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Abstract

The goal of the quench and partition (Q&P) process for steel heat treatment is to enrich austenite with carbon during a partitioning
treatment after initial quenching below the martensite start temperature (Ms). Two proposed mechanisms for austenite carbon enrich-
ment during partitioning include carbon transport from martensite and/or the formation of carbide-free bainite. Theoretical calculations
show experimentally measured austenite fractions are difficult to explain based upon a mechanism involving solely bainite formation.
Carbon partitioning from martensite provides a more satisfactory explanation, although the formation of bainite during partitioning
cannot be completely excluded.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The quench and partition (Q&P) process has been sug-
gested as an alternative heat treatment to produce steels
with retained austenite (c) [1], with the added potential
to tailor strength through control of martensite fraction,
which forms from an initial quench below the martensite
start temperature (Ms). The desired martensite fraction is
obtained by quenching high temperature austenite from
the austenite or the austenite plus ferrite (a + c) phase
field to the desired quench temperature (QT). The mar-
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tensite carbon content at QT is equal to the bulk carbon
content in samples quenched from austenite, and is greater
than the bulk carbon content in samples intercritically
annealed prior to quenching. A subsequent partitioning
treatment, which follows the initial quench to QT, is then
performed to promote austenite carbon enrichment. The
final amount of austenite may be modified by final cooling
to room temperature, depending upon the austenite stabil-
ity obtained during the partitioning treatment. Si and/or
Al, which are typical additions to transformation-induced
plasticity (TRIP) steel compositions, are employed to
suppress carbide formation during partitioning. Q&P heat
treatments have been performed on C–Mn–Si and C–Mn–
Si–Al TRIP sheet steel compositions, and substantial
fractions of carbon enriched retained austenite have been
produced [2–5].
rights reserved.
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1 Microstructures produced by Q&P and examined by transmission
electron microscopy (TEM) contained lath regions presumed to be
martensite and interlath austenite films [3,4]. The low carbon lath regions
observed in the carbon atom maps are presumed to be martensite laths,
but are hypothetically treated as bainitic ferrite for these calculations.
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Two mechanisms by which carbon partitions to austen-
ite during the isothermal hold at the partitioning tempera-
ture (PT) of the austenite/martensite mixture present at the
QT of Q&P have been proposed, namely: (i) partitioning of
carbon to untransformed austenite from carbon supersatu-
rated martensite; and (ii) carbon enrichment of austenite
associated with the formation of carbide-free bainite, espe-
cially in any large austenite pools. In this paper the two
mechanisms are critically assessed through theoretical
predictions, assuming either carbon partitioning from
martensite or carbide-free bainite formation during the
partitioning step, which are compared with direct experi-
mental measurements of the austenite fractions produced.

2. Experimental

Q&P heat treatment of 0.19C–1.59Mn–1.63Si–0.036Al
(wt.%), or 0.86C–1.58Mn–3.16Si–0.073Al (at.%), steel
was performed. Intercritical annealing at 820 �C for 180 s
in molten salt was first performed to produce �25 vol.%
intercritical ferrite (aIC = 25%), resulting in approximately
0.25 wt.% carbon in the intercritical austenite. Samples
were then quenched into a tin–bismuth bath at tempera-
tures ranging from 200 to 260 �C and held for 10 s, parti-
tioned at 400 �C in molten salt for times of 10, 30, 100 or
1000 s, and then water quenched to room temperature.
The times reported are the durations that samples were
submerged in each bath. Experimental austenite fractions
were determined by X-ray diffraction (XRD) from chemi-
cally thinned samples [4].

Austenite and ferrite carbon concentrations, Cc and Ca,
respectively, were calculated from XRD peak positions
and/or were measured by atom probe tomography
(APT). APT was performed to obtain information about
the amount and location of carbon within Q&P micro-
structures. Specimen blanks were cut from Q&P heat trea-
ted sub-sized tensile sample grip ends. The blanks were
electropolished into sharp needles using a two-stage double
layer technique, in combination with micropolishing that
utilizes a wire loop with a drop of suspended electrolyte
[6]. The respective electrolytes used were 25% perchloric
acid (70%) in glacial acetic acid and 2% perchloric acid in
2-butoxyethanol [6]. For the APT analyses, the specimen
temperature was 60 K, and a pulse fraction of 20% and
pulse repetition rate of 200 kHz were used.

