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Abstract

This paper presents a detailed characterization of the microstructural development of a new quenching and partitioning (Q&P) steel.
Q&P treatments, starting from full austenitization, were applied to the developed steel, leading to microstructures containing volume
fractions of retained austenite of up to 0.15. The austenite was distributed as films in between the martensite laths. Analysis demonstrates
that, in this material, stabilization of austenite can be achieved at significantly shorter time scales via the Q&P route than is possible via a
bainitic isothermal holding. The results showed that the thermal stabilization of austenite during the partitioning step is not necessarily
accompanied by a significant expansion of the material. This implies that the process of carbon partitioning from martensite to austenite
occurs across low-mobility martensite–austenite interfaces. The amount of martensite formed during the first quench has been quantified.
Unlike martensite formed in the final quench, this martensite was found to be tempered during partitioning. Measured volume fractions
of retained austenite after different treatments were compared with simulations using model descriptions for carbon partitioning from
martensite to austenite. Simulation results confirmed that the carbon partitioning takes place at low-mobility martensite–austenite
interfaces.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The development of steels containing combinations of
martensite and austenite is one of the most promising
approaches being explored for the creation of new
advanced high-strength steels (AHSS) [1]. Significant addi-
tions of elements such as Si retard the formation of car-
bides and give rise to the carbon enrichment of austenite
via partitioning of carbon from supersaturated martensite.
This concept lies at the core of the “quenching and parti-
tioning” (Q&P) process [2,3], which consists of a partial
1359-6454/$36.00 � 2011 Acta Materialia Inc. Published by Elsevier Ltd. All
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martensite formation (quenching step) from a fully [4] or
partially [2] austenitic microstructure, followed by an
annealing treatment (partitioning step) at the same or
higher temperature to promote carbon partitioning from
supersaturated martensite to austenite. During the parti-
tioning step austenite is enriched with carbon, thus allow-
ing its stabilization at room temperature. Complete
control of the fraction of martensite (strong phase) and
the carbon enrichment of austenite is possible and distin-
guishes the Q&P process from other AHSS routes.

Although carbon partitioning from martensite to aus-
tenite is the principle underlying the Q&P concept, the
mechanisms governing this process are the subject of some
controversy. It has been postulated that carbon partition-
ing from martensite to austenite is controlled by the con-
strained carbon equilibrium (CCE) criterion [2]. This
rights reserved.
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Table 1
Chemical composition of the steel (wt.%).

C Mn Ni Cr Si

0.204 2.5 1.47 1.01 1.50
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implies that the chemical potential of carbon equilibrates
across fixed martensite–austenite interfaces. However, this
model does not account for the expansion of the material
frequently observed during the partitioning step [5]. The
possible mechanisms by which such an expansion can
occur include the formation of bainite [6] from austenite,
the continued growth of the martensite that was formed
during the quenching step [7], or the isothermal nucleation
and growth of new martensite [8,9]. In cases where parti-
tioning is performed above the martensite start tempera-
ture, the third option is considered unlikely and the
possible mechanisms that can produce the observed expan-
sion are reduced to either bainite formation or martensite
growth.

For steels with compositions similar to low-alloy trans-
formation-induced plasticity (TRIP) steels the expansion
observed during the partitioning step can be readily
explained by the formation of bainite [6], since TRIP steel
compositions are designed to promote the formation of
bainite. In spite of this, a substantial amount of the Q&P
research reported to date has focused on TRIP chemical
compositions [5,6,10–13] for which bainitic transformation
almost certainly plays a role.

To date, studies on chemical compositions specifically
optimized for Q&P have not been published in detail.
Due to the absence of studies of the Q&P process in alloys
in which bainite formation is effectively suppressed, the
growth of martensite during the partitioning step has nei-
ther been confirmed nor disproved. Even if bainite forma-
tion is suppressed, it would be difficult to experimentally
detect movement of individual martensite–austenite inter-
faces. Zhong et al. [7] reported an apparent change in cur-
vature of martensite–austenite interfaces in a steel after
partitioning at 450 �C, but it was not clear if that curvature
change was actually due to martensite growth.

