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The Thermal Stability of Quenched and Partitioned Steel
Microstructures

Tjerk Koopmans, Jilt Sietsma,* Lie Zhao, and Maria J. Santofimia

Dedicated to Professor Wolfgang Bleck on the occasion of his 70th birthday.

1. Introduction

Steels having microstructures mainly composed of martensite
and retained austenite form a group of materials in development
designed to achieve the excellent combinations of strength
and ductility required for the third generation of advanced
high-strength steels for the automotive industry.[1–3] Within
the concepts currently being studied for the development of

these types of microstructures, one of the
most intensively investigated subjects is
the so-called quenching and partitioning
(Q&P) process.[4–27] The Q&P process con-
sists of austenitization followed by fast
cooling to a temperature below the mar-
tensite start temperature to form a con-
trolled fraction of martensite. This
temperature is referred to as quenching
temperature (TQ). Then, the material is
subjected to an isothermal treatment at
the same or higher temperature (typically
between 350 and 450 �C) to promote the
partitioning of carbon from martensite to
the remaining austenite. This temperature
is called partitioning temperature (TP) and
the duration of this isothermal step is
referred to as partitioning time (tP). After
this isothermal step, the material is
quenched to room temperature, during
which sufficiently carbon-enriched austen-

ite is retained, whereas the fraction of the austenite that was not
sufficiently enriched with carbon transforms to martensite. This
secondary martensite has a higher carbon concentration than the
martensite formed at the quenching temperature due to
carbon partitioning to austenite during the partitioning step.
The secondary, or “fresh,”martensite is detrimental for mechan-
ical properties.[20] For this reason, Q&P processing routes should
be designed, minimizing the possibility of secondary-martensite
formation.

A significant number of studies have been published that
show the feasibility of the Q&P process to create the envisioned
microstructures.[4–24] Also, numerous studies on the physical or
numerical modeling of microstructure development have been
published.[25–27] However, there are a limited number of studies
on the stability of these microstructures in response to postpro-
cessing routes such as thermomechanical processing or
galvanizing treatments. Such heat treatments can lead to the
decomposition of retained austenite, as already reported for
many other steels.[28–30] In addition, martensite is a metastable
phase and can be tempered, for instance, by carbide precipitation
upon heating.[31] Any change in the martensite/austenite struc-
ture of Q&P steel may deteriorate the mechanical properties.
Therefore, the knowledge of the microstructural stability of
the nonequilibrium phases of Q&P steels is important for proper
control of the mechanical properties of the material after postpro-
cessing or at different service temperatures.

T. Koopmans, J. Sietsma, L. Zhao, M. J. Santofimia
Department of Materials Science and Engineering
Delft University of Technology
Mekelweg 2, 2628 CD Delft, the Netherlands
E-mail: J.Sietsma@tudelft.nl

T. Koopmans, L. Zhao
Department of Production Technology
VDL Weweler BV
Ecofactorij 10, 7325 WC Apeldoorn, the Netherlands

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/srin.202100290.

© 2021 The Authors. Steel Research International published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/srin.202100290

The quenching and partitioning (Q&P) process is a heat treatment process,
aiming at the creation of steel microstructures composed of martensite and
retained austenite. Herein, the thermal stability of the microstructure is
investigated upon reheating steel microstructures, created with different Q&P
settings, in different thermal routes, using dilatometry and thermomagnetometry
to quantitatively monitor phase fractions. Analysis of the derivative of dilatometry
curves and thermomagnetic data reveals that upon reheating the retained
austenite decomposes. The decomposition occurs in two stages when the
heating rate is relatively low. The retained austenite completely transforms to
ferrite and cementite upon reheating to 550 �C, followed by isothermal holding
for 1800 s. Increasing the partitioning time from 50 to 300 s at 400 �C after
quenching to 260 �C significantly increases the thermal stability of retained
austenite. In all conditions, both carbon-depleted martensite (formed in the initial
quenching step) and fresh martensite (formed in final Q&P quenching) are found
to be partially tempered during the reheating experiments.
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This work focuses on the thermal stability of martensite and
retained austenite in a range of microstructures in low-carbon
steel formed in controlled Q&P processes. The stability is investi-
gated by means of reheating the Q&P steels via different thermal
routes. The microstructural processes are experimentally studied,
mainly by means of dilatometry and thermomagnetometry.

