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Silicon is an essential alloying element added in quenching and partitioning (Q&P) steels to
delay and/or suppress carbide precipitation. However, there is a strong industrial interest to
reduce the silicon content as it has detrimental effects on the metallurgical route. This work
investigates by means of in situ high-energy XRD (HEXRD) the effect of silicon on the
microstructural evolution during quenching and partitioning of a commercial 0.2C-2.3Mn
grade. The results of this study highlight the role of the bainite transformation during the
reheating and partitioning steps for effective austenite retention. Silicon influences the kinetics
of austenite decomposition into bainite and finally promotes the stabilization of austenite. This
is explained by the ability of silicon to suppress carbide precipitation (i) at the interface between
bainite and austenite and (ii) in the martensite matrix. Carbide precipitation at the bainite/
austenite interface decreases the amount of carbon that diffuses from bainite to austenite,
subsequently accelerating the bainite transformation kinetics and preventing austenite stabi-
lization. Carbide precipitation in martensite reduces the amount of carbon available for
partitioning in austenite, further preventing its stabilization. Additions of elements such as Cr or
Mo could be therefore considered in order to reduce the austenite decomposition in low-silicon
steel grades.
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I. INTRODUCTION

THE quenching and partitioning (Q&P) process was
first proposed by Speer et al. in 2001 as a heat treatment
designed to stabilize austenite in steels at room temper-
ature.[1] It consists of two main steps. The first step after
intercritical annealing or full austenitization is an
interrupted quench between the martensite-start tem-
perature (Ms) and the martensite-finish temperature
(Mf), in order to form a controlled fraction of marten-
site. This is followed by a partitioning step during which
the untransformed austenite is stabilized through carbon
partitioning from martensite.[1,2] Q&P steels typically
exhibit a good combination of strength and ductility, the
latter being due to the transformation of retained

austenite upon straining (TRIP effect).[3] The intensity
of the TRIP effect depends on the amount and on the
stability of the retained austenite, which in turn depends
on its carbon content, size, surrounding phases, and
stress state.[4–8] To improve austenite stabilization,
carbon partitioning from martensite to austenite should
be promoted, and consequently, competing mechanisms
such as carbide precipitation and austenite decomposi-
tion should be suppressed. This is achieved through
optimization of the Q&P thermal cycle or optimization
of the steel composition.[3,9–11] Silicon is an essential
alloying element in Q&P as it delays and/or suppresses
the precipitation of carbides in martensite.[12–16] How-
ever, there are strong industrial motivations to reduce
the silicon content in Q&P steels for automotive
applications, since silicon has a detrimental effect on
several steps of the industrial process (slab embrittle-
ment, descaling issues, difficult pickling, and poor
coatability).[17] It is thus of prime interest to investigate
how the silicon influences the microstructural evolution
during a Q&P treatment in order to optimize its content
in future commercial grades.
The relationship between silicon content, carbide

precipitation, and the amount of retained austenite in
Q&P steels is not straightforward. The recent literature,
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as well as results from our previous studies, have shown
that carbide precipitation and austenite decomposition
take place during the Q&P process despite relatively
high-silicon additions, i.e., 1.5 wt pct.[18–21] Further-
more, our previous in situ synchrotron investigation[22]

on a 0.2C-1.5Si-2.3Mn-0.2Cr steel showed that almost
50 pct of the total amount of carbon remains trapped in
the BCC phases (i.e., tempered martensite and bainite)
and does not contribute to the austenite stabilization
process. Nevertheless, using appropriate Q&P process
parameters, more than 10 pct of austenite was success-
fully retained at room temperature. Similar trends were
reported elsewhere.[23] Several heat treatments leading to
an effective stabilization of austenite in low-silicon steels
have also been reported. Such is the case for intercrit-
ically annealed 0.2C-3.5Mn-0.45Si-0.22Al steels where
10 pct of austenite was measured after Q&P,[24] or after
anisothermal partitioning[25] or one-step partitioning of
a 0.16C-1.1Mn-0.5Si.[26] Thus, the fact that silicon
prevents the formation of carbon sinks in the martensite
matrix cannot solely explain its stabilization effect on
the retained austenite.

