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• Holding time effect on microstructureproperties relationship of a low-C steel
isothermally treated below Ms is
discussed.
• The mechanical behaviour of below-Ms
multiphase steels is primarily affected
by the distinct tempering degree of
martensite.
• The bainitic character of the isothermal
product phase formed below Ms is conﬁrmed by the analysis of KocksMecking plots.
• Multiphase steels obtained below Ms
exhibit comparable properties to conventional steels after shorter processing
routes.
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a b s t r a c t
The initial formation of athermal martensite was proven to accelerate the subsequent bainite formation kinetics
during isothermal holdings below the martensite-start temperature (Ms). The presence of prior athermal martensite (PAM) within the phase mixture is expected to modify the overall mechanical response of these
newly-designed multiphase steels. Differences stem not only from the balance of product phases, but also from
the effect of tempering of the PAM with variations in the applied holding time. This work investigates the effect
of tempering time on the mechanical behaviour of the PAM and, as consequence, on the overall mechanical response of these microstructures. Results show that, for short holding times (several minutes), PAM yields similar
to as-quenched martensite while, for longer holding times, its yielding behaviour becomes comparable to the one
exhibited by typical tempered martensite. Furthermore, the use of Kocks-Mecking curves for the analysis of the
mechanical performance conﬁrms the bainitic character of the product phase isothermally formed below Ms. Tailoring the bainitic-martensitic microstructure with variations of the holding time below Ms enables to obtain advanced multiphase steels with comparable mechanical properties to those exhibited by conventional bainitic
steels, but in shorter processing times due to the acceleration of bainite formation.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

⁎ Corresponding author.
E-mail address: a.navarrolopez@tudelft.nl (A. Navarro-López).

A new metallurgical route has been recently proposed for the
manufacturing of new advanced high strength steels (AHSS) through
a more promising sustainable processing route which could lead to a

https://doi.org/10.1016/j.matdes.2020.108484
0264-1275/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

2

A. Navarro-López et al. / Materials and Design 188 (2020) 108484

reduction in production time and energy consumption, and, as a consequence, in reduced greenhouse gas emissions. The novelty of this new
metallurgical route lies on the acceleration of the bainite reaction
through the presence of athermal martensite previously formed during
the thermal cycle [1–6]. This thermal cycle consists of a fast cooling from
full austenitization to an intermediate temperature between the
martensite-start (Ms) and martensite-ﬁnish (Mf) temperatures,
followed by an isothermal holding below Ms and a ﬁnal cooling to
room temperature. During the initial interrupted cooling, a certain fraction of prior athermal martensite (PAM) is formed before the bainite reaction occurring in the subsequent holding below Ms [6–10]. The
formation of PAM implies the introduction of martensite-austenite interfaces which, in addition to prior austenite grain boundaries, act as
preferential nucleation sites for bainite nucleation [3,6]. The presence
of these newly-formed interfaces drastically increases the number of
potential nucleation sites and, as consequence, leads to an acceleration
by several orders of magnitude of the bainite formation in comparison
with the one that takes place without the presence of PAM [6]. The
ﬁnal fraction of bainitic ferrite (BF) formed depends on the isothermal
holding temperature and time, respectively. However, the bainite reaction often remains incomplete and a certain fraction of austenite still remains untransformed after the formation of PAM and BF. The remaining
fraction of untransformed austenite is either transformed into fresh
martensite or retained after the ﬁnal cooling to room temperature. As
a result, the ﬁnal multiphase microstructure contains a martensiticbainitic matrix in combination with martensite-austenite (MA) islands
as well as carbon-enriched austenite.
Recent investigations on low-carbon steels, alloyed with
medium‑manganese and/or high‑silicon contents, heat treated through
the proposed thermal cycles show that a good combination of mechanical properties can be attained, similar, in many cases, to the ones exhibited by conventional bainitic steels [5,11–18]. The main difference
between both types of microstructures lies in the presence of PAM in
those isothermal holdings below Ms. The formation of PAM affects the
overall mechanical response of these multiphase steels. First, PAM can
contribute, in principle, to the strengthening of the phase mixture
since it is initially a carbon-supersaturated martensitic phase. Secondly,
the fragmentation of the initial austenite grains due to the formation of
PAM favours the increase of the yield stress through the reduction of the
average bainite sheaf size [5,18]. Finally, the tempering of PAM with
holding time leads to the softening of this micro-constituent due to
the precipitation of carbon in solid solution in the form of carbides as
well as dislocations recovery, affecting both phenomena the mechanical
behaviour of the steel.
Variation of the holding time gives rise to different degrees of tempering of the PAM, resulting in different individual mechanical response
of this product phase within the ﬁnal phase mixture. The tempering
process can be divided into several stages, arranged in order of increasing tempering temperature. At low temperatures, carbon atoms segregate at dislocations, phenomenon that can occur even during
quenching. At intermediate temperatures, transitional carbides start to
precipitate within the martensitic matrix. Finally, at highest temperatures of the tempering range, transitional carbides transform into cementite, which coarsens upon extended tempering times [19]. All
these phenomena lead to the softening of the PAM due to changes in
its matrix, which can be aggravated by the recovery of dislocations
from intermediate holding temperatures (generally, higher than approximately 400 °C). Previous investigations on this type of multiphase
steels show that the presence of PAM leads to an increase of the yield
stress together with a reduction of the tensile strength in specimens
annealed below Ms in comparison to those isothermally treated above
Ms [5,11,14,15,17,18]. Among these investigations, only a few research
studies show the evolution of the mechanical properties of specimens
isothermally treated below Ms at different holding times [14,17].
These studies report a rapid decrease of the yield stress at short holding
times (only a few minutes) and, then, an increase of the yield stress with

longer holding times. On the contrary, a decreasing evolution of the ultimate tensile strength is reported with respect to the increasing holding time.
A deeper analysis of the evolution of the mechanical properties is
still needed by taking into consideration all product phases formed in
these advanced multiphase steels. This will allow to understand the effect of holding time not only on the degree of tempering of PAM and its
individual mechanical behaviour, but also on the microstructureproperties relationship derived from the multiphase mixture formed
in which bainitic ferrite and/or retained austenite are also present.
This research work investigates the mechanical behaviour of prior
athermal martensite after the application of different holding times
below Ms and, consequently, its effect on the formation of other phases
and on the overall mechanical behaviour of these multiphase steels. The
evolution of the microstructure and the resulting properties are studied
by the application of different isothermal treatments above and below
Ms in a low-carbon steel. The resulting properties are compared and
benchmarked against the mechanical properties reported in other research studies as well as other conventional grades of advanced high
strength steels.