2. Experimental Section

The material used for the present investigations was an alloy
designed for the Q&P process. The chemical composition and
corresponding thermodynamic transformation temperatures,
calculated by ThermoCalc (TCW version 4, Fe alloys database ver-
sion 6), are shown in Table 1. The steel was produced using a
laboratory vacuum induction furnace. After casting, the steel
was hot rolled to a final thickness of 4 mm and then air cooled.
Cylindrical samples for dilatometry of 3.5mm in diameter and
L0¼ 10mm in length were machined, with the axis parallel to the
rolling direction.

Heat treatments were applied using a Bähr 805 DIL A/D
dilatometer. Different heat treatments were applied to the steel,
as shown in Figure 1. These are described as follows.

1) Heat treatments for the creation of different Q&P microstruc-
tures (Figure 1a): Full austenitization is followed by fast cooling
to a quenching temperature between 140 and 340 �C, varied in
steps of 20 �C. Subsequently, an isothermal partitioning
treatment at 400 �C for 50 s was applied, ending by a quench
to room temperature. To study the effect of partitioning time
on the stability of retained austenite, for the quenching condition
of 260 �C, a partitioning time of 300 s was also applied.

2) Heat treatments upon reheating the Q&P samples with two
different heating rates (Figure 1b): The Q&P microstructures
formed in the treatments of Figure 1a were reheated to 700 �C
at 5 �C s�1 or to 600 �C at 5 �Cmin�1, ending by a quench to
room temperature.

3) Heat treatments upon reheating the Q&P samples to different
isothermal holding temperatures (Figure 1c): The Q&P microstruc-
tures formed in the treatments of Figure 1a were reheated at
5 �C s�1 to 350, 450, and 550 �C, respectively, and isothermally
held for 1800 s, ending by a quench to room temperature.

4) Heat treatments to form a fully martensitic microstructure
(Figure 1d): These heat treatments involved the austenitization
conditions used in the creation of Q&P microstructures, imme-
diately followed by a quench to room temperature.

The dilatometry data generated during quenching at 50 �C s�1

to room temperature in treatment (d) (Figure 1d) were used
to fit the kinetics of the martensite formation according to
a modified Koistinen�Marburger equation.[32–34] The
Koistinen�Marburger parameters for the present composition
are TKM ¼ 313 �C and α¼ 0.0218 K�1. The experimentally
determined martensite start temperature (Ms) was 331 �C.
This information facilitated the calculation of the fraction of

martensite formed after quenching to different quenching
temperatures.

Dilatometry experiments yielded the length L of the sample,
with initial length at room temperature L0, as a function of time

and temperature. The derivative d
dT

ΔL
L0

� �
of the dilatometry data

was found to provide a higher resolution than ΔL/L0 to detect the
changes due to the relative expansion and relative contraction
caused by phase transformations like decomposition of retained
austenite or precipitation of carbides from martensite during
heating.[35–37] The derivative curves were calculated from a
20-point simple moving average of both length change and
temperature.

After completion of the thermal cycles, two discs with a thick-
ness of �2mm were cut perpendicular to the sample axis and
next to each other from one end of the samples. These discs were
used for thermomagnetic measurements and X-ray diffraction
(XRD) measurements, whereas the resulting surface of the
remaining 6mm-long cylinder was used for microstructural
characterization. After the conventional metallographic prepara-
tion, samples were etched with 2% nital for optical microscopy
and scanning electron microscopy (SEM).[37] SEM observations
were conducted with a JEOL JSM-6500 F series field-emission
gun SEM, using a secondary-electron imaging detector. The
acceleration voltage was 15 kV and the nominal working distance
was 10mm.