Another effect of silicon is related to the decomposition
of austenite. Kim et al.[27] have shown that additions of
silicon in a 1.0C-1Mn delay the austenite decomposition
during the partitioning step. Similar observations have
been reported for TRIP steels,[28] bearing steels,[29] and
one-step Q&P steels.[30] This effect is of significant
importance, especially when considering commercial
low-alloyed Q&P steels. Large fractions of bainite can
be formed during the partitioning step, limiting the
amount of retained austenite at room temperature.[21]

For instance, the bainite transformation taking place
during a 1-hour partitioning step in a
0.2C-0.8Si-2.2Mn-0.8Cr steel leads to negligible amounts
of retained austenite.[31] Similar results were reported for
a 0.35C-1.3Mn-0.74Si, where the retained austenite phase
fraction tends to decrease with the increasing partitioning
time due to the bainite transformation.[32]

The current study presents a comparative study to
assess the effect of silicon content on the microstructural
evolution during an industrial Q&P cycle in a
0.2C-2.3Mn commercial grade. Three different silicon
contents are investigated (i.e., 0.4, 0.8, and 1.5 Si
wt pct). In situ HEXRD coupled with very high
acquisition rates are used to monitor the quantitative
evolution of phase fractions during the entire Q&P
treatment.

II. EXPERIMENTAL PROCEDURES

TheQ&Pheat treatmentswere performed on three steel
grades exhibiting identical chemical compositions with
the exception of the silicon content, which varies from 0.4
to 1.5 wt pct. Table I summarizes the investigated com-
positions, along with the corresponding characteristic
temperaturesAc1,Ac3,Bs, andMs calculated according to
the equations given in References 33 and 34.
The applied Q&P heat treatment is represented in

Figure 1. Samples were first heated up to 1173 K (900 �C)
at 10 K/s and held for 300 seconds in order to obtain a
fully austenitic microstructure. They were then quenched
at 50 K/s to a targeted initial quench temperature QT of
593 K (320 �C). This temperature corresponds to the
maximum retained austenite phase fraction at room
temperature for the 1.5Si alloy.[21,22] The experimentalQT

temperatures were 585 K, 584 K, and 578 K (312 �C, 311
�C, and 305 �C) for the 0.4Si, 0.8Si, and 1.5Si alloys,
respectively. Taking into account an accuracy of± 5Kon
QT during cooling, the achieved QT is assumed to be the
same for the 3 steel grades. After initial quenching, the
samples were heated up at 10 K/s to the partitioning
temperature of 673 K (400 �C) for 120 seconds, then
quenched to room temperature at 50 K/s.
In situ experiments were carried out on the high-reso-

lution ID11 beam line of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The
high-energy monochromatic beam (E = 65 keV, k =
0.19 Å) allowed towork in transmission diffractionmode,
such that theX-ray beamprobes all the grains through the
thickness.High-resolution patterns were obtained using a
beam size of 0.2 9 0.2 mm2, and a total volume of 0.06
mm3was analyzed. This volume is considered statistically
relevant since the prior austenite grain size is about 15 lm.
The high acquisition rate (i.e., 5Hz) of the FReLoNCCD
camera allowed a precise follow-up of the evolution of the
diffraction peaks during the Q&P treatment. The
2D-diffraction rings were reduced to the 1D profile
(intensity—2h) using the Fit2D program developed at
ESRF.[35] The volume fraction and lattice parameters
were extracted from the integrated intensities and the
scattering angles of three face-centered cubic peaks
({200}c, {220}c, and {311}c) and three body-centered
cubic peaks ({200}a, {211}a, and {220}a).

[5] The absolute
error made on phase fractions was estimated to be 1 pct.
The carbon contents are expressed in wt pct, and the
uncertainties are about 0.015 pct.[36]

Table I. Chemical Compositions (in Weight Percent) of the Investigated Steels. Ac1 and Ac3 Temperatures Were Calculated Using

Equations from Reference [34] and Bs and Ms from Reference [33]