Thermodynamic studies demonstrate that growth of
martensite in the partitioning step is physically possible
[9] and warrants study of the kinetics involved. If the
CCE condition is relaxed and it is assumed that a difference
in chemical potential of iron at the interface acts as a driv-
ing force for the movement of the interface, the behavior of
martensite–austenite interfaces can be simulated [9]. Such
predictions reveal that a net growth of martensite is ther-
modynamically and kinetically possible until both phases
reach equilibrium in the assumed absence of carbide
precipitation.

The aim of the present study is to arrive at an improved
understanding of the mechanisms governing the partition-
ing process in the absence of bainitic transformation. With
this aim a new steel composition has been designed in
which the formation of bainite during the application of
Q&P heat treatments can be suppressed. Analysis of the
microstructure development during the application of
Q&P treatments as well as during isothermal holding in
the bainitic transformation range has been performed by
dilatometry, X-ray diffraction, optical and scanning
electron microscopy, electron back-scattering diffraction
(EBSD) and electron probe microanalysis (EPMA).

2. Theoretical design of the Q&P steel chemical composition

The first step of this work was the design of a steel in
which a microstructure formed by martensite laths
separated by thin films of retained austenite was obtained
by the application of appropriate Q&P heat treatments.
This steel was designed on the basis of the following
requirements:

(a) Absence of ferrite and/or pearlite formation during
the quenching step.

(b) Retardation or inhibition of bainite formation, in
order to minimize possible overlapping of carbon
partitioning and formation of bainite.

(c) Retardation or minimization of the precipitation of
carbides, which consumes carbon that is then no
longer available for carbon enrichment of the
austenite.

(d) A sufficiently high carbon content for thermal stabil-
ization of a considerable fraction of retained austen-
ite at room temperature.

The carbon concentration of the alloy was chosen as
0.2 wt.%. Assuming full partitioning of carbon into austen-
ite, and considering that austenite can be stable at room
temperature when its carbon content is around 1.2 wt.%,
the chosen carbon concentration is expected to lead to a
volume fraction of retained austenite of around 0.16. This
volume fraction of retained austenite is close to the frac-
tions usually observed in conventional low-alloy TRIP
steels [14].

Manganese, nickel and chromium were included in the
chemical composition to retard ferrite, pearlite and bainite
formation and to decrease the bainite start temperature, as
well as to enhance the austenite stability. A silicon content
of 1.5 wt.% was used to inhibit carbide precipitation during
the partitioning step.

The thermodynamic model of Bhadeshia for the predic-
tion of TTT diagrams [15], widely applied for the design of
steels [16–19], was used for the selection of the steel compo-
sition studied in this work. The selected chemical composi-
tion is displayed in Table 1 and the predicted TTT diagram
is shown in Fig. 1. The predicted martensite and bainite
start temperatures (Ms and Bs) are 314 and 320 �C, respec-
tively. This indicates that the predicted temperature range
for isothermal bainite formation is very narrow, only
6 �C. The predicted incubation times for bainite formation
and ferrite/pearlite formation are 500 and 5000 s,



Fig. 1. Prediction of the TTT diagram characteristic of the designed Q&P
steel (solid lines) together with experimental values of Ms and Bs
temperatures (dashed lines).
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respectively. These times suggest that the probability of
obtaining ferrite and/or pearlite during cooling is very
low in this steel, although formation of bainite during the
partitioning step cannot be completely excluded. This fact,
together with the reported effect of the martensite transfor-
mation promoting the nucleation of bainite [20], justified a
detailed experimental analysis of possible formation of bai-
nite during the partitioning step in this steel, which is there-
fore part of the experimental schedule.

3. Selection and application of heat treatments

The steel was produced using a laboratory vacuum induc-
tion furnace. After casting, the steel was hot rolled to a final
thickness of 4.5 mm and then air cooled. Cylindrical speci-
mens 4 mm in diameter and 10 mm long were machined par-
allel to the rolling direction for dilatometry. Heat treatments
were applied using a Bähr DIL 805 A/D dilatometer. Four
different series of heat treatments (HT) were applied to the
specimens, all starting from a full austenitization treatment
at 900 �C for 600 s, as shown in Fig. 2.