Selected samples were metallographically prepared for elec-
tron backscatter diffraction (EBSD) examination with a final pol-
ishing step of 0.02 μm alumina particles in a neutral solution
(OP-AN). EBSD measurements were carried out in a JEOL
6500F series SEM, using an Oxford Instruments Nordlys II
detector. The acceleration voltage was 20 kV, the beam current
1.2 nA, the working distance 25mm, and the tilt angle 70�.
4� 4 binning of the detector was used. A square grid of
300� 300 pixels was scanned with a step size of 50 nm, resulting
in a scanned area of 15� 15 μm2. Acquisition and

Table 1. Chemical composition of the steel in wt%.

C Mn Si Mo Al S P Fe

0.20 3.51 1.52 0.51 0.03 0.008 0.006 Balance

Figure 1. The schematic representation of the applied heat treatments.
Note that heat treatments indicated in (b) and (c) were preceded by
the heat treatment shown in (a).
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postprocessing of Kikuchi patterns were conducted using Oxford
Instruments Channel 5 software.

XRD experiments were used to determine the volume fraction
and the lattice parameter of retained austenite at room tempera-
ture. A Bruker D8 Advance Diffractometer equipped with a
Vantec position-sensitive detector was used, using Co Kα radia-
tion, an acceleration voltage of 45 kV, and a current of 35mA,
whereas the sample was spun at 30 rpm. The measurements
were carried out in the 2θ range 40��130�, using a step size
of 0.035� 2θ, with a counting time of 4 s per step. The volume
fraction of retained austenite and the corresponding uncertainty
were calculated according to the procedure proposed in other
studies.[38–40] The lattice parameters of retained austenite were
determined from the peak positions of the {111}, {200},
{220}, and {311} peaks by stripping the Co Kα2 intensity, fitting
the peaks with a pseudo-Voigt function and correcting the peak
position for sample displacement and goniometer errors,[39]

based on LaB6 calibration measurements. Using the lattice
parameter, the carbon content in retained austenite was
calculated by[35]

a ¼ 0.355 nmþ 0.044
nm
wt%

� �
Xγ

c (1)

where a is the austenite lattice parameter and X γ
c the weight

fraction of carbon in retained austenite. The error in determining
the carbon concentration was estimated as 0.05 wt% C.

Magnetic measurements were used to determine the volume
fraction of retained austenite at room temperature as well as dur-
ing reheating of samples with a heating rate from 5 �Cmin�1 to
600 �C. A Lake Shore 7307 vibrating sample magnetometer
(VSM) was used to determine the saturation magnetization at
room temperature, with a step-wise applied magnetic field up
to a field of 2 T. The magnetization as a function of temperature
was measured in a constant magnetic field of 1.5 T by reheating
the samples in an inserted Lake Shore 73034 oven. The software
controlling the VSM was Lake Shore IDEAS-VSM 3.4.0 software.
The samples were disc shaped with a diameter of 3.5mm and a
height of �2mm and measured in plane with respect to the

magnetic field. The retained austenite volume fraction of each
sample, f γ , was determined from the average saturation magne-
tization of at least three measurements on the austenite-
containing sample, MsatðcÞ, by[41]

f γ ¼ 1�MsatðcÞ
MsatðrÞ

(2)

where MsatðrÞ is the saturation magnetization of a reference
austenite-free martensitic sample, confirmed by XRD, to have
a volume fraction of austenite less than 1%. The experimental
uncertainty in determining the fraction of retained austenite
by the magnetic method was less than 1%. An equivalent
room-temperature magnetization was calculated according to
the methods described in other studies,[42–45] allowing direct
calculation of the retained austenite fraction during reheating
using Equation (2).

The fractions of retained austenite reported in the present
article were determined by a weighted least squares average of
the fractions of retained austenite obtained by VSM and XRD.
The fractions of martensite formed during the first quench were
calculated from a modified Koistinen�Marburger equation and
the fractions of bainite were obtained from the dilatometry data
during isothermal holding. The fractions of martensite from the
second quench were calculated by balancing the volume fractions
of the microstructural constituents.

