is about 55–60% complete at 200 s holding and approaches
near completion in about 1 h. The curve can be easily ﬁtted
to an Avrami type function. It has been described elsewhere
that the carbide precipitation beyond about 500 s has led to
a decline in austenite fraction retained at room temperature
due to further decomposition of austenite to bainite [29]. For
example, the retained austenite content and hardness of the
sample isothermally held for 500 s was 11.6% and 550 HV30
[29], respectively, in comparison to 6% of retained austenite
and 584 HV30 of the current sample held for 1 h, Table 2.
On the other hand, carbon partitioning from supersaturated martensite to austenite begins immediately below Ms
during cooling to 250 ◦ C and continues during further holding.
This explains the initial expansion (region I) seen in the dilatation curve of the Q&P sample, Fig. 2b. The initial expansion
(region I) seems to be several times greater than the amount
of dilatation predicted for carbon partitioning alone. 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 [30] and, together with carbon partitioning, may contribute to the expansion observed
in region I of Fig. 2b [31]. TEM examination, however, did not
reveal any such ledge-like protrusions on the ferritic laths.
Therefore, the possibility of isothermal martensite needs further investigation. On a logarithmic scale, the sample width
increases slowly and then more rapidly at about 60 s which is
due to the bainitic transformation (region II), Fig. 2b. It has
been reported elsewhere that carbide precipitation beyond
about 600 s facilitated further decomposition of austenite into
bainite thus leading to a sharp decline in austenite fraction
retained at room temperature [29]. The retained austenite con-
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Fig. 2 – Variation of change in width with temperature (a) and isothermal holding time (b) for Q&P (250 ◦ C) and Q&B (300 ◦ C)
heat treated samples. Note the logarithmic scale for holding time.

tent of the Q&P samples dropped from 17.8% at 600 s holding
to just 7.8% at 1 h holding for the current sample with a consequential increase in hardness from 550 to 600 HV30 of the
sample in this study, Table 2 [29].

3.2.

Characteristic features of evolved structure

Typical microstructures recorded on the two samples by both
laser scanning and transmission electron microscopy are
shown in Figs. 3 and 4. Referring to Fig. 3, the microstructure
of the Q&P sample heat treated at 250 ◦ C showed essentially
a mixture of bainite and (tempered) martensite laths (dark),
though not easy to distinguish in laser scanning microscopy,
besides a combination of retained austenite and fresh martensite (bright) (Fig. 3a). As discussed above, a signiﬁcant fraction
of bainite also formed during isothermal holding at 250 ◦ C
for 1 h. A typical bright ﬁeld image recorded for the Q&P
sample by TEM is displayed in Fig. 3b, which shows essentially martensitic laths with high dislocation densities. The
dark ﬁeld imaging of the select diffraction spot of the SAED
pattern corresponding to fcc austenite (inset in Fig. 3b) conﬁrmed the presence of interlath austenite ﬁlms, though some
coarse austenite pools can also be seen. It has been previously
reported that twins represented a common substructure in
martensite in high carbon steel [17].
On the other hand, the microstructure of Q&B heat treated
sample displayed mostly bainitic ferrite plates (dark) as shown
in Fig. 4a, though a mixture of martensite and retained austenite (bright) can also be seen in some locations. The TEM bright
ﬁeld image of the sample is shown in Fig. 4b, which revealed
the presence of carbides both on the bainite sheaves as well
as between them. The volume fractions of retained austenite and corresponding carbon contents estimated for both the
Q&P and Q&B samples are shown in Table 2. It is clear from
the table and also Figs. 2 and 3 that the carbon enrichment of
austenite did take place in both the Q&P and Q&B samples, due
to the partitioning of carbon from martensite and also from
bainite during isothermal transformation. The corresponding
austenite contents retained at room temperature were about
7.8 and 6 vol.% with about 1.21 and 1.45% C, respectively, for

the Q&P and Q&B samples (Table 2). The hardness values were
quite close though, about 600 and 584 HV30, respectively.
An example of the XRD spectra recorded for both the Q&P
and Q&B samples isothermally held at 250 and 300 ◦ C for 1 h
is presented in Fig. 4c, respectively. These diffraction patterns
conﬁrm the presence of retained austenite (fcc phase), besides
the presence of martensite and/or bainite (bcc phase) after
heat treatments below and above the Ms temperature.

3.3.