Theoretical retained austenite amounts anticipated after
partitioning were calculated assuming full partitioning of
carbon from martensite to austenite during Q&P process-
ing, or by assuming carbide-free bainite formation during
partitioning. Details regarding the partitioning-from-mar-
tensite calculations, where carbon partitioning from mar-
tensite to austenite is considered, are provided in the
literature [3,4,7,8]. The partitioning-from-bainite calcula-
tions that assume carbide-free bainite formation at the
partitioning temperature from austenite present at the
QT incorporated experimental Cc and Ca values deter-
mined from XRD and/or APT. The APT experimental fer-
rite carbon concentration values used in the calculations
presented in this paper represent both the martensite car-
bon concentration when considering the process of carbon
partitioning from martensite, and the bainite carbon con-
centration when considering carbide-free bainite formation
for enriching austenite. The details of the calculations that
assume austenite enrichment by carbide-free bainite forma-
tion during the partitioning step are presented below.

The amount of martensite and austenite at each quench
temperature (prior to partitioning of carbon during the
partitioning step) was predicted using the Koistinen–
Marburger relationship [9,10]:

f QT
m ¼ 1–e�1:1�10�2ðM s�QTÞ ð1Þ

where f QT
m is the fraction of austenite that transforms to

martensite upon quenching to a temperature QT (�C) be-
low the Ms temperature (�C). f QT

c is the fraction of austen-
ite remaining at QT, and is given by 1� f QT

m . Corrections
for the amount of intercritical ferrite were applied.

The fractions of austenite and bainitic ferrite that would
be associated with bainite formation during partitioning
were determined by applying the lever-rule using experi-
mentally determined ferrite carbon concentration and the
initial and final austenite carbon concentrations. The frac-
tions of bainitic ferrite and austenite are given by the mass
balance expressions:

f b
a ¼

Cc � CIC
c

Cc � Ca

 !
� f QT

c and

f b
c ¼

CIC
c � Ca

Cc � Ca

 !
� f QT

c ð2Þ

where f b
a and f b

c are the fractions of ferrite and austenite,
respectively, associated with the formation of carbide-free
bainite, Cc is the experimentally determined retained
austenite carbon content, CIC

c is the carbon content
(�0.25 wt.%) of the initial austenite (intercritical in this in-
stance) before quenching, Ca is the (bainitic) ferrite carbon
content and f QT

c is the fraction of austenite present at the
quench temperature QT, or the fraction of the microstruc-
ture still available for transformation to bainite during
partitioning.

For these calculations, a range of retained austenite car-
bon levels obtained from XRD and/or APT results were
used, from 0.73 to 1.35 wt.% (�3.3 to �5.9 at.%). The
bainitic ferrite was assumed to have an average carbon con-
tent of 0.10 or 0.04 wt.% (�0.46 or �0.18 at.%), based on
measurements from low carbon lath regions of two differ-
ent three-dimensional carbon atom maps obtained from
APT of Q&P heat treated samples.1 Recently, Caballero
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et al. reported carbon concentrations in austenite and
bainitic ferrite for a 0.98 C–1.46Si–1.89Mn–0.26Mo–
1.26Cr–0.09 V (wt.%), or 4.34 C–2.76Si–1.82Mn–0.14Mo–
1.28Cr–0.09 V (at.%), steel obtained with XRD and/or
APT after isothermal holding at 200 or 300 �C [11,12].
Processing differed from the current work, where two-stage
heat treatment was employed. The average austenite car-
bon content of 6.60 ± 0.44 at.% was determined by XRD
for the 200 �C condition, whereas the local carbon content
5.39 ± 0.18 at.% was determined by APT [11]. Similarly,
austenite carbon levels of 5.67 ± 0.44 and 6.85 ± 0.22
at.% were determined by XRD and APT, respectively,
for the 300 �C condition [11]. The bainitic ferrite carbon
contents reported were 2.92 ± 0.30 at.% for 200 �C and
1.37 ± 0.30 at.% for 300 �C by XRD, whereas the carbon
levels reported for APT were 0.62 ± 0.10 at.% for 200 �C
and 0.52 ± 0.04 at.% for 300 �C [11]. XRD provides the
average carbon content, which would include the contribu-
tion of local regions enriched with carbon, such as carbon
trapped at dislocations. Carbon trapping by dislocations in
bainitic ferrite has been reported, especially in regions near
ferrite/austenite interfaces [11]. Carbon concentration
results obtained using APT would not include the contribu-
tion of these local carbon enriched regions, unless specifi-
cally observed in three-dimensional carbon atom maps
and included in carbon concentration analyses. Excluding
local carbon enriched regions likely resulted in an underes-
timation of (bainitic) ferrite carbon content using the APT
technique. For the calculations considering bainite forma-
tion in the present work, the bainitic ferrite carbon con-
tents of 0.10 and 0.04 wt.% obtained by APT might be
lower than expected from XRD. Thus, it should be noted
that underestimation of bainitic ferrite carbon concentra-
tion with the APT technique would result in the overesti-
mation of calculated austenite fractions, in the case where
austenite carbon enrichment is a result of a bainite trans-
formation mechanism.