3. Results and Discussion

3.1. Microstructures after Q&P Heat Treatments

The volume fractions of phases present in the steels after differ-
ent Q&P heat treatments as a function of the quenching temper-
ature are shown in Figure 2a and the numerical values are given
in Table 2. It is found that bainite formation occurs during the
partitioning step at quenching temperatures between 240 and
320 �C, with a maximum fraction of 10% at 300 �C. The forma-
tion of secondary martensite is fully suppressed when the
quenching temperature is lower than 220 �C.

Figure 2. a) Volume fractions of phases present in the samples after Q&P heat treatments shown in Figure 1a. M1: martensite formed in the first
quench; B: bainite; RA: retained austenite; and M2: martensite formed in the last quench. b) The lattice parameter of retained austenite and correspond-
ing carbon content.
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Figure 2b shows the lattice parameter and carbon content of
retained austenite as a function of the quenching temperature.
When the quenching temperature is lower than 250 �C, the bain-
ite fraction is very low (�1.5%) and the austenite lattice parame-
ter, representing the carbon concentration in retained austenite,
is observed to increase with decreasing quenching temperature.
However, the opposite trend is observed in case of significant
formation of bainite, as shown in Figure 2b. These results indi-
cate a competition on the source of carbon enrichment of aus-
tenite. The main process of carbon enrichment is carbon
partitioning from martensite to austenite in the cases in which
bainite is not observed and mechanisms associated with the for-
mation of bainite when this phase does form.

The microstructures of the Q&P samples with quenching tem-
peratures of 160, 260, and 320 �C were characterized in detail by
means of SEM and EBSD. These samples are selected because
they represent three types of microstructures, as shown in
Figure 2, and they will be shown in more detail in later sections.
Representative microstructures are shown in Figure 3 and con-
firm the presence of the phases already shown in Figure 2a. The
Q&P sample with quenching temperature 160 �C displays a
microstructure consisting of carbon-depleted martensite and
retained austenite. The Q&P sample with quenching tempera-
ture of 260 �C shows a microstructure containing carbon-
depleted martensite as well as carbon-rich martensite formed
during the final quenching of the Q&P heat treatment. Films
of retained austenite are also observed in this sample. The
Q&P sample with quenching temperature 320 �C shows a
microstructure formed by carbon-depleted martensite, secondary
martensite, bainite, and some retained austenite.

3.2. Reheating to 700 �C at 5 �C s�1

To study the microstructural stability, the Q&P samples were
reheated to 700 �C at a heating rate of 5 �C s�1 and immediately
quenched, as shown in Figure 1b, and then analyzed by XRD and

VSM. The volume fraction of retained austenite after this reheat-
ing treatment is shown in Figure 4a and is compared with the
original volume fraction of retained austenite in the Q&P
samples. The results show that the volume fraction of retained
austenite decreases due to reheating for quenching temperatures
between 200 and 300 �C, as shown as region II in Figure 4a. This
temperature region corresponds to so-called “the optimum
quenching temperature” by which a maximum retained austen-
ite fraction is achieved.[46] At higher and lower quenching tem-
peratures (regions I and III), the observed tendency is the
opposite. That is, the volume fractions of retained austenite
remain constant or even slightly increase after reheating to
700 �C followed by immediate quenching. Note that the three
microstructures of Figure 3 relate to these three temperature
regions.

Figure 4b shows the carbon content in retained austenite in
Q&P samples before and after reheating to 700 �C at 5 �C s�1 fol-
lowed by quenching to room temperature. The carbon content of
the retained austenite remains almost invariable after the reheat-
ing of Q&P samples treated at quenching temperatures around
the optimum value (region II). Outside that quenching tempera-
ture range, the carbon concentration tends to decrease in region I
and increase in region III. The results in Figure 4 imply a varying
response of retained austenite upon reheating, by promoting
more retained austenite in some cases, whereas in other cases,
reheating causes austenite decomposition. These observations
are further studied in the following sections.