Steel C Si Mn Cr P S N Fe Ac1 Ac3 Bs Ms

0.4Si 0.2 0.4 2.4 0.2 0.003 0.002 0.005 balance 985 K (712 �C) 1075 K (802 �C) 819 K (546 �C) 652 K (379 �C)
0.8Si 0.2 0.8 2.3 0.2 0.003 0.003 0.007 balance 998 K (725 �C) 1124 K (851 �C) 819 K (546 �C) 649 K (376 �C)
1.5Si 0.2 1.5 2.3 0.2 0.003 0.002 0.005 balance 1018 K (745 �C) 1125 K (852 �C) 803 K (530 �C) 640 K (367 �C)
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The heat treatments were conducted on an Instron
electrothermal mechanical testing (ETMT) heating
stage. Samples were heated up by Joule effect and the
cooling process involved heat extraction through the
device jaws. The high soaking temperature at 1173 K
(900 �C) was performed under controlled atmosphere
using argon. The temperature was monitored using a Pt/
Pt-13 pct Rh thermocouple spot-welded to the sample.
Special attention was paid to characterize the material in
the vicinity of the welded thermocouple. After in situ
experiments, samples were prepared for metallographic
investigations using conventional methods.[21]

III. RESULTS

A. In Situ Synchrotron Characterization

1. First Quench
Austenite decomposition during the first quench

occurs in two steps (Figure 2): minor amounts of
austenite transforms into BCC phase aboveMs, between
873 K and 673 K (600 �C and 400 �C), while the main
martensitic transformation occurs below Ms, i.e., 653 K
(380 �C).

The amount of transformed austenite above Ms

depends on the silicon content: BCC-phase volume
fractions of 25.9 pct, 13.1 pct, and 5 pct are measured at
673 K (400 �C) for the 0.4Si, 0.8Si, and 1.5Si alloys,
respectively. The small BCC fraction measured in the
1.5Si steel grade results from the formation of a ferritic
layer of approximately 15 lm on the specimen surface.
This is related to the lack of hardenability following
surface decarburization inherited from the preceding
industrial processing of the steel sheet.[37,38] On the
contrary, the austenite decomposition in the 0.4Si and
0.8Si grades is likely to occur also in the bulk of the
specimen, because the decarburization phenomenon
cannot solely explain how such high fractions of BCC
formed.

Below a temperature of about 643 K (370 �C),
martensitic transformation takes place, and a significant
decrease of the FCC-phase fractions occurs. At the end
of the initial quench, the 0.4Si, 0.8Si, and 1.5Si alloys
exhibit total BCC volume fractions of 71.7, 72.6, and
78.4 pct, respectively. The precise fractions of

martensite formed are retrieved by subtracting the
fractions formed above Ms from the total BCC fraction.
Thus, at the end of the first quench, the martensite phase
fractions are 45.8, 59.5, and 73.1 pct for the 0.4Si, 0.8Si,
and 1.5Si, respectively. The small deviations in the
quenching temperatures alone are unlikely to be respon-
sible for these variations in martensite fraction, which
appear to be mainly related to the silicon content.
The evolution of the austenite lattice parameter ac

with temperature during the initial quench is plotted in
Figure 3 for the three steel grades. Despite the forma-
tion of a considerable amount of BCC phase above Ms,

between 873 K and 673 K (600 �C and 400 �C) in the
0.4Si and 0.8Si grades, the evolution of their austenite
lattice parameter remains linear until the martensitic
transformation occurs. Assuming the absence of
mechanical and chemical contributions to the evolution
of the austenite lattice parameter, the average constant
thermal expansion coefficient of the FCC phase between
1173 K and 673 K (900 �C and 400 �C) is 2.3493 9 10�5

K�1. This thermal expansion coefficient is in good
agreement with the ones reported by Lu et al.[39] and
Allain et al.[36]

2. Reheating
During the reheating step from QT up to the parti-

tioning temperature PT = 673 K (400 �C), the evolution
of the BCC lattice parameter is purely linear
(Figure 4(a)). On the other hand, the austenite lattice
parameter first evolves linearly, then, at T>623 K (350
�C), deviates from a purely thermal expansion behavior
(Figure 4(b), dashed lines). It is interesting to notice that
the deviation from linearity at 673 K (400 �C) increases
as the silicon content increases.
A decrease in austenite fraction is observed during the

reheating step for all investigated grades (Figure 5). The
extent of this decrease is also influenced by the silicon
content: in the temperature range from QT to PT = 673
K (400 �C), 7.8, 5.7 and 5.0 pct of austenite (in terms of
absolute fractions) is consumed in the 0.4Si, 0.8Si, and
1.5Si steel grades, respectively.

