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ARTICLE INFO ABSTRACT

The accelerated formation of bainite in presence of martensite is opening a new processing window for the steel
industry. However, for a feasible industrial implementation, it is necessary to determine the mechanical beha-
viour of the steels developed under such conditions. This study focuses on analysing the effects of the formation
of athermal martensite, followed by the formation of bainitic ferrite, on the mechanical response of a low-C high-
Si steel. For this purpose, microhardness measurements and tensile tests have been performed on specimens that
were thermally treated either above or below the martensite-start temperature (M,). Specimens isothermally
treated below M; exhibit a good combination of mechanical properties, comparable with that of the specimens
heat treated by conventional treatments above M;, where there was no prior formation of martensite.
Investigations show an increase of the yield stress and a decrease of the ultimate tensile strength as the iso-
thermal holding temperature is decreased below M;. The formation of prior athermal martensite and its tem-
pering during the isothermal holding leads to the strengthening of the specimens isothermally heat treated below
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M; at the expense of slightly decreasing their strain hardening capacity.

1. Introduction

Steel industry aims to develop steels with a better balance of me-
chanical properties through more efficient, cost-effective, and sustain-
able manufacturing processes. Particularly, obtaining bainitic micro-
structures by the application of isothermal treatments below the
martensite-start temperature (M;) is now one of the most promising
processing routes within the steel sector. This is due to the accelerating
effect of the partial formation of martensite on the subsequent bainitic
reaction [1-7]. These thermal treatments involve an isothermal holding
below M; after an interrupted cooling. Adequate cooling rates and alloy
compositions are used to avoid the formation of ferrite, pearlite or
bainite during cooling from austenitization. Bainitic ferrite forms from
the untransformed austenite during the subsequent isothermal holding
below M; [6-10]. Finally, the remaining austenite will either be re-
tained or transform into fresh martensite during the final cooling to
room temperature. A multiphase microstructure is thus formed in
which specific fractions of martensite and bainite coexist with carbon-
enriched retained austenite.

These multiphase microstructures are comparable to the ones pre-
sent in carbide-free bainitic (CFB) steels and quenching and partitioning
(Q&P) steels. These steels are also developed through thermal cycles in
which an isothermal holding around the M, temperature is performed
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[11-15]. In CFB steels, the phase mixture is generally formed by a
bainitic matrix with certain fractions of retained austenite and fresh
martensite. In Q&P steels, the primary matrix is martensitic and it is
tempered to some extent during the partitioning step. The final mi-
crostructure also contains certain fractions of retained austenite and
fresh martensite. Regarding their mechanical behaviour, CFB and Q&P
steels exhibit a composite mechanical response to the application of
stress [13-15]. The relationship between their complex microstructure
and their mechanical performance has been extensively studied in the
last decade [11,12,14-19]. Both types of steels exhibit a good combi-
nation of strength and ductility as well as a considerable strain hard-
ening due to the presence of high fractions of chemically stabilised
retained austenite which can mechanically transform into martensite
during deformation.

In multiphase steels developed through isothermal holding below
M, 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 steels that were isothermally-treated below M; have focused
on studying the relationship between their phase mixture and their
mechanical response [7,11,20-24]. Most of the reported results show
an increase of the yield strength in specimens isothermally treated
below M; compared to the ones heat treated by conventional holding
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above M; [7,11,22]. However, according to the results reported by [23],
the application of isothermal holding below M; leads to a general de-
terioration of the mechanical properties of the heat treated specimens.
Despite the effects derived from the distinct chemical compositions of
the analysed steels and the fractions of product phases formed during
the isothermal holding below M;, these diverging results can also result
from the applied holding time and, consequently, from the tempering of
the prior athermal martensite. In that sense, there is not a clear insight
into the effects introduced by the prior athermal martensite and their
significance for the mechanical response of these bainitic steels. A
common observation is the refinement of the subsequently-formed
bainitic ferrite [7,11,22,23]. This fact is directly related to the forma-
tion of prior athermal martensite and has been considered one of the
main factors responsible for the improvement of the mechanical prop-
erties of specimens heat treated below M; [7,22]. However, the influ-
ence of other effects resulting from the introduction of prior athermal
martensite into the phase mixture, such as the precipitation of carbides
due to tempering and the mechanical transformation of the unstable
retained austenite, can also result decisive in the overall mechanical
response of the below-M; microstructures [20,23].

Another factor that might explain discordant results in the literature
is the mechanical stability of retained austenite. The stability of aus-
tenite is affected by its composition (mainly carbon concentration),
morphology, and grain size [25-27], and is generally related to the
strain hardening capacity of the steel under the application of stress.
The strain hardening capacity has been studied in specimens iso-
thermally treated above and below M;, resulting in a lower strain
hardening capacity being exhibited by specimens heat treated below M;
compared to the ones treated above M; [7,11,22,23]. This lower ca-
pacity is attributed to a lower volume fraction of blocky-shaped re-
tained austenite (in the form of martensite-austenite (MA) islands)
which potentially can transform into martensite [11,23]. Moreover, a
lower strain hardening capacity is also attributed to the chemical sta-
bility of the retained austenite due to carbon enrichment. Film-shaped
retained austenite is more difficult to mechanically transform into
martensite than the blocky-shaped type since it can enrich from carbon
more easily due to its high area to volume ratio [24]. However, this
carbon enrichment of the austenite in multiphase steels isothermally
treated below M, may be also affected by the possible formation of iron
carbides as a consequence of tempering of the prior athermal marten-
site. This phenomenon reduces the carbon concentration available to
diffuse from the prior athermal martensite into the surrounding auste-
nite, possibly leading to a less carbon enrichment of the untransformed
austenite in steels isothermally treated below M; in comparison with
those treated above M. This latter fact has not been taken into con-
sideration in previous research studies, so the effect of the retained
austenite in the overall strain hardening capacity of multiphase steels
isothermally treated below M, remains unclear.

