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are the potential candidate materials for futuristic industrial applications, such as auto-
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motive industry, structural parts, crankshafts and shafts, and powertrain components. In
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jected to both quenching and bainitic holding (Q&B), as well as quenching and partitioning

Silicon bearing low alloy steel

(Q&P) isothermal heat treatments at temperatures closely above and below the martensite

Q&B holding

start temperature (Ms ), respectively. The mechanical response of heat treated samples was

this study, a silicon-bearing, medium-carbon low alloy steel grade of DIN 1.5025 was sub-

Q&P treatment

evaluated by conducting hardness and tensile tests, corroborated by XRD analysis and met-

Mechanical properties

allography using both scanning electron microscopy combined with electron backscatter

TRIP phenomenon

diffraction as well as transmission electron microscopy. The experimental results showed

Multiphase microstructures

that a number of Q&B heat treated samples displayed a superior combination of high

Bainite

strength levels with good ductility and work hardening capacity in comparison to that of Q&P

Martensite

ones, akin to the requirements for third generation high strength multiphase steels. It was

Retained austenite

also found that the superior mechanical response of Q&B heat treated samples was rationalized in respect of the formation of tough strong multiphase microstructures involving a
ﬁne mixture of hard bainite and/or martensite laths along with thin ﬁlms of mostly interlath retained austenite that imparted superior combination of ductility and tensile strength
through TRIP phenomenon. Moreover, limited tensile test results conducted in this study,
supported by XRD and electron microscopy analyses, suggested that the TRIP response was
quite effective in the Q&B multiphase samples containing more than 18 vol.% of retained
austenite.
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Introduction

Multiphase microstructures involving a mixture of carbide
free bainite, martensite and retained austenite microconstituents have been experimentally shown to develop
excellent mechanical properties desired for third generation
advanced high strength sheet steels (AHSS) [1–4]. This group
of advanced steels includes carbide free bainitic (CFB) steels,
nanostructured bainitic steels (achieved through isothermal
holding close to or below the martensite start (Ms ) temperature), quenching and partitioning (Q&P) steels, etc. The
microstructures of these steels show essentially large volume
fractions of hard bainite and/or martensite laths with ﬁnely
divided carbon-enriched retained austenite (RA) [5–8]. The
microstructures of CFB steels generally consists of ﬁne plates
of bainitic ferrite separated by carbon-enriched thin ﬁlms of
retained austenite, and some high carbon martensite may also
be present in the microstructures [9–11]. The microstructures
of Q&P steels essentially comprise a combination of carbondepleted (tempered) martensite and carbon-enriched retained
austenite, ﬁnely divided between the martensitic laths [12].
A small fraction of isothermal martensite and/or lower bainite may form during the partitioning process, besides the
formation of some untempered, high carbon martensite during ﬁnal cooling [13,14]. These multiphase steels exhibit a
good combination of strength and ductility as well as strain
hardening due to the deformation-induced transformation of
metastable austenite into the martensite, which contributes
to a large extent high plastic strain (ductility) and a simultaneous increase in strength [15–19]. Several factors such as
chemical composition, volume fraction as well as crystal size
of RA along with its morphology and distribution have been
comprehensively shown to have a strong inﬂuence on its
mechanical stability during plastic deformation [20–22]. Also,
further researches in this context showed that the bainite
and/or martensite surrounding the RA inﬂuenced not only
its mechanical stability but also the mechanical response of
the material as a whole [23–25]. Findley et al. [2] reported
that the early stage of work hardening behavior was controlled by the strength of the martensite in the multiphase
microstructures. Their results also suggested that the strength
of martensite has an important effect on the work hardening
behavior at high plastic strains, thus regulating the work hardening of individual phases, in addition to the strain-induced
RA to martensite transformation. A study conducted on the
deformation behavior of specimens isothermally held below
and above the Ms temperature showed that the specimens
held below Ms temperature displayed lower strain hardening
capacity in comparison to the ones treated above Ms [5,26–28].
Since, the stability of austenite is one of the most important factors that control the uniform elongation of multiphase
steels, many research investigations concerning this group of
AHSSs are focused on the optimization of volume fraction and
thermal stability of retained austenite [29–32].
In multiphase AHSSs developed through isothermal holding below Ms temperature, the presence of prior athermal
martensite leads to a different phase mixture, compared to
typical CFB and Q&P microstructures, which consequently
affects the mechanical response of these steels. Recent studies

on this group of steels have been focused on the relationship between the microphase mixtures with their mechanical
response [5,26,33–35]. Most of the reported results show
that the specimens isothermally treated below Ms exhibited
increased yield strength in comparison to those heat treated
by conventional holding above Ms [5,26]. But, according to the
results reported by Tian et al. [28], the application of isothermal holding below Ms supposedly led to the deterioration of
mechanical properties of heat-treated steels. These results
corroborated well with the carbon enrichment of austenite
and volume fractions of microphases that developed during
isothermal holding, as a consequence of the tempering of prior
athermal martensite. For the steels isothermally held below
the Ms temperature, a common observation is the formation
of extremely reﬁned bainite that has been considered to be
one of the main factors responsible for the improvement of
mechanical properties [26,27]. However, during carbon partitioning, tempering of athermal martensite may also promote
carbide precipitation and can decisively inﬂuence the overall
mechanical response of the microstructures treated below Ms
temperature [28,33]. The research work of Hell et al. [5] focused
on the structure–property relationships of bainitic steels and
clariﬁed that the heat treated steels exhibited an excellent balance of high ultimate tensile strength (TS > 1200 MPa), good
ductility (uniform elongation, i.e. UE > 6%) and fracture strain
(reduction in area up to 46%). In contrast, conﬂicting results
have been reported at times in regard to the relationship
between microstructural constituents and the ﬁnal mechanical properties in multiphase low alloy steels, especially in
connection with the effect of isothermal holding time on
ﬁnal mechanical properties [36–40]. Moreover, less attention
has been paid so far in respect of comparing the mechanical properties of medium-carbon low-alloy steel subjected
to quenching and isothermal holding at temperatures closely
above and below the Ms temperature [11,41,42]. Therefore, in
comparison to the previous studies that concerned mainly the
steels with low carbon content, an important aspect of this
work is to report the effect of holding time on multiphase
evolution in both bainitic and martensitic regions and also
the microstructure-property relationships derived from the
multiphase mixtures formed in which bainitic ferrite and/or
retained austenite are also present with varying volume fractions, morphology, and distribution. Another objective of
the present work is to investigate in depth the relationship
between microstructure and mechanical response under loading, particularly focusing the work hardening behavior of a
medium carbon high-silicon steel following Q&B (above Ms )
and Q&P (below Ms ) heat treatments.