Three distinct quenching temperature regions are shown in
Figure 4 with different behaviors of the carbon content and vol-
ume fraction of retained austenite as well as different microstruc-
tures prior to reheating. The samples were obtained with
quenching temperatures of 160 �C (region I), 260 �C (region
II), and 320 �C (region III). To study the thermal stability of
microstructure upon reheating, the derivative of the length signal
from dilatometry is shown in Figure 5a, including a reference

Table 2. The volume fractions as shown in Figure 2. The uncertainty of the
fractions is �1% (0.01). The indication “0” indicates a quantity lower than
the detection limit of about 1%.

QT M1 RA B M2

�C

140 0.967 0.033 0 0

160 0.959 0.041 0 0

180 0.944 0.056 0 0

200 0.911 0.089 0 0

220 0.875 0.099 0 0.025

240 0.807 0.133 0.015 0.045

260 0.702 0.150 0.030 0.118

280 0.538 0.151 0.060 0.251

300 0.286 0.119 0.100 0.496

320 0.050 0.044 0.080 0.826

340 0 0.006 0 0.994
Figure 3. a�c) SEM micrographs and d�e) EBSD phase maps of Q&P
samples quenched to a,d) 160 �C, b,e) 260 �C, and c,f ) 320 �C. Red in
EBSD phase maps represents ferrite, bainite, or martensite; blue repre-
sents austenite; and the white pixels are unidentified basically due to
low image quality (IQ).

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 92, 2100290 2100290 (4 of 8) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.steel-research.de


curve from the sample that fully transformed to martensite, dur-
ing the heat treatment of Figure 1d. As this microstructure is
fully martensitic, the dilatometry curve of this sample only dis-
plays the effects of tempering of martensite. The more or less
constant value in the plot of Figure 5a indicates the more or less
constant coefficient of thermal expansion during heating. A
decreasing value indicates the onset of a contraction.
Figure 5b shows the austenite fraction of the samples with
quenching temperatures of 160 and 260 �C after reheating at
5 �C s�1 to various temperatures, up to 700 �C, followed by
immediate quenching.

Reheating to 700 �C at 5 �C s�1 of the sample with quenching
temperature of 160 �C. There is an obvious valley between 450
and 550 �C in the derivative curve in Figure 5a for the samples
with quenching temperature of 160 �C, similar to the curve for
martensitic sample. Figure 5b shows that there is no significant
change in the fraction of retained austenite during heating up to
600 �C. Combining these observations suggests that the valley
results from the tempering of martensite via carbide precipita-
tion, possibly including intermediate carbides.[28]

Reheating to 700 �C at 5 �C s�1 of the Q&P sample with quenching
temperature of 260 �C. The derivative curve for this sample in
Figure 5a shows small changes in slope at around 500 �C,
probably indicating an overlap between the relative expansion
due to the decomposition of retained austenite and a relative
contraction due to precipitation of carbides from the martens-
ite. The fraction of retained austenite from the interrupted
reheating treatments in Figure 5b shows that the retained aus-
tenite starts decomposing at temperatures around 500 �C. The
retained austenite fraction in microstructures formed in
region II (Figure 4a), to which this sample belongs, is rela-
tively high, and therefore the retained austenite has a relatively
low carbon content, giving rise to decomposition upon
reheating.

Reheating to 700 �C at 5 �C s�1 of the Q&P sample with quenching
temperature of 320 �C. This sample also shows a valley between
450 and 550 �C in Figure 5a, similar to the martensitic sample.
This valley is again probably associated with precipitation of
carbides from martensite, which is the dominant phase in both
samples. At �680 �C, a change in slope is associated with the

Figure 4. a) Volume fraction of retained austenite in Q&P samples before (blue squares) and after (red circles) reheating to 700 �C at 5 �C s�1 followed by
quenching. b) The lattice parameter of retained austenite and corresponding carbon content.