In this context, there is a need of performing a deeper analysis of the
individual contribution of the different phases forming the multiphase
matrix of these steels to their overall mechanical response. This re-
search work mainly focuses on the effect of prior athermal martensite
and its tempering during the isothermal holding on the mechanical
response of multiphase steels obtained through isothermal treatments
below M; in a low-C high-Si steel, confronting with observations
through conventional treatments without prior formation of martensite.
Individual contributions of the different phases to the overall me-
chanical response are analysed in terms of grain-boundary, solid-solu-
tion, and precipitation strengthening mechanisms.

2. Experimental procedure

The chemical composition of the investigated steel is 0.2C-3.51Mn-
1.52Si-0.25M0-0.04Al (wt. pct). The as-received material was hot rolled
into a 4 mm-thick steel slab. Tensile specimens were machined from the
hot rolled slabs, parallel to the rolling direction. These specimens were
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Fig. 1. Scheme of the tensile specimens (dimensions in mm).

extracted from a different area of the same hot rolled slab than that
studied in previous work of the present authors [6,28]. Small local
variations in the chemical composition of the extracted specimens were
observed with respect the specimens used in the previous work, which
gave rise to variations in the critical temperatures of the steel with
respect to the values presented in [6,28].

The dimensions of the tensile specimens are shown in Fig. 1. These
specimens were thermally treated with a Béahr 805 A/D dilatometer, in
which heating was performed by an induction coil under a vacuum of
the order of 10~* mbar, and cooling by a continuous flow of helium
gas. Three tensile specimens per condition were heat treated by dila-
tometry. Two S-type thermocouples were spot-welded to the surface of
each tensile specimen: one in the middle of the reduced area (T;) to
monitor and control the temperature, and the second one in the border
of the reduced area (T,) to check the temperature gradient. The mean
temperature difference measured in all specimens during austenitiza-
tion and isothermal holdings was AT = T; - T, = 15°C.

Cylindrical dilatometry specimens were extracted from the same
zone of the hot rolled slab as the tensile specimens. The dimensions of
the cylinders were 10 mm in length and 3.5mm in diameter. These
specimens were heat treated with the Bahr 805 A/D dilatometer in the
same conditions previously described for the tensile specimens. The
heat treatments applied to tensile and cylindrical specimens are pre-
sented in Fig. 2. Dilatometry data obtained from the heat treatments
performed to cylindrical specimens were used to determine the phase
fractions involved in each treatment.

Vickers HV1 (1 kgf) micro-indentations were done with a DuraScan
70 (Struers) microhardness tester machine to check the homogeneity of
the resulting microstructures obtained in the heat-treated tensile spe-
cimens. Average values of microhardness were obtained from three
rows of equidistant indentations performed along the 7 mm gauge
length of the tensile specimens. These indentations rows were separated
by 1 mm, covering the total width of the gauge area.

Tensile tests were performed with an Instron 5500 R electro-
mechanical tester machine, equipped with a maximum load cell of
100 kN, at room temperature and in extension control. The elongation
during the tensile tests was recorded by a clip-on extensometer with

900°C - 240 s

20°C/s

(36008) 44000

320°C
300°C

Temperature (°C)

v

Time (s)

Fig. 2. Heat treatments performed by dilatometry to tensile and cylindrical
specimens.
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knife edges, which was attached to the tensile specimen by elastic
bands. The extensometer had a gauge length of 7.8 mm with a max-
imum extension of + 2.5mm. Stress-strain curves of all specimens
were obtained from the tensile tests. The yield stress (YS) was de-
termined by the 0.2% offset method, so the yield-stress value obtained
should be considered as the 0.2% proof.

Heat-treated cylindrical specimens were metallographically pre-
pared by grinding and polishing, and etched with 2% Nital.
Microstructures were analysed with a JEOL JSM-6500F Scanning
Electron Microscope (SEM) using a 15kV electron beam and the
Secondary Electron Imaging (SEI) detection mode. X-ray diffraction
(XRD) measurements were performed to determine the volume fraction
of retained austenite (RA) and its lattice parameter at room temperature
as well as the volume fraction of untransformed retained austenite after
the application of uniaxial stress. The measurements were carried out
using a Bruker D8-Advance diffractometer equipped with a Bruker
Vantec Position Sensitive Detector. Co-Ka radiation was used in the 20
scan from 40° to 130° with a step size of 0.035°. The fractions of aus-
tenite were calculated by the integrated area method using the (111),
(200), (220), and (311) austenite peaks, and the (110), (200), (211),
and (220) ferrite peaks [29]. The austenite lattice parameter was cal-
culated by the application of the Nelson-Riley method [30] to the peak
positions of the four austenite reflections.

3. Results
3.1. Phase fractions

Fig. 3.a shows the change in length as a function of temperature of
the specimen directly quenched to room temperature from the auste-
nitization conditions. The derivative of the change in length is also
represented to accurately determine the M temperature of the studied
alloy. The experimental M; temperature at 1% volume fraction of
athermal martensite was determined to be 335°C = 5°C. The linear
contraction during cooling from austenitization to the M, temperature
indicates the absence of formation of ferrite, pearlite, or bainite before
the martensitic transformation. The dilatation occurring below the M;
temperature indicates the formation of athermal martensite. The total
net dilatation caused by the athermal martensitic transformation with
respect to the austenitic phase was approximately 0.88% at room
temperature (indicated by a double-ended arrow in Fig. 3.a).