Two different experimental carbon concentration levels
(0.10 and 0.04 wt.%) were selected to represent bainitic
ferrite carbon contents, in order to show the effect of car-
bon level on calculated austenite fractions. The carbon
level 0.10 wt.% represents a condition of ferrite with
some modest carbon supersaturation commonly reported
for bainite [11–15], which is typically associated with dis-
placive transformation models, where ferrite initially
forms with carbon supersaturation, followed by escape
of carbon from the newly formed ferrite to austenite
[11–17].

Low carbon levels (<0.02 wt.%) are expected for inter-
critical ferrite, which further supports that the low carbon
lath regions observed in the carbon atom maps are either
bainitic ferrite, provided that the bainitic ferrite is supersat-
urated with some carbon, or carbon-depleted martensite.

The details of these calculations that determine the frac-
tion of bainitic ferrite and retained austenite associated
with bainite formation during the partitioning treatment
are further highlighted in the following example, where
CIC
c = 0.253 (wt.%) since aIC=0.25 vol. fraction, and

Cc ¼ 1:09 (wt.%) and f QT
c ¼ 0:113 after quenching to

200 �C and holding for 10 s and partitioning at 400 �C
for 10 s. For this example, Ms is �372 �C, determined from
the empirical expression [18]:

M sð�CÞ ¼ 539� 423C� 30:4Mn� 7:5Siþ 30Al ð3Þ

where C, Mn, Si and Al are the contents of these elements
in wt.%. Using the appropriate values, this yields
f b
a ¼ 0:096 and f b

c ¼ 0:017 for Ca ¼ 0:10 (wt.%) and
f b
a ¼ 0:09 and f b

c ¼ 0:023 for Ca ¼ 0:04 (wt.%).
There has been significant debate regarding the specific

mechanism of bainite formation (i.e. displacive, diffusional
or diffusional–displacive) [13,16,17,19–25], and it must be
recognized that the goal of these calculations is not to clar-
ify the mechanism of bainite formation but, rather, to
determine if the experimentally obtained levels of enriched
austenite are possible if bainite formation is the sole, or pri-
mary, process for austenite enrichment.
3. Results and discussion

Experimental austenite fractions (Fig. 1a) and carbon
contents (Fig. 1b) as a function of partitioning time for
the indicated QT and PT values are shown in Fig. 1. The
maximum austenite fractions of �0.11 and �0.10 obtained
for the 200 and 220 �C quench temperature series, respec-
tively, were obtained after partitioning for 10 s. Partition-
ing for longer times decreased the amount of austenite
that was retained for these two quench temperatures (200
and 220 �C). The maximum austenite fraction was retained
at 30 s for the 240 �C quench temperature, while the max-
imum austenite fraction was achieved at 100 s for the
260 �C quench temperature. At the longest partitioning
time examined (1000 s), the lowest austenite fraction was
obtained for each quench temperature series, which could
be due to the competing processes of carbide formation
or perhaps the simple consumption of significant amounts
of austenite by bainitic ferrite. However, bainite formation,
a possible mechanism for austenite enrichment operating
during the partitioning treatment and explored by the the-
oretical austenite fraction calculations in this paper, would
also be expected to promote austenite carbon enrichment,
which is not clearly reflected in the results shown in
Fig. 1b after 1000 s.

The maximum level of carbon enrichment in austenite
(�1.3 wt.%) was obtained after partitioning for 100 s for
each quench temperature examined (Fig. 1b). After parti-
tioning for 1000 s at 400 �C for the QT’s examined, less
austenite enrichment was observed, potentially due to car-
bide formation at this long partitioning time. In related
studies [3,4], carbides were observed using TEM after
partitioning for 30 s or greater at 400 �C in some samples.