2.

Materials and experimental procedures

2.1.

Material

A medium-carbon, low alloy commercial grade of DIN 1.5025
steel received in the form of a 1 mm thick spring was chosen for this study. The chemical composition of steel was (in
wt.%): Fe-0.529C-1.670Si-0.720Mn-0.120Cr-0.023S-0.022P. The
high silicon content of 1.670% was desirable due to its
effectiveness in preventing (or at least delaying) carbide pre-
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cipitation and growth during isothermal decomposition of
austenite and hence 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 (0.720%), is a
strong austenite former and would further enhance austenite
stabilization. Formation of some fresh bainite or untempered
high-carbon martensite may also take place during ﬁnal cooling following either Q&B or Q&P experiments.

2.2.

of 10 mm/min. Based on the tensile test results, the 0.2%
yield strength (YS), tensile strength (TS), uniform (UE), and
total elongation (TE) were determined. The engineering stressstrain curves were converted into the true stress (t ) – true
strain (t ) curves using standard equations. Moreover, the work
hardening rate (dt /dt ) and the instantaneous work hardening exponent (n) were calculated by ﬁtting a given true stress
(t ) – true strain (t ) curve to Hollomon type Equation, a power
law relationship between the stress and the plastic strain, as
given below [45]:

Heat treatment cycles

In order to develop tough, strong, ultrahigh-strength mediumcarbon multiphase samples containing essentially ﬁne
bainite, martensite and ﬁnely divided retained austenite, suitable isothermal heat treatment schedules i.e. Q&B and Q&P
type heat treatment cycles were planned close to the Ms
temperature. The heat treatments were carried out in both
electrical resistance as well as salt bath furnaces. Besides,
some heat treatment simulations were conducted in a Gleeble
3800 thermomechanical simulator. 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 dilatometry measurements in the Gleeble simulator at the heating and cooling
rates of 0.2 ◦ C/s and 50 ◦ C/s, respectively. While low heating
rate is an important factor in determination of Ac1 and Ac3 values close to the equilibrium condition, a high cooling rate of 50
◦ C/s is essential for M determination by preventing austenite
s
decomposition at higher temperatures [43].
The various heat treatment cycles used for Q&B and Q&P
experiments are schematically shown in Fig. 1. The tensile
specimen blanks were ﬁrst normalized (step 1) after reheating to austenitizing temperature at 900 ◦ C, soaking for 5 min
and ﬁnally air cooling to room temperature in order to achieve
a more homogenized starting microstructure in the samples.
The normalized specimens were reaustenitized at 900 ◦ C for 5
min (step 2), followed by salt bath quenching at different temperatures between 350 to 200 ◦ C in steps of 50 ◦ C. The samples
were isothermally held for different times in the range of 5 s
to 1 h (step 3), followed by water quenching. According to the
dilatation measurements reported elsewhere [44], a holding
time of 1 h is enough to complete the bainite transformation
in Q&B heat treatments. Therefore, similar isothermal treatments up to 1 h holding were used for Q&P treatments too
in order to be able to compare the structure-property relationships of heat treated samples above and below the Ms
temperature. Quenching to the temperatures of 250 and 200
◦ C, below the M temperature (i.e. 275 ◦ C), gave initial martens
site fractions of 20 and 57 vol.%, respectively.

2.3.
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Mechanical tests

The tensile test specimens were prepared according to the
ASTM E8M standard. Tensile tests, three each of Q&B/Q&P
experiments, were carried out using a SANTAM tensile testing machine model STM-150 at a constant crosshead speed

t = Kεn
t

(1)

where K is the strength coefﬁcient, and n is the work
hardening exponent. In the Hollomon’s expression, the strainhardening exponent n measures the ability of a metal to
harden during plastic deformation. The instantaneous value
of n can be deduced from Equation (2) as given below:
n = (εt / t )(d t /dεt )

(2)

The values reported are the averaged data of at least 3
tested samples for each of heat treated condition. Also, Vickers hardness measurements were made by using a 30 kg load
and the time of loading was 15 s for each measurement. An
average of 5 different hardness measurements was taken for
each sample.

2.4.

Microstructural characterization

To reveal the microstructural features with good contrasting resolution using laser and electron microscopy, the heat
treated samples (30 × 30 × 1 mm) were cut and cold mounted,
ground and polished according to the ASTM E3 standard,
and ﬁnally etched with 2% nital. Preliminary microstructural investigation was carried out using a Keyence VK-X200
3D laser scanning confocal microscope (LSCM). The samples
were subjected to a more detailed metallographic examination using a Zeiss Ultra Plus ﬁeld emission scanning electron
microscope (FE-SEM) combined with an electron back scatter diffraction (EBSD) facility. The volume fraction and mean
carbon content of retained austenite in the heat treated samples were determined using a Rigaku SmartLab 9 kW X-ray
diffraction (XRD) equipment. The measurements were performed by using a CoK␣ radiation source at 135 mA and 40
kV conditions with 2 angle ranging from 45 to 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 fraction
and also the lattice parameter of retained austenite were measured using a direct comparison approach, comparing the
integrated intensities of (111), (200), (220), and (311) of FCC
diffracted planes with (101), (002), (112), and (202) of BCC
planes, respectively [46]. For the ease of understanding, the
heat-treated samples are coded as T–t abbreviations for different heat treated conditions based on the isothermal holding
temperature (T, ◦ C) and time (t, seconds or hours) of phase
transformation.
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Fig. 1 – The schematic of heat treatment cycles showing various isothermal holding conditions above (Q&B) and below (Q&P)
Ms (275 ◦ C) temperature.