Fig. 3.b shows the dilatometric curves of specimens isothermally
treated for one hour at 340 °C (above M), 320 °C, and 300 °C (below
M,). During cooling from austenitization until the isothermal holding
temperature, a deviation from linearity is only observed in the
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dilatometry curves of specimens cooled down below M;. This deviation
indicates the formation of prior athermal martensite (PAM). The dis-
tinct martensite volume fractions formed at the two selected tempera-
tures below M; were calculated by applying the lever rule to the dila-
tometric curve of the quenched specimen. Once the isothermal
temperature is reached, a dilatation takes place in all specimens during
the one-hour isothermal holding applied above or below M, which is
related to the formation of bainitic ferrite [6,28].

A non-linear change in length occurs during cooling from the iso-
thermal temperatures to room temperature as a consequence of the
formation of athermal martensite, called fresh martensite (FM) in this
work, from the untransformed remaining austenite. Such martensitic
transformation causes a relative net dilatation with respect to the mi-
crostructure obtained at the end of the isothermal holding, as shown by
the double-ended arrow in Fig. 3.b, which allows the quantification of
the fresh martensite fraction [6]. The formation of athermal martensite
during the final cooling indicates the incompleteness of the isothermal
bainitic transformation after one hour of holding time. A certain frac-
tion of remaining austenite is also retained at room temperature. Vo-
lume fractions of bainitic ferrite were calculated by balancing the
fractions of prior athermal martensite, fresh martensite, and retained
austenite (the latter is obtained from XRD). Fig. 4 shows the volume
fractions of the different phases obtained in each isothermal treatment.

3.2. Mechanical properties

The mean 0.2% offset yield stress (YS) and ultimate tensile strength
(UTS) (with their standard deviations) of the tensile specimens iso-
thermally treated at temperatures above and below M are presented in
Fig. 4. These values were obtained from the corresponding engineering
stress-strain curves (see Fig. 5). There is an opposite tendency of the YS
and the UTS with the isothermal holding temperature. The specimens
isothermally treated for one hour at a temperature above M; (340 °C)
exhibit lower YS and higher UTS than the ones treated at temperatures
below M; (320 °C and 300 °C), as shown in Fig. 4.

Fig. 5.a shows the engineering stress-strain curves obtained from the
performed uniaxial tensile tests. Mean values of uniform elongation
with their corresponding standard deviations are also shown. The di-
rectly quenched specimens exhibit the highest yield stress and ultimate
tensile strength and the lowest uniform elongation and fracture strain.
On the other hand, similar stress-strain engineering curves are obtained
for specimens isothermally treated at temperatures above and below
M;. However, differences in yield strength can be observed in an am-
plified view of these engineering curves, as shown in Fig. 5.b. More-
over, for lower holding temperatures, a lower uniform elongation is

(b)

0.3
= 300°C
+ 320°C
* 340°C

0.2 1

Formation

% of BF

0.1 1

AL/L, (%)

Formation
of PAM

Ms(1%)

200 300 400

Temperature (°C)

100 500

Fig. 3. Change in length as a function of temperature obtained from dilatometry measurements performed to cylindrical specimens heat treated by (a) direct quench,
and (b) isothermal holding at 340 °C (above M), 320 °C (below M), and 300 °C (below M) for one hour.
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Fig. 4. Volume fractions of prior athermal martensite (PAM), bainitic ferrite
(BF), fresh martensite (FM), and retained austenite (RA) obtained after the
application of one-hour isothermal holdings at 340 °C (above M), 320 °C (below
M), and 300 °C (below M;). Mean values of 0.2% offset yield stress (YS) and
ultimate tensile strength (UTS) exhibited by the heat-treated tensile specimens
are also presented. The M, temperature (335 °C) of the studied alloy is indicated
by a dashed line.

exhibited (see the table included in Fig. 5.a). Fracture strains are in the
range of 18-23%. Note that elongation values are affected by the sub-
size dimensions of the tensile specimens since a reduced gauge length
leads to a significant contribution to the overall elongation from the
necked region [31]. In the present work, all tensile tests were per-
formed in sub-size specimens with exactly the same dimensions, and
results were only used for the relative comparison of their mechanical
response.

Fig. 5 also shows the ratio of the yield stress to the tensile strength
‘YS/UTS’ for all heat-treated specimens. The ‘YS/UTS’ ratio represents
the capacity of a material to harden by plastic deformation and it is a
widely-used parameter to determine the strain hardening potential of
alloys. A lower ‘YS/UTS’ ratio means that higher strain hardening will
take place in the material. In this study, all heat-treated specimens
exhibit ‘YS/UTS’ ratios in a range of 0.67-0.75, which are typical values
of strain hardening of multiphase steels [16,21]. The degree of strain
hardening is lower in specimens isothermally treated below M;.

Microhardness values Vickers HV1 of the heat-treated tensile spe-
cimens are presented in Fig. 6. In this case, microhardness values can
vary from a minimum of 400 HV1 (dark green) to a maximum of 525
HV1 (dark red). Each group of measurements is represented by a
hardness matrix, where each individual hardness value is assigned a
specific colour within a colour scale. The hardness matrices show a
uniform hardness within the gauge area for each heat-treated specimen
(see Fig. 6), which is reflected in the small standard deviations
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Fig. 6. Mean values of microhardness Vickers HV1 obtained from measure-
ments performed along the gauge length of the heat-treated tensile specimens.
Each group of microhardness measurements is represented by a hardness ma-
trix, following the colours code indicated.

obtained. These results indicate a uniform microstructure throughout
the gauge of the heat-treated tensile specimens.