A sample three-dimensional carbon atom map obtained
from APT, showing the amount and location of carbon in
a Q&P microstructure after Q&P heat treatment, illustrates



Fig. 2. A carbon atom map from a sample intercritically annealed at 820 �C for 180 s, quenched to 220 �C and held for 10 s, and then partitioned at 400 �C
for 10 s before water quenching to room temperature. The large box (left) is 56 · 55 · 27 nm3 and the smaller box within it shows a region selected for
carbon concentration analysis (right). The low carbon region (M) is presumed to be low carbon martensite. The high carbon regions are presumed to be
retained austenite (c), or possibly fresh martensite (Mfresh) that formed on final cooling to room temperature after the partitioning treatment or during the
cryogenic cooling required for the APT experiment. The average austenite carbon content determined from XRD was �1.1 wt.% for this condition, and
the austenite amount was determined to be �10.4%.

Fig. 1. Open symbols show austenite fraction (a) and corresponding austenite carbon content (b) obtained by XRD for Q&P samples as a function of
partition time after intercritical annealing at 820 �C for 180 s, quenching to 200, 220, 240 or 260 �C and holding for 10 s, partitioning for 10, 30, 100 or
1000 s at 400 �C and then water quenching to room temperature. IT = 820 �C designates the intercritical annealing temperature, aIC = 25% designates the
approximate intercritical ferrite amount, PT = 400 �C designates the partitioning temperature and QT = 200, 220, 240 or 260 �C designates the quench
temperature.
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carbon enriched regions and a low carbon region in Fig. 2.2

The average carbon concentration through the low carbon
region for the example shown was determined to be
�0.10 wt.% after averaging with a value obtained from
another profile through the same region; the average aus-
tenite carbon concentration through the carbon enriched
2 In addition to showing the amount and location of carbon in Q&P
microstructures, APT was also performed to specifically examine carbon
gradients extending into the austenite from austenite/martensite interfaces
as a function of partitioning time for direct comparisons with calculated
carbon partitioning kinetics. Results from these simulations [3,4] are not
presented here, however.
regions was determined to be �0.73 wt.%; the lowest aus-
tenite carbon level used in the present calculations. The
average carbon content obtained from XRD for this condi-
tion was �1.1 wt.%. Average carbon concentration values
for the low and high carbon regions for one carbon concen-
tration profile obtained from APT are provided in Fig. 2.
The low carbon region, designated M in Fig. 2, is presumed
to be low carbon martensite. The high carbon regions are
presumed to be austenite in this example, although based
on their carbon concentration may have partially trans-
formed to high carbon, fresh martensite on final cooling
to room temperature after the partitioning treatment, or
especially during the cryogenic cooling to 60 K required
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for the APT experiment. Thus, in Fig. 2 the carbon
enriched regions are designated as c or Mfresh, correspond-
ing to austenite or high carbon, fresh martensite. In either
case, the APT results in Fig. 2 provide direct supporting
evidence for austenite enrichment by Q&P processing.

Theoretical austenite predictions for the two processes
for austenite carbon enrichment (partitioning from mar-
tensite or carbide-free bainite formation) are plotted in
Fig. 3. Austenite fractions calculated assuming bainite for-
mation during the partitioning step are shown as inverted
triangles. As previously mentioned, ferrite carbon concen-
trations of 0.10 or 0.04 wt.% were used in the calculations
with austenite carbon concentrations determined by XRD
and/or APT. The two solid inverted triangles in Fig. 3 were
calculated with ferrite and austenite carbon concentrations
obtained from APT data. The other calculated austenite
fractions that assume bainite formation (open inverted
triangles) were calculated with austenite carbon concentra-
tions obtained from XRD and ferrite carbon concentra-
tions obtained from APT data. Average austenite carbon
contents obtained from XRD were often similar to local
levels obtained using APT for conditions where both tech-
niques were employed.