Figure 5. a) Derivative curve calculated from the length change as a function of temperature during heating to 700 �C at 5 �C s�1 of Q&P samples with
quenching temperatures of 160, 260, and 320 �C and the martensitic microstructure, initially heat treated according to Figure 1d. The curves are shifted to
separate them. b) Volume fraction of retained austenite in Q&P samples quenched to 160 and 260 �C after reheating to different temperatures at 5 �C s�1

interrupted by quenching.
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formation of austenite above the Ac1 temperature, taking heating
rate into account.[47] The sample with the quenching temperature
of 160 �C shows a very small version of this peak, whereas it is
not observed for the sample with quenching temperature of
260 �C. It is possible that for the latter sample this small peak
would be shifted to a temperature above 700 �C due to a slightly
different evolution of austenite decomposition and carbide
formation during heating.

3.3. Reheating to 600 �C at 5 �Cmin�1

As discussed earlier, the decomposition of retained austenite and
carbide precipitation from martensite may occur simultaneously
in some samples. This overlap could be separated if a relatively
slow reheating is applied. Therefore, a dilatometry test was
conducted by reheating the three samples that were made by
the Q&P treatment of Figure 1a with quenching temperatures
of 160, 260, and 320 to 600 �C at a much lower heating rate
of 5 �Cmin�1. Figure 6a shows the derivative curves obtained
from dilatometry data during this reheating treatment.
Analysis of curves leads to the following observations.

Reheating to 600 �C at 5 �C min�1 of Q&P samples with
quenching temperature of 160 or 320 �C. The derivative curves
from the samples quenched to either temperature are similar
and are also similar to the ones observed during reheating of
the same Q&P samples at 5 �C s�1. In comparison with the ones
reheated at a high rate, the valley starts and ends at lower temper-
atures (around 400 and 500 �C), which is a direct effect of the
lower heating rate. Both samples contain a small fraction of
retained austenite (around 3%) and thus the decomposition of
retained austenite is not observed. The similarity between both
curves also implies that the thermal stability of martensite is not
significantly influenced by carbon depletion during the partition-
ing process of the Q&P sample with quenching temperature of
160 �C. This is consistent with the results from numerical
simulations,[27] showing that only carbon within a thin shell
around the martensite grains is depleted to austenite.

Reheating to 600 �C at 5 �C min�1 of the Q&P sample with
quenching temperature of 260 �C. Contrary to the derivative curve

for the high heating rate in Figure 5a, the derivative curve in
Figure 6a shows two extremes: a (positive) peak between
�250 and 370 �C and a (negative) valley between 450 and
550 �C. Combined with the results of austenite fraction from
in situ thermomagnetic measurements in Figure 6b, it can be
understood that the peak results from the decomposition of
retained austenite and the valley from the carbide precipitation
from martensite, as in this temperature region the austenite
fraction is constant. When the temperature increases above to
550 �C, austenite decomposition recommences. This means that
decomposition of the retained austenite in this sample during
reheating occurs in two stages. This is related to the fact that
the retained austenite has different morphology and is formed
by different retention mechanisms, also already reported in other
steels.[28–30]

3.4. Reheating to and Isothermal Holding at 350, 450, and
550 �C

The microstructure stability upon slow reheating of the Q&P
sample with quenching temperature of 260 �C shows the decom-
position of retained austenite in two stages (Figure 6). This find-
ing is further investigated by reheating the Q&P samples with
quenching temperature of 260 to 350 �C, 450 �C, and 550 �C
at 5 �C s�1, followed by isothermal holding at these temperatures
for 1800 s and subsequently quenching to room temperature
(Figure 1c).