3.

Results and discussion

3.1.
Microstructural evolution during Q&B and Q&P
heat treatments
Typical laser scanning confocal images of both Q&B (350 ◦ C)
and Q&P (250 ◦ C) heat treated samples isothermally held for
different times between 5 s to 1 h are shown in Fig. 2. As can
be seen in Fig. 2-a, the microstructure of the samples held
only for a short time of 5 s at 350 ◦ C is mostly martensite
(light gray region) along with the presence of only a small fraction of white-contrasted martensite/retained austenite (M/RA)
islands. With increase in isothermal holding time up to 200 s,
extensive bainite formation (dark plates) progresses (Fig. 2-b)
and is nearly complete in about an hour (Fig. 2-c), in conjuction with the presence of some M/RA islands (Fig. 2-c). It
is nearly impossible to differentiate between martensite and
RA using LSCM. By decreasing isothermal temperature to 250
◦ C (below M ), the structure is essentially martensitic for the
s
sample held for 5 s showing ∼24% tempered martensite (TM;
dark features in Fig. 2-d) and ∼76% untempered high-carbon
martensite formed during ﬁnal cooling to room temperature.
By increasing isothermal holding time to 600 s at 250 ◦ C, the
formaiton of a small fraction of bainite was noticed in the sample held for 600 s (Fig. 2-e) and a further increase in holding
time to 1 h leads to more bainite formation. As mentioned earlier, the formation of bainite below Ms is well documented in
literature and, in some cases, in connection with the formation of ultraﬁne, or nanostructured, bainite with ﬁne interlath
austenite [5,6]. However, it was difﬁcult to distinguish between
bainite and TM in the heat treated samples (Fig. 2-f). These
results indicate that it is impossible to make a clear difference between the constituents of complex microstructures
achieved after both Q&B and Q&P heat treated conditions.

Table 1 – XRD-estimated RA volume fractions for both
Q&B and Q&P heat treated samples and their carbon
contents.
Sample mark

RA vol. fraction (%)

C C (wt.%)

350 ◦ C–5 s
350 ◦ C–200 s
350 ◦ C–1 h
300 ◦ C–5 s
300 ◦ C–200 s
300 ◦ C–1 h
250 ◦ C–5 s
250 ◦ C–200 s
250 ◦ C–600 s
250 ◦ C–1 h
200 ◦ C–5 s
200 ◦ C–200 s
200 ◦ C–1 h

4.7
18
6.9
4.4
12
6
4.3
8.1
17.8
7.8
5.4
7.6
17.2

0.60
1.27
1.39
0.54
0.88
1.45
0.66
0.85
0.91
1.21
0.75
0.88
1.20

Abbreviations: RA = retained austenite (vol.%): C C = carbon content
of RA (wt.%).

The estimation of RA and its carbon content in various
Q&B/Q&P samples were carried out by XRD and the corresponding results are shown in Fig. 3, indicating stabilization
of a fraction of face-centered cubic (FCC) austenite (RA) in
the microstructure along with the formation of body-centered
cubic (BCC) bainite and martensite. The volume fractions of
RA and corresponding carbon contents in different Q&B and
Q&P samples, estimated from the XRD spectra, are reported in
Table 1. These results show that for Q&B conditions, the volume fraction of RA at ﬁrst increased to a maximum value of
18 and 12% for 350 ◦ C–200 s and 300 ◦ C–200 s samples, respectively. This was followed by a sharp decrease at longer holding
times dropping to about 6.9 and 6% after 1 h holding at 350
and 300 ◦ C, respectively. In the case of Q&B samples quenched
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Fig. 2 – Typical laser micrographs taken from specimens quenched above (Q&B, 350 ◦ C) and below (Q&P, 250 ◦ C) Ms
temperature including: (a) 350 ◦ C–5 s, (b) 350 ◦ C–200 s, (c) 350 ◦ C–1 h, (d) 250 ◦ C–5 s, (e) 250 ◦ C–600 s, and (f) 250 ◦ C–1 h. B, TM,
M, and RA are the abbreviations of bainite, tempered martensite, martensite, and retained austenite, respectively.

at 350 ◦ C, the carbon content of retained austenite increased
sharply up to about 200 s, but then increased relatively slowly
peaking at about 1.39% after 1 h holding (Table 1). On the other
hand, the Q&B samples quenched to 300 ◦ C showed a continuous increase in carbon enrichment up to about 1.45 % at 1 h.
The volume fraction of RA also changed continuously for
the Q&P samples at both temperatures of 250 and 200 ◦ C in
a manner similar to the Q&B samples, reaching a maximum
value of 17.8 and 17.2 vol.% for 250 ◦ C–600 s and 200 ◦ C–1 h
samples, respectively. In the case of 250 ◦ C dilatation samples,
the RA content decreased sharply to 7.8 vol.% with further
increase in holding up to 1 h.
The corresponding average carbon contents of the retained
austenite for both the Q&P conditions gradually increased to
about 1.2% in 1 h, which suggests that the movement of carbon
atoms in austenite is slow, particularly at 200 ◦ C.