2. Experimental procedure
The chemical composition of the alloyed steel investigated in the
present work is indicated in Table 1. Double T-shaped tensile specimens
and cylindrical dilatometry specimens were machined parallel to the
rolling direction of a hot rolled slab of 4 mm thickness. The dimensions
of these specimens are indicated in Fig. 1. All specimens were extracted
from the same steel slab used in previous works of the present authors
[6,20], but from a different slab area. Local compositional variations of
the hot rolled slab led to slight differences in the critical temperatures
of the steel, such as the Ms temperature, compared to those reported
in [6,20]. A Bähr 805A/D dilatometer was primarily used to thermally
treat all specimens and, secondarily, to identify phase transformations
occurring during the applied heat treatments. All specimens were inductively heated up under vacuum conditions of the order of
10−4 mbar and cooled down under a protective atmosphere of
continuously-ﬂushed helium gas. An S-type thermocouple was spotwelded on the surface of each specimen to control and monitor the temperature at any instant.
Fig. 2 shows a schematic overview of the heat treatments applied to
both types of specimens. Three tensile specimens were used per each
thermal condition to obtain a statistical representativeness of their mechanical performance under tensile deformation. On the other hand,
only one dilatometry specimen was used per thermal condition to identify the phase transformations occurring during each heat treatment. A
direct-quench from full austenitization to room temperature was carried out to determine the mechanical response of a fully untempered
martensitic microstructure. The experimental Ms temperature was determined at Ms (1%) = 335 °C ± 5 °C [18]. Three isothermal treatments
with different holding times (‘t1’, ‘t2’, ‘t3’, see Table 2) after full
austenitization were performed at each of the three selected temperatures to obtain intermediate fractions of bainitic ferrite and determine
the mechanical response of the resulting microstructures. The phase
fractions formed after each heat treatment were determined from the
dimensional changes detected by dilatometry of the heat-treated cylindrical specimens. Experimental results derived from isothermal treatments ‘t3’ at the three selected temperatures were previously
analysed in detail elsewhere [18].
Table 1
Chemical composition (in wt. pct) of the alloyed steel with balanced iron (Fe).
C

Mn

Si

Mo

Al

0.20

3.51

1.52

0.25

0.04
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Table 2
Holding times (‘t1’, ‘t2’, ‘t3’) applied during the isothermal stage performed at the three selected temperatures.
HT

t1
t2
t3

Isothermal holding time (s)
300 °C

320 °C

340 °C

7
151
3600

253
422
3600

441
615
3600

determine the retained austenite fraction in the cylindrical specimens.
These measurements were carried out by using Co-Kα radiation. A 2θ
scan from 40° to 130° was performed in all specimens with a step size
of 0.035°. The integrated area method was used to calculate the fractions of retained austenite by comparing the areas under the {200},
{220}, and {311} diffraction peaks of fcc-austenite with the areas
under the {110}, {200}, {211}, and {220} diffraction peaks of the bccphase(s) [21].
3. Results
3.1. Formation of product phases
Fig. 1. Schematic representation of tensile and cylindrical specimens with their
dimensions in mm.

An Instron 5500R electromechanical tester machine was used to
perform all tensile tests, which were carried out in extension control
at room temperature. A clip-on extensometer with knife edges was
used to measure the elongation of the specimen gauge during the tensile test. The attachment of the extensometer to the tensile specimen
consisted of ﬁxing ﬁrmly by elastic bands the knife edges of the extensometer in both extremes of the specimen gauge. The extensometer,
with a separation between knife edges of 7.8 mm, completely covered
the gauge length of the double T-shaped specimen. Once tensile tests
were performed, mechanical properties such as yield stress, tensile
strength, and uniform elongation were determined from the corresponding engineering stress-strain curves of all heat treated specimens.
In this work, the 0.2% offset method was used for the determination of
the yield stress (σy).
Cross sections of heat-treated cylindrical specimens were grinded
and polished to 1 μm, and etched with 2% Nital to observe the microstructures obtained after heat treatments. A JEOL JSM-6500F Scanning
Electron Microscope (SEM) was used for the microstructural characterization, using a 15 kV electron beam and the Secondary Electron Imaging (SEI) detection mode. A Bruker D8-Advance diffractometer was
used to perform X-ray diffraction (XRD) measurements in order to

Fig. 2. Direct-quench and isothermal treatments (t1/t2/t3) performed to both types of
specimens.