3.1. Direct quench (HT1, see Fig. 2a)

Treatment consisting of a direct cooling at 50 �C s�1

after austenitization. Optical microscopy on the formed
Fig. 2. Heat treatments applied to the steel: (a) HT1 to establish the requir
investigate the dependence on partitioning conditions; (d) HT4 to investigate
microstructure showed only martensite. The absence of
bainite and ferrite was also confirmed by the corresponding
dilatometry curve. Therefore, a cooling rate of 50 �C s�1

was selected as an appropriate cooling rate for the forma-
tion of martensite in the quenching step in the subsequent
experiments. The measured martensite start temperature
(Ms) was 338 �C, which is slightly higher than the value
predicted by the model in Fig. 1 (314 �C).

3.2. Bainite treatments (HT2, see Fig. 2b)

Treatments consisting of austenitization followed by
cooling at 50 �C s�1 to 350, 400 and 450 �C and isothermal
holding for times ranging from 10 to 16,000 s. The temper-
atures were chosen to evaluate the possible formation of
bainite within the range of interest for partitioning. These
treatments are not Q&P treatments, since they do not
include a quenching step below Ms.

3.3. Q&P treatments, partitioning time and temperature

dependence (HT3, see Fig. 2c)

Q&P treatments were applied, starting with full austen-
itization, followed by cooling at 50 �C s�1 to a quenching
temperature of 275 �C, isothermal holding at that temper-
ature for 5 s and then heating at 10 �C s�1 to partitioning
temperatures of 350, 400 and 450 �C for times ranging
from 3 to 2000 s. The effect of the partitioning step on
the microstructure of the steel is evaluated with these
treatments.

3.4. Q&P treatments, quenching temperature dependence

(HT4, see Fig. 2d)

Q&P treatments were applied, starting with full austen-
itization, followed by cooling at 50 �C s�1 to quenching
temperatures ranging from 130 to 316 �C, isothermal hold-
ing for 5 s, and then partitioning at 400 �C for 100 s. In this
case, the effect of the quenching step is studied under fixed
partitioning conditions.
ed quenching rate; (b) HT2 to investigate bainite formation; (c) HT3 to
the dependence on quenching temperature.
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4. Procedures for microstructural characterization

Heat-treated specimens were cut in half to analyze the
surface transverse to the rolling direction. After conven-
tional metallographic preparation, specimens were etched
with 2% nital for subsequent optical microscopy and scan-
ning electron microscopy (SEM). SEM observations were
performed using a JEOL JSM-6500F field emission gun
scanning electron microscope (FEG-SEM) operating at
15 kV.

Specific regions were selected using the FEG-SEM for
further study of the alloying element distribution by
EPMA. EPMA measurements were performed with a JEOL
JXA 8900R microprobe using a 10 keV electron beam with
beam current of 50 nA employing wavelength-dispersive
spectrometry (WDS). The composition at each analysis
location of the sample was determined from the X-ray
intensities of the constituent elements after background cor-
rection relative to the corresponding intensities of reference
materials. The thus-obtained intensity ratios were processed
with the matrix correction program CITZAF [21]. An
in situ air jet was used to decontaminate the sample surface
and to prevent the deposition of carbonaceous substances.
The points of analysis were located along a line at intervals
of 0.5 lm and carbon, silicon, manganese, chromium,
nickel and iron concentrations were determined.

In order to determine the volume fraction of retained
austenite in the specimens, X-ray diffraction experiments
were performed using a Bruker type D8-Advance diffrac-
tometer equipped with a Bruker Vantec Position Sensitive
Detector (PSD). Co Ka radiation was used and a 2h range
from 30� to 135�, containing the (1 1 1), (2 0 0), (2 2 0) and
(3 1 1) austenite reflections, was scanned using a step size of
0.05�. Error bars in calculations of the volume fraction of
retained austenite were estimated to account for possible
deviations caused by crystallographic texture. The austen-
ite lattice parameter ac was determined from the positions
of the maximum of the four austenite reflections using
Cohen’s method [22]. The carbon concentration xC of the
austenite was obtained using [23,24]:

ac ¼ 0:3556þ 0:00453xC þ 0:000095xMn þ 0:00056xAl

þ 0:0006xCr � 0:0002xNi; ð1Þ

where ac is the austenite lattice parameter, in nm, and xC,
xMn, xAl, xCr and xNi are the concentrations of carbon,
manganese, aluminum, chromium and nickel, respectively,
in wt.%. The effect of silicon on the austenite lattice param-
eter has not been found in the literature and is therefore
not included in Eq. (1). The results of this calculation indi-
cate the average value of carbon content in austenite, and
do not reveal information on gradients or variations be-
tween austenite grains. An error bar of ±0.05 wt.% was
estimated for the determination of the carbon content in
austenite.