Quenched specimens are the hardest of the analysed heat-treated
specimens. This fact is consistent with the highest UTS obtained from
the engineering stress-strain curve. The microhardness of the iso-
thermally treated specimens slightly decreases from temperatures
above M; to temperatures below M. This decreasing variation of the
microhardness is also in agreement with the decrease of the UTS as the
isothermal temperature is decreased.

3.3. Microstructures

The microstructural analysis of this work is based on a previous
study of the present authors [28], which facilitates the characterization
and comparison of multiphase microstructures obtained after the ap-
plication of isothermal holdings above and below the M, temperature.
Fig. 7.a-d show the microstructures obtained from the quenched spe-
cimen and the one-hour isothermally treated specimens. The quenched
specimen has a fully martensitic matrix which corresponds well with
97% fresh martensite fraction (calculated from XRD). Fresh martensite
appears in the form of laths, with different shapes and sizes, containing
carbides that grow along specific habit planes within the block-shaped
substructures. The presence of carbides indicates the auto-tempering of
the martensite during the fast cooling. These carbides are marked by
white arrows within the magnified view of the dashed-rectangular area
indicated in Fig. 7.a.

Concerning specimens isothermally treated for one hour above Mj,
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Fig. 5. (a) Engineering stress-strain curves and average values of uniform elongation (UEL) and ‘YS/UTS’ ratio of the tensile specimens heat-treated by a direct-
quench and one-hour isothermal holdings at temperatures of 340 °C (above M;), 320 °C, and 300 °C (below M); (b) Amplified view of the engineering curves (marked

by a red dashed-line rectangle in (a)).
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Fig. 7. Microstructures obtained after applying a) a direct-quench treatment, and isothermal treatments for one hour at the selected temperatures of b) 340 °C (above
M), ¢) 320 °C (below M), and d) 300 °C (below My). BF (Bainitic Ferrite), FM (Fresh Martensite), RA (Retained Austenite), MA (Martensite-Austenite islands), and TM

(Tempered Martensite, also referred as PAM).

at 340 °C, the microstructure is mainly formed by a bainitic matrix with
fresh martensite areas (FM) and isolated martensite-austenite islands
(MA) at the prior austenite grain boundaries (see Fig. 7.b). Bainitic
ferrite (BF) appears in the form of acicular units with retained austenite
films (RA) between them. Below M, at 320 °C, a small fraction (less
than 15%) of athermal martensite was formed prior to the one-hour
isothermal holding. As shown in Fig. 7.c, tempered martensite (TM)
appears in the form of elongated laths with carbides within them. As
occurred above M, acicular units of bainitic ferrite with film-like re-
tained austenite have formed in the microstructure. Some of these
acicular units appear next to the lath boundaries of tempered marten-
site. Fresh martensite only appears in the form of isolated martensite-
austenite islands.

Finally, when the isothermal temperature is decreased to 300 °C
(below M), a considerable volume fraction of tempered martensite
(approximately 50%) is present after one hour of isothermal holding.
This tempered martensite can be distinguished from bainitic ferrite, as
shown in Fig. 7.d. The microstructure is then formed by a matrix of
acicular units of bainitic ferrite and elongated laths of tempered mar-
tensite with wavy boundaries and carbides within them.

4. Discussion
4.1. Influence of phase mixture on strength
Specimens isothermally treated for one hour above and below M;

present similar engineering tensile curves (see Fig. 5), with maximum
differences of less than 95MPa and 30MPa for YS and UTS,

respectively. However, careful observation reveals an increase of the YS
as well as a decrease of the UTS as the isothermal temperature is de-
creased below M; (see Fig. 4). Since the fraction of bainitic ferrite
formed at 340 °C (above M;) and 320 °C (below M) is in the range of
72-78%, this evolution of the YS and UTS should be related to the
formation of PAM in treatments below M;. A qualitative analysis of the
effects derived from the formation of this product phase on the overall
mechanical response is presented in the following sub-sections.

4.1.1. Strengthening via refinement of structures

One of the strengthening effects is the refinement of the bainitic
structures formed during isothermal holding below M;. The formation
of PAM implies three mechanisms leading to a refinement of such
structures:

1) The fragmentation of the prior austenite grains formed during aus-
tenitization into smaller parts [22]. As shown in the scheme of
Fig. 8, the initial austenite grain size is reduced as the volume
fraction of PAM is increased, inducing the formation of finer bainitic
structures.

2) The increase of the density of potential nucleation sites for bainitic
ferrite introduced in the form of martensite-austenite interfaces due
to the formation of PAM, which leads to an accelerating effect on its
transformation kinetics [6]. The new martensite-austenite interfaces
are represented as a light blue shading in Fig. 8. This refinement
effect can be enhanced by the decrease of the applied isothermal
temperature, which leads to a higher driving force for bainite for-
mation [32,33].
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Fig. 8. Schematic representation of the refining effects caused by the formation
of a certain fraction of PAM on the bainitic structures subsequently formed in
isothermal holdings below M, in comparison with those structures formed by
conventional treatments above M;.

3) The introduction of plastic strain through the formation of PAM into
the surrounding untransformed austenite. This fact leads to the
strengthening of the untransformed austenite, constraining the free
movement of bainite-austenite interfaces and impeding their growth
[22,23].