Figure 7 shows the dilatometry curve corresponding to the
final quench after isothermal holding the final volume fraction
of retained austenite. The three volume fractions of retained aus-
tenite after final quenching are 0.135 (350 �C), 0.150 (450 �C),
and 0.025 (550 �C). The formation of fresh martensite is not
observed after the isothermal treatments at 350 and 450 �C,
but it is clearly displayed after isothermal holding at 550 �C, indi-
cating the formation of about 10% martensite with a martensite
start temperature of 125 �C. This formation is due to a significant
relief of the stress around the remaining austenite as a result of
the tempering of martensite at 550 �C. Thus, the remaining

Figure 6. a) Derivative of dilatometry curves during reheating at 5 �Cmin�1 of the Q&P samples quenched to 160, 260, and 320 �C, respectively.
b) Comparison of volume fraction of retained austenite determined by the thermomagnetic measurements with the derivative curve for the Q&P sample
quenched to 260 �C.
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austenite is destabilized and transforms upon quenching.[11]

This stress relief does not occur to a sufficient degree in case
of isothermal holding at 350 �C or 450 �C as the temperature
is not high enough for carbide precipitation, as shown in
Figure 5a. The final fraction of retained austenite in these two
samples is slightly lower than that after the Q&P treatment, indi-
cating that only a limited decomposition of retained austenite
upon fast heating and subsequent isothermal holding has taken
place. The final fraction of retained austenite after isothermal
holding at 550 �C is low (2.5%), confirmingmartensite formation
upon quenching.

3.5. The Effect of Longer Partitioning Time

In previous sections, an interesting observation is that the
retained austenite in the Q&P samples with quenching tempera-
ture 260 �C decomposes in two stages upon slow reheating. In
these Q&P samples, the quenching step was followed by parti-
tioning at 400 �C for 50 s. To further study this, the partitioning
time was prolonged from 50 to 300 s. Figure 8 shows the austen-
ite fraction, measured in situ in the magnetometer, during

reheating to 600 �C at 5 �Cmin�1 for both samples with the par-
titioning time of 50 and 300 s, respectively. It is found that the
austenite present in the sample partitioned for 300 s has a higher
thermal stability. The decomposition of retained austenite occurs
only at temperatures above 500 �C. A probable reason for the
increase in the thermal stability of the austenite is due to the
presence of a more homogeneous carbon distribution within
the austenite grains, as a result of the longer partitioning time.[27]

4. Conclusion

The thermal stability of microstructures obtained after various
Q&P heat treatments in a low-carbon steel is studied upon
reheating the samples in the dilatometer and in the magnetome-
ter. The main conclusions are as follows. 1) Upon reheating the
Q&P samples quenched to the “optimum” quenching tempera-
ture range, the volume fraction of retained austenite decreases,
as a result of the partial decomposition and destabilization of
retained austenite. When a low reheating rate of 5 �Cmin�1 is
applied, the decomposition initiates at lower temperatures and
takes place in two stages, whereas at a high reheating rate of
5 �C s�1, the decomposition overlaps with carbide precipitation.
2) Reheating the Q&P samples to high temperature, for example,
to 550 �C for the sample with quenching temperature 260 �C,
and isothermal holding for 1800 s leads to almost complete
decomposition of retained austenite, in which part of the
retained austenite decomposes during heat treatment and part
transforms to martensite during subsequent quenching because
of destabilization at elevated temperature. 3) When a longer par-
titioning time is applied, the decomposition of austenite at the
lowest temperatures is suppressed, due to a more homogeneous
carbon distribution within austenite grains in the Q&P micro-
structures. 4) Upon reheating, all Q&P samples show partial
tempering of martensite. For the Q&P samples quenched out-
side the “optimum” quenching range, carbide precipitation
due to the tempering of martensite is a dominant phenomenon,
as the retained austenite itself is stable and the fraction of
retained austenite is small.

Figure 7. Length change during final quench after isothermal holding at 350, 450, and 550 �C for 1800 s in Q&P samples quenched to 260 �C and
reheated to the isothermal holding temperatures at 5 �C s�1.

Figure 8. Volume fraction of austenite during reheating to 600 �C at
5 �Cmin�1, for the Q&P samples quenched to 260 �C and partitioned
for 50 and 300 s, respectively.
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