Recall that bainitic ferrite carbon content could be
underestimated by the APT technique if compared with
average carbon content values obtained from XRD. For
Fig. 3. Comparison of experimental austenite fractions (open symbols,
not including inverted triangles) with calculated austenite fractions
assuming two different possible mechanisms for austenite stabilization.
A calculated [3,4,7,8] theoretical final austenite fraction curve (solid line) is
shown based upon idealized full partitioning of carbon to austenite from
martensite during Q&P processing. Calculated austenite fractions (open
and solid inverted triangles) that assume carbide-free bainite formation are
also shown. The two solid inverted triangles were calculated with carbon
concentrations for both austenite and ferrite obtained from APT data. The
other calculated austenite fractions (open inverted triangles) were calcu-
lated with austenite carbon concentrations obtained from XRD and ferrite
carbon concentrations obtained from APT data. PT = 400 �C designates
the partitioning temperature and aIC = 25% designates the intercritical
ferrite amount.
the calculations considering bainite formation described in
this paper, a similar trend would result in the overestima-
tion of the calculated austenite values shown in Fig. 3. All
of the calculated austenite fractions that assume bainite for-
mation in Fig. 3 are low, because much of the available aus-
tenite transforms to martensite during the initial quench.
Then, any remaining austenite that would transform to a
mixture of carbide-free bainite plus retained austenite nec-
essarily leads to a significant fraction of bainitic ferrite, with
only a small amount of final austenite remaining to be sta-
bilized. The kinetics of bainite formation are not specifically
considered in this approach, but are implicitly included in
the calculated fractions of austenite and bainitic ferrite
(through the measured carbon enrichment levels), since
times ranging from 10 to 1000 s were investigated by
XRD and/or APT for the partitioning temperature.

A theoretical final austenite fraction curve (solid line),
calculated based upon full partitioning of carbon from mar-
tensite to austenite during Q&P processing is also shown in
Fig. 3 [4]. The theoretical final austenite fraction curve was
calculated [3,4,7,8] by application of the Koistinen–
Marburger relationship [9,10] to both the initial quenching
and the final quenching step to room temperature
(�25 �C) after idealized full partitioning. It is assumed in
this simplified model that all of the carbon partitions to
the austenite and partitioning is complete (i.e. all carbon
migrates to the austenite and the kinetics of partitioning
are ignored). Implicit in this analysis is that there are no
competing reactions, such as carbide formation or carbon
segregation to dislocations in martensite. Based on full
partitioning, an optimum QT of approximately 240 �C is
predicted to maximize the austenite content.

Experimental austenite fractions determined from XRD
are also shown in Fig. 3 (open symbols, not including
inverted triangles), illustrating the experimentally obtained
partitioning kinetics for several different quench tempera-
tures examined, ranging from 200 to 260 �C. The arrows
highlight increased partitioning time.3 The theoretical final
austenite fraction curve, calculated assuming idealized full
partitioning of carbon to austenite from martensite, actu-
ally predicts lower fractions of austenite than the experi-
mental values at high quench temperatures; the higher
fractions observed are presumably due to kinetic effects
[3,4]. Experimental values below the calculated curve likely
reflect incomplete partitioning or competing processes,
such as carbide formation or carbon segregation to disloca-
tions in martensite.

The comparisons in Fig. 3 show that all of the experi-
mental austenite fractions measured with XRD are signifi-
cantly higher (by factors of about 2–4) than the values
predicted based on bainite formation. This comparison
suggests that bainite formation alone cannot be responsible
3 The time dependence for austenite stabilization is considered to be
associated with carbon gradients that develop within austenite films as
partitioning time increases, which is further addressed and discussed in
Refs. [3,4].
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for the experimental levels of enriched austenite and, thus,
is not the primary process for austenite stabilization during
Q&P processing. For example, 10 s of partitioning for the
quench temperature 200 �C resulted in an experimental
austenite fraction of �0.11, whereas bainite formation with
the level of austenite enrichment obtained (�1.1 wt.% C
from XRD) would result in a retained austenite fraction
of only �0.02, clearly much less than that shown in
Fig. 3 for this condition. Reduced carbon concentrations
in the bainitic ferrite, such as �0.02 wt.%, would result in
slightly higher austenite fractions than the calculated val-
ues (inverted triangles) shown in Fig. 3, but still would
not account for the measured levels of enriched retained
austenite.

The theoretical, maximum final austenite fraction possi-
ble associated with the formation of bainite from the
austenite present at each QT was calculated considering
the ferrite and austenite concentrations that would give
the largest lever-rule austenite amount. Eq. (3) was used
to determine the austenite carbon level required for austen-
ite to have an Ms of, and therefore be stable at, room tem-
perature (25 �C). An Ms below room temperature would
also result in stable austenite at room temperature. With-
out partitioning of the substitutional alloying additions,
austenite would need to have a carbon level of nearly
1.1 wt.% (�1.075 wt.%) for this condition to be satisfied.
Using this carbon level for the austenite and zero carbon
for the bainitic ferrite (i.e. all carbon goes to retained aus-
tenite, which represents the maximum possible enrichment
via bainite formation), the maximum austenite fractions
possible are �0.026, �0.033, �0.041 and �0.051 for
quench temperatures of 200, 220, 240 and 260 �C, respec-
tively. This approach ignores any carbon gradients that
may be present in the austenite. The values are slightly
higher than the final austenite fractions calculated assum-
ing bainite formation using the experimental austenite
and ferrite enrichment levels (inverted triangles in Fig. 3),
but remain substantially lower than the experimental aus-
tenite fractions. The requirement that the austenite carbon
level reach �1.1 wt.% further suggests that the austenite in
the carbon atom map of Fig. 2 likely transformed partly to
fresh martensite, but nevertheless still provides evidence of
significant austenite carbon enrichment during Q&P. The
average austenite carbon levels reported from XRD pro-
vided in Fig. 1b certainly approach �1.1 wt.% carbon or
greater, however, indicating stability at room temperature.