Dilatometry curves for cylindrical specimens isothermally treated at
340 °C, 320 °C, and 300 °C for holding times ‘t1’, ‘t2’, and ‘t3’ are shown
in Fig. 3a-c. All specimens exhibit a linear behaviour during cooling from
austenitization until reaching the Ms temperature. This is an indication
of the non-decomposition of austenite into bcc-phases, such as ferrite,
pearlite, or bainite, before the onset of the austenite-to-martensite
transformation. In treatments performed at 340 °C (above Ms), there is
a length increase (dilatation) in all specimens during the isothermal
holding which is originated by the formation of bainitic ferrite (BF)
(see Fig. 3a). In treatments performed at 320 °C and 300 °C (below
Ms), a deviation from linearity occurs once the Ms temperature is overcome during cooling due to the formation of prior athermal martensite
(PAM), as indicated in Fig. 3b-c.
The austenite-to-martensite transformation stops when the cooling
is interrupted at the corresponding isothermal temperature. Subsequently, dilatation takes place during all isothermal holdings as consequence of the formation of bainitic ferrite (see Fig. 3b-c).
Finally, there is a deviation from linearity of the change in length
during the ﬁnal cooling from the isothermal temperatures to room temperature in all experimental dilatometric curves, as shown in Fig. 3a-c.
This deviation is an indicative of the decomposition of untransformed
austenite into fresh martensite (FM). In all cases, the isothermal bainitic
transformation is incomplete even after 1 h of holding time and the remaining untransformed austenite partially transforms into fresh martensite, while the rest is partially retained at room temperature.
The quantiﬁcation of the phase fractions was ﬁrst performed in the
one-hour isothermal treatments (‘t3’). In these heat treatments, the volume fractions of fresh martensite, originated from the untransformed
austenite decomposition during the ﬁnal cooling, were obtained from
the dilatometry data by following the procedure described in ref. [6].
The bainitic ferrite fractions were balanced from volume fractions of
the rest of product phases, i.e., from prior athermal martensite, fresh
martensite (both obtained from dilatometry), and retained austenite
(obtained from XRD). For the isothermal treatments ‘t1’ and ‘t2’, bainitic
ferrite fractions were extracted from the dilatometry curves of the onehour isothermal treatments (‘t3’) by considering the fraction formed at
the selected holding times for each of the three temperatures (see
Table 2). In these heat treatments, the fresh martensite fractions were
balanced from the volume fractions of prior athermal martensite,
bainitic ferrite (both obtained from dilatometry), and retained austenite
(obtained from XRD).
Fig. 4a-c show the evolution of the volume fractions of the distinct
phases of the multiphase mixture formed after the application of the
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Fig. 4. Evolution of the multiphase mixture after the application of isothermal treatments
at (a) 340 °C, (b) 320 °C, and (c) 300 °C for holding times ‘t1’, ‘t2’, and ‘t3’. The phase
mixture of the direct quenched specimen is considered in all ﬁgures as the reference
value at holding time ‘0 s’. The following terms refer to: ‘PAM: prior athermal
martensite’, ‘BF: bainitic ferrite’, ‘FM: fresh martensite’, and ‘RA: retained austenite’.

Fig. 3. Change in length of cylindrical dilatometry specimens during cooling stages and
isothermal holdings at (a) 340 °C, (b) 320 °C, and (c) 300 °C for different holding times
(t1, t2, and t3). The experimental Ms temperature is also shown.

ﬁnal cooling to room temperature. The ﬁnal fraction of retained austenite also increases with holding time at all temperatures, reaching maximum values of 0.10 in specimens heat treated for 1 h of holding time.
3.2. Microstructural evolution

previously described isothermal treatments at 340 °C, 320 °C, and 300
°C, respectively. Implicitly, the ﬁnal balance of phase fractions for each
thermal-temporal condition can be extracted from these ﬁgures. As is
observed, the volume fraction of PAM is maintained constant with holding time at each temperature since it only depends on the undercooling
below Ms. The volume fraction of bainitic ferrite increases with holding
time at all temperatures and, as consequence, a lower volume fraction of
fresh martensite is formed from the untransformed austenite during the

The microstructural characterization of the direct-quenched specimen and specimens isothermally treated at the selected temperatures
for the holding time ‘t3’ is presented in a previous work of the present
authors [18]. Fig. 5 shows the microstructures obtained in specimens
heat treated by isothermal holdings ‘t1’ and ‘t2’ at temperatures above
and below Ms. At 340 °C (above Ms), the microstructure evolves from
a martensitic matrix, formed by large fresh martensite (FM) areas

A. Navarro-López et al. / Materials and Design 188 (2020) 108484
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Fig. 5. Evolution of microstructures obtained from different isothermal holding times at temperatures of a-b) 340 °C (t1-t2), c-d) 320 °C (t1-t2), and e-f) 300 °C (t1-t2). The following terms
refer to: ‘TM: tempered martensite’, ‘BF: bainitic ferrite’, ‘FM: fresh martensite’, ‘RA: retained austenite’, and ‘Cb: carbides’. In this work, the term TM refers to PAM which is tempered
during isothermal holding.

surrounded by small acicular units of bainitic ferrite (BF) after a holding
time of 441 s (‘t1’) (see Fig. 5a), to a bainitic-martensitic matrix of similar phase fractions, where bainitic ferrite and fresh martensite appear in
the form of acicular units and laths, respectively, after a holding time of
615 s (‘t2’) (see Fig. 5b). Retained austenite is present in the form of thin
ﬁlms between the units of bainitic ferrite, as observed in the dashedrectangular magniﬁed area of Fig. 5a-b.
At 320 °C (below Ms), tempered martensite (TM) is present in the microstructure since a 14% volume fraction of prior athermal martensite is
formed before applying the isothermal holdings. After the holding time
of 253 s (‘t1’) (Fig. 5c), there is a bainitic-martensitic matrix of similar
phase fractions formed by acicular units of bainitic ferrite with thin
ﬁlms of retained austenite between them, besides tempered martensite
and fresh martensite laths. When the applied holding time is 422 s (‘t2’)
(Fig. 5d), the martensitic-bainitic matrix evolves towards a matrix that
is mainly formed by bainitic ferrite units. In both microstructures, tempered martensite is characterized by large elongated laths with carbides
(Cb). Since the austenite regions untransformed during the isothermal
holding are reduced from the isothermal treatment ‘t1’ to ‘t2’, laths of