3.2.
Continuous yielding behavior of multiphase
microstructures
In order to investigate in depth the effect of retained austenite
on the tensile behavior of Q&B and Q&P heat treated samples,
the proposed tensile tests were conducted on samples containing minimum (350 ◦ C–5 s, 300 ◦ C–5 s, 250 ◦ C–5 s, and 200
◦ C–5 s), medium (350 ◦ C–1 h, 300 ◦ C–1 h, 250 ◦ C–200 s, and
200 ◦ C–200 s) and maximum (350 ◦ C–200 s, 300 ◦ C–200 s, 250
◦ C–600 s and 200 ◦ C–1 h) volume fractions of retained austenite in accord with the XRD results presented in Table 1. For this
reason, the selected true stress–strain curves of Q&B and Q&P
heat-treated samples are plotted in Fig. 4 for favor of comparison. As can be observed, the samples held for 5 s at different
isothermal holding temperatures both above (Fig. 4-a and b)
and below (Fig. 4-c and d) the Ms temperature correspond to
the highest tensile strengths (TS) for each condition, but the
ductility remained low, marking the occurrence of brittle frac-

ture in these samples. Increasing the isothermal holding to
200 s at 350 ◦ C (Fig. 4-a) facilitated a high volume fraction
of ﬁnely divided retained austenite (18%) in the microstructure, thus resulting in a high combination of TS and elongation
and hence, the TS × TE product was the highest for this heat
treatment condition. A decrease in Q&B temperature to 300
◦ C was associated with low values of YS and TS for samples held for 200 s (Fig. 4-b), of course with a consequent
decrease in ductility, and also the TS × TE product. A further
increase in isothermal holding up to 1 h at 350 and 300 ◦ C
resulted in further lowering of TS. In comparison to the Q&B
heat treated samples (Fig. 4-a and b), the best combination
of strength and ductility were revealed following partitioning at 250 and 200 ◦ C for 600 s and 1 h, respectively, which
gave the maximum volume fraction of RA in the microstructures (Fig. 4-c and d). A further increase in partitioning time
up to 1 h at 250 ◦ C resulted in a higher TS (Fig. 4-c), but at
the cost of elongation, which was lower in comparison with
the samples partitioned for 600 s at this temperature due to
the reduced RA volume fraction in the microstructure. For the
samples partitioned at the lowest partitioning temperature of
200 ◦ C, the best combination of tensile strength and elongation were achieved following partitioning for 1 h, as is evident
from Fig. 4-d, though there are no data beyond this holding
time.
Another aspect of these true stress–strain curves displayed
in Fig. 4 is that all the heat treated samples show a continuous yielding pattern up to the fracture strength (Fig. 4).
This tensile behavior has been attributed to the presence of
high density of unpinned dislocations generated as a consequence of displacive phase transformation of austenite to
bainite during isothermal holding above or below the Ms
temperature or because of the highly dislocated martensite
formed during quenching below Ms , and ﬁnally manifestation of some untempered high carbon martensite during ﬁnal
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Fig. 3 – Typical XRD patterns of heat treated samples isothermally held at above ((a): Q&B 350 ◦ C) and below ((b): Q&P 250 ◦ C)
Ms temperature for different isothermal holding times as shown in the left hand regends.

cooling [1,24,47]. These unpinned dislocations are assumed to
be mobile in the early stage of plastic deformation resulting
in the continuous yielding behavior of heat treated samples
[48]. Also, in the bainitic structures, the bainitic ferrite retains
less concentration of carbon and the majority of dislocations
are believed to be mobile. There is a variety of obstacles to
dislocation motion (viz., solute atoms, boundaries, thin ﬁlms
of retained austenite), each of which with a different ability to obstruct plastic deformation. Many of the obstacles
are not uniformly distributed in the microstructures, so there
may exist obstacle-free areas, through which the dislocations
can penetrate at low stresses, thus giving rise to a gradual
deviation from the elastic deformation. Another scale of heterogeneity can arise when a representative fraction of the
softer phase is included in the microstructure such as blocks
of retained austenite. Plastic deformation ﬁrstly starts in the
softer phase and then continues to the harder phase only
when the softer phase has strain hardened sufﬁciently to
transfer further loading to the adjacent hard phase, thus all of
these conditions contribute to a continuous yielding pattern
[49].

Abnormal mechanical response of Q&B vs. Q&P
3.3.
samples
For a detailed comparison, the tensile test results are summarized in Table 2 emphasizing the level of strength and
ductility achievable in the experimental samples, irrespective
of Q&B or Q&P simulations, displaying strength as high as TS
> 1750 MPa that corresponds to the target of third generation
AHSSs.
Comparing the tensile properties of samples isothermally
held above and below the Ms temperature revealed that with
the increase in holding time, the tensile strength decreased,
while the elongation expectedly showed an opposite behavior. The enhanced elongation with longer holding time up to
1 h at 350 ◦ C was related to the tempering of ﬁne bainite crystals and the presence of limited, but ﬁnely divided and very
stable RA (∼6.9%), with a carbon content of the order of 1.4%.
As a consequence, the TS was somewhat lower at 1755 MPa,
though the YS was reasonably good (1350 MPa) compared to
that of 350 ◦ C–200 s samples (1050 MPa), as a consequence of
the formation of carbides in the 350 ◦ C–1 h Q&B sample [44].
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Fig. 4 – True stress–strain curves of different Q&B (held at 350 ◦ C (a) and 300 ◦ C (b)) and Q&P (held at 250 ◦ C (c) and 200 ◦ C (d))
heat treated samples for varius isothermal holding times.

Table 2 – A comparison of tensile properties of Q&B vs. Q&P heat treated samples in relation to the hardness data and RA
fractions.
Sample mark

YS (MPa)

TS (MPa)

UE (%)

TE (%)

TS × TE (GPa%)

Hardness (HV30kg )

350 ◦ C–5 s
350 ◦ C–200 s
350 ◦ C–1 h
300 ◦ C–5 s
300 ◦ C–200 s
300 ◦ C–1 h
250 ◦ C–5 s
250 ◦ C–200 s
250 ◦ C–600 s
250 ◦ C–1 h
200 ◦ C–5 s
200 ◦ C–200 s
200 ◦ C–1 h

1450 ± 20
1050 ± 25.2
1350 ± 25.3
1455 ± 17.6
1120 ± 20
1615 ± 20.2
1395 ± 20.2
1275 ± 25.7
1230 ± 20.8
1670 ± 35
1800 ± 15.3
1280 ± 25.2
1025 ± 18