Omega (ω) phase evolution

Fig. 5 presents the TEM observation of the typical twinned
martensite structure and the corresponding electron diffraction pattern (SAED) of the Q&P heat-treated sample isothermally held at 250 ◦ C for 1 h. In the medium and high carbon
steels, twin is the usual substructure in martensite. In the
case of Q&P sample, the presence of untempered, high carbon martensite displayed the substructure as {112}<111>-type
twins, as also reported in the literature [1,32]. As revealed in
Fig. 5a, the transformation twin planes are relatively straight
and sharp. The morphology of these twins in respect of length
and width, however, depends on the carbon content of the
austenite from which it forms and can vary from one location
to the other. The SAED pattern along [011]␣-Fe zone axis (ZA)
is displayed in Fig. 5b, which clearly depicts that the twinning
plane is parallel to the [011] directions of both the matrix as
well as the twinned crystals. The presence of extra spots in the
SAED pattern at 1/3( −2 1 −1) and 2/3( −2 1 −1) locations are
schematically shown in Fig. 5c. These spots present in addition to those of the matrix and twin diffraction patterns are
believed to originate from the -phase in Fe-C systems [1,2,33].
Recent conﬁrmation regarding the presence of -phase
in carbon steels seems helpful in understanding the underlying mechanisms for martensitic transformation in steels.
Ping et al. [2] developed an atomic transition model illustrating transformation of a fcc crystal to a primitive hexagonal
 and bcc crystal structures. Accordingly, the fcc structure
can transform into the -phase through a local shufﬂing or
displacement of atoms over few nanometers and the bcc structure can either form concurrently or in succession following
the -phase formation through a similar mechanism. For-
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Fig. 3 – Typical microstructures recorded on Q&P sample: (a) LSCM image showing a mixture of bainite/tempered martensite
(dark) and retained austenite/fresh martensite (bright), (b) bright ﬁeld image showing martensite laths and (c) interlath
retained austenite by dark ﬁeld imaging of the corresponding diffraction spot in the SAED pattern bright ﬁeld image.

mation of metastable  structure can also be treated as a
transition stage during the transformation of fcc to bcc structure. The structures observed in the present spring steel with
0.53 % C following Q&P and Q&B treatments will be analyzed
on these lines.
In the Q&P heat treated sample, quenching to a temperature of 250 ◦ C results in the formation of about 24% athermal
martensite, following which isothermal holding for 1 h facilitates not only the carbon partitioning from supersaturated
martensite to untransformed austenite, but also signiﬁcant
bainite formation, leading to further carbon enrichment of
untransformed austenite, estimated to be about 1.21% C (
Table 2). However, some carbon is lost due to the formation of carbides beyond about 600 s facilitating more bainite
formation. During ﬁnal cooling to room temperature, new
untempered fresh martensite forms, thus retaining about 7.8%
austenite at room temperature [29]. As seen in Fig. 5b, the
occurrence of additional diffraction spots signifying the presence of -phase along with twins further conﬁrms that this
phase formation does take place according to the model proposed by Liu et al. [33].
In order to reveal more details about phase transformation, both the Q&P and Q&B samples isothermally held at
250 and 300 ◦ C for 1 h, respectively, were further examined for
detailed structural characterization. For this purpose, SAED
patterns were recorded for various zone axes. Typical sets of
TEM micrographs along with SAED patterns recorded in select

regions with [113]␣ and [011]␣ as the zone axis are shown in
Figs. 6 and 7 for the Q&B and Q&P samples, respectively. As can
be seen for Q&B sample in this SAED pattern (Fig. 6b), one set
with strong spots are from ␣–ferrite (martensite), whereas the
other set of weak spots, shown by two arrows, indicate additional diffraction points at positions 1/3( −2 2 −2 ) and 2/3( −2
2 −2 ) appearing in the SAED patterns, related to the diffraction of the {113} bcc structure. According to some previous
research reports, there are different theories regarding these
additional diffraction spots, as summarized by Liu et al. [33].
In the ﬁrst theory, these spots have been linked to the binary
differentiation of twins in the martensite phase [11,12,16].
Interestingly, however, the typical contrast of the transformation twins similar to the TEM micrograph example shown in
Fig. 5a, could not be seen in the bright ﬁeld image (Fig. 6a).In
yet another theory, these additional diffraction spots have
been attributed to the formation of carbides in the martensitic
laths [17–19]. However, based on the structural characteristics
of some known carbides, such as the  carbide with hexagonal close-packed (hcp) structure with lattice parameters of
a ≈ 2.735 A◦ and c ≈ 4.339 A◦ [34] and its orientation relationship with ferrite, i.e., [−1 11]bcc // [11 −2 0] , (011)bcc // (0001)
[35–38], these extra diffraction spots cannot be indexed in
respect of any carbide formation. Moreover, it is emphasized
that the -phase can have various levels of carbon concentration, unlike nearly ﬁxed carbon concentration possible in
the M2 C-type -carbide [32,34]. Therefore, metastable -phase
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Fig. 4 – Typical microstructures recorded on Q&B sample: (a) LSCM image showing essentially bainitic laths (dark) with
some retained austenite/fresh martensite (bright), (b) bright ﬁeld image showing bainite laths with carbides and (c) XRD
spectra recorded on both the Q&P and Q&B samples.