fresh martensite become smaller, and large fresh martensite areas are
progressively converted into isolated martensite-austenite (MA) islands.
At 300 °C (below Ms), prior athermal martensite represents a 50%
volume fraction of the ﬁnal microstructure. After the heat treatment
‘t1’ (see Fig. 5e), in which the holding time is only 7 s, the microstructure
is similar to the one obtained in a direct-quenched specimen (see ref.
[18]). Carbides (Cb) are present within the martensite laths, as observed
in the dashed-rectangular magniﬁed area of Fig. 5e, which indicates
possible auto-tempering of martensite. Despite obtaining similar fractions of prior athermal martensite (PAM) and fresh martensite, approximately 50% and 44%, respectively, the microstructural characteristics
deﬁning tempered martensite at higher temperatures cannot be distinguished in this microstructure. Moreover, it is not possible to ascertain
the presence of bainitic ferrite due to its small volume fraction (b5%).
For the heat treatment ‘t2’, in which the holding time is increased to
151 s, tempered martensite can be distinguished from fresh martensite
(see Fig. 5f). Tempered martensite is present as elongated laths and
laths with a sharp tip at one of its edges. Both types of martensitic
laths contain carbides. Small bainitic ferrite units are identiﬁed in the
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surroundings of tempered martensite laths. Large areas of fresh martensite are also observed in this microstructure.

decrease of their strain hardening potential with increasing holding
time.
4. Discussion

3.3. Mechanical behaviour
4.1. Effect of multiphase microstructure on strength
Fig. 6a, c, e show the engineering stress-strain curves obtained from
uniaxial tensile tests performed to the specimens heat treated for the
selected isothermal temperatures and holding times. As observed in
these engineering curves, all specimens exhibit a continuous yielding
behaviour in spite of differences in the phase mixture obtained after
the application of distinct isothermal treatments. This means that
there is a smooth transition from elastic to plastic behaviour in all specimens, but the 0.2% yield stress is unambiguous. Extracted from these
engineering curves, the evolution of the yield stress (YS) as well as the
ultimate tensile strength (UTS) with holding time at the selected temperatures is presented in Fig. 6b, d, f. The yield stress as well as the ultimate tensile strength decrease with holding time, independently of the
applied isothermal temperature.
Fig. 6 also shows mean values of uniform elongation (UEL) and strain
hardening (‘YS/UTS’ ratio) of all heat-treated specimens at the selected
temperatures. Uniform elongation increases with holding time for all
isothermal holding temperatures. Once the maximum UEL is reached
(at UTS), necking takes place within the gauge length until fracture. As
observed in Fig. 6, fracture strains of all heat-treated specimens are in
the range of 17–23%. Note that the sub-size dimensions of double Tshaped specimens used in this work affect the elongation values obtained in tensile tests since the contribution from the necked region to
the overall elongation is greater due to the reduced gauge length of
the specimens [22]. Therefore, any comparison of these results with literature data must be performed with care. Concerning the ‘YS/UTS’ ratio,
which represents the potential of a material to be hardened by plastic
deformation, all heat treated tensile specimens present similar strain
hardening potential. The mentioned ratio varies from 0.65 to 0.75,
which are considered typical ‘YS/UTS’ ratios in multiphase steels
[13,23]. The specimens isothermally treated above Ms present a slight
increase of their strain hardening potential with increasing holding
time. On the contrary, specimens heat treated below Ms exhibit a slight

The evolution of the phase mixture with holding time leads to a decrease of the yield stress (YS) and ultimate tensile strength (UTS) in
specimens thermally treated at temperatures above and below Ms
(see Figs. 4 and 6). In specimens heat treated above Ms, the continuous
decrease of YS and UTS with increasing holding times is directly related
with a marked increase of the fraction of the softer bainitic ferrite at the
cost of the decrease of the fraction of the harder fresh martensite (see
Figs. 4a and 6b). In specimens heat treated below Ms, a similar evolution
of YS and UTS is observed up to holding times of 600 s (see Fig. 6d and f).
However, for longer holding times, the YS hardly decreases in spite of
the formation of a higher fraction of bainitic ferrite and a lower fraction
of fresh martensite. This dissimilar yielding behaviour after holding
time ‘t2’ should be attributed to the presence of prior athermal martensite (PAM) in the multiphase microstructure of specimens isothermally
treated below Ms compared to that of specimens treated above Ms.
The observed evolution of the yield stress with holding time in specimens isothermally treated below Ms is partially in agreement with experimental observations reported by Yan et al. [14] and Zinsaz et al. [17].
Both authors studied the mechanical response exhibited by specimens
isothermally treated for several holding times at temperatures below
Ms in similarly compositional low-carbon steels as the one investigated
in this study. In both investigations, there is a decrease of the YS exhibited by specimens treated below Ms up to short holding times (approximately 100 s). As the holding time is increased, the yielding response of
these specimens radically changes and the YS increases continuously.
Both authors suggest that the tempering of a high fraction of PAM dictates the yielding response of these specimens.
For a better comprehension of the yielding behaviour of PAM formed
in isothermal treatments below Ms, the derivative of the true stressstrain curves, which represents the instantaneous work hardening
rate (Θ), as a function of the true stress, known as the extended (since