These refinement mechanisms contribute to the grain boundary
strengthening of the specimens isothermally treated for one hour below
M;. To determine the individual contribution of prior martensite laths
and bainitic ferrite structures to the grain boundary strengthening of
the heat treated specimens, the mean width of both types of micro-
structural features is estimated. The mean width of the martensitic laths
(PAM), w,, is considered as a temperature-independent value of
2.0 = 0.6 um (Fig. 9.a), which is extracted from previous work of the
present authors [28]. This value was determined from width mea-
surements of the same type (morphology) of martensitic laths as those
described in the present work, which were characterized in specimens
isothermally treated for one hour at several temperatures below M;
(270°C, 300 °C, and 320 °C). The mean width of bainitic ferrite struc-
tures (BF), wy, is assumed to be temperature-dependent as follows [34]:

)

where T is the isothermal holding temperature in Kelvin and wj is a
reference width. In this case, a width of 1.6 ym is considered as the
reference value, which is determined from the bainitic ferrite features
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measured in previous work of the present authors [28]. This equation
can be used for this research since the steel composition and the applied
isothermal temperatures are within its validity ranges [34].

Fig. 9.a shows the estimated mean width of the bainitic ferrite
structures, wy, as a function of the applied isothermal temperature as
well as the estimated width range of the prior martensite laths. The
width range of bainitic ferrite structures obtained from Eq. (1) is in
accordance with the width ranges of similar structures (between 0.1
and 0.8 um) obtained through EBSD and TEM measurements by other
researchers [7,11,22]. Using the values estimated by Eq. (1), the con-
tribution of each phase to the grain boundary strengthening (og) of the
one-hour isothermally treated specimens is obtained as
Ugib o fl-(w;)71/2 2)
where f* is the volume fraction of each phase obtained at the corre-
sponding temperature and w; is the estimated mean width of the mar-
tensitic or bainitic ferrite structures. According to general literature, a
Hall-Petch type relationship as that described by Eq. (2) is applicable in
micro-structured steels with grain sizes higher than 20 nm [35,36]. Eq.
(2) can be thus used in the present work since the smallest size of the
mean width of bainitic ferrite structures used to estimate the effect of
grain refinement on the grain boundary strengthening is approximately
0.3 um (300 nm).

Fig. 9.b shows this contribution factor as a function of the applied
temperature. The contribution of bainitic ferrite structures to the
strengthening of the one-hour isothermally treated specimens is higher
at 320 °C than at 340 °C due to a greater refinement of a similar fraction
(72-78%) of bainitic ferrite below M;. When the isothermal tempera-
ture is decreased from 320 °C to 300 °C, the individual contribution of
bainitic ferrite to the grain boundary strengthening is reduced due to
the formation of a lower fraction of bainitic ferrite in comparison with
that formed at 320 °C. The contribution factor of bainitic ferrite then
shows a maximum at 320 °C. Fig. 9.b also displays that the strength-
ening contribution of the PAM increases when the temperature of the
isothermal holding decreases due to an increase of the volume fraction
of this product phase.

Combining these observations, and assuming the same proportion-
ality factor in Eq. (2) for all phases, it can be concluded that, at 320 °C,
the strengthening contribution of bainitic ferrite by grain refinement is
higher than that of the PAM due to a great difference between the
volume fractions of both product phases and to the much smaller di-
mensions of bainitic ferrite structures in comparison with the prior
martensite laths. When decreasing the isothermal temperature to
300 °C, these differences are reduced due to the increase of the volume
fraction of PAM at the expense of the bainitic ferrite volume fraction.
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Fig. 9. (a) Mean width of prior athermal martensite (PAM) laths and bainitic ferrite structures (BF), and (b) the contribution factor from PAM and BF to the grain
boundary strengthening of isothermally treated specimens as a function of the applied holding temperature.
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4.1.2. Strengthening by carbon in solid solution

The yield stress can be also modified via the strengthening effect of
carbon atoms and substitutional elements in solid solution within the
different phases. Substitutional elements (manganese, silicon, and mo-
lybdenum) are assumed not to partition during the tempering of PAM
and the isothermal formation of bainitic ferrite in all heat treatments.
Therefore, the contribution of substitutional atoms to any variation of
the individual strengthening of a phase is considered negligible. On the
contrary, carbon in solid solution does partition between the different
phases. The contribution of interstitial carbon atoms to the solid solu-
tion strengthening depends on the carbon concentration (X¢) of each
individual phase. For X < 0.2 wt%, the contribution of the bainitic and
martensitic phases can be expressed as [37]:

by = 1722.5 MPa/(wt%)V/2-(XL)""? 5
while for X > 0.2wt%, it can be calculated as [38]
oLy = 1171.3 MPa/(wt%)'/>(x%)"? "

where the strength is in MPa and the concentration of carbon in solid
solution of phase i is in wt%. Regarding the retained austenite, its
strengthening contribution via carbon in solid solution can be de-
termined from an empirical relation proposed by Young and Bhadeshia
[39], which is expressed as [33]:

o4, = 15.4 MPa/(wt%)-(23X&4) (5)

where the carbon concentration in solid solution (X&) within the re-
tained austenite is in wt%. To determine the contribution of each phase
to the overall yield stress, the carbon concentration was first estimated
as follows:

(i) Bainitic ferrite is assumed to have a carbon concentration of
0.03 wt% [39] for all isothermal treatments.