The calculated maximum final austenite fractions
described above, where the austenite needs to achieve suf-
ficient stability to avoid transformation to fresh martensite
on final quenching or cooling to room temperature, are
controlled by the phase compositions ‘‘independently’’ of
the mechanism of bainite formation, but some comments
may be warranted in this regard.

For bainite growth by a displacive mechanism [13,16],
bainite formation stops when the austenite reaches a carbon
level near T0, the carbon level at a particular temperature
where the free energy of ferrite and austenite are equivalent.
If strain energy and Zener ordering are considered, the car-
bon level of interest for a given temperature is designated T 00.
Both T0 and T 00 values have been calculated [26] for the steel
composition examined in this work. At 400 �C, the calcu-
lated T0 and T 00 values are 3.86 at.% (�0.87 wt.%) and
2.7 at.% (�0.61 wt.%) carbon, respectively. These carbon
levels are lower than required for the austenite to be stable
at room temperature, as described previously. Thus, if T0

or T 00 values are used to represent the carbon level of the aus-
tenite, very little austenite would be anticipated to remain
after quenching to room temperature.

Hillert has reported that bainite in a 0.4C–3.00Mn–
2.12Si (wt.%) steel appears to grow under no partition,
local equilibrium (NPLE) conditions at high temperatures
[21], where bainitic ferrite grows without carbon supersat-
uration and negligible partitioning of substitutional ele-
ments, and approaches growth under paraequilibrium
conditions at low temperatures [21]. If the calculated [26]
paraequilibrium value of �3 wt.% (12.5 at.%) for this steel
was used to represent the austenite carbon concentration
and zero carbon was assumed in the bainitic ferrite, austen-
ite fractions lower than those shown by the inverted
triangles in Fig. 3 would be obtained. NPLE carbon
concentration values were not calculated in this work,
but if the value of �0.56 wt.% (�2.5 at.%) [21] at
�400 �C for the 0.4C–3.00Mn–2.12Si (wt.%) steel consid-
ered by Hillert was used as an approximation, the austenite
stability would be insufficient to avoid partial transforma-
tion to fresh martensite at room temperature. Thus, regard-
less of the presumed mechanism of bainite formation, the
calculated austenite fractions that assume bainite forma-
tion from the austenite available at each QT cannot reach
the levels of austenite measured experimentally.

Based upon the austenite fractions calculated in com-
parison with experimental values, the results support the
operation of carbon partitioning to austenite from mar-
tensite, since carbon partitioning from martensite provides
a more satisfactory explanation than the formation of car-
bide-free bainite for the mechanism of austenite enrichment
during Q&P processing. The formation of some bainite
during partitioning cannot be completely excluded, how-
ever, since the results only support the conclusion that bai-
nite formation alone cannot explain the experimental
austenite fractions and levels of enrichment.

4. Conclusions

The austenite fractions calculated assuming only bainite
formation during quenching and partitioning are insuffi-
cient to explain the levels of enriched austenite observed
experimentally. In the case of the theoretical bainite forma-
tion process, too much austenite is consumed in producing
martensite (during the initial quench) and then bainitic fer-
rite to stabilize the levels of austenite measured experimen-
tally. Consequently, the partitioning of carbon to austenite
from the initial martensite is more consistent with the
experimental austenite fraction results. In this case, the
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absence of bainitic ferrite leaves more untransformed aus-
tenite that can be stabilized by carbon during partitioning.
In this instance, deviation from the predicted results is then
indicative of incomplete partitioning, for example, loss of
carbon atoms to competing processes, mainly thought to
be carbide precipitation or the segregation of carbon atoms
to dislocations, although some carbide-free bainite forma-
tion could also be a competing process to reduce the final
austenite fraction below the theoretically predicted level.
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