2450 ± 20
2175 ± 25.7
1755 ± 25
2520 ± 15.3
2460 ± 15.3
2190 ± 20.2
2545 ± 25.2
2470 ± 20
2390 ± 20.9
2550 ± 23
2565 ± 20.2
2490 ± 23
2580 ± 20.5

4.8 ± 0.4
7.8 ± 0.3
5 ± 0.4
5.3 ± 0.3
9.6 ± 0.3
9 ± 0.5
4.4 ± 0.4
5.8 ± 0.4
5 ± 0.5
7.3 ± 0.3
4.3 ± 0.4
5.2 ± 0.4
6.2 ± 0.3

4.8 ± 0.4
17.9 ± 0.4
15.7 ± 0.3
5.3 ± 0.3
12 ± 0.5
13.1 ± 0.4
4.4 ± 0.4
7.6 ± 0.4
11.9 ± 0.5
9.6 ± 0.4
4.3 ± 0.4
5.2 ± 0.4
8.2 ± 0.5

11.77 ± 0.8
38.94 ± 1
27.60 ± 0.8
13.36 ± 0.5
29.53 ± 0.7
28.70 ± 0.9
11.20 ± 1
18.80 ± 0.9
28.50 ± 1
24.50 ± 0.8
11.10 ± 0.8
13.00 ± 0.9
21.20 ± 0.9

728 ± 11
488 ± 3.1
530 ± 18.4
726 ± 3.6
636 ± 8.8
584 ± 8.5
722 ± 13
730 ± 34.3
550 ± 8.6
600 ± 4
725 ± 7.5
693 ± 9
655 ± 4.6

Abbreviations: TS = tensile strength, YS = yield strength, UE = uniform elongation, TE = total elongation, HV = Vickers hardness.

A similar trend was also observed in the case of Q&B samples isothermally held at 300 ◦ C, except that the hardness of
300 ◦ C–200 s sample (636 HV30) was higher than that of 300
◦ C–1 h and (584 HV30), as the minimum hardness (550 HV30)
was observed only after 500 s holding [44]. A small fraction of
untempered high carbon martensite did form in some samples during ﬁnal cooling, but the effect on ﬁnal hardness and
strength was only marginal. According to the XRD results presented for Q&B samples in Table 1, an increase in volume
fraction of RA resulted in lower YS for 350 ◦ C–200 s and 300
◦ C–200 s samples, but a subsequent decrease in RA fraction at
higher holding time of 1 h resulted in increased YS for 350 ◦ C–1

h and 300 ◦ C–1 h samples, in consistence with the reported
research work of Arlazarov et al. [15,50].
In contrast to the Q&B samples, the Q&P ones held at 250
and 200 ◦ C showed somewhat different behavior in respect of
the volume fraction and carbon content of retained austenite
(Table 1). The Q&P sample quenched at 250 ◦ C had about 24%
volume fraction of martensite to start with and hence, a large
fraction of nanostructured bainite was also realized during
carbon partitioning to stabilize a fraction of austenite. Referring to Table 1, quenching at 250 ◦ C showed a slow increase in
austenite content (4.3 % at 5 s) until at least 50 s, beyond which
there is a sharp increase in austenite content beyond about 200
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s (8.1% at 200 s), reaching to a maximum of about 17.8% at 600
s and beyond this holding time the austenite content dropped
sharply, i.e. to 10.2 and 7.8 % at 1800s and 1 h, respectively
[44]. In the initial stage of isothermal holding, carbon partitioning and isothermal martensite formation were the main
microstructural mechanisms, but extensive bainite formation
below Ms marked the beginning of second stage, leading to the
rejection of carbon to the adjacent untransformed austenite.
The drop in RA content beyond about 600 s was due to the
formation of carbides and hence, more bainite formed during
continuous holding to longer durations [44]. The tensile properties obtained on 250 ◦ C Q&P samples show a slight increase
in UE and TE with holding time, but the YS dropped slightly
at 600 s (1230 MPa) from that at 5 s (1395 MPa), followed by a
sharp increase to the highest value at 1 h (1670 MPa). The initial drop in YS is presumably due to tempering of martensite,
presence of high RA fraction (17.8%), and also a small fraction
of newly formed bainite. However, the large increase in YS at
about 1 h is presumably due to the formation of a large fraction of bainite during holding, even though tempering of both
martensite and bainite reduced the hardness signiﬁcantly to
600 HV30 from 730 HV30 at 200 s despite the formation of some
carbides [44].
The Q&P samples held at 200 ◦ C showed that the YS value
decreased from 1800 to 1025 MPa with increased isothermal
holding from 5 s to 1 h, as a result of the enhanced carbon
partitioning from martensite to the adjacent prior austenite

areas thus stabilizing the RA phase. According to the XRD data,
isothermal holding for 1 h at 200 ◦ C resulted in stabilizing a
maximum volume fraction of RA (17.2%) in the microstructure. Besides the higher degree of carbon partitioning during
isothermal holding, tempering of martensite (56 vol.% fraction at 200 ◦ C) and also bainite that may form during long
holding beyond about 200 s [44], can lead to reduction in YS in
consistence with the reported results in Ref. [50]. Also, at low
Q&P temperature of 200 ◦ C, the tensile results showed reasonable ductility (4.3–8.2% TE, Table 2) despite high TS (2490−2580
MPa), slightly decreasing with increasing isothermal holding
time and this can be attributed not only to the low partitioning temperature, but also to the stabilization of reasonable
amount of RA, particularly after 1 h holding (17.2%). It is RA
phase with about 1.2% C content that is responsible for reasonable ductility (UE 6.2%, TE 8.2%) in the sample despite high TS
(2580 MPa) obviously due to transformation induced plasticity
(TRIP) effect in the tensile tested sample [5,6].