(ii) Carbon concentrations of fresh martensite were calculated from
the experimental secondary M; temperature extracted from the
dilatometric curves obtained during the final cooling to room
temperature (Fig. 3.b). This secondary M; temperature depends on
the carbon concentration of the remaining austenite that trans-
forms. Carbon concentrations of secondary, fresh martensite were
calculated by using the empirical equation proposed by Van Bo-
hemen [40]

M = 565 — (31xp + 13x5; + 10xc, + 18xy; + 12xp,) — 600

-[1 — exp(—0.96x¢)] (6)

where the secondary M; temperature is in degrees Celsius and the
concentrations of the different elements are expressed in wt%. The
size reduction of the remaining austenite grains is assumed to have
a negligible influence on the decrease of the secondary M; tem-
perature in comparison to the effect of the carbon enrichment.

(iii) The carbon concentration in the retained austenite at room tem-
perature was calculated from [41]

a’ = 3.572 4+ 0.033x¢ + 0.0012xp, — 0.00157xs; + 0.0056x4; 7

where the lattice parameter a” is in Angstrém and the concentra-
tions of the different elements, x; are in wt%. The lattice para-
meters were determined by XRD.

(iv) The carbon concentration in solid solution within PAM was de-
rived from additional quenching and tempering (Q&T) heat treat-
ments. In multiphase steels, the fraction of carbon trapped in the
interstitial sites of the martensite lattice can be drastically reduced
during an isothermal holding. This reduction is due to the pre-
cipitation of a certain fraction of carbon atoms in the form of
carbides and the diffusion of another fraction of carbon atoms from
the PAM into the surrounding untransformed austenite. The aim of
these additional Q&T treatments is to create a fully martensitic
matrix tempered in similar temperature-time conditions as the
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PAM obtained in the isothermally treated specimens below M.
Since no significant carbon partitioning to austenite takes place in
the Q&T microstructure, the determination of the final carbon
concentration in tempered martensite for each temperature-time
condition will be considered as the maximum carbon concentra-
tion that PAM can contain in solid-solution after the one-hour
isothermal treatments at the same temperatures.

Quenching and tempering (Q&T) treatments were carried out in the
dilatometer by a direct quench from austenitization to room tempera-
ture, followed by a tempering stage of one hour at 320 °C and/or 300 °C.
The microstructure obtained in both Q&T treatments was formed by a
0.97-0.98 volume fraction of tempered martensite and a 0.02-0.03
fraction of retained austenite. X-ray diffraction measurements were
performed to determine the BCC lattice parameter, which, in this case,
corresponds to the lattice parameter of the one-hour tempered mar-
tensite since no other BCC-phases formed in Q&T treatments. The
carbon concentration in tempered martensite was calculated using [42]

XM = 31 wt.%/A-(@a™ — a%) (8)

where a™ is the lattice parameter of the tempered martensite and a® is
the lattice parameter of a reference sample, containing no carbon in the
Bcc phase, with a value of 2.866 A [43].

Applying Eq. (8), the carbon concentration in solid solution of the
tempered martensite formed in Q&T treatments at temperatures of
320 °C and 300 °C (below M;) was 0.08 and 0.09 wt%, respectively. This
loss of carbon in solid solution within the initial carbon-supersaturated
martensite is mainly attributed to the formation of carbides during
tempering. The volume fraction of retained austenite is so small that the
fraction of carbon atoms diffusing from tempered martensite to retained
austenite is considered negligible in Q&T treatments.

Table 1 shows the balance of phase fractions and their corre-
sponding carbon concentrations (Xc,) of the specimens isothermally
treated at temperatures above and below M;. A certain concentration of
carbon atoms (Xcpr...) is considered to precipitate as carbides during
the isothermal holding since micrographs of specimens isothermally
treated below M; (see Fig. 7.c-d) show their presence within the tem-
pered laths of PAM. Note that a certain fraction of carbides can also be
present within phases such as bainitic ferrite and fresh martensite ob-
tained in treatments above and below M,. The final balance of carbon
concentrations was obtained by applying the equation:

Xer =02 = Z (fi 'X(if—ss) + (XC—precA) 9

where f represents the volume fraction of the phase i (prior athermal
martensite, bainitic ferrite, fresh martensite, or retained austenite), and
the quantities Xcr, Xc.s, and Xcpre are the nominal carbon con-
centration of the steel (in this case, 0.2 wt%), the carbon concentration
in solid solution of the phase i, and the carbon concentration in the form
of carbides, respectively.

The individual strengthening contributions by carbon atoms in solid
solution (o) of the prior athermal martensite, bainitic ferrite, fresh
martensite, and retained austenite were calculated by

Usis = fi'gci‘—ss (10)

where f' is the experimental volume fraction of each phase and oc.; is
the contribution of the solute carbon atoms calculated from Egs.
(3)-(5).

Fig. 10.a shows the corresponding individual contributions of PAM,
bainitic ferrite (BF), fresh martensite (FM), and retained austenite (RA)
to the strengthening by solute carbon atoms in the isothermally treated
specimens at temperatures above and below M;. All heat treated spe-
cimens present a small and similar strengthening by carbon in solid
solution derived from the presence of retained austenite. Despite re-
tained austenite exhibiting the highest carbon concentration between
all phases (see Table 1), its strengthening contribution by solute carbon
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Table 1
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Phase fractions (fY) and carbon concentrations in wt% (X¢) of the prior athermal martensite (PAM), bainitic ferrite (BF), fresh martensite (FM), and retained austenite
(RA) of specimens isothermally treated at 340 °C (above M), 320 °C (below M), and 300 °C (below My). The sum of the products of the phase fractions (PAM, BF, FM,
and RA) by their respective es. The remaining carbon concentration is considered to be in the form of carbides.