Selected specimens were metallographically prepared for
EBSD examination with a final polishing step of 0.05 lm
using an OPS suspension. The last specimen preparation
step was electrolytic polishing with an electrolyte consisting
of 78 ml perchloric acid, 90 ml distilled water, 730 ml etha-
nol and 100 ml 2-butoxyethanol at 40 V for 10 s. Specimens
were analyzed by orientation imaging microscopy (OIM)
on a FEI Nova 600 Nanolab dual-beam (focused ion
beam) electron microscope equipped with a FEG column.
The analysis was performed under the following condi-
tions: acceleration voltage, 20 kV; working distance,
7 mm; tilt angle, 70�; step size, 20 nm. The orientation data
were post-processed with Channel 5 software provided by
Oxford-HKL�.

5. Results and discussion

In this section, experimental results obtained after appli-
cation of heat treatments HT2 (bainite treatments), HT3
(Q&P treatments, partitioning dependence) and HT4
(Q&P treatments, quenching dependence) are presented,
compared and discussed in Sections 5.1–5.3, respectively.
Observed microstructural features lead to the identification
of the martensite formed in the first quench of the Q&P
treatments in Section 5.4. Finally, experimental results
are compared with simulations in Section 5.5.

5.1. Analysis of bainite formation during isothermal holding

after full austenitization

Bainite formation in this steel was studied by applica-
tion of the HT2 heat treatments shown in Fig. 2b. Bai-
nite was observed in the microstructures after full
austenitization followed by an isothermal holding at
350 �C. As an example, Fig. 3a shows that the micro-
structure formed after 4000 s at 350 �C comprises bainite
surrounded by martensite. An isothermal hold at 400 �C
for 16,000 s and subsequent quenching (Fig. 3b) led to
formation of a martensitic microstructure with a small
fraction of ferrite grains (volume fraction less than
0.01). Such ferrite grains have not been observed after
shorter times. Consideration of the micrographs alone
does not reveal whether these ferrite grains are bainitic
or allotriomorphic in nature. However, quenching after
isothermal holding at 450 �C for 16,000 s results in a
fully martensitic microstructure (Fig. 3c) that does not
contain any bainite. This strongly suggests that the fer-
rite formed at 400 �C is bainitic.

These observations indicate that the kinetics of austenite
decomposition at 400 and 450 �C is hardly significant after
annealing for as long as 16,000 s, in agreement with the
predicted TTT diagram of Fig. 1. This makes the experi-
mental determination of the Bs temperature very difficult.
However, we can be confident that, on a time scale shorter
than around 16,000 s, the maximum estimate for the tem-
perature range for bainite transformation in this steel is
between 338 �C (the Ms temperature as measured in the
dilatometer) and 400 �C. This temperature range is wider
than the range predicted in Fig. 1, but still leaves a signif-



Fig. 3. Light optical micrographs of the steel after HT2 treatments consisting of austenitization at 900 �C for 600 s, cooling at 50 �C s�1 and isothermal
holding at (a) 350 �C for 4000 s; (b) 400 �C for 16,000 s, and (c) 450 �C for 16,000 s. Circles in (b) indicate zones with isolated ferrite. The specimens were
etched with 2% nital.
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icant temperature and time window free of isothermal
decomposition of austenite into bainite.

Figs. 4 and 5 show the change in length vs. time as mea-
sured by dilatometry (Fig. 4) and the measurements of vol-
ume fraction and carbon content of retained austenite
(Fig. 5) after application of heat treatments HT2 and
HT3. Results for HT3 heat treatments will be discussed
in Section 5.2. Fig. 4a shows the change in length observed
during isothermal holding at 350, 400 and 450 �C. At
350 �C, the observed change in length corresponds to the
formation of bainite, as confirmed by the metallographic
analysis. On the other hand, at 400 and 450 �C, the expan-
sion was much less (volume changes less than 0.05%), indi-
cating very slow kinetics for austenite decomposition,
which was also corroborated by metallographic analysis.
In any case, dilatometry shows that the end of the austenite
decomposition is not fully reached in the time scale used in
the experiments.