3.4.
Mechanical response under tensile loading and
the TRIP effect
In general, the experimental tensile results showed that by
decreasing the isothermal holding temperature from 350 to
200 ◦ C, the ductility decreased due to the presence of higher
volume fraction of martensite in the microstructure, which
contributes to high TS, besides the bainite that forms during

Fig. 5 – Typical electron micrographs recorded on Q&B samples heat treated at 350 ◦ C for 200 s: (a) FESEM; (b) EBSD; and (c)
dark ﬁeld TEM images using an {111} diffracted plane. In the EBSD micrograph, the RA is green, while both bainite and
martensite microphases are colored as red.
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Fig. 6 – The EBSD micrographs of samples held for 5 s at different isothermal holding temperatures: (a) 350 ◦ C; (b) 300 ◦ C; (c)
250 ◦ C; and (d) 200 ◦ C. The RA and martensite microphases are colored green and red, respectively.

isothermal holding at the above temperatures. For instance,
the TS data of 300 ◦ C–1 h samples (2190 MPa) showed higher
TS in comparison to that of 350 ◦ C–1 h ones (1755 MPa). The
main microstructural contribution to the strength of bainite is
from the extremely ﬁne crystal size of bainitic ferrite formation [51,52]. By lowering the isothermal holding temperature in
the bainitic region, the plates of bainite become ﬁner resulting
in the higher TS.
On the other hand, the best combination of TE × TS product, an important property for automotive sheet applications,
was achieved in the 350 ◦ C–200 s samples, as a consequence
of a high RA fraction of 18% in the sample (Table 1), present in
the microstructure with both blocky as well as thin ﬁlm morphologies between the sheaves and bainitic crystals (Fig. 5).
This means that the RA transforming into the martensite by
the TRIP phenomenon could provide various levels of tensile strain hardening, the mechanical response being largely
dependent on the level of mechanical stability based on the
carbon content and the two different morphologies of RA. The
grain-shaped blocky RA might have transformed to martensite in the initial stage of strain hardening during tensile test,
but the interlath ﬁlms of RA owing to greater stability would
take much higher strains to transform in the later stages of

the strain hardening process, thus improving both elongation
and tensile strength.
The higher strength level and also the brittle fracture
behavior (to be discussed later) of the samples held isothermally for a short period of 5 s for both groups of Q&B and
Q&P samples quenched at different temperatures above and
below the Ms temperature are due to the formation of a high
fraction of hard, untempered, high carbon fresh martensite
during ﬁnal quenching to room temperature. In other words,
these heat treated samples (viz., 350 ◦ C–5 s, 300 ◦ C–5 s, 250 ◦ C–5
s, and 200 ◦ C–5 s) are almost fully martensitic microstructures
according to the EBSD images given in Fig. 6, corroborating
the high YS (and also TS) achieved in these samples due to
the presence of a highly dislocated lath-shaped martensitic
microstructure [33,53]. As depicted in Fig. 6 showing EBSD
image quality and phase maps, most of the microstructure is
martensite (dark red colored areas) and only a small amount of
RA (green colored regions) is observed in these ﬁgures, though
the presence of a small fraction of very ﬁne, ﬁlm-like interlath
austenite (less than about 80 nm) cannot be revealed by EBSD
images. In consistence with the tensile data, the hardness values too decreased with the increase in isothermal holding time
up to 1 h for all samples irrespective of quenching temperature
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Fig. 7 – The work hardening rate vs. true strain curves plotted for different Q&B/Q&P samples isothermally held at different
temperatures: (a) 350 ◦ C; (b) 300 ◦ C; (c) 250 ◦ C; and (d) 200 ◦ C.

above and below the Ms temperature, except for the samples
held at 350 and 250 ◦ C for different durations. At these isothermal temperatures, the minimum hardness (488 and 550 HV)
are recorded for 350 ◦ C–200 s and 250 ◦ C–600 s samples due to
the presence of the maximum volume fractions of RA (about
18%). The associated tensile behavior can be related to the
maximum amount of RA (about 18% volume fraction) in both
samples that transforms to martensite due to the TRIP effect,
thus giving a higher combination of TS and TE.

3.5.
Multi-step work hardening behavior of
multiphase microstructures
Fig. 7 presents typical work hardening rate (d/d) versus
true strain curves for various heat treated samples, held
above (Q&B) and below (Q&P) the Ms temperature for different isothermal holding times. As can be seen, all of the work
hardening rates are decreased rapidly at the initial stage of
deformation and then stabilize at nearly constant levels or
decrease slowly until the fracture strength. These results clarify that with increasing holding time at a given isothermal
temperature, above or below the Ms , the work hardening rate
is decreased due to the lower dislocation density [33]. The
interaction of highly dislocated martensite areas can be associated with a decreasing trend in the active dislocation link
length as a consequence of higher ﬂow stress developed during the tensile plastic deformation process. It is easy to infer
that the higher the dislocation density is, the more intense
would be the interaction of dislocations during subsequent
plastic deformation. The intense dislocation interactions can

be directly linked to the faster decrement of active dislocation
link lengths, resulting in a swift increase in ﬂow stress (i.e.
higher work hardening rate). Moreover, a comparison of different work hardening curves shown in Fig. 7 indicated that the
specimens with a higher amount of RA in different heat treatment conditions, viz., 350 ◦ C–200 s, 300 ◦ C–200 s, 250 ◦ C–200
s, 250 ◦ C–600 s, and 200 ◦ C–1 h (marked with arrows and circled in Fig. 7 as a TRIP effect) display higher work hardening
rates after generating a speciﬁc strain level compared to other
specimens, obviously as a result of gradual transformation of
RA into martensite [54]. In other words, the work hardening
rate becomes greater for the heat treated samples owing to
the higher volume fraction of RA. In other heat treated specimens containing lower amounts of RA (see Table 1), the work
hardening rate decreased even at an early stage of straining.
Therefore, it can be concluded that the higher work hardening rate caused by the combination of dislocations interaction
and the TRIP effect ﬁnally resulted in the higher uniform elongation and the higher TS (Fig. 4).
Fig. 8 shows the variation of instantaneous (or incremental) strain hardening index (n) plotted against true strain for
the heat treated samples at different isothermal temperatures and holding times. These ﬁgures show a decreasing
trend in strain hardening exponent with increasing isothermal
holding time. The decrease in the value of n with increasing strain for samples isothermally held at 350 and 300 ◦ C
is related to the formation of some ﬁne bainite in the multiphase microstructures. This means that a negative effect
on the strain hardening exponent of the samples is realized
following bainite formation and consequent lowering of dis-
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Fig. 8 – The instantaneous strain hardening exponent (n) vs. true strain plots for samples held for different durations at: (a)
350 ◦ C, (b) 300 ◦ C, (c) 250 ◦ C, and (d) 200 ◦ C.