HT PAM BF FM RA Z(fi Xc.ss) (Wt%) Xc.prec. (wWt%) Xcr (Wt%)
oM Xc-ss il Xc-ss ™ Xc.ss i Xc-ss
340°C 0.00 0.00 0.78 0.03 0.12 0.41 0.10 0.91 0.16 0.04 0.20
+ 0.00 + 0.03 + 0.01 + 0.03
320°C 0.13 0.08 0.72 0.03 0.05 0.59 0.09 0.91 0.15 0.05 0.20
+ 0.01 + 0.03 + 0.02 + 0.02
300°C 0.48 0.09 0.39 0.03 0.03 0.65 0.09 0.85 0.15 0.05 0.20
+ 0.01 + 0.03 + 0.02 + 0.02

atoms results to be not significant compared to the individual con-
tributions of the other phases at the three selected temperatures. At
340 °C (above M), the main strengthening contribution stems from the
bainitic ferrite due to its high volume fraction. The second greatest
contribution derives from the 12% volume fraction of fresh martensite
and represents approximately 30% of the total strengthening con-
tribution.

At 320°C (below M), the main contribution to solid-solution
strengthening also comes from the bainitic ferrite since it represents
72% of the total phase fraction. This contribution is similar to that of
the bainitic ferrite at 340 °C due to similar volume fractions (in the
range of 72-78%). At this lower temperature, the presence of a certain
fraction of PAM also contributes to the overall solid-solution strength-
ening of the heat-treated specimens, compensating to some extent the
lower contribution exhibited by 5% of fresh martensite. The sum of
individual contributions of the different phases to the overall
strengthening of the specimens isothermally treated at 320 °C is not
significantly different to that obtained at 340 °C (see Fig. 10.a).

At 300 °C (below M), as a higher fraction of PAM is formed, the
individual contribution by carbon in solid solution of this product phase
becomes dominant within the multiphase matrix. As observed in
Fig. 10.a, a similar strengthening contribution by carbon in solid so-
lution is obtained with 48% volume fraction of PAM formed in speci-
mens isothermally treated at 300 °C than with 78% volume fraction of
bainitic ferrite formed in those treated at 340 °C. This means that for-
mation of PAM has a greater effect than bainitic ferrite on the overall
solid-solution strengthening of the isothermally treated specimens
below M.

Fig. 10.b shows a comparison of the individual strengthening con-
tributions by carbon in solid-solution of the prior athermal martensite,
bainitic ferrite, and fresh martensite as a function of their volume

a
( ) RA =mFM f
500 1 oe  Lpam Below M, i Above M,
400 - 9% , i
. l 9% l 10%
m 0, 1 1
o 300 A 392 : :
=3 e i
3 200 : :
° 72% i
765 i . 78%
. n .
300°C 320°C 340°C

Temperature (°C)

fraction. The solid-solution strengthening contribution of PAM to the
overall yield stress per unit of fraction is 1.7 times higher than that of
the bainitic ferrite. This relationship is directly dependent on the
carbon concentrations attributed to PAM and bainitic ferrite. If the
diffusion of carbon from the PAM to the remaining untransformed
austenite is also considered to occur during the isothermal holding, the
strengthening contribution of PAM will decrease as a consequence of
the additional reduction of its carbon concentration in solid solution;
this decrease is represented by blue arrows in Fig. 10.b. Then, differ-
ences (shaded area) between the individual strengthening contributions
via carbon in solid solution of PAM and bainitic ferrite will be smaller.

Maintaining a similar fraction of bainitic ferrite (72-78%), there is a
decrease of the UTS as the isothermal temperature is decreased from
340 °C to 320 °C (see Fig. 4). This is mainly due to the reduction of the
fresh martensite fraction formed (which is the hardest phase) as well as
the formation of a certain fraction of PAM at 320 °C (which is tem-
pered). When the isothermal temperature is decreased from 320 °C to
300 °C, the UTS remains almost constant (see Fig. 4) in spite of the
variations of the fractions of PAM and bainitic ferrite. During the iso-
thermal holding below M, the PAM reduces its carbon concentration by
carbide precipitation and presumably also reduces its dislocation den-
sity, leading to a softening of this product phase. In both specimens, the
sum of volume fractions of PAM and bainitic ferrite is approximately
85-87%, confirming that tempered PAM may have a similar influence
on the UTS as the isothermally formed bainitic ferrite.

The formation of carbides by the precipitation of part of the carbon
contained within the PAM acts as a strengthening mechanism of the
specimens heat treated below M;, partly compensating the strength-
ening decrease by the loss of carbon in solid solution. This precipitation
strengthening, together with the grain boundary strengthening, leads to
an increase of the yield stress of these specimens with respect the ones
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Fig. 10. Comparison of the product of the volume fractions and the individual strengthening contributions by carbon in solid solution of the prior athermal
martensite (PAM), bainitic ferrite (BF), and fresh martensite (FM) as a function of (a) the isothermal temperature and (b) the phase fraction. The numbers in

percentage indicated in (a) correspond to the volume fractions of each phase.
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heat treated above M. In turn, precipitation strengthening can imply
the softening of the phase(s) in which carbides are contained, ex-
plaining the decrease of the UTS of the specimens heat treated below
M,

4.2. Influence of phase mixture on strain hardening

Fig. 5 shows an increase of the YS/UTS ratio as the isothermal
temperature is decreased from above M; to below Mg, which implies a
decrease of the strain hardening potential in specimens isothermally
treated below M. This decreasing tendency is consistent with the ob-
servations of other researchers in similar studies [7,11,22,23]. In order
to understand this tendency, two microstructural aspects are con-
sidered: (i) the presence of tempered PAM in these heat treated speci-
mens and (ii) the possible differences in the mechanical stability of the
retained austenite compared to the specimen heat treated above M;.
These aspects are discussed below:

(i) The presence of tempered PAM in the phase mixture of specimens
heat treated below M; gives rise to two opposing effects. On the one
hand, PAM has a softer character than the fresh martensite obtained
during the final cooling to room temperature due to the reduction
of its carbon concentration in solid solution and a presumable re-
duction in dislocation density. Both phenomena are a direct con-
sequence of the tempering process and lead to a decrease in UTS.
On the other hand, the presence of higher fractions of tempered
PAM with the decreasing annealing temperature lead to an increase
of the yield stress due to a greater presence of carbides, compared
to bainitic microstructures. These carbides can act as pinning points
of the dislocations, impeding their movement. The combination of
both effects narrows the difference between YS and UTS to the
decreased capacity of plastic deformation of specimens iso-
thermally treated below M.