Application of HT2 treatments for isothermal treat-
ments at 400 and 450 �C did not lead to the detection of
retained austenite after isothermal holdings as long as
16,000 s. In the case of the isothermal holding at 350 �C
(Fig. 5a), retained austenite was detected, reaching a vol-
ume fraction of 0.02 after holding for 2000 s. In this case,
austenite peaks in the diffraction pattern were not strong
enough to allow a reliable determination of carbon content
in austenite. The analysis indicates that bainite formation is
not an effective method for stabilizing significant volume
fractions of austenite in this alloy at time scales relevant
to continuous production technologies.
Fig. 4. (a) Dilatation vs. isothermal holding time at 350 �C (4000 s), 400 �C
isothermal holding time at 350 �C (2000 s), 400 �C (2000 s) and 450 �C (2000 s
5.2. Microstructural evolution during Q&P treatments:

different partitioning conditions

In order to determining the effect of partitioning param-
eters for a fixed quenching temperature (heat treatment ser-
ies HT3), the target quenching temperature was set to
275 �C, followed by an isothermal holding for 5 s; however,
a detailed analysis of the recorded data reveals that the
actual quenching temperatures achieved vary in the range
275 ± 5 �C. Dilatometry curves corresponding to the parti-
tioning step at 350, 400 and 450 �C for 2000 s show expan-
sions of 0.06%, 0.03% and 0.02%, respectively (Fig. 4b).
Excluding the effect of carbon partitioning on the lattice
parameter, the experimentally observed expansions can
be associated with formation of volume fractions of
body-centered cubic (bcc) phase equal to approximately
0.04, 0.02 and 0.01, respectively.

These expansions cannot be associated with nucleation
and growth of martensite, since they occurred at tempera-
tures above Ms. As a consequence, they are likely to be
related to the formation of bainite or to isothermal growth
of martensite. As discussed in Section 5.1, bainite was
observed in micrographs after isothermal treatment at
350 and 400 �C, although at the latter temperature only
after extremely long times. Therefore, it is concluded that
at 400 and 450 �C, formation of bainite will not take place
during the partitioning step applied in HT3. The very slight
expansions observed at these temperatures appear there-
fore to be associated with the isothermal growth of
martensite.
(16,000 s) and 450 �C (16,000 s) in HT2 treatments. (b) Dilatation vs.
) in HT3 treatments.



Fig. 5. (a) Volume fractions of retained austenite after HT2 (only 350 �C) and HT3 treatments. (b) Carbon content in retained austenite after HT3
treatment.
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Volume fractions of retained austenite obtained after
quenching and partitioning at 350, 400 and 450 �C for dif-
ferent partitioning times are presented in Fig. 5a, and cor-
responding carbon contents are shown in Fig. 5b. After
partitioning at 350 �C, the fraction of austenite continu-
ously increases with partitioning time up to a maximum
of around 0.15 after partitioning for 2000 s. The average
carbon content of the retained austenite reaches a maxi-
mum after partitioning for 100 s and, in general, values fall
between 0.75 and 0.95 wt.%.

When the partitioning step takes place at 400 �C, the
volume fraction of retained austenite reaches a maximum
equal to 0.10 after 100 s and remains approximately con-
stant for further increase in partitioning times. The trend
is similar to that observed at 350 �C.

In the case of partitioning at 450 �C a maximum in the
retained austenite fraction of approximately 0.12 is
observed after partitioning for only 3 s. Thereafter a grad-
ual decrease is observed until the partitioning time is equal
to 500 s, beyond which the volume fraction of retained aus-
tenite remains approximately constant with further
increase in time. Austenite diffraction peaks corresponding
to partitioning at 450 �C for 1000 and 2000 s were not
strong enough to permit a reliable determination of carbon
content of retained austenite.