Fig. 2—Evolution of FCC volume fraction with temperature during
the initial quench to QT.

Fig. 1—Schematic representation of the investigated quenching and
partitioning (Q&P) heat treatment.
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3. Partitioning
The intensities of the {200}c and {220}c austenite

peaks decrease during partitioning, and their positions
shift toward lower 2h angles (Figure 6). The silicon
content has an evident impact on these evolutions.

The decreasing intensity of the austenite peaks implies
a decrease of the volume fraction of austenite during the
partitioning step (Figure 7). This is due to the bainite
transformation that takes place during partitioning.
From Figures 6 and 7, it appears clearly that the
fraction of austenite transformed into bainite increases

as the silicon content decreases. For the 0.4Si grade,
almost the entire residual austenite transforms into
bainite within 120 seconds of partitioning at 400 �C.
Furthermore, the change in position of the austenite

peaks implies a change in lattice parameter (Figure 8).
There is an almost continuous increase in the austenite
lattice parameter with time during the partitioning,
regardless of the silicon content. While the 0.8Si and
1.5Si grades exhibit a similar increase in ac, the
expansion of the austenite lattice is significantly lower
in the 0.4Si steel grade. However, it must be noted that
there are large experimental errors associated with the

(a) (b)

α γ

Fig. 4—Evolution of (a) the BCC and (b) the FCC lattice parameters during the reheating stage from QT to 673 K (400 �C).
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Fig. 3—Evolution of the austenite lattice parameter with
temperature during the initial quench. The thermal expansion
parameter of austenite is measured from the data recorded during
the initial quench (1173 K to 673 K (900 �C to 400 �C)).

Fig. 5—Evolution of the FCC volume fraction during the reheating
stage from QT to 673K (400 �C).
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determination of the austenite lattice parameter when
the phase fraction is less than 3 pct (as in the 0.4Si after
long partitioning times).

4. Final Quench
The intensities of austenite peaks do not change

significantly during the final cooling step to room
temperature, for all three steel grades. At the end of
the partitioning step, the measured FCC fraction was
1.6, 7.1, and 11.0 pct for the 0.4Si, 0.8Si, and 1.5Si,
respectively, and 1.5, 7.1, and 10.9 pct after the final
quench.

At room temperature, minor isolated diffraction peaks
can be recognized at about 2h = 7.1� (Figure 9),
especially in the 0.8Si and 0.4Si steel grades. This is likely
related to the important carbide precipitation occurring
in these grades. However, due to the low signal-to-noise
ratio, the phase identification or phase quantification of
these potential carbides is not possible.

B. Microstructural Characterization

Table II summarizes the volume fractions of the
phases formed during the Q&P heat treatment for the
three steel grades, along with the amount of carbon in
austenite determined using the relationship developed
by Toji et al.[40] The total amount of carbon that has not
partitioned (i.e., trapped in BCC phases and in carbides)
is also reported, and is determined by subtracting the
fraction of carbon contained within the austenite from
the nominal carbon content (i.e., 0.2 wt pct).
EBSD quality maps of the three final Q&P

microstructures at room temperature are shown in
Figure 10, where the red zones correspond to retained
austenite grains. The amount of retained austenite
clearly decreases with the decreasing silicon content.
SEM observations (Figure 11) show that carbide pre-
cipitation occurred in the three investigated materials,
albeit the carbide density increases with the decreasing

{200}γ

Intensity (a.u.)

0s
20s
45s
70s
95s
120s

2θ (deg)

0.4Si

0.8Si

1.5Si

Intensity (a.u.)