Fig. 6. Engineering stress-strain curves and evolution of 0.2% offset yield stress (YS) and ultimate tensile strength (UTS) of specimens isothermally treated for holding times ‘t1’, ‘t2’, and ‘t3’
at (a-b) 340 °C, (c-d) 320 °C, and (e-f) 300 °C, respectively. Average values of uniform elongation (UEL) and strain hardening (‘YS/UTS’ ratio) of these specimens are also indicated for each
thermal condition. The phase mixture of the direct quenched specimen is considered as the reference value at holding time ‘0 s’.
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also the pre-yield range is included [24]) Kocks-Mecking (K-M) curves
[25], is used in this analysis. Extended K-M curves have been demonstrated to be a reliable physically based method, alternative to the
0.2% offset criterion, to determine the yield stress of single-phase ferritic
steels [24]. For such materials, two stages are commonly distinguished
before uniform elongation is exceeded: 1) a gradual, although initially
slow, decay of Θ corresponding with the anelastic reversible behaviour
due to bowing of dislocations, and 2) a marked transition to the plastic
regime when dislocations begin to massively multiply.
Fig. 7a-b show the instantaneous work hardening rate (Θ) of the
specimens heat treated at temperatures of 340 °C and 300 °C, respectively. The extended K-M curves of a direct-quench specimen, and
quenched and tempered (Q&T) specimens heat treated at both temperatures are also included for comparison. These latter treatments
consisted of a one-hour holding stage (tempering) at either 340 °C or
300 °C after a rapid cooling from full austenitization. Both Q&T specimens exhibited a ﬁnal microstructure which consisted of 97–98% of
tempered martensite with 2–3% of retained austenite.
In quenched specimens, the extended Kocks-Mecking curves exhibit
an almost linear behaviour beyond stresses of 800 MPa, so no clear transition from elastic to plastic regime is visible. As the microstructure is
only formed by quenched martensite, this yielding behaviour is related
to the high density of dislocations within this phase together with a
probably heterogeneous distribution of dislocation segment lengths.
On the other hand, Q&T specimens exhibit extended Kocks-Mecking
curves in which the pre-yield and plastic stages are well deﬁned, showing a marked transition between both. The true stress at which an
abrupt change of the instantaneous work hardening rate occurs
(marked by a red circle in Fig. 7a-b) coincides with the yield stress of

Fig. 7. Instantaneous work hardening rate (Θ) as function of true stress of specimens
thermally treated by a rapid cooling (‘Quench’), isothermal holdings for several times
(‘t1’, ‘t2’, and ‘t3’), and quenching and tempering (‘Q&T’) at temperatures of (a) 340 °C
(above Ms) and (b) 300 °C (below Ms).
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these specimens [24]. This yielding behaviour is related to all processes
inherent to tempering, such as segregation/precipitation of carbon and
reduction of dislocations density, which structurally modiﬁes the initial
matrix of as-quenched martensite [26].
Regarding isothermally treated specimens, the initial very slow decrease of Θ is barely observed, but a continuous decay of Θ is taking
place. Values of Θ at very low stresses which exceed typical elastic modulus of around 210 GPa (the shaded range in Fig. 7a-b) arise from inaccuracies of the measurements. The lack of a clear transition from stage 1
to stage 2 denotes continuous yielding, which is typical of martensitic
steels, but, for the current alloys, it is also a consequence of a multiphase
microstructure. Differences in the shape of the extended K-M curves of
the different heat-treated specimens are related with the different mixture of product phases formed after the application of the thermal
treatments.
In Fig. 7a, the specimen isothermally treated above Ms for ‘t1’ exhibits an evolution of Θ similar to the direct-quenched specimen since
fresh martensite is the dominant phase in the mixture (see Fig. 4a).
The same yielding behaviour is observed in the specimen isothermally
treated for ‘t2’. In this case, although the phase mixture evolves to a
martensitic-bainitic matrix of similar volume fractions, the harder character of the fresh martensite prevails and, consequently, determines the
overall yielding behaviour. However, in the specimen isothermally
treated for 1 h (‘t3’), where the volume fraction of bainitic ferrite is
78%, the instantaneous work hardening rate decreases faster during
stage 1 of the extended K-M curve. This is an indication that bainitic ferrite yields at lower stress than fresh martensite, and its yielding behaviour prevails over the one of the fresh martensite.
In Fig. 7b, the specimen isothermally treated below Ms for ‘t1’ also
exhibits an evolution of Θ similar to the direct-quench specimen. This
means that, after the formation of 48% volume fraction of PAM, a holding time of 7 s (‘t1’) is not sufﬁcient to temper it, which indicates that
PAM mechanically behaves as fresh martensite for these thermal conditions. In the specimen isothermally treated for ‘t2’, a higher volume fraction of bainitic ferrite is formed (15%), but the overall yielding behaviour
is still dominated by martensitic phases, either the harder fresh martensite (29%) or the softer PAM (50%), which is tempered to a certain
degree. When the holding time is increased up to 1 h (‘t3’), the isothermally treated specimen exhibits a decay of Θ before yielding most comparable to the one exhibited by the Q&T specimen (see Fig. 7b). The
similarity of both curves is consequence of the presence of a higher fraction (48%) of PAM tempered to a moderate degree, which becomes the
dominant phase within the martensitic-bainitic mixture. However, two
differences can be observed by comparing both extended K-M curves.
The ﬁrst is that the transition from the elastic to the plastic regime is