It is clear that the maximum in the volume fraction of
retained austenite is reached at shorter times for higher
partitioning temperatures, which is in agreement with the
expected kinetics of carbon partitioning [9]. For most tem-
perature and time conditions, fractions of retained austen-
ite obtained by the applied Q&P processes are considerably
higher and occur at much shorter treatment times than
those obtained by cooling directly to an isothermal hold
in the bainitic transformation range (HT2). Dilatometry
results shown in Fig. 4b indicate that, if bainite is formed
during the partitioning step in HT3 treatments, its volume
fraction would be too low to explain the observed fractions
of retained austenite. Therefore, it is confirmed that, in this
steel, the Q&P process is significantly more effective than a
bainitic isothermal treatment for the stabilization of
austenite.

Microstructures of specimens partitioned at 350, 400
and 450 �C for 1000 s are compared in Fig. 6. The three
microstructures look quite similar, consisting of martensite
that has responded in two different ways to etching
with 2% nital: some laths of martensite are clearly more
strongly etched than others. In these micrographs, retained
austenite cannot be distinguished from martensite. No
significant carbide precipitation is resolved under the elec-
tron microscope for any of the samples, indicating that the
level of silicon addition is sufficient to inhibit carbide
formation.

The morphology of the microstructure present in these
materials was further studied by EBSD. Fig. 7 shows an
EBSD analysis of the specimen after partitioning at
450 �C for 10 s. Fig. 7a shows a combined band contrast
map and color-coded phase map in which blue corresponds
to bcc lattice (martensite) and red corresponds to face-
centered cubic (fcc) lattice (austenite). Darker bands corre-
spond to a low band contrast. Retained austenite is distrib-
uted both as small films of around 200 nm thickness and
1–2 lm in length and as grains of nanometer size (which
is at the limit of the instrumental resolution) between mar-
tensite laths. Most of the austenite grains are located
between martensite laths with higher band contrast and lar-
ger size. This observation suggests that martensite with
higher band contrast and larger size was formed during
the first quenching step and underwent partitioning of car-
bon to the surrounding austenite, contributing to its ther-
mal stabilization, whereas martensite with lower band
contrast was formed in the last quench. Fig. 7b shows a
combined band-contrast map and inverse pole-figure map
of the austenite grains. This figure shows that austenite
grains situated in the same region share the same crystallo-
graphic orientation. These austenite grains probably origi-
nate from a single prior austenite grain.

5.3. Microstructural evolution after Q&P treatments with
variable quenching conditions and partitioning at 400�C for

100 s

As was shown in Section 5.2, for a quenching tempera-
ture of 275 ± 5 �C, a local maximum in the volume fraction
of retained austenite, is observed after application of a par-
titioning step at 400 �C for 100 s in the absence of bainitic
transformation. In the heat treatment series HT4, these
partitioning conditions of 100 s at 400 �C were applied
after quenching to different temperatures.



Fig. 6. Scanning electron micrographs of the steel after full austenitization, quenching to 275 �C ± 5 �C and partitioning for 1000 s at: (a) 350 �C, (b)
400 �C, and (c) 450 �C. The specimens were etched with 2% nital.

Fig. 7. EBSD analysis of the microstructure obtained after full austenitization, quenching to 275 ± 5 �C and partitioning at 450 �C for 10 s.

Fig. 8. Volume fraction of retained austenite and corresponding carbon
content after full austenitization, quenching to different temperatures and
partitioning at 400 �C for 100 s (heat treatment HT4).
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Fig. 8 shows the measurements of volume fraction and
carbon content of retained austenite as a function of the
quenching temperature. The average carbon content of
the retained austenite ranges from 0.8 to 1.0 wt.% and
appears to be almost independent of the quenching tem-
perature. However, a distinct maximum in the volume
fraction of retained austenite is observed for a quenching
temperature of 230 �C. If the partitioning of carbon is
assumed to be complete after 100 s at 400 �C [9], a hypo-
thetical explanation for this observation can be offered [2].
A lower quenching temperature results in the formation
of a higher fraction of martensite in the first quench
and consequently implies that a lower austenite fraction
of austenite will be available for stabilization. On the
other hand, after quenching to a higher temperature, the
martensite fraction available to transfer carbon to austen-
ite is lower, potentially leading to a high fraction of rela-
tively unstable austenite that transforms to martensite in
the final quench. The compromise between the two situa-
tions can be envisaged to lead to a maximum in the vol-
ume fraction of retained austenite as a function of
quenching temperature, which in the case of this material
is found at around 230 �C.
5.4. Characterization of the martensite formed in the first