2θ (deg)

5.8 6.05.9 6.1 6.2 8.3 8.58.4 8.6 8.7

{220}γ

Fig. 6—1D diffractograms of the {200}c and {220}c FCC peaks after different partitioning times at 673 K (400 �C).
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silicon content. Thus, despite the presence of 1.5 wt pct
of silicon, carbides are still detected in martensite laths
as it can be seen in the SEM micrograph (Figure 11),
which is consistent with our previous study.[21]

IV. DISCUSSION

The current results show that the silicon content has a
first impact on the microstructural evolution during the
first quench. Austenite decomposes into a BCC phase
between ~ 873 K and ~ 673 K (~ 600 �C and ~ 400 �C),
i.e., below Ac1 but above Ms (Figure 2). The magnitude
of this transformation increases with the decreasing
silicon contents. Based on the observed transformation
temperature range, the resulting BCC phase can only be

identified as bainite. This is confirmed by the fact that
no ferrite was observed in the microstructures, with the
exception of a small decarburization layer on the
surfaces of the samples. Such effect of silicon on the
bainite transformation during cooling has already been
reported in the literature.[41] It should be pointed out
that no carbon diffusion is observed between the bainite
and the austenite during the first quench, as shown by
the linear evolution of the austenite lattice parameter in
this temperature range. This can be due to the fast
cooling rate, which would prevent such diffusion to take
place, or to carbide precipitation in the newly formed
bainite. In any case, the total amount of BCC phases at
the end of the first quench (i.e., bainite and martensite)
is similar regardless of the silicon content. Thus, it can
be reasonably assumed that the subsequent microstruc-
tural evolution during reheating and partitioning is not
significantly influenced by the transformations occurring
prior to Ms.
Additions of silicon improve significantly austenite

retention during the quench and partitioning treatment.
More specifically, if 11 pct of retained austenite could be
stabilized in the 1.5Si grade, only 7 pct of retained
austenite is present in the 0.8Si grade while the 0.4Si
grade contains almost no retained austenite (Table II).
Our previous study on the 1.5Si steel [22] has demon-

strated that two phenomena are responsible for the
stabilization of austenite during the partitioning of a
commercial Q&P grades: carbon partitioning from
martensite, and carbon rejection from the isothermal
bainite transformation. However, the relative contribu-
tion of these two mechanisms cannot be estimated due
to their close and mutual interaction. For instance,
carbon partitioning from martensite enriches austenite,
which in turn slows down the isothermal bainite
transformation. It appears clearly that the silicon
content has an effect on both mechanisms.
First, silicon seems to effectively suppress, at least

partially, carbide precipitation in the BCC phases.
Although some carbides are observed in the BCC
phases, regardless of the silicon content, more carbides
are clearly observed in the lower silicon grades. The
exact carbide-phase fraction cannot be measured, and it
is impossible to determine whether these carbides
precipitate primarily in martensite or in bainite. Given
the martensite fraction in the current Q&P microstruc-
ture, it is reasonable to assume that a significant fraction
of them have precipitated in the martensite matrix. In
such case, less carbon would be available for partition-
ing from martensite to austenite.
Second, silicon has a pronounced effect on the

austenite decomposition into bainite during the reheat-
ing and partitioning steps, since larger fractions of
bainite are being formed when the silicon content is
lower (Table II). The silicon content is known to affect
the isothermal bainite transformation kinetics, and the
subsequent carbon rejection from the bainite to the
austenite. According to Quidort and Bréchet[42,43] and
assuming that no carbide precipitation occurs, the
bainite transformation is limited by the diffusion of
carbon atoms from the bainite growing tip into the
austenite. More specifically, the kinetically limiting step

Fig. 7—Evolution of the FCC volume fraction during the
partitioning step at 673 K (400 �C).

Fig. 8—Evolution of the FCC lattice parameters during the
partitioning step at 673 K (400 �C).
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is the diffusion of carbon in austenite far from the
bainite/austenite interface. The resulting carbon enrich-
ment progressively stabilizes the austenite until the
bainite transformation is stopped. If carbides precipitate
in bainite close to the bainite/austenite interface, the
local carbon concentration decreases such that less
carbon can diffuse to austenite, limiting its stabilization.
Thus, carbide precipitation leads to a faster bainite
transformation kinetics, and to a higher bainite fraction
in the final microstructure. This was proved experimen-
tally by Jacques et al. in their study of the effect of the
silicon content on the stabilization of austenite in TRIP
steels,[28] and is in good agreement with the current
results. Particularly, it is interesting to notice that in the
current study, the austenite carbon contents are nearly
the same in the 0.8Si and 1.5Si grades, i.e., 0.79 wt pct
and 0.83 wt pct, respectively. This critical carbon
content appears to inhibit further austenite decomposi-
tion into bainite at 673 K (400 �C) in the investigated
steel grades.