location density partly because of the restoration processes
occurring in bainite during longer isothermal holding [32].
The strain hardening exponent then decreases sharply with
increasing strain and reaches a stable incremental n value
with increasing true strain. The sharp decrease in strain hardening exponent at smaller strains indicates that a fraction
of RA may presumably be linked with the TRIP phenomenon
occurring at smaller strains in these heat treated samples. At a
higher strain level, a more gradual transformation of austenite
to martensite occurs, creating the plateau shaped variation in
the strain hardening exponent at the higher strains [32,55,56].
A detailed investigation of the work hardening curves
related to the 350 ◦ C isothermally treated samples, as shown
in Fig. 9, indicates that by increasing of isothermal holding
time, the incremental strain hardening exponent behavior
with strain can be divided into three stages, i.e., the instantaneous strain hardening exponent of 350 ◦ C–1 h, and 350 ◦ C–200
s specimens decreased rapidly during the early stage of tensile deformation in stage I, followed by a slight increase in
stage II, before decreasing rapidly again until fracture in stage
III. The observed difference in work hardening behavior can
be explained in terms of different morphologies, carbon contents, location, distribution and crystal sizes of RA stabilized
in the multiphase microstructures [22,57,58]. The increase of n
value during stage II can be related to the TRIP effect generated
by RA in the microstructures. With an increase in isothermal
holding time at this temperature, ﬁrstly the amount of RA has
been increased and reached the maximum value of 18 vol.%
at 200 s holding, following which it decreased to 6.9% for 1 h
holding. In the samples treated for shorter durations, not only

Fig. 9 – The n value–true strain curves for different holding
time Q&B treated samples at isothermal temperatures of
350 ◦ C.

the amounts of RA is low, but also their carbon contents can
be somewhat low, thus rendering lower stability of RA and
hence, facilitating its transformation to martensite even at
small strains [59]. By increasing the holding time, the amount
of RA and its carbon content can be both increased up to about
200 s holding, resulting in the higher n value with the increas-
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Fig. 10 – The SEM micrographs of fracture surfaces for Q&B samples following isothermal holding at: (a) 350 ◦ C–5 s, (b) 350
◦ C–200 s; (c) 350 ◦ C–1 h; (d) 300 ◦ C–5 s; (e) 300 ◦ C–200 s; and (f) 300 ◦ C–1 h.

ing strain. But, microstructural investigation, presented in
Fig. 5, indicates that the morphology of retained austenite
is essentially in the form of blocky islands and hence, the
mechanical stability of such morphology is low, thus reducing
the inﬂuence of TRIP effect on the work hardening behavior in
comparison to that of the specimens held for longer isothermal holding times of 1 h, whereby RA is stabilized mostly as
thin ﬁlm morphology according to the microstructural examination [60,61]. By increasing the isothermal holding time up to
200 s, a large volume fraction of RA with thin ﬁlm morphology
is achieved, which helps attain higher work hardening capacity. Similar work hardening behavior can also be seen for the
specimens held at 300 ◦ C for different holding times (Fig. 8b). But, the only difference is related to the specimens held
for a long duration of 1 h at 300 ◦ C. It can be observed that the
strain hardening exponent n decreased sharply during the ﬁrst
stage of plastic deformation, and then decreased slowly. This
behavior depicts that the TRIP effect may not be discernible for
these specimens due to the small amounts of RA in conjunction with the partial recovery of dislocation in bainite resulting
in somewhat lower work hardening exponent in these long
duration treated multiphase samples [17]. For the specimens
held at 250 ◦ C (below the Ms temperature) (Fig. 8-c) the n value
decreased sharply at an early stage of deformation, followed
by a moderate increase as a consequence of TRIP phenomenon
in the samples. But, the TRIP effect is small due to the presence of RA with thin interalth ﬁlm-like morphology with its
high carbon content that tends to be mechanically more stable and cannot easily transform to martensite under straining.
As a result, the TRIP effect may be somewhat lower in these
samples compared to those treated at higher isothermal temperatures. Similar mechanical behavior has also been noticed
in the specimens held at 200 ◦ C for different holding times,
Fig. 8-d. Therefore, it is reasonable to conclude that the effect
of RA volume fraction, its carbon content, morphology and
distribution are the most important parameters affecting the
TRIP phenomenon in these multiphase microstructures.

3.6.
Fracture behavior of micocomposite
microstructure
Typical fractography micrographs of various Q&B heat treated
samples at 350 and 300 ◦ C are shown in Fig. 10. The fracture surfaces of the tensile tested 350 ◦ C–5 s and 300 ◦ C–5 s
(Fig. 10-a and d) samples showed essentially cleavage facets
and voids, but with increasing isothermal holding time at
these temperatures, the fracture surfaces displayed shallow dimples, typical of quasi-cleavage faceting. On the one
hand, the fracture/impact toughness depends primarily on
the volume fractions of relatively softer phases and interfaces (grain boundary and phase boundary). For this reason,
the samples held only for a short period of 5 s at these
temperatures showed essentially brittle fracture due to the
formation of large volume fraction of hard brittle martensite in the microstructures (Fig. 6-a and b). On the other
hand, the fracture/impact toughness is affected by morphology and distribution of various microphases formed/stabilized
in the microstructures [62]. The crack propagates along cleavage planes of martensite during the progress of fracture under
mechanical loading, so that the hard brittle martensite easily results in cleavage fracture mechanism [63]. Increasing the
isothermal holding time can be associated with enhanced
austenite stabilization and also softening of bainite due to
recovery, thus leading to a mixed mode of fracture (closely
similar to quasi-cleavage fracture) in the samples resulting in
toughening against cracking (Fig. 10-b, c, e, and f).
Typical fracture surfaces of various Q&P heat treated samples at temperatures of 250 and 200 ◦ C for different isothermal
holding times are also shown in Fig. 11. As can be seen, the
fracture morphology has changed from cleavage to quasicleavage mode, marked by the presence of shallow dimples
due to an increase in holding time from 5 s to 1 h. The XRD
results showed that the volume fraction of soft RA microphase
increased with longer isothermal holding time that helped to
improve ductility. The difference between various Q&B and
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Fig. 11 – The SEM micrographs of fracture surfaces for Q&P samples isothermally held at: (a) 250 ◦ C–5 s; (b) 250 ◦ C–200 s; (c)
250 ◦ C–1 h; (d) 200 ◦ C–5 s; (e) 200 ◦ C–200 s; and (f) 200 ◦ C–1 h.