quench of the Q&P process

It is interesting to further investigate the effect that the
partitioning step has on the martensite formed in the first
quench. EBSD results reveal two types of martensite and
it is suggested that the martensite with a higher band con-
trast and larger size was formed during the quenching step
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and has released its carbon to the surrounding austenite
during the partitioning step. The same martensite grains
were observed in FEG-SEM images to be differently etched
by 2% nital, According to these observations, martensite
with higher band contrast and larger size can be expected
to contain less carbon than the rest of the microstructure.
To provide confirmation, EPMA analyses were performed
on the HT3 specimen partitioned at 450 �C for 1000 s. The
results are shown in Fig. 9. Fig. 9a shows a FEG-SEM
image of the specimen, where the arrow indicates the line
along which the EPMA analysis was performed. Fig. 9b
and c shows the observed carbon and substitutional-
element compositions. The heavier etched areas in the
microstructure contained less carbon than the lightly
etched ones. The substitutional alloying elements concen-
trations are constant, independent of the position with
respect to an interface separating grains of the two types
of martensite. These observations strongly suggest that
the heavily etched martensitic regions correspond to mar-
tensite formed in the first quench (subsequently referred
to as M1), whereas the rest of the microstructure consists
of martensite formed in the final quench and retained aus-
tenite. The absence of any significant dilatation during par-
titioning at 400 and 450 �C implies that these etched laths
correspond to martensite and not to another bcc phase
such as bainite. Similar conclusions were recently presented
by Wang et al. [25]. Due to compositional differences
between M1 and the martensite formed in the final quench
of the Q&P process, variations in the volume fraction of
M1 can lead, in principle, to changes in the mechanical
properties of the material. This observation demonstrates
the importance of a good control of the quenching
temperature.

The volume fraction of the martensite laths that under-
went strong etching with 2% nital were measured for all
available specimens, including specimens described in the
previous section, from FEG-SEM pictures, except the ones
corresponding to partitioning at 350 �C, in which the
observed dilatation during the partitioning step could be
associated to bainite formation. According to the EPMA
observations, these martensite laths correspond to M1.
The results, presented in Fig. 10 as a function of the
quenching temperature, show that the volume fraction of
M1 decreases with increasing quenching temperature. Error
Fig. 9. EPMA analysis of the steel after full austenitization, que
bars represent the standard deviation of the measurements.
Values for the volume fraction of M1 have been normalized
to 0.96 because a volume fraction of retained austenite
equal to 0.04 was measured in the specimen obtained after
application of a direct quench (HT1). The multiple data
points plotted at temperatures around 275 �C reveal that
the scatter observed in the quenching temperature in the
HT3 series of heat treatments (±5 �C) led to a scatter in
the resulting volume fraction of M1.

Measurements of the volume fraction of M1 were fitted
to the Koistinen–Marburger equation [26]:

vM1 ¼ 1� expð�am � ðT KM � T QÞÞ; ð2Þ
where am is the rate parameter, TKM the so-called theoret-
ical martensite start temperature (which can be somewhat
lower than Ms [27]), vM1 is the calculated volume fraction
of M1, and TQ is the quenching temperature. The fit yields
values of am = 0.01824 K�1 and TKM = 325 �C. A line rep-
resenting this fit is shown in Fig. 10. It is interesting to
point out that obtained values for fitting parameters are
in agreement with the ones obtained for the compositional
dependence of am and TKM proposed by Van Bohemen
et al. [27] (0.01827 K�1 and 304 �C, respectively), which in-
clude all alloying elements present in the steel except
silicon.

5.5. Prediction of volume fractions of retained austenite after

Q&P treatments and comparison with experimental results

The inhibition of bainite in HT3 treatments when parti-
tioning occurs at 400 and 450 �C makes the experimental
results observed on those specimens suitable for compari-
son with simulations performed using the model of the
kinetics of carbon partitioning from martensite to austenite
presented in Refs. [9,28]. Applying the method presented in
Ref. [29], calculated carbon profiles were also converted
into volume fractions of retained austenite for comparison
with experimental data.