is certainly different from the M2 C-type -carbide. Also, these
extra diffraction spots cannot be treated as double diffraction
of the {112}<111>-type twinning. As the previous theoretical
investigation of double diffraction of twinning in bcc and fcc
lattices showed occurrence of this phenomena in {111}fcc and
{112}bcc systems [16]. In essence, the presence of extra weak
diffraction spots in the SAED patterns of Q&B heat treated
sample can be attributed to the formation of -phase.
While Fig. 7a presents the bright ﬁeld image of Q&P sample isothermally held at 250 ◦ C for 1 h, the corresponding SAED
pattern (Fig. 7b) conﬁrmed a combination of retained austenite and martensite / bainite, besides the presence of extra
weak spots. These weak spots are located with its spacing
exactly 3 times that of the {112}␣ plane spacing. According to
√
the relationship between  phase and ␣ phase (a = 2 × abcc
√
and c = 3/2 × abcc [28] [37]) when  phase has a hexagonal
structure, there will be a perfect match of the diffraction spots
between the ␣-Fe and the  phase.
Following Q&B and Q&P heat treatments, the untransformed austenite gets enriched with the carbon partitioned
from the bainitic ferrite and/or martensite during isothermal holding. A part of this carbon-enriched austenite can be
retained at room temperature. However, a signiﬁcant fraction of the carbon-enriched austenite transforms to high
carbon martensite during ﬁnal cooling to room temperature
and the corresponding carbon content of the austenite has
been estimated to be about 0.9–1% based on the Ms temper-

ature of the carbon enriched austenite [29]. 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 carbon contents lower than the average and tends to continue toward
regions with higher carbon contents as the cooling progresses.
Hence, there is a strong possibility of -phase formation
during the fcc austenite to bcc martensite phase transformation.

4.

Conclusions

The main observations on the structural characteristics
following decomposition of austenite in a high-Si, mediumcarbon steel (DIN 1.5025 grade) subjected to quenching and
isothermal holding above and below Ms temperature have
been investigated in this study. Dilatometer measurements
combined with metallography using LSCM and TEM, supported by XRD and hardness measurements, have given an
insight into the structural features of both Q&B (above Ms ) and
Q&P (below Ms ) treated materials. Following conclusions can
be drawn:
1 Dilatation measurements conﬁrmed that besides initial
martensite and bainite formation, some untempered, high
carbon martensite also formed during ﬁnal cooling in the
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Fig. 5 – TEM results obtained on the Q&P sample quenched and partitioned at 250 ◦ C for 1 h. (a) Bright-ﬁeld micrograph
revealing the twins in the martensite, (b) corresponding SAED pattern with a {112}< 111 > -type transformation twins
observed together with the -phase, and (c) the schematic illustration showing the presence of -phase in twins existing in
the martensite structure.

Fig. 6 – (a) The bright-ﬁeld TEM image of the Q&B sample isothermally held at 300 ◦ C for 1 h, and (b) corresponding SAED
pattern with [1 −1 3]␣ zone axis parallel to the incident electron beam.

Q&P sample, besides retaining a small fraction of austenite
(7.8%).
2 In the case of Q&B sample isothermally held at 300 ◦ C
for 1 h for bainite transformation, a small fraction of
carbon-enriched austenite transformed to untempered
supersaturated martensite during ﬁnal cooling, as discerned from inﬂexions in the curve.

3 Carbide formation happens in both Q&B and Q&P samples
even in the presence of Si alloying element that prevents
carbide formation.
4 A phase mixture involving the ﬁne distribution of bainite, retained austenite, martensite with omega phase ()
achieved after isothermal holding both above (Q&B) and
below (Q&P) the Ms temperature.
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Fig. 7 – (a) The bright-ﬁeld TEM image of the Q&P sample isothermally held at 250 ◦ C for 1 h, and (b) corresponding SAED
pattern with [011]␣ zone axis parallel to the incident electron beam.

5 The SAED diffraction patterns from the microstructures
after Q&P heat treatment conﬁrmed that the twinned
martensite (strain accommodation during high carbon
martensite formation) may be composed of two crystalline
phases (-Fe and ␣-Fe).
6 An fcc crystal can transform into  + bcc structure crystallographically in medium carbon steel during ﬁnal cooling
after quenching and isothermal holding both above (Q&B)
and below (Q&P) the Ms temperature.
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