Q&P fractography micrographs shown in Figs. 10 and 11 indicate that below the Ms temperature, the fracture mode is
mostly brittle for samples heat treated up to 200 s, beyond
which the fracture behavior is partly brittle and partly ductile (close to quasi-cleavage mode) for samples heat treated
for longer durations (≥200 s), substantiated by the formation

of shallow dimples (as marked in the images), Fig. 11-c and f.
For a better understanding of the fracture mechanisms in Q&P
condition, typical SEM fractographs recorded at high magniﬁcation shown in Figs. 10 and 11 are reproduced in Fig. 12. As
revealed in these fracture surfaces, increasing the isothermal
holding time from 5 s to 1 h resulted in more dimples and

Fig. 12 – The high magniﬁcation SEM fractographs recorded on Q&B treated samples at 350 ◦ C for: (a)5 s; (b) 200 s; and Q&P
samples at 200 ◦ C for: (c) 5 s; and (d) 1 h.
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smaller voids. The main fracture mechanism of samples held
for a short time (5 s) during both Q&B and Q&P heat treatments appeared to be brittle, resulting in cleavage faceting, as
marked in Fig. 12-a and c. The samples held at 350 ◦ C–200 s
and 200 ◦ C–1 h contained about the same level of RA phase (18
vol.%) and the fracture mode was somewhat ductile with the
revelation of a higher fraction of dimples (market in images)
and small voids (Fig. 12-b and d).

4.

Conclusions

This study reports the main observations made on the relationship of microstructural constituents with mechanical
response of a silicon-bearing, medium-carbon spring steel
(DIN 1.5025) subjected to quenching and isothermally holding at temperatures closely above (Q&B) and below (Q&P) the
Ms temperature for different durations. Room temperature
tensile stress–strain data were analyzed and correlated with
the deformation behavior of microstructural constituents with
special reference to the occurrence of TRIP phenomenon of
the austenite content and its morphology, carbon content and
stability. Accordingly, the following conclusions can be drawn:
1 Multiphase microstructures involving a mixture of bainite, martensite, and RA are achieved with varying
volume fractions, morphologies, and distribution, particularly austenite is retained in all the Q&B and Q&P heat
treated samples. Among the variously heat treated samples
used for tensile testing, the 350 ◦ C–200 s and 300 ◦ C–200
s (Q&B) and 250 ◦ C–600 s and 200 ◦ C–1 h (Q&P) samples
showed maximum RA fractions of 18, 12, 17.8, and 17.2 vol.%
in the microstructures, respectively.
2 Both the Q&B (above Ms ) and Q&P (below Ms ) treatments
are capable of facilitating ultrahigh strengths (1760−2600
MPa TS) with reasonable ductility (4.3–17.9% TE) and strain
hardening capacity in accord with the mechanical property target of third generation advanced high strength
steels.
3 The presence of a small fraction of ﬁnely divided retained
austenite facilitates the improvement of both the ductility
as well as tensile strength through TRIP effect in both the
Q&B as well as Q&P heat treated samples containing the
comparable volume fractions of RA (12−18 vol.%). The TRIP
effect observed in the 350 ◦ C–200 s sample was most pronounced, obviously as a consequence of high RA fraction
(18 vol.%) in the samples.
4 Improved ductility up to 17.9% TE in Q&B samples in conjunction with reasonably high tensile strengths is related to
the self-tempering of bainite during longer isothermal holding despite the presence of a large volume fraction of ﬁne
bainite crystals in the microstructure following isothermal
holding for 1 h at both 350 and 300 ◦ C in bainitic regions.
5 Instantaneous strain hardening exponent (n) decreased
sharply in the beginning and then either increased slightly
or stayed at a constant level as plateaus due to the TRIP phenomena occurring in samples isothermally held for longer
durations (up to 1 h), irrespective of heat treatments above
or below the Ms temperature.

6 For short holding time of 5 s at various isothermal temperatures above (Q&B) or below (Q&P) the Ms temperature, the
fracture strain of tensile tested samples is associated with
brittle cleavage fracture due to the presence of essentially
hard and brittle martensite phase causing a brittle fracture
at high strength level. By increasing the isothermal holding time to longer durations, the fracture characteristics
changed from cleavage to quasi-cleavage mode, marked by
the presence of shallow dimples on the fracture surfaces in
addition to the cleavage facets. This is due to the change in
microstructural constituents from essentially martensitic
laths to multiphase microstructures including signiﬁcant
fractions of bainite and retention of relatively high austenite
fractions with improved stability.
7 Irrespective of holding above (Q&B) or below (Q&P) the Ms
temperature, the maximum product of TS×TE is obtained
for 350 ◦ C–200 s Q&B sample containing multiphase
microstructural constituents comprising essentially ﬁne
bainite and martensite crystals interspersed with 18 vol.%
of ﬁne RA interlath ﬁlms.
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[19] Jirková H, Mašek B, Wagner MF-X, Langmajerová D, Kučerová
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