Simulations were performed assuming a binary Fe–
0.20 wt.% C system and an assumed martensite–austenite
film morphology. The volume fractions of M1 calculated
from Eq. (2) as a function of the experimental quenching
temperature were used as input values of the volume frac-
tion of martensite prior to the partitioning step. Initial
nching at 275 ± 5 �C and partitioning at 450 �C for 1000 s.



Fig. 10. Volume fraction of martensite formed during first quench vs.
quenching temperature, fitted by Eq. (2).

Fig. 11. Comparison between experimental and calculated values of
volume fractions of retained austenite: (a) treatment HT4; (b and c)
treatment HT3 with partitioning at (b) 400 �C and (c) 450 �C.
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volume fractions of phases prior to the partitioning step
were converted into lath widths of martensite and austenite
according to the method presented in Ref. [30].

In the present work, a low martensite–austenite interface
mobility corresponding to the activation energy for the
migration of iron atoms across the interface of
215 kJ mol�1 was adopted for the simulations. This mobil-
ity is in agreement with the small expansion that was exper-
imentally observed during partitioning at 400 and 450 �C
for 2000 s (Fig. 4b). A comparison of experimentally deter-
mined volume fractions of retained austenite with values
calculated from simulations is presented in Fig. 11.
Fig. 11a presents the results corresponding to the HT4 heat
treatments, in which quenching temperatures were varied
for constant partitioning conditions (400 �C, 100 s). For
all quenching temperatures other than 230 and 250 �C
the simulated phase fractions reproduce the experimental
values within experimental accuracy. This shows that the
activation energy of 215 kJ mol�1, which implies a low
mobility of martensite–austenite interfaces, is a good
approximation for the interface kinetics related to carbon
partitioning from martensite to austenite.

Simulated and measured volume fractions of retained
austenite after partitioning at 400 and 450 �C for different
partitioning times are presented in Fig. 11b and c. The sim-
ulated data reproduce the trends observed in the experi-
mental data. Part of the difference between the
experimental and simulated values can be attributed to
the use of Eq. (2) in the determination of the input values
for vM1 for quenching temperatures close to 275 �C.
Although Eq. (2) describes the martensite formed in the
first quench of the Q&P process with high accuracy, actual
volume fractions can be slightly different from the pre-
dicted ones for cases in which the aimed quench tempera-
ture of 275 �C was not achieved in practice (Fig. 10). The
observed variation in both the experimental and simulated
retained austenite volume fractions with partitioning time
will reflect not only the effect of the carbon partitioning,
but also the effect of variation in the fraction of M1. Con-
sider, for example, partitioning at 450 �C for 500 and
1000 s. Although an increase in the fraction austenite with
increasing partitioning time may be expected, from Fig. 11c
it is apparent that both the measured and predicted values
of retained austenite volume fraction after partitioning for
500 s are higher than those after partitioning for 1000 s.
However, at this temperature, the process of carbon parti-
tioning is practically complete after 100 s and simulations
show that the decrease in the volume fraction retained aus-
tenite is due to the small variations in the actual quenching
temperature achieved. The dependences of volume fraction
of retained austenite and martensite formed in the first
quench with quenching temperature illustrate the impor-
tance of a good control of the process parameters in the
application of the Q&P process.

6. Conclusion

A design procedure for the development of Q&P steels
was successfully applied for the creation of a new opti-
mized Q&P chemical composition. Application of appro-
priate Q&P processing variations to this steel led to
microstructures comprising martensite and films of
retained austenite (the latter up to a volume fraction of
0.15), embedded in the martensite microstructure. Mar-
tensite formed in the first quench has been identified as well
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as quantified in the microstructures. For the chemical com-
position studied, at time scales relevant to commercial con-
tinuous processes, considerably higher volume fractions of
metastable retained austenite can be achieved via Q&P
than via a bainitic holding. Results also reveal that the
thermal stabilization of austenite during partitioning is
not necessarily accompanied by a significant volume
expansion. Following this observation, simulations of the
kinetics of carbon partitioning from martensite to austenite
were performed assuming a low-mobility martensite–aus-
tenite interface. These simulations accurately reproduce
the experimentally measured volume fractions of retained
austenite, suggesting that martensite–austenite interfaces
move only slightly during the process of carbon partition-
ing from martensite to austenite for the alloy composition
and conditions of temperature and time evaluated in this
work.
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