not yet clearly marked as it is in the extended K-M curve of the Q&T
specimen. The second difference is that the gradual decay of Θ occurs
at lower stress. This is due to the presence of bainitic ferrite in the
phase mixture, which indicates that bainitic ferrite yields at lower stress
than tempered martensite.
According to this analysis, and taking into consideration the reported results in refs. [14,17], the tempering of PAM strongly affects
its yielding behaviour, giving rise to a general decrease of the YS of specimens isothermally treated below Ms for short holding times (b200 s).
Tempering leads to the loss of carbon atoms in solid solution contained
in the initial carbon-supersaturated PAM via diffusion into the surrounding untransformed austenite during holding and segregation to
the dislocation strain ﬁelds in the PAM [27,28]. These processes entail
the softening of this product phase and, as a consequence, the decrease
of the overall YS and UTS. The precipitation of carbon atoms in the form
of carbides, a phenomenon that is also associated to tempering, will be
minor during the isothermal holding since, in the present work, the formation of carbides within the PAM already takes place during the initial
cooling before the isothermal holding. Fig. 5e shows the early precipitation of carbides in the specimen isothermally treated at 300 °C (below
Ms) for 7 s (‘t1’), conﬁrming the auto-tempering of PAM. On the other
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hand, the recovery process, which implies the reduction of the dislocation density, can contribute to the softening of the PAM with a moderate
degree of tempering, but this effect may be minor in comparison with
the ones previously described since the isothermal temperatures applied are lower than 400 °C, the limit temperature above which the recovery of dislocations certainly becomes an important effect of the
tempering [29].
As the applied holding time increases (N200 s), it is presumable that
processes leading to the softening of PAM are mostly ﬁnished, thus the
yielding behaviour of PAM does not signiﬁcantly vary with holding
time, becoming similar to the tempered martensite of typical Q&T treatments. The insigniﬁcant variation of the yielding behaviour of PAM partially leads to the nearly constant YS exhibited by specimens treated
below Ms after a certain holding time (‘t2’). This fact is in agreement
with the results reported by Cupertino et al. [30] and Liu et al. [31],
concerning the yielding response of Q&T specimens of similarly compositional steels as the one investigated in this study. In both studies, results show that the yield stress of these Q&T specimens remains
nearly constant after the application of a certain holding time at tempering temperatures below 350 °C.
In addition to the minor effect of the tempering on the yielding response of the PAM at low temperatures and long holding times, the
nearly constant YS in specimens heat treated below Ms after a certain
holding time (‘t2’) is supported by the smaller variation of bainitic ferrite and fresh martensite fractions between holding times ‘t2’ and ‘t3’
in these specimens, compared to those treated above Ms. However,
this fact does not explain by itself the nearly constant YS since, in principle, the formation of bainitic ferrite at the cost of fresh martensite
should lead to the reduction, to some extent, of the YS and UTS of specimens isothermally treated below Ms. For these specimens, the
strengthening effect due to the reﬁnement of bainitic structures may
partially counteract the expected decrease of YS [18].
The higher reﬁnement of bainitic structures with the decreasing
temperature has been experimentally reported in conventional lowcarbon bainitic steels obtained above Ms [32,33]. This reﬁnement
stems from the higher nucleation rate of bainitic ferrite due to the larger
driving force for its formation at lower temperatures and from the larger
resistance of the untransformed austenite to the motion of bainiteaustenite interfaces [32]. However, the strengthening caused by the reﬁnement of bainitic structures is further enhanced in specimens isothermally treated below Ms due to the formation of PAM before the
bainite reaction. This fact leads to the initial formation of ﬁner bainitic
structures, compared to specimens isothermally treated above Ms, due
to the fragmentation of the initial austenite grains [15] and the higher
strengthening of the untransformed austenite as consequence of the
dislocations introduced by the martensitic transformation. These dislocations will be inherited by the further formed bainitic ferrite [34],
resulting into a higher overall strengthening in terms of YS of the specimens isothermally treated below Ms and, consequently, maintaining a
nearly constant YS with holding time.
The extended K-M curves have been demonstrated to be a powerful
method to analyse the mechanical response of these advanced multiphase steels since relevant differences in terms of yielding were observed between heat treated specimens containing PAM with different
degrees of tempering. This new approach can thus give reliable information concerning the mechanical response of the bainitic phase formed
below Ms. Fig. 8 shows the extended K-M curves of the specimens isothermally treated for the holding time ‘t3’ at the three selected temperatures. As observed, the specimens treated at 340 °C (above Ms) and 320
°C, (below Ms) with a similar high fraction of bainitic ferrite in their microstructure exhibit nearly the same yielding behaviour, i.e., a rapid
decay of Θ at low stress. This mechanical response is similarly
reproduced in the specimen treated at 300 °C, below Ms, where a considerable fraction of bainitic ferrite is present.
This unique observation via the K-M curves conﬁrms, from the point
of view of the mechanical behaviour, that the isothermal product