(ii) The volume fractions of retained austenite (obtained by XRD)
present in the isothermally treated specimens before and after
performing the uniaxial tensile tests are shown in Fig. 11. Results
indicate that about 2/3 of the total volume fraction of retained
austenite is mechanically transformed during the application of
stress in all heat treated specimens. These observations suggest that
the mechanical transformation of the retained austenite in multi-
phase microstructures is contributing in a similar way to the strain
hardening of all heat treated specimens. However, slight differences
in the mechanical stability of the retained austenite are due to
variations in its composition, size, and morphology, but also to the
strength of the surrounding phase [44-47].
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Fig. 11. Volume fraction of retained austenite contained in specimens iso-
thermally treated at the three selected temperatures above and below M; before
and after the application of tensile tests.
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High and similar carbon concentrations in the retained austenite are
exhibited by all heat treated specimens (see Table 1) as a consequence
of the carbon enrichment of the untransformed austenite during the
isothermally bainite formation. These carbon concentrations should be
sufficiently high to hinder the mechanical transformation of the re-
tained austenite up to reaching the yield stress [48-51], so austenite
transformation is assumed to effectively contribute to the strain hard-
ening capacity. Small differences in the strain hardening contribution of
the retained austenite between specimens heat treated at the three se-
lected temperatures may be related to the mechanical stability of the
distinct types of retained austenite present in these multiphase micro-
structures (see Fig. 7.b-d). Thin films of retained austenite are me-
chanically more stable than coarser blocky grains of austenite in bai-
nitic steels obtained through conventional treatments above M, [52];
moreover, coarser grains are easier to mechanically transform than
smaller ones. However, further investigations are needed to elucidate
the individual contribution of the different types of retained austenite
to the strain hardening of the heat treated specimens.

The analysis of the mechanical stability of retained austenite within
these multiphase microstructures shows that the individual contribu-
tion of the mechanically-induced transformation of the retained aus-
tenite to the strain hardening capacity is similar in specimens heat
treated above and below M; due to the formation of similar fractions of
retained austenite with similar levels of carbon enrichment and the
transformation of similar fractions of retained austenite into martensite
under the application of stress. At the same time, the formation and
tempering of PAM gives rise to a lower strain hardening capacity of
specimens annealed at temperatures below M,. Combining both ob-
servations, it is concluded that the presence of tempered PAM within
the multiphase microstructure slightly reduces the strain hardening
capacity of specimens heat treated below M, compared to those treated
above M; since tempered PAM counteracts the contribution of the
mechanical transformation of the retained austenite.

5. Conclusions

The effects derived from the formation and tempering of prior
athermal martensite on the overall mechanical response of a low-C
high-Si steel were studied in terms of grain-boundary, solid-solution,
and precipitation strengthening mechanisms in specimens isothermally
treated for one hour at temperatures below M, and confronted, in si-
milar terms, with observations extracted from conventional treatments
performed above M, where athermal martensite is not formed prior to
the isothermal holding. The main conclusions obtained are the fol-
lowing:

1. Specimens isothermally treated for one hour below M exhibit
higher yield stress and lower ultimate tensile strength than those
treated by conventional heat treatments above M. Since the gap
between yield stress and ultimate tensile strength is narrowed with
the decreasing annealing temperature, specimens that were iso-
thermally treated below M; exhibit a smaller capacity of strain
hardening during deformation than the ones treated above M;.

. The formation of small fractions of prior athermal martensite leads
to an increase of the yield stress of the specimens treated below M;
with similar volume fractions of bainitic ferrite as those treated
above M;. This increasing tendency continues with the decreasing
annealing temperature due to the formation of higher fractions of
prior athermal martensite at the cost of bainitic ferrite and fresh
martensite.

. The formation of prior athermal martensite and its tempering during
the one-hour isothermal holdings below M, triggers several
strengthening mechanisms, favouring the increase of the yield stress
of these multiphase specimens. These phenomena are: the in-
troduction of martensite-austenite interfaces, the presence of a
higher carbon concentration in solid solution in prior athermal



A. Navarro-Ldpez et al.

martensite (compared to bainitic ferrite), and the formation of car-
bides within laths of prior athermal martensite during the iso-
thermal holding.

. There is a similar contribution of the mechanical transformation of
the retained austenite, upon the application of uniaxial stress, to the
strain hardening of multiphase microstructures obtained by one-
hour isothermal holdings above and below M;. However, the pre-
sence and tempering of prior athermal martensite counteract this
contribution in specimens heat treated below M; and, consequently,
slightly reduce their strain hardening capacity. This mainly occurs
due to the softening of the tempered PAM as consequence of losing
carbon in solid-solution (decreasing ultimate tensile strength) and
the higher presence of carbides as the volume fraction of PAM is

increased within the phase mixture (increasing yield stress).
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