To summarize, a lower silicon content leads to carbide
precipitation, which in turn leads to a decrease in the
austenite stability due to (i) less carbon available for
partitioning from the martensite, and (ii) faster bainite
transformation kinetics and less carbon rejection from
the growing bainitic tip. Unfortunately, it is impossible

to determine the relative contributions of each mecha-
nism, because this would require a precise knowledge of
the amount of carbon trapped in the BCC phases. It is,
however, likely that both mechanisms are heavily
influenced by the carbide precipitation, which is turn
impacted by the silicon content. Almost no austenite is
stabilized during the partitioning step in the 0.4Si grade,
implying that both carbon partitioning from martensite
and the carbon rejection during bainite transformation
did not occur.
The current results underline the importance of the

bainite transformation in commercial Q&P grades.
While silicon is usually added in order to maximize
carbon partitioning from the martensite, a second
significant effect of silicon is to impede the bainite
transformation during partitioning, which plays a key
role in the stabilization of austenite. As shown here,
austenite is progressively consumed by bainite until a
critical carbon content of ~ 0.8 wt pct is reached.
When the silicon content is low enough, i.e., 0.4 wt pct
in the current study, this critical content is never
reached due to the extensive carbide precipitation. The
final retained austenite fraction is thus determined by
the kinetics of bainite transformation during partition-
ing. It follows that additions of elements such as Cr or
Mo to the low-silicon grades could be considered in

{200}γ {220}γ {311}γ

{211}α{200}αIntensity (a.u.) Intensity (a.u.)

2θ (deg) 2θ (deg)

5.5 7.56.5 8.5 9.5 10.5

0.4Si

0.8Si
1.5Si

6.5 7.5 87 8.5

Fig. 9—1D diffractograms of the final Q&P specimens: (left) for 2h between 5.5 and 10.5, (right) close-up view for 2h between 6.5 and 8.5. The
dotted circle could correspond to possible carbide diffraction peaks.

Table II. Volume Fractions of Phases Formed During Q&P for the Three Steel Grades, Along with the Amount of Carbon
Partitioned and Non-partitioned at the End of the Heat Treatment

BCC Initial
Quench (>Ms)

Martensite
(<Ms)

BCC
Reheat

BCC
Partition RAfinal

CRA (Weight
Percent)

C Trapped in BCC and Carbides
(Weight Percent)

0.4Si 25.9 45.8 7.8 19.0 1.5 – 0.20
0.8Si 13.1 59.5 5.7 14.6 7.1 0.79 0.14
1.5Si 5.3 73.1 5.0 5.7 10.9 0.83 0.09

The error made on the phase volume fraction measurement is ± 1 pct in terms of absolute phase fraction.
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order to avoid the decomposition of austenite during
the Q&P process.

V. CONCLUSIONS

The current study demonstrates the key role of silicon
in Q&P steels. The fraction of retained austenite
obtained following the same Q&P treatment decreases
as the silicon content decreases. The carbon content of
the retained austenite (~ 0.8 pct wt) is similar for both
the 1.5Si and 0.8Si grades. The retained austenite
fraction obtained in the 0.4Si grade is negligible. Silicon
promotes the two mechanisms responsible for the
carbon enrichment of austenite in Q&P steels:

(i) It reduces (partially) the carbide precipitation in
martensite, making more carbon available for
partitioning to austenite.

(ii) It suppresses the carbide precipitation at the
bainite/austenite interface, which in turn inhibits
the austenite decomposition into bainite that
takes place during partitioning.

The impact of silicon on the bainite transformation,
which determines the final amount of retained austenite, is
particularly important in commercial low-alloyed Q&P
grades. In order to improve austenite retention in low-sil-
icon steel grades, additions of others bainite retarding
elements, such as Cr or Mo, could be considered to avoid
austenite decomposition during the partitioning step.

Fig. 11—SEM micrographs the final Q&P microstructures showing carbide precipitation.

Fig. 10—EBSD micrographs of the three final Q&P microstructures showing combined Image Quality and Austenite phase (in red) maps.
Magnification of 20009 and 40009 are presented in the first and the second rows, respectively (Color figure online).
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