Fig. 8. Extended K-M curves of specimens isothermally treated for the holding time ‘t3’ at
the selected temperatures above and below Ms. The corresponding K-M curve of the
specimen quenched and tempered at 300 °C for 1 h has been included for comparison.

formed below Ms has a bainitic character since the yielding behaviour
of microstructures isothermally obtained below Ms resembles well
that of bainitic microstructures obtained above Ms. However, the formation of a certain fraction of PAM, tempered to a certain degree during the
isothermal holding, modiﬁes the yielding behaviour of the bainitic microstructures by delaying the rapid decay of Θ to higher stress, as indicated by a black arrow in Fig. 8. This yielding behaviour may
progressively evolve towards the one exhibited by Q&T specimens by
increasing the volume fraction of PAM formed before the isothermal
bainite reaction starts. Further investigations are needed to determine
the volume fraction of PAM at which the yielding behaviour of the multiphase microstructure becomes similar to that of a fully tempered
martensite.
4.2. Effect of multiphase microstructure on strain hardening
Uniform elongation increases with holding time in all heat treated
specimens above and below Ms, as shown in Fig. 6a,c,e. This is due to
the balanced evolution of product phases with holding time, in which
the fraction of softer bainitic ferrite increases at the cost of the harder
martensite formed during the ﬁnal cooling after the isothermal holding.
On the other hand, below Ms, the strain hardening potential slightly decreases with holding time, as opposed to what it is observed in isothermal treatments above Ms. This decrease may be consequence of three
phenomena. The ﬁrst two phenomena are presumably related to the
pinning effect of dislocations derived from the precipitation of carbides
within PAM and the grain reﬁnement of bainitic structures occurring in
specimens isothermally treated below Ms. The presence of carbides and
ﬁner structures can partially hinder the movement of dislocations until
a higher level of tensile stress is reached [26]. The constrained movement of dislocations certainly contributes to a higher strengthening in
terms of YS. However, further investigations are required for a better
understanding of the hindering effect caused by both phenomena on
the dislocation motion occurring within each phase contained in these
multiphase specimens.
The third phenomenon derives from the softening of the phase mixture with holding time, leading to the decrease of UTS. This decrease is
consequence of the formation of higher fractions of bainitic ferrite and
lower fractions of fresh martensite, but also of the softening of PAM during tempering due to the partial loss of carbon contained in solid solution and the likely reduction of its dislocation density. For multiphase
steels obtained by isothermal treatments below Ms, it can be assumed
that the maximum carbon concentration in solid solution within PAM
corresponds to that estimated from quenching and tempering (Q&T)
treatments performed at the same isothermal temperature and holding
time. Taking into consideration this assumption and following the
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experimental procedure described in [18], the carbon concentration in
solid solution within PAM can be drastically reduced during one-hour
tempering (as reported in [18]), mainly due to carbon precipitation as
carbides and carbon partitioning into other phases. The combined effect
of the three described phenomena gives as result the increase of the ‘YS/
UTS’ ratio, i.e., the decrease of the strain hardening potential in specimens isothermally treated below Ms.
The decrease of the strain hardening capacity can be partially
counteracted by the mechanically-induced transformation of the
retained austenite into martensite during the application of stress.
This austenite-to-martensite transformation generally occurs within
the uniform plastic deformation regime delaying the beginning of the
necking, which implies an increase of the UTS. However, this
counteracting effect on the UTS is challenging to be quantitatively
analysed due to the complexity of the multiphase mixture created
from these heat treatments. Investigations on the mechanical stability
of the retained austenite in specimens isothermally treated for a holding
time of ‘t3’ at the same temperatures above and below Ms show a similar
contribution of the retained austenite to the strain hardening capacity in
all specimens [18]. This is attributed to the similar mechanical stability
of the retained austenite as consequence of a similar carbon concentration (see Table 3), which leads to the mechanical transformation of approximately two thirds of the total fraction of retained austenite during
the uniaxial tensile tests [18].
In the present work, the formation of similar retained austenite fractions with comparable carbon enrichment, especially for ‘t2’ holding
times (see Table 3), may lead to a similar effect of the mechanicallyinduced transformation of the retained austenite on the strain hardening in all heat treated specimens. However, the decreasing evolution
of the strain hardening capacity from ‘t2’ to ‘t3’ holding times (below
Ms) suggests that this transformation-induced effect cannot counteract
by itself the opposing effects previously described that negatively affect
the capacity of specimens isothermally treated below Ms to be hardened
by deformation. Further research is needed to quantitatively determine
the contribution of the distinct morphologies (ﬁlm-like or blocky) of
retained austenite to the strain hardening of these multiphase steels.
4.3. Technological implications
Fig. 9a shows the comparison of microstructure and properties of the
specimens heat treated at two of the selected temperatures, 340 °C
(above Ms) and 320 °C (below Ms), during similar holding times
(441 s and 422 s, respectively). A higher fraction of bainitic ferrite is isothermally formed at 320 °C compared to the volume fraction formed at
340 °C during a similar holding time. This is mainly a consequence of the
increasing number of preferential sites for bainite nucleation introduced
as martensite-austenite interfaces due to the formation of PAM before
the bainite reaction [3,6]. The presence of these newly-created preferential sites triggers an accelerating effect in the kinetics of the bainitic
ferrite formation at 320 °C in comparison with the kinetics of the bainite
Table 3
Volume fraction of retained austenite (fRA) and its carbon concentration (XRA
C ) in wt% in
specimens isothermally treated at 340 °C, 320 °C, and 300 °C for different holding times
(‘t1’, ‘t2’, ‘t3’) before the application of tensile tests. The carbon concentration of retained
austenite at room temperature was calculated according to the equation reported in ref.
[35].
T (°C)

time

fRA

XRA
C (%)

340

t1 (441 s)
t2 (615 s)
t3 (3600 s)
t1 (253 s)
t2 (422 s)
t3 (3600 s)
t1 (7 s)
t2 (151 s)
t3 (3600 s)

0.03 ± 0.01
0.04 ± 0.02
0.10 ± 0.03
0.08 ± 0.01
0.10 ± 0.03
0.09 ± 0.02
0.02 ± 0.01
0.06 ± 0.01
0.09 ± 0.02

0.79 ± 0.09
0.85 ± 0.09
0.91 ± 0.06
0.79 ± 0.09
0.85 ± 0.09
0.91 ± 0.03
0.79 ± 0.09
0.79 ± 0.09
0.85 ± 0.06

320

300

Fig. 9. Comparison of the microstructure-properties relationships between specimens
isothermally treated at distinct temperatures above and below Ms (a) for a similar
holding time, (b) containing a similar bainite fraction, and (c) exhibiting similar yield
stress and ultimate tensile strength.

reaction occurred at 340 °C, where there is no presence of PAM. A higher
formation of bainitic ferrite at 320 °C subsequently leads to the formation of a lower fraction of fresh martensite during the ﬁnal cooling
after the isothermal holding. The resulting multiphase microstructure,
where bainitic ferrite becomes the dominant phase, gives rise to a decrease of 100–150 MPa of the YS and UTS, as well as an increase of the
uniform elongation and the strain hardening capacity, with respect to
the multiphase microstructure formed above Ms.
In Fig. 9b, the comparison is made between two specimens with similar fractions of bainitic ferrite (approx. 46–49%), heat treated at the
same two temperatures above and below Ms, 340 °C and 320 °C, respectively. Due to the accelerated kinetics of bainite reaction derived from
the formation of PAM, there is a strong reduction of the isothermal holding time applied at 320 °C to obtain a similar bainitic ferrite fraction to
that obtained at 340 °C. Comparable YS and UTS are exhibited by both
types of heat-treated specimens, although the difference in UTS is not
negligible. According to these comparisons, the formation of martensite
prior to the subsequent bainite reaction below Ms leads to a drastic
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Table 4
Chemical composition, specimen dimensions, and original tensile data of several steels heat treated by isothermal treatments above and below Ms (L0k, w0k, and z0k are the gauge length,
width, and thickness, respectively (in mm) of the tensile specimens; UTS: ultimate tensile strength (MPa); TEL: total elongation (%)).
Reference

Alloy composition (wt%)

Present work

0.2C-3.5Mn-1.5Si-0.25Mo-0.04Al

w0k

L0k
10

4

z0k

Above or below Ms

UTS (MPa)

TEL (%)

2

Above

1408
1584
1656
1384
1381
1557
1592
1632
1667
1408
1424
1393
1504
1360
1400
1300
1490
1290
1570
1336
1323
1229
1215
1142
1586
1333
1452
1684

21.9
19.7
19.4
23.7
21.3
18.4
18.4
18.9
17.8
15.0
21.0
17.5
19.0
13.2
19.6
17.9
15.4
15.1
15.2
14.3
14.6
14.3
11.5
10.2
8.7
5.6
13.2
14.5

Below

[5]

0.15C-1.9Mn-1.4Si-1.9Cr-0.4Ni-0.3Mo

25

10

3

Above
Below

[11]

0.2C-2.5Mn-1.5Si-0.8Cr

15

9

1.4

Above
At Ms
Below

[12]

0.2C-1.7Mn-1.7Si-0.2 V

[15]

0.4C-0.82Mn-0.35Si-0.9Cr-0.1Mo

20

100

12.5

4

Below

13

6

Above

Below

reduction of the holding time needed to form similar fractions of bainitic
ferrite as those formed above Ms, maintaining comparable mechanical
properties between the specimens isothermally treated at both
temperatures.
Finally, Fig. 9c shows the comparison of microstructure and properties of specimens exhibiting similar values of YS and UTS. The specimens
isothermally treated at the lowest temperature (300 °C) applying the
shortest holding time (151 s) show intermediate values of YS and UTS
compared to those exhibited by the other two specimens isothermally
treated at higher temperatures and longer holding times. This implies
a further step in the development of advanced multiphase steels with
a bainitic-martensitic matrix. In this case, similar mechanical properties
in terms of strength (YS and UTS), as well as of uniform elongation and
strain hardening (see Fig. 6), can be achieved with much shorter processing times by obtaining microstructures where bainitic ferrite is no
longer the dominant phase, giving a greater relevance to the PAM
with a certain degree of tempering.
The present study shows that the martensitic-bainitic steels developed by isothermal treatments above Ms can be replaced by those developed below Ms without compromising the mechanical performance
under tensile deformation. To benchmark this new family of advanced
high strength steels, the mechanical properties obtained in the present
work through the application of isothermal treatments above and
below the Ms temperature in a low-carbon high-silicon steel are compared with those obtained in similar thermal cycles and chemical compositions by other researchers [5,11–13,15]. Table 4 shows the original
data extracted from the referenced works. Due to the use of different
sub-size specimens, the values of total elongation were corrected by a
simpliﬁed form of the Oliver formula [36], which is currently adopted
by the existing standardised methodology [37]. This formula is
expressed as

Ac ¼ Ak 

!n
pﬃﬃﬃﬃﬃﬃﬃ!n
S0c
L
p0k
ﬃﬃﬃﬃﬃﬃﬃ 
L0c
S0k

ð1Þ

where Ac and Ak are the corrected and observed elongations, L0k and S0k

are the gauge length and cross-section of the sub-size specimens, and
L0c and S0c are the gauge length and cross-section obtained from the
ASTM standards [38]. In this case, according to ASTM25, the standard
specimen dimensions are: gauge length (L0c) of 25 mm, width (w0c) of
6.04 mm, and thickness (z0c) of 3 mm, which implies S0c = 18 mm2.
These dimensions were selected taking into consideration previous
studies on the inﬂuence of the specimen dimensions on the tensile elongation of advanced high strength steels [39,40]. The exponent n is a geometrically dependent parameter that it is usually taken as 0.4 [36].
The corrected values of total elongation (TEL) of all specimens in relation to their ultimate tensile strength (UTS) are included in the steel
properties diagram of Fig. 10. As observed, the mechanical properties
obtained in the present work are comparable to the ones obtained in
similar studies performed with low-C steels. Therefore, new advanced

Fig. 10. Diagram of steel properties in which the newly-designed advanced high strength
steels (AHSS) through isothermal holdings below Ms are included [41]. Conventional
bainitic steels isothermally obtained above Ms are displayed for comparison. Values of
total elongation (TEL) were corrected according to the standardised methodology.
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high strength steels based on the presented approach can lead to a competitive advantage for steel industry, since faster processing and, thus,
more sustainable routes can be implemented through isothermal holdings below Ms to manufacture steels with mechanical properties comparable to those obtained by conventional treatments above Ms.
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5. Conclusions
The relationships between microstructure and properties of different multiphase microstructures obtained through the application of isothermal holdings at temperatures above and below Ms in a low-C highSi steel are analysed at different holding times up to 1 h. The
microstructure-properties relationships are globally benchmarked
within the family of advanced high strength steels (AHSS). The main
conclusions obtained are the following:
1. The degree of tempering of prior athermal martensite with holding
time has a primary effect on the overall mechanical response of specimens heat treated below Ms. Prior athermal martensite yields as
quenched martensite after short holding times (b200 s), whereas
its yielding behaviour becomes comparable to that of tempered martensite as the holding time is increased.
2. Analysing the mechanical response by extended Kocks-Mecking
plots conﬁrms that the isothermal product formed below Ms has a
bainitic character. The increased formation of bainitic ferrite within
the phase mixture leads to a faster decrease of the instantaneous
work hardening at low stresses, indicating that bainitic ferrite yields
at lower stress than fresh martensite and tempered martensite.
3. The yield stress of multiphase microstructures formed below Ms remains practically unchanged with holding time after the ﬁrst minutes compared to the progressive decrease of the yield stress with
holding time observed in conventional bainitic steels. Also, an opposite evolution of the strain hardening capacity is observed between
both types of multiphase steels. The mechanical response of multiphase microstructures formed below Ms is a direct consequence of
the microstructural reﬁnement, carbide precipitation, and matrix
softening, which are phenomena derived from the formation and
tempering of prior athermal martensite.
4. Combinations of product phases can be tailored varying processing
temperatures and times in treatments below Ms to manufacture
steels grades with similar properties to those obtained by conventional heat treatments performed above Ms, but with a considerable
reduction in energy consumption. This energetic advantage stems
from shorter processing times as a consequence of the accelerating
effect of prior athermal martensite on the subsequent bainite